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Abstract

In recent years the theory of rough paths has become increasingly popular. The theory
gives simple and “free of probability” way of looking at random noise. In this thesis we will
give existence and uniqueness results of a differential equation of the form

dY, = f(Yp)dXy, Yo =y
Where X is a rough signal in the sense that |X; — X,| < [t — s|” where o € (3, 3]. Further
we will use rough path theory to study fractional and multifractional Brownian motion, and
construct two It6 formulas for different regularities of the respective processes. At last we
will apply this theory to a square root process (as used in Heston[8] and CIR[12]), and show
existence of solutions to the square root process driven by a multifractional brownian motion
with a regularity function h, when & : [0,T] — [a,b] C (0,1) .
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Organization of this thesis

We have divided this thesis in to three parts, the first part introduces rough path theory, and

extend essential theorems from the book by Hairer and Friz [16] to the case when the a-Holder
11
403
motion and multifractional Brownian motion as rough paths. We will study their regularity, and

regularity is such that a € (3, 5]. The second part will take a closer look at fractional Brownian
introduce two new It6 formula’s; one describing the behavior of multifractional Brownian motion
with regularity function h : [0,7] — [a,b] C (0,1) and one for fractional Brownian motion with
He (i, %] . The last part will contain a discussion of rough path theory in financial applications,
and will show existence of solutions to a “square root process” driven by a multifractional Brownian

motion by a simple Wong-Zakai type approximation.
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1 Introduction

Integration theory is one of the pillars in mathematical analysis. We know that for sufficiently

smooth functions (C') we may define the line integral

/Ota:(r)dy(r) = /Ota:(r)y(r)dr.

However, for functions 2 and y which is not C!, the integral is not well defined in the same way.
L. C. Young showed that the integral still exists if € C* and y € C?, as long as a« + 3 > 1. In
probability theory, one can do even better. If we let {Bt}tzo be a Brownian motion on a probability

space ({2, F, P), then the iterated integral with respect to the Brownian motion, given by

t
Bo¢ ::/ B,dB, = Z B, (B, — B,)
0
[u,v]€P

for some partition P of [0,¢], and is well defined in a probability sense. That is, the integral
is constructed as a limit of simple functions in L?({2). Actually, the iterated integral Bo; may
be defined in different ways, but the two most common definitions are the It6 integral or the
Stratonovich integral. The relationship between the two is given by the following equation,

BLY = Bytret 4 L

’ ’ 2

Therefore, the difference is equal to half the variance of the Brownian motion B;. This stems from
the choice of evaluation point in the Riemann sum that constructs the integral.

Probability theory has long been the “go-to” tool for handling random paths of low regularity.
However, in recent years rough path theory has risen significantly as it gives an alternative view
on how to analyze differential equations, and stochastic processes driven by noise of low Holder
regularity. In the late 1990’s Terry Lyons published a paper introducing differential equations

driven by rough signals [14], that is he studied equations on the form
dYy = f(Ye)dXy, Yo =y,

where f is a sufficiently smooth function and X is the rough signal controlling Y;. In this seminal

paper, Lyons discusses the importance of rough path theory and develops framework for the treat-

11

ment of such differential equations. He shows that if X € C*, with « € (3, 5], and there exists an

iterated integral with respect to the rough noise X, i.e some object

t
Xs,t:/ Xs,rer)
s

a solution to the differential equation exists. This is not always easy to find, depending on the



choice of X. The rough path theory is therefore centered around the construction of the iterated
integrals, and how they affect solutions to differential equations. Although the theory he uses in his
treatment of rough signals is completely without probability theory, he points out the significance

of this alternative view on stochastic differential equations as follows,

“A probabilist, interested in stochastic differential equations, might be tempted to
believe that this article has little interest for him (except as a theoretical curiosity)
because he can do everything that he wanted to do using Itd calculus. So we briefly
mention a few situations where we believe that the results we develop here have conse-
quences. The first is conceptual, until now the probabilist’s notion of a solution to an
SDE has been as a function defined on path space and lying in some measure class or in-
finite dimensional Sobolev space. As such, the solution is only defined on an unspecified
set of paths of capacity or measure zero. It is never defined at a given path. Given the
results below, the solutions to all differential equations can be computed simultaneously
for a path with an area satisfying certain Holder conditions. The set of Brownian paths
with their Lévy area satisfying this condition has full measure. Therefore and with
probability one, one may simultaneously solve all differential equations over a given
driving noise (the content of this remark is in the fact that there are uncountably many
different differential equations).” [14] sec. 1.1.7.

Although rough path theory gives an alternative angle on the solution methods of SDE’s; it seems
to require higher regularity on the function f to show existence and uniqueness of solutions than
what regular probability theory does. In particular, the lower regularity on X; you have, the more
regularity you need in the function f.

In recent years Martin Hairer and Peter Friz has given significant contributions to rough path
Theory. With their book first released in 2013 they developed a slightly different and more accessible
introduction to, and treatment of, rough path theory. The book covers most subjects relating to
rough path theory, including rough differential equations, change of variable formula (It6 formula),
and some regularity concepts, but with a a-Holder regularity restriction on a0 € ( %, %] Although
Rough Path theory seem to generalize the concept to all paths with some a—Hdélder regularity, such
that o € (0,1), the most simple applications (and maybe most useful) is the fractional Brownian
motion. Fractional Brownian motion (fBm) is a stationary centered gaussian process with long
range dependence. With long range dependence, or long memory, we mean that the process has
some positive /negative autocorrelation, in contrast with the usual Brownian motion. The behavior
of the process is determined by what is called a Hurst parameter describing the dependence on the
past. The hurst parameter H lies in (0,1), and one can show that the a— Holder regularity of a
fBm B} is such that « = H—. It also has the property that when H < %, the autocorrelation
is negative, and when H > % the autocorrelation is positive. When H = %, the process is just a

regular Brownian motion with zero autocorrelation. The standard theory to treat fBm’s has so far



been by the white noise approach. More recently the concept of fBm’s has been generalized to a
class of processes called multifractional processes. These processes have a hurst parameter function
h(t) which is dependent on time, that makes the process non stationary. However there are a lot
of applications which shows evidence of such behavior. For example, when modeling a synthesized
mountain one would expect the landscape to have some rougher parts and some smoother parts.

In financial applications the rough path approach to SDE’s driven by low regularity noise has
become more popular. There has long been a discussion on whether or not log prices and/or log
volatility tend to have long memory. If we let prices be driven by long memory processes, arbitrage
will arise (see [19]). There have been proposed volatility models driven by fractional Brownian
motions (see |7, 5, 9]), which can be argued to still be consistent with the no-arbitrage restrictions,
as long as the price process still is a semi-martingale. However, if we model the volatility or log
prices with an fBm we are implicitly saying that it has dependence on the past is constant in
time. Still there seem to be strong empirical evidence that this assumption is not compatible with
financial markets, see [18, 21, 23].

1.1 Frequently used notation

Most notation in this thesis, when unclear, will be specified. However, we want to point out that due
to sometimes rather lengthy computations when discovering inequalities, we let the multiplicative
constant C(a, b, ¢) depending on a, b and ¢ vary trough the computations. That is, it will sometimes
depend on different variables, or combination of different variables through out proofs.

<, in the context of |X; — X| <| ¢t — s |*. This means
that the left hand side is bounded by the right hand side multiplied by some constant. We define
increments of a function f :[0,7] — V as fs; := f(t) — f(s). This is not to be confused with the
two variable function f : [0,7]> — V defined as fst = f(t,s). We denote the space of a—Holder

We often make use of the symbol <

continuous functions with a € (0, 1) by,

= {f | [0, T] =V and sup,;eio7),s2t ||J; s{gl < 0o }

The space C3° is defined similarly as follows
= {f| [0, T =V and SUP, e[0,7], s |t|f8|2|a < 00 }

The a—Holder semi-norm of f is denoted by

Iflo=  sup Lo

$,t€[0,T),s#t |t ’

We often makes use of functions F' € C3, such that F : R¢ — R™. Then, the derivative of the
function DF : R% — L (Rd, R”), where £ (Rd, R”) is defined as the space of linear functionals from



R? — R™. The second derivative D*F : R — £ (R%, £ (R4, R")) = £ (R4 R™) . We will only
discuss finite dimensional Banach spaces, and mostly the real d-dimensional space R¢.
We frequently use Taylor approximations, and the remainder terms from Taylor approximations.

We use the following notation; Let F be given as above, and z,y € R? | then

F(a) ~ Fly) = DF(y)(z — ) + 3 D*F (o) —4)* + RE,

By the Lagrange remainder term formula, we know that Rf’ y = LD3F(y*)(z — y)®3 for some

— 6
v € (y,x).
We sometimes write that |fs:| = o (]t — s|). This implies that |fs¢| < |t — s|? for some v > 1.

If the factor v is of significance for further calculation, we will write |fs¢| = o (|t — s|7).

10



Part 1
Rough path theory

In this part, we will give a short introduction to Rough Path theory, following both the notation
and arguments from the book of P. Friz and M. Hairer [16]. Although following the book closely,
we will extend their results to lower regularity processes. We are interested in the construction of
iterated integrals of a process X € C% We will show some natural requirements to expect of a
iterated integral and how these can be approximated by smooth paths. We will also look at how
to construct the integral [YdX , and how to find processes Y such that the respective integral
exists. Then we will investigate differential equations driven by rough signals.

We begin with a basic introduction to the case when the a«—Holder regularity of the process X

1 1].

iSOéE(g,ﬁ

2 Basic introduction to Rough paths

Let X be a a—Holder regular process, i.e X(1) € C®. An essential question in the theory of

rough paths is how to give meaning to integrals of the form
x® = fxHaxM, )

where X9 .= t(l) — Xgl) , and when ng,lt) is of Holder regularity < % . When XM € C! then

s,t
X% is well defined by reading (1) from left to right. If X € ¢* | o € (3,1] then fst Xs(,lT)dXﬁl)

s,t

is called a Young integral and can be shown to be well defined, and hence, the definition can be
read from left to right. The problem arises when X W echt B <%, then the integral is not, in
(Qt) such that the definition

general, well defined, and we therefore need to construct an object X’

in (1) can be read from the right to left. In this first section we will give the proper framework to
be able to construct such integrals, and analyze them. To give some intuition we will start with a
construction when the a—Hélder regularity of the path X is in [%, %) In section 2 we will show

1 l)-

how we can extend the theory to the case when o € [7, 3

2.1 The space of a—Hodlder rough paths

Let o € (3,1] and let the a-Hélder semi norm be given by || f [la:= SUDs£e[0,7] d{:ﬁl We
define the space of a- Holder rough paths as the pairs (1, X, X(?)) where X : [0,7] — V and

X® .0, T)> - V@V, and such that

1 2
\Xg t) |Xs( t)

I XM Jla= supyzieor) e <00 | X@ 0= supszefo,r) imsle <

and

11



(Chen’s relation) (2.1)

holds for all s,u,t € [0,7] . For short we write X := (1, X1, X)) € € ([0, T],V) for a Banach
space V. As we can see the space € ([0,T],V) C C* @ C3* . We say that if a path X(1) € ¢,
the path X(I) can be lifted (or there exists a lift) to an element (1, XV, X)) € € if and only
if there exists an object X(2) e C3 , such that Chen’s relation is satisfied.

The space € ([0,77,V) is not a Banach space, as it is not a linear space due to restrictions
from Chen s relation.

Chen s relation is an essential piece in the construction of the second iterated integrals, and
we will later generalize this to the third iterated integral. We will in general only consider finite
dimensional Banach spaces V', and the tensor product can be thought of as a kind of vector
multiplication in the way that, for two vectors a,b € V, a ® b := ab’. Next we will introduce a
suitable metric on the space of rough paths.

Definition 2.1. Let X, Y € €% (]0,7],V). We define the metric on € ([0,7],V) by

do (X,Y) =[ XD =YW [lg + | X&) =y @) ||y .

The metric does not make the space € ([0,7],V) complete, but introducing the initial values
of the paths X and Y to d,(X,Y) will. That is, by introducing Xy and Y we can make the space
¢“ (]0,T],V) complete under the metric | XO(I) - Yb(l) | +do(X,Y). To show convergence in this
metric, we will in this thesis focus on interpolation, described and proved later. Next we will define

the notion of a geometric rough path.

2.1.1 The space of geometric rough paths.

From “regular” calculus we are familiar with the fact that if = is a sufficiently smooth path,
then

Sym (fst xs,rdl‘r) = %xs,t R Tt (2)

We want to define a space of a-Holder rough paths who satisfy (2). That is, for a rough path
(1, X0, X®), define XH@ = ¢, (Xs(}t)) and X2 — ¢, @ e;(XP) . 1 X@ is such that

)

t t
Xii)(%])_i_Xs(i)(]ﬂ)w :n/ Xé}r,ier(l),j+/ ngr)’JdXﬁl)’l

t t R .
_/ X7g1),z'dX7g1)7j+/ Xﬁl),jdXﬁl),i_Xs(l),iXélt)J ~ x (W x ()i

S

t
= [ aOe0ix ), - xXG - xPax 0 = XX,

S, S,

12



we call the path (1, X, X(Q)) a geometric rough path, and we say that sym (Xé?) = %X
Here, sym represents the symmetry operator given by sym (A) = %(A + AT for Ac V@V. We

Wex(l).

S

will give a more formal definition of geometric paths as follows.

Definition 2.2. We say that a path (1,X(1),X(2)) € ¥“ is geometric if it satisfy the following
relation,
2 1.a 1
Sym (Xé,t)) = §X§,t) ® ng,t)-

Formally we write (1,X(1),X(2)) €, .

There are to ways to define the space of geometric rough paths. One way is to define the space

éi)(i,j) + Xgi)(j7i) _

X St)(i) ® X S(lt) ) as we did above, or we could define ngo "“ as the closure of lifts of smooth paths in

%*. We therefore have the relation

%, as the space with a—Hélder rough paths, which also satisfy the relation X

%go’a CEy ce”

In fact, one can show that the two definitions are equal, see [16] chp. 2.

As one may expect, the rough paths which are geometric can be approximated by smooth paths.
Let 5 € (%, %] For every (1,X(1),X(2)) € ngﬁ ([0, T ,Rd) there exist a sequence of smooth paths
Xm0, T] — R? such that

r

1, XxMn x@n) = 1,X(1)7",/X(12’”dX(1)’" LX), x@)
oxtimacn) = (a0 ) - (o)

uniformly on [0, 7], and with uniform rough bounds sup,, || X" |5 +sup,, | X@™ ||la5< co. By

interpolation convergence holds in a— Hélder rough paths, with o € (%, B), namely that

lim d, (X, X) = 0.

n—o0

We will give a lemma where the proof shows a method for interpolation, which will become

useful in the rest of this thesis.

Lemma 2.3. Let (X(l)’”,X(2)’”) c€” , for % < a < B such that the uniform bounds

sup,, [| X" [ls< 0o sup, | XE" [35< oo,

and with convergence Xi}t)’n — Xi}t) and Xii)’n — Xii) uniformly on [0,T]. Then (X(l),X(Z)) €

%P, and we have convergence in the d., metric, that is

do (X2, X) =[| XD — XO 1, 4 | X2 = X P |30 0.

13



Proof. Using the uniform convergence and uniform bounds we have that

1 . 1), 2 . 2),
| XD = tim [ XD 1S = s P | X o= lim | XS - s 28

~

and there exist a sequence €, such that

| x -xWM <K t—s P and | X)X <6,
|Xs(’2t)—XS(t)’n|§K|t—s|25 and |X§i)—X§i)’n|<6n

)

uniformly over s,t € [0,7] . Using the inequality a A b < a'=%?, where 6 € (0,1), we combine the

two expressions above with 6 = % and find

1—<
| X - xS en Tt s

)

1—2
| Xii) —X(?’n |§ En B | t—s |2a

S,
and the desired d, convergence follows. O

Remark 2.4. Given uniform convergence of the paths above, and the fact that both paths is in ¢”
, we only get convergence in the d, metric, due to the restrictions on the inequality used, still we
can choose « as close to 8 as we want.

It turns out that a nice way to view the space €“ ([0, T) ,Rd) is to look at a truncated tensor
algebra. The definition is also very suitable for higher order iterated integrals, and will be essential
in the construction of Chen “s relation in higher order tensor products. We sum it up in the following

definition.

Definition 2.5. Let the Banach space V =R% | X(1) : [0,7] — R? and X® : [0,T])* — R? @ R¢
which satisfy Chen “s relation 2.1. Then we define

Xoo = (1,X7,X3) eRoR! 0 (RI@RY) = TO (RY). (2.2)

And we define the truncated tensor algebra multiplication for two elements (a,b,c), (d,i), ¢) €
T (R?) by,
(1,a,b) ® (1,d,b,) = (1,a+a,b+6+a®a).

We may therefore look at rough paths under this multiplication, and find

2 1
Xou @ Xue = (1,X0 + X8, X8+ X8+ xW o x)) = X,
We see the definition corresponds very nicely to Chen’s relation. We also see that X,; =

X;1®Xy, where X 1= (1, —Xs(l), —X(()i) + X(()}) ® X(()})) . The space T (R?%) can be generalized

S S

14



to contain n + 1-tuples of iterated integrals, in the way that

™) (Rd) —Ra® é (Rd> o
=1

One would then expect the higher order iterated integrals to obey some kind of Chen’s relation in
the same way as for rough path tuples. It turns out that given X € T (Rd), we find a Chen’s
relation by postulating that

Xt = Xgu®@ Xyt

Where the tensor multiplication represents multiplication in the truncated algebra sense. In the
next section we will take a closer look at the space T') (R‘l)7 which will contain the four-tuples

necessary to look at regularity problems when a € (%, %]

15



3 Rough paths of low regularity.

In this thesis, we want to construct a space for geometric rough paths with a—Holder coefficient
a € (i, %] We therefore want to define the space T®) (Rd) by

3

T® (R') =R & (RY)

n=1

Xn

An element of 7G) (]Rd) is of the form = = (1,a,b,c) € TG (Rd), and multiplication of two elements
z,and y = (1,a",b",¢c") € 7G) (Rd) yields

rRy:=(l,a+a’,b+b" +a®a’;c+c " +a®b " +b®a’).
Therefore, for a rough path X we have the following relation

Xs,t = Xs,u X Xu,t

3)

B+ X2 x@ + x0 + xBQ o X0, x0 + x7 + xR e xZ + xQ e x), (1)

S,u u,t U S,u u,

- (1,X

This is what defines a Chen s relation on 7' (Rd). We see that in addition to the Chen “s relation

on the second iterated integral, we will require that the third iterated integral satisfy the relation
X _x@ - x8 = xW o xP) + x2) o xLY.

Let a € (1, 1], then X, = (XS(Q,XQ,XS(?) € ¢ ([0,T],V), where

xW=x" - x{V
X =[xy
X = xBaxy

As we know, if X S(lt) € V then X 5(2t) € V®V , and therefore the third iterated integral X (%) will
take values in V®3. Again, remember that the definitions is read from the right to the left; a-priori,
we do not have any information about what kind of path X is, and we have not defined what
the second iterated integral should be. One of our goals in rough path theory is to find processes
X @ and X®) such that the Chen’s relation and the regularity conditions holds, and then we may
define the iterated integrals to be the objects X2 and X©®).

We introduce the metric on €% ([0,7],V) by

da(X,X) = X = XU g + | X = X o + || X&) = X I3,

16



Further, we denote the homogenous a-Holder norm by

1Kl =l XD 1] 44/1 X oo + 3/ XO) [sa.

In the next section, we will introduce the concept of geometric rough paths. These are the
paths where the second and third iterated integrals satisfy basic rules of ordinary calculus, and will
play an important part especially in applications, and in rough path theory in general.

3.1 Geometric rough paths of lower regularity

The space of geometric rough paths €;* are defined such that all rough paths in €3* can be ap-
proximated by smooth paths. we would therefore require that the iterated integrals would behave
such that they satisfy some basic calculus rules, i.e,

1
sym (ng) = iXSt) ® Xé?

and

3 1
sym (Xs(,t)> = EXSE’.
If the rough path obeys the above two conditions, we say that X = (1, XM x@), X(3)) € ¢, The
space €, may be defined in the way done above; by the two conditions, or as a closure of smooth

paths in ¥%. As we have seen before, we can always interpolate smooth paths into the rough path

space €%, but naturally they would still satisfy their regular “rules of calculus”.

Remark 3.1. A relationship worth noting before we move on is that for o < 8, C# c C®. Indeed,
by interpolation, we know that all paths in C? can be approximated in C® And we have the

relationship

X X 1
| X o= sup R gy e

= <|| X g TP,
5,6€[0,T], st |t —s|” s,te[0,T),s#t [t — s\ﬁ |t — s\a’ﬁ g

therefore, if || X |[g< 0o, then X € C*, but the converse is not in general true. This can of course
be extended to the space €, in the sense that €2 C € for § > «.

3.2 Integration against rough paths

In this section we study chapter four in the book by Hairer, and Friz [16], and extend the results
to the case when the a—Holder regularity is such that a € (%, %] The difference between the
%, % %, %] is that we need to introduce higher order

derivatives of the integrand and higher order iterated integrals from rough paths to be able to define

rough path theory when o € (5, 7] and when a € (

a suitable integral. With suitable integrals we mean integrals of the form fo Y,dX, where Y can

17



be a function of X or some other path which is integrable with respect to X. When introducing
the higher order derivatives of the integrand Y, we will get more expressions to handle in our

(in)equalities, but we will be able to tractate rougher integrals than shown in the first section.

3.2.1 The Sewing Lemma

Now we move on to one of the most important results in the theory of rough paths, namely the
Sewing lemma. Before we state the theorem, we will motivate it by an example when o« > %
From the theory of Young integration, we want to construct an abstract integration map I, which
works in a way like Rieman-Stieltjes sums. That is, we want to find the function Z,; which fully
determines the integral of Y with respect to X, i.e Z,; = fst Y,dX,. If X € C* and Y € CP such
that a + 8 > 1 ,Young found that

Zs,t :}/sXs,t+0(| t—s |)

That is, the function Y X, ; fully determines Z;. Therefore we want to find 1 , such that Zs; =

I(v) stisa well defined image of 1) under an abstract integration map I.

Definition 3.2. We define the space Cg"ﬁ ([0,T]2,W> as functions ¢ from [0,7])% into W s.t
’QZJt,t =0 and,
1Y lla,g:=Il ¥ lla + || 69 ||g< oo,

where 09wt 1= Vst — Ysu — Yust -

This space becomes handy in the proof of the Sewing lemma, and in further applications.

Lemma 3.3. (Sewing Lemma) Let o and 8 be such that 0 < o <1 < 8 Then there exist a (unique)
continuos map I : ng,ﬁ ([0, T)?, W) — C“ ([0,T]2 , W) such that (1)), =0 and

| (I)yy — sz [SC |t =517

Where C only depends on B and || 61 ||g. (The a—Hdlder norm of I also depends on || ¢ ||o, and
hence on || ¥ |la,p )-

Proof. We note that I will be built as a linear map, so that its continuity is a consequence of its
boundedness. Uniqueness is immediate; assume, by contradiction that for given 1 there are two
candidates Fy and Fy for I1p. Define F' = Fy — F5. We have that Fy = 0 and |Fs¢| <[t —s | for
B > 1, and we know that the only function which satisfy this (i.e higher than Lipschitz regularity),

is the function F' = 0 . It remains to find the integration map I. We could guess it would be on
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the form

(Iv),, = lim Z Vu

Where P denotes a partition on [s,¢] and | P |:= max | u — v |, u,v € P . Friz and Hairer
offers two arguments for the proof of the sewing lemma in [16] chp. 4. We will follow the second
argument here. The argument that follows is essentially due to Young, which finds that convergence
is immediate as | P |— 0, i.e the same limit is obtained along any sequence P,, with | P, |— 0 .
Consider a partition P of [s,t] and let 7 > 1 be the number of intervals in P. When r > 2 there
exist a u € [s,t] such that [u_,u|, [u,us] € P and

2
—u < ——t=
g~ € [t

Since, if we assume otherwise gives the contradiction 2 |t —s |< > cpo | uy —u_ [<2 |t —s|.

Hence, by removing the point v € P in one integral and look at the difference between the two, we

find ,
2
| / w/¢:5¢u_,u,u+ |§|| 6’¢ ||@ (T‘—l‘t5’>

P\{u} P

Further, we can see that, if there are more than 3 elements in P, i.e r > 3,there exist two points

u,v’ € P, such that
= [oi o= [ 41 [ o= [vl
5 P\{u}

P\{u} P
S ws,t_/ +
P\{u,v}

[ o= [ [ u-fon
By iterating this procedure, selecting a new point u to remove each time, we get that the difference

P\{v,v} P\{u} P\{u} P

between 1, ; and fp 1) biggest, we see that,
T

B
Sup [~ /¢str<||5w||52<2lt—s|) <2 8615 C(B) | ¢ —s I,

PClst]

where ((8) = > /2, -5 is the Riemann zeta function. It then remains to show that

SUPpyp-<e | fp Vst — f7>'

Which implies the existence of 4 as the limit limip|_ fp 1. We may assume without loss of
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generality that P~ refines P and therefore | P | V| P* |=| P | and

Jo-[v=3 [ [ v

[U,U}E/P P ’ﬁ[u,v}

Then, for | P |< & we can use the maximal inequality to see that

o= [vi=2 1500560 3 lu-vl=0(1P1P) <0(I=1).
P P’

[u,v]eP

since 8 > 1, which concludes the argument.
O

To clarify the impact of the sewing lemma, we will emphasize on the fact that this lemma holds
regardless of - regularity and construction of v, as long as we choose 9 such that || 6¢ ||s< oo for
B > 1. Hence, it only depend on the choice of the function 1.

We will show the use of the sewing lemma in the context of Young integration. As we discussed
earlier, we want to define an integral of the form f; Y,dX, = I(v)s+ , then if we choose ¢5+ = Y, X ¢

where | X S |t —s|” and |Ys| S |t —s|7 , we can see that

5¢s,u,t - _}/S,’LLX'LL,tv

and that |V, X < |t —s|*"7. Now, let a ++ > 1. We know from the sewing lemma that
[ I(¥)st — Yst| S| OW |Ig |t — s|°for 8 > 1. Hence, we need to check that || &1 ||p< 0o. This follows
directly from the fact that |V, X < |t — 8|77, define B = a + v, and we see that the sewing

lemma holds, and that 1, ; “determines” the integral on small time intervals, in the sense that

1T(W)s 4] <[] + o]t — s]7).

One would expect that when the regularity of X and Y is lower, we need to expand the function

1) to contain higher derivatives on Y and higher iterated integrals of X. As we will see, we can
11
43
of Y and the rough path (1, x@®, X(Q),X(3)) € €“. Acctually, the meaning of derivative in this

setting is a bit ambigous, the derivative of Y is not necceseraly unique, we only require that the

construct a function ¢ in the case when a € (3, 5] by introducing the first and second derivative

remainder terms from a Taylor type approximation is finite in the Holder norm. We shall elaborate
on this in definition 3.4.
The sewing lemma naturally leads to a desire for a space of integrable processes Y and their

derivatives, such that we easily can construct integrals. To motivate the coming definition of such

a space, we will discuss the case when «a € ( %, %] and we want to define the integral of a function
f(X) with respect to X. If we look at a function f € CJ and X € Cy € (3, 1], we have a taylor
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expansion of f in X as follows,
X)) = px ) = D)X + R,

where Rf;(tX) is the remainder term of the Taylor series. The question then becomes what regularity
(

the remainder term Rg (tX) inherits. From the Lagrange remainder thm. we have that | Rf;(tX <]

D%f || X ® Xst |<| t — s |>*. Now, if we look at the integral of f(X™)) with respect to the

path (1, X1 ),X(Q)), we see that

t
x @)
/fX<1> yax /f dX<1>+/ DF(XMX( }2dX§1>+/ RIVax,.

S

)
If we can prove that f Rf (x VX, goes to zero when s — ¢ then the integrals f f(X )dX +

f Df( X(1 )XglﬁdX fully determines the integral f f(X 1)) X in the limit as s — . Actually,
we may calculate these integrals more explicit, as we may move out parts of the integrands as

follows,

/f XMydx, +/ Df(xMxNdx, :f(X())/ dX + Df(X /X<1>dX,€1>.

We have already defined the two integrals on the right hand side of the equation above as follows,
fst er(l) = ( and f X! s TdX S (2) We are therefore left with the approximation

)

/ FXD)aXD ~ f(xD)xD 1 Dpx0)x 2,

(1)
under the assumption that fst Rf (X

choose 1) ¢ := f(Xs(l))XS(}t) + Df(X(l))Xi t), we can obtain that

dX, — 0 as s — t. Going back to the sewing lemma, if we

st = FXN XY+ DX XE - f(XO) X0 DX X2 - p(x XN -Dr(xM)x{)
= —f(XW)u X0 + DD (X3 + x o X)) - DAX)XE)
_ _Df(X(l))s,qu(ft) B Rg(uxm)X(l)

and we se that | 615, || t — s [3*. Therefore, by the sewing lemma we have that the integral

¢

X,)dX, = i o

/sf( ) dim >
[u,w]eP

exists, and is well defined. To accommodate lower regularities, it seems necessary to do higher order

given by,

Taylor approximations to get the sufficient regularity on the remainder term R/(X). It therefore

seem natural to construct the space of integrable processes as functions Y : [0,7] — R™ such
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that the remainder term of a “Taylor-type” expansion is of a certain regularity, depending on the

1 1].

regularity of the rough path. The next definition will propose such a space when « € (7, 3

3.3 The space of controlled rough paths

Definition 3.4. Let X € ¢ ([0,7],V), we say that Y € C*([0,T],W) is controlled by X if
there exists two functions Y/ : [0,7] — L (V,W) and Y" : [0,T] — L (V, L (V,W)) such that the

remainder terms Rym7 RY(2>, and RY(3), given implicitly by the relations

Ys,t — }/S/Xs(,lt) + }/s”X(,Qt) + R};éB)

S
1 vy (D) v (2)
Yo, =Y X[ + Ry
n _ py®
}/;,t - Rs,t )

satisfies || R¥Y l|3a< 00, || RY® ll2a< 0o and || R¥Y |lo< 0o. This defines the space of controlled

rough paths, which we write formally as
D% = { (VYY) e (0,71, W) : S, | R o< oo |-
We equip this space with a semi-norm
| (VYY) o=l B o+ 1 B o+ 11 R fl3a -
By including the initial values of Y and its derivatives, we get the norm
(VYY) = Yo |+ [ Y5 |+ [ Y0 [+ (VYY) [Ipg.

Under this norm the space D§ becomes a regular Banach space.

Remark 3.5. As a consequence of how we have defined our space, if (Y,Y',Y") € D we obtain

the following bounds

(1)
1Y o=l B |la
1) (2)
1Yl B lla + | BT [l2a
(1) (2) (3)
1Y JaSIH B fla + 1 B oo + | B Jl3a -

Next, we will present some useful estimates.

Proposition 3.6. Let (Y,Y',Y") € D for some fized path X € € ([0,T],V), then we have the

following three estimate

1Y o=l Y fooll XD fla + 1 Y Jooll X® Jla + | R 30 T2
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< Cra (141 X0 fla 411 X o) (1Y 1411+ 1 (VYY) lpg)

(2) 1Y [la< Dra (1+ 1 XD fla) (15" [+ (V. Y",Y") |lpg )

and
B) 1Y lla+ 1Y a

< Ko (14 1| XDl + 1 XD la) (Y5 1+ 1 Y81+ 1 (YY) llpg) -

Where Cr,, is a constant depending only on 7" and a and can be chosen uniformly over T for
T € (0,1].

Proof. The results follows directly by considering that Yy, = Y/X St) +Y/'X s(?) + Rz,/t(g), nd |
Y o<| Yy | + | Y |la T%, where the same holds for the second derivative of Y. O

Knowing this, it is easy to also show that for some suitable constant D depending on T" and «.
In the next theorem we will use the sewing lemma and the space of controlled paths defined above

11]

to show how we can construct the a rough integral when a € (g, 3].

Theorem 3.7. (Lyon’s Theorem) Let X = (1,X(1),X(2),X(3)) € 6" ([O,T] ,Rd) for T > 0 and
a € (3,3], and let (Y,Y',Y") € D%. Then the rough integral defined by

t
YdX, = lim Z (Y X0+ v x2) + Y”Xf’))

|79\ u,v u U
s u,v|EP

exist and has the bound

/%m,ymﬂ VX - WWMK<XNX' m4mwwm%)u—ﬂm 5
=1

Proof. We want to find a function 1 such that [[§¢|| 5 < oo for some 8 > 1. If we define the function
1 such that
s = VX VX X0

then

=1
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Now, by the sewing lemma, we see that
(i)
| / VedX, — V. X\ - VX - v/x[) < (Z 1 X479 | 4_ppall BY um> [t —s |1,

which imply that the rough integral exists.

Remark 3.8. The simplest way of looking at the rough integral is when we look at

| Feeax,

0

when F' is sufficiently regular. We will give a short argument for how to construct this integral. Let
F:V — L(V,W)beaCj function and let X € €, a € (3, 3]. Set Y, = F(X,), Y] = DF(X,) and
Y! = D?F(X,) . The remainder functions are given in the usual manner, RY( ) = st — Y Xs; —

Y”X(l) RY(Q) Y Y”X(l) and Rfél) =Y;";. Then we have that

s,t st?

(1)
I BY™ o<l DPF [looll X |la
@) :
| RV [|2a< § || D3F |||l X |12
(3)
IR |3a< ¢ | D3F |looll X |13 .

Indeed, We know that F is three times continuously differentiable and bounded, and hence Lips-
chitz. Therefore, the Three first inequalities can be found the same way; by looking at the Lagrange
remainder of a Taylor expansion. To find the bounds for Rg;g)we look at a Taylor expansion with

respect to the Lagrange remainder term,

1
RY(S) — Y, — }/S/Xs(}t) - Y/IXg?t) — )/js,t _ YZXé}t) _ §Y”X§71t) X Xé}t)

1 1 1)®3
= Lpor (x4 exD) x0,

where ¢ € (0,1), and by the regularity of F' we know that D?F is a symmetric operator and since
Sym(XS(?)) = X( ) ® X( ) the above holds. Now, the a-Hoélder estimate follow directly, and we

see that | RY(3) ]<] t— \30‘. The same argument goes for R¥® and RY"”. And hence, by theorem
3.7 the integral fo s)dX; is well defined.
O

Remark 3.9. We want to point out that the bounds found in theorem 3.7 implies that there exist
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a continuous map from D% ([0, 7], £(R,R™)) into DY ([0, 7], R™) such that
(Y, Y, Y") € DL([0,T], L(RE, R™)) 1 </ YTer,Y,Y’> e DL ([0, 7], R™).
0
Indeed, if we define (Z,2',Z2") = ([, ¥»dX,,Y,Y’) , and then define the remainder functions

RZY for i = 1,2, 3 similar as before,

RSZ,§3> = fst Y, dX, — YsXs(,lt) _ Ys/Xs(,gt)

(2) 1
RsZ,t = Ys,t - Y;/Xs(,t)
YAO RV
Rs,t - }/;,t'

Then from eq. 3.2 we know that

Z(3)
‘Rs,t

t
) [ v, - v - vixd
S

3
—3 (©)
S| 1 X Jl3a [t — 51> + (Z I X9 Yl aiyall BY Hm) [t —s '
i=1

Further, we know || RZ” =] YV = Y'XO |50< |V + HRY(3> W <@ and
I RZY o=l YV |[[a< |Y”\OOHX(1)Ha + < oo due to the fact that (Y,Y',Y") €
D% ([0,T], L(RY R™)), and hence, (fo Y,dX,,Y,Y') € DY([0,T],R"). That the mapping is contin-

uous will become evident in the next subsection.

v

‘OO‘ )HZa

Ry(Q)

The last topic of this section will be on the stability of rough integrals, and we will give some

essential bounds which we will use in later sections.

3.4 Stability of Rough integration

We will investigate the difference of two controlled paths (Y,Y”,Y") € D and <17, YY" ) € D%.
This could look a little strange, as the spaces D$ and Dgf( are two different spaces (because the
elements of the spaces are controlled by two different paths). Still, if we are able to define a type
of “distance” function between the elements of these spaces, we could use this in, for example
approximation. This type of approximation will be elaborated on in part I/I where we look at
financial applications of the rough path theory. We will start this section with a definition of a

distance function.

Definition 3.10. Let (Y,Y",Y"”) € D%, and (17, Y, }7”) € D%, then we define a distance function
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between the paths as,

3 ~ .
dyso (VY Y5,V 77) = ST R = RV |l
i=1

We will follow up with a lemma giving an estimate on the difference between two paths.

Lemma 3.11. Let X, X € € and (Y,Y',Y") € D% ,(?,?’,?”) € D% with the property that

!%H!%’!HY”HHYY’Y”Hpa<MeR and
da(0,X) =[| X [lo + | X@ [loq + || XBO) [|3a< M

With the same bounds for <}7,3~/’, ?”) and X. As described in remark 3.9, we can define

(2.2',2") = ( / YedX,.Y, Y’> ,
0
and in the same way we define (Z, A Z”). Then we have the following local Lipschitz estimates,
dy 5. (Z, 7'.2". 72,7 Z’) < Om(da (X X) 1Y~ Y| 4y g0 (Y, Y Y'Y, Y, Y/”) ).

Where Cyy :== C(T, o, M) is uniform in T < 1.

Proof. We will use the simple inequality | 2y —Zy |<|z ||y — g | + | x —Z || ¥ | (*) extensively
through the proof. We look at the difference

- t t 5 o o
RZ” — RZY = / YdX, - Yo xU) - vix® - ( / VdX, - VX)) - YS’XS(?}>
and define ¥, = V. X5 + /X0 + v/ xE) and Agy = by — sy . We find
| R = REY =1 (10), — Boa +YIXE) - VUK |
<O 00 laal t—s "+ | YIXE) - VI,

where

3
5As,u,t = - Z RY( ! u t + Z RY(

i=1

Using the inequality (%) , we obtain the following estimate

Y o (3
v 52| [£80]

x$ - %8|+

YUK VIR < VY
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This implies that

(3)

| RZ” — RZ” ||30< C || 64 laa T + Car | X = XO) |3,

v (v -1

FT R R ).

Similarly we find that
(2) 7(2) (3) y (3) -
| RZ2 _RZ2 22 <l RYS _RYS 3 T% + Cur || X x® 20

vou (- 3¢

4T ” RY(U . Rf/(l) Ha> '
At last, we look at RZY — RZY and find,

|| RZ(l) o RZ(l) ”a:H Y/ o }7/ Hoé:H Y//X(l) _ Y///X(l) + RY(2) - Rf/@) ||a

Y]

< Cur || X2 = X g 40 (V0 = 5|+ T RY

y (1) (2) y (2)
— R o)+ | R = R T

Notice that all the terms || RYY _ RY® lio for @ = 1,2,3 is multiplied by 7. Collecting these

terms, we obtain the following estimate,

dyxal(2.2.2"2,2.7)

< Cy (da (XX) T VO v (Y, Y’,Y”;?,if’,ff”) T“) ,

and we are done. O
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4 Composition of controlled rough paths with regular functions.

An important result for proving existence and uniqueness of rough differential equations is the
composition of regular functions with controlled rough paths, we will in this section give some
important estimates, and look at stability of regular functions composed with controlled rough
paths.

4.1 Composition with regular functions

Let f € C} (R™,R"™). We want to show that if (Y,Y’,Y”) € D% ([0,7],R™) such that Y : [0,T] —
R™, Y : [0,T] = LRL,R™) and Y” : [0,7] — L(RY L(RY,R™)) ~ £ (R*? R™) for some
X €ty (RY), then (f(Y), f(Y), f(Y)") € DS . We therefore need to find suitable derivatives of
f to obtain the regularity needed on the remainder terms R/ (Y)(i), t = 1,2,3. That is, we are
interested in finding derivatives f/': R™ — L (Rd,R") and f” : R™ — L (RdXd, R™) such that the

)(3>

remainder term Ri&y given by the relation

(3)
FOV)er = FVY XD + f (V) x® + RO

is finite in the 3a norm, and similar for the two other remainder terms. If we do a Taylor approxi-
mation of f(Y;) , we find

PV = F(Y2) = DFYVa)Yau + S D2FOVIYED + R,

We know by the Lagrange remainder term theorem and f € Cg’, that HR‘{’t < 00. Further, we

’304
know that Y;; = Y/ X é,lt) +Y/X® + RYY and we can insert this in the above equation, and find

s,t st

) = f(vs) = DY) (vix () + v/ x ) + R

st s,t

1 1 2 ®\®2 |

From that equation, we can calculate that

FY) = f(Y2) = DFY)YIXE + Drvo)v/x

st st
SD2 (V) (X)) + R + RL, 4 o(ft - 5.

As we know R};;g) + Rf;t +o(]t — s])’ < |t — s>, we want to construct the derivatives of f from

the remaining terms when we remove Rgft(?’) + Rgt +o(|t — s|). It seems natural to choose f(Ys) =
Df(Y;)Y.. Then we are left with the terms

s“*s,t

®2
DRYYIXE + D) (vix ()
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Notice here that (Y §)> € ]Rmxm, and D?f € L (R™™ R") and symmetric. Therefore

if sym(Y/ stY’ =1 Y’Xi?) , we would have a suitable candidate for the second deriva-
tive, namely f(Y)” = Df(Y)Y" 4+ D2f(Y) (Y")®? where for any = € R™4 2 — Df(Y)Y"x +
D2f(Y)Y'zY’, and f(Y ) :R™ — £ (R4, R"). It is not difficult to show that sym(}fs’Xs(?Y;’) =
% (YS’ X ;175)>®2. Indeed, by the fact that X is geometric, we can check that

1 T
sym(V/ XY = 3 (Y;’Xi?Y; + (vix3v)) ) = V/Sym(X()V!

=Y/~ X”@XSQY i(yxgt)) .

Therefore, the candidates f(Y) = Df(Y)Y" and f(Y)" = Df(Y)Y” + D2f(Y) (Y")*? seems to be
suitable. We get that Rf M@ g given implicitly by the relation

F(¥V)es = DIYVOYIX) + (D27 (V) (V) + DAY + RI,

s

as this choice satisfy HRf(Y)(S) < co. This follows from the fact that RF® = f(Y)sr —

FO) xS fv)ix )

s,t

3o
therefore by inserting the derivatives we have chosen above in this relation,
and the calculations we have done, we find that

RO = RV LRI, + o(|t — s|)

Then we use the Lagrange remainder term formula to find )Rf;t‘ < C Yy,

(3) (3)
| RFOO gaz (1Y 3+ 11 B Jsa)

where C' depends on | f | ¢ T, and o from calculations above.
Now we need to check that the terms RF" and RF®)™ are bounded in the a and 2o norm
respectively, under the choice of f(Y)" and f(Y)”. Let us start to look at RIM®

(2) 2
BRI = (DY), — (DFOOY! + DAY (v)*?) x (7.
Through some calculation, we can find,

RIS = DFRY, + DI(Y )oY, = (DX (V)] + DR (VYY) X0

s,t

Using the fact that Y], = Y'X s(lt) + Rg/f), we get the following expression,

(2)
RIOY = DY) YIXY) + (DF(Y )y — D2F(V)VIX )Y + DF(V)RYY.
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Where we have used the fact that the second derivative of f we constructed is such that X s(,lt) —
Df(Y. )Y”XS( t) + sz(Y;)Y;’XSt)YS’. If we now do a first order Taylor approximation of Df(Y), i.e
Df(Y)st = D?f( S)Ys’t+R£tf. Then we know by the Lagrange reminder thm. that HRStf(Y)

oo since Y| < |t — s|”. Substituting this above, we find

<
2a

(
RIOY = Dp(v), VX + D2F(V)(Vey — VIX)Y! 4+ DF(VRY + RPIY]

= Df(Y)s VI X) + D2 () (v XE) + RV + RPS)Y! + Df(v,)RY,”.

Now, all these terms are bounded in the 2a norm. That is, We can see that

DAY )X < IDSIL Y] I

P se—sP,

and

D* (V). (VX + RYY,

< (D3] V| (] |x @)+

+‘R£tf>§\t—s2a

and lastly, of course ’Df RY(Q) < |Df(Y ‘RY@)

first and second derivative of f to be such that

< |t — s|**. Therefore, if we choose the

)= f(Yy), f(Y);=DfV)Y!, f(¥V){=D*f(Y))(Y{)** + Df(Y)YY,

we have that all remainder terms, given implicitly by the usual relations (see definition 3.4) are
bounded in their respective o metric. Next, we will give a theorem giving a suitable bound for the
D% semi-norm of a regular function composed with a controlled path, which we will later use in

showing existence of RDE’s.

Theorem 4.1. Let f € Cj (R™,R"), (Y,Y',Y") € D% ([0,T],R™) for some X € €2 ([0,T],R?),
with o € (%, ] . Then the controlled rough path (f(Y), f(Y)', f(Y)") € D%([0,T],R") where f(Y)'

and f(Y)" is given by the derivatives above. Assume that
[ Yo [+ Y |+ 1Y [+ [ YY" [[pg< M € [1,00),

and the same bound for do(0,X). Then there exists a constant Cpy depending on T > 0, M,
I f llez, and a, such that

HFY) FY) F ()" llpg,
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< Cor (14 1 XD Jla 4+ 1 X oo ) (1 | Y5 1+ 1Y [+ YY" Iipg) -

Proof. We have established bounds for the three remainder terms above theorem 4.1. We therefore
only need to combine them to find a suitable bound. We start to look at RION®, By adding
positive terms, and make use of the bound | Yo | + [ Yg | + [ Yy |+ || VY, Y" [[pe < M € [1, 00),
and find that

| RO gz € (14 1Y 3+ 1 B 0 )

< Cor (14 1 XD Jla 4+ 1 X Jloa) (1 | Y5 |+ 17 [+ 1 Y, YY" Iipg) -
Where we have used that

1Y o (1 1 XD Jla 41 X loa) (1Y 14181+ 1Y, Y llog)

Next we see that Rf)® can be bounded the same way. From the calculations done above the

theorem, we can see that,

(2) (2)
H Rf(Y) ”2045 CM(H Y ||04H Y’ Ha + ” RY H2a
3) a (&) a o
(1R Yaa T+ (195 1+ 1B o T) 1 XD oo+ | RPTY o) (1 ¥5 |+ 1Y Jla T)).

Where RPf(Y) is the remainder term from a first order taylor expansion of Df(Y). Then by using

the bounds established in proposition 3.6 we see that,

Y)@

| BRI o< Cor (1 1 XD o+ 11 X2 ) (14 15 |+ [ Y5 |+ V.Y,V lpg,)

And at last, using the estimate above for R/ M and proposition 3.6, we find

(1)
IR ol Fley (1Y Nla (Y8 1+ 1Y o T) + 1 R )

< Cu (1+ | XD o+ 11 X Jloa ) (14 1 ¥5 |+ 1 ¥ [+ V.Y, Y [log) -

Combining the above estimates, we get

3 .
L FO), PO FO) =D HRﬂW
i=1

< Car (14 1 XD o+ 11 XD oo ) (14 1 Y5 |+ 1Y [+ 1YY liog)

and we are done. O
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In the next section, we will take a closer look on how the functions composed with controlled
paths behave, and show an estimate for the distance between a function composed with two different

controlled paths.

4.2 Stability of regular functions of controlled paths.

We will present a stability result for regular functions composed with controlled rough paths similar
to the one given in lemma 3.11. The idea is the same, namely to be able to say something about

how far a apart two controlled paths are, when composed with a regular function.

Lemma 4.2. Let X,X € %2 ([0,7],R%) ,and (Y,Y',Y") € D% ([0,T],R™), (f/,?’,f/”) c
D$ ([0, T],R™) respectively. For a function f € C} (R™ R™), define

(2,2',2") = (f(Y),Df(Y)Y’,sz(Y) (V) 4 Df(Y)Y”) e DY

is such that | Yo | + | Yo | + [ Y)' | + [ YY" [[pge< M < o0 and 64(X,0) < M. The
triple (Z, Z’,Z”) € D;ﬁ( 1s constructed the same way. Then we have the following local Lipschitz

estimates,

dy 5. (Z, 7,2".2,7, Z”)

<Cu (da (XX) 1Yo Yo |+ Y~ Y3 [+ Y~V | +dy x.0 (Y,Y’,Y”;f/,f/’,f/”))
Where Cyr == C(T, o, f, M,Yp) .
Proof. Following the proof from Friz and Hairer[16] and modifying it to the lower regularity, we
need to find a bound for the expression,

dx %.q (Z7 7.2"; 7, Z’,Z”) -

(1) (2)

7(1) 7(2) (3) 7(3)
+ || RZ —R” a4+ | R —=R”" |aa + || R = R?" |30 .

To shorten notation, we will define the following variables ex = d,, (X, X) se0=|Yo— Y, l,e0 =|
Yy =Y |, el =| Y = Y] |, and € = dy %4 (Y,Y’,Y”;f/,f/’,f/”) such that

x5 (Z’Z/’Z”;Z’ZI’ZH) Sex+eoteytegt+e

We will use the inequality ’ab - &5‘ < |al ‘b - 5’ +|a —al ‘ZN)‘ (*) extensively through out the proof,

and refer to as (x). We will also consider three inequalities, based on the (in)equalities established
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in proposition 3.6,
H y" _y" ||a: HRy(l) . R{/(l)
e

Y =Y [[o< Cur (do (X, X))+ | Y/ =Y | +dy ¢ (VY YV, YY"
0 0 X.X,a
1Y =¥ fla< O (da (X X) Y5 = Vg |+ 10 = V' | +dy g, (VYLY750,77,77)).

We will start to investigate Riil) - RSZ:S) = f(Y)4: — f(f/)’s’,t . We look at

Z(1) Z(1)
Rs,t - Rs,t

<| D) (V)2 = D70 (V) 1+ | DR = DFCNTE |

st

We take a closer look at the first term, and point out that

D2f(Y) (Y/)®2 _ DQf(}/;g) (Y;’)®2 _ D2f(Y;) (YS/)®2?

s,t

and the same for Y. Therefore, by adding and subtracting D2f(Y;) (Y/)®? (and the same for Y)

and use inequality (x), we see that

| D2F(Y) (Y')%2 = D2f(Y) (Y’)®t2 <| D2 | (V) 2F - <?/)®2 |

s,t st

0

F1D270) = D) || (V)7 14| D2V ) = D2 (V)

F1OD = (7))

Using the fact that ‘Dgf(f/)s,t < |D2f|oo Y, |, and by adding and subtracting Yy ® Y/ and similar

for Y, and by using () we find

-y

2 .
SCM(‘YO/*YO,

+ Hyl . i//

)

and
L0 = (7)1 () — (7%) 7 v (% - 74

+ HY/ o )7/

)

where Cjs depends on M, T, and «. Combining the expressions above and using the inequalities

established in the beginning of the proof, we find,

| D27(V) (') = D7) ()7 las o (ex +20 +2h + el +2).

-\ ®2 .\ ®2
where Cs depends on T, v, || f Hcg, and ‘(Y’) ‘ = SUP,c[o,7] (Y;’) ‘ Next by using (*) and
oo
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the estimates from the beginning of the proof, we find,
I DFY)Y" = DF(Y)Y" |la< Cor (ex + 20 +eg+ef +¢) -
Combining the two inequalities above, we get that
| RZY — RZY ||.< O (ex +eo+en+eg+e).
Further we want to look at the difference
@

REY = RE" = (DINY'),, = (D) (V)% + DI (VYY) XL

S
S\ 2 I rl ®2 S\ (1)
~((pry) = (D) (V) + Drevy ) x4 ).
We want to show that
|RZY —RED |<|PL |+ | Py |+ | P3|S (ex +eo+chp+epy+¢) |t — s>

First, for P = (Df(Y)Y'),, — (Df(f/)f/’) e add and subtract Df(Y;)Y/ and the same for Y,
and look at the bounds for Py, 7

](Df(Y)Y’)s,t - (D))

s,t
<I DY) || Y, = Y'se |+ | DF(Ye) = DF(Y2) || Y, |

| DF(Y)s || Y] =Y's |+ [ DF(Y)se = DF(Y)s || Y] |-

We know that | Y = Y/s |[<[ Y§ =Y/ | + | Y/ =Y |l T* and | Df(Y;) = Df(Ys) |<[| D*f ||oc]

Y, - Y, |, and therefore, just like in above calculations,
| PL|S (ex +e0+ep+ep+¢) |t — s
Secondly, we look at P,
Py = D2(Y,) ()% X - 0257 (V)7 X0,

Using the inequality (%) twice, and the previously stated estimates, we find that

| P |< (€X—|—€0+€6—|—68+6) |t — s|*.
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Next, Ps is given as follows,
= DF(Y)Y!X[) — DF(V)YIX[]).

We use the same inequality as before, and obtain the same type of results,

| P3 |< (ex +e0+eh+ef +e) |t — s>
Therefore we have that

| RZZ) RZ(2> IS (ex +eo+ep+ef+e) [t — s
At last we need to look at RZ® — R? (3), which we know is given by
R R
= f(YV)or = DFOYIXS) = (D2F(v) (V) + DF(Y)Y!) X2

1 5 (o) 22 2
- <f(Y)st - DF(V)YIXL) - (D2f<Ys> (1) - Ds(. >Y”) X, 2)
In section 4.1 we found an equality for R? ® such that

RZY =R + RIY) o (|t —s)),

f(Y)

and then same relation with respect to Z, where R&t is the remainder of a third degree taylor

approximation of f(Y;) around Y. Therefore, R§i3> — RZ;3>can be expressed as follows,

RZ(g) RZ(g) RY(S) RY(S) + Rf(Y) Rf(Y) (|t _ S|) .
We can find explicit representation of the expression Rf;(ty) —Rﬁy) by using the Lagrange remainder
term formula, we have for § € [0,1] that Ri(ty) = ;D3 f(Ys +0Y,) (Ys)®® and similar for Rf;(ty).
Looking at the difference of the two, we find

< C2M?

RO Réf(?)H <Lipss H @ (7. )7
H t <5 1P oo || (e (t> 2

We can therefore see that

HRZ<3> RZ<3> (3) Ry<3>

<ol

§ (ex +eo+ey+ep+e)
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Combining all these inequalities, we obtain our desired bound, namely that

dyxo(2.2,2"2,2.2")

< Cur (do (X, X) 4 | Yo = Vo | + | ¥ =7 |+ Y7 = V7' | +dy g (VY Y37,77,77)).
O

Remark 4.3. The observant reader may notice that we now have obtained two local Lipschitz
estimates (lemma 3.11 and 4.2) which may be somewhat used in a circle. If we look at a path
(Y, Y, Y") € D%, and let (f(Y), f(Y), f(Y)") € D% be composed from Y. Then, by remark
3.9 we know that (2,2, 2") := ([, f(YV)dX, f(Y), f(Y)') € D%. Define the same relations for
(Y, Y’ }7”) € DS, and let Y = Yy, Y = Y{, and Y{' = YJ. Then we know from lemma 3.11 and
lemma 4.2 that

Ay xa(22.2":2,2,2") S do (X,X) +dy 5 (FOO, SO0 FYV)" 5 F(D), SV, F(OV)") T

< d, (Xx) 1+T%) +dy g (Y, YY"y, f/’,ff”) T

Now, in light of differential equations, what if (YY", Y") = (Yo + [, f(Y)dX, f(Y), f(Y)') then

we would have an estimate stating
Ay go (VYY" 0 V0" Sdo (X X) (14T +dy g, (VYY" 7,7, 77) T2

As we understand the two stability results, will come in handy when proving stability of differential
equations. The next section will show existence and uniqueness of differential equations driven by

rough paths, and then give a more rigorous proof of the stability of the solutions.
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5 Solutions to rough differential equations driven by rough paths.

This section extends chapter 8 in the book by Friz and Hairer [16] to the case when the a-Holder
11
43
existence of solutions of differential equations on the form

regularity on the rough paths is such that a € (3, =]. Our goal is to establish a method to prove

dY; = f(Y)dX; Y=z €R?,
where X : [0,7] — RY is a-Hélder rough, with a € (i, %] ,and Y : [0,T] — R is the “output” of
the system, and f is a sufficiently nice function. From the theory of classical ODE’s we are familiar

with such equations when X € C! and we can write
dY; = f(Y)Xydt Yy =z €R?,

and a solution is easily found. However, when X is rough, it is not trivial to find such solutions, or
even to prove existence. The solution method used in this section is based on a Picard iteration,

and our proof is similar to that of [16], but the lower regularity requires some extra computations.

5.1 Existence of solutions to geometric RDE’s with a € (;11, %]

The aim of this section is to prove the existence and uniqueness of solutions to geometric RDE’s
of the form

dYy = f(Y)dXq,

where X € ¢ ([O, T ,Rd) and f is a sufficiently smooth function f : R™ — L (Rd, ]Rm). We will
establish the result by showing that there exist a fixed point Y on a small enough interval [0, Tp],
then one can iterate the procedure on the interval [Ty, 27| and let Yy = f(7p) on that interval,

and so on.

Theorem 5.1. Let + < o < B < % and [0,7] C [0,1], and let X = (XU, X2 XO)) ¢

CKQ’B ([O,T] ,Rd), with dg(0,X) < M. Further, Let f € Cf (]Rm,[, (Rd,Rm)) and x € R™. Then
there exist a unique element (Y,Y',Y") € D ([0,T],R™) such that

t
Y=o+ / F(Ya)dX.,.
0

Where t <T', and the integral f(f f(Y5)dXs is interpreted as a rough integral, in the sense of theorem
3.7and (f(Y), f(Y), f(Y)") € D% is built from Y in the sense of section 4.1.
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Proof. We will construct the solution as a fixed point of in the space D% where X € Cﬁg’g . The
reason is that this will simplify the proof quite a bit, and it turns out that the solution actually is
in D)’B(, due to the fact that | Y5, [<| Y || Xé’lt) |+ Y | ng?t) | +|RY;|- From section 4.1 we
know that for all Y, such that (Y,Y’,Y”) € D% and some function f € C} (R™, £ (R%,R™)), we

can define a controlled path

(f(V), f(Y), F(Y)") € DX

where f(Y) = Df(Y)Y and f(Y)" = D2f(Y) (Y)®* + Df(Y)Y”, as we discussed in section 4.1.
We then define the map

Mr (VYY) = 2+ / f(V)udX,, f(V), (V) | € DY
0

Which is called the Ito-Lyons map. We want to construct a unit ball By in D% such that, when
choosing T" small enough we leave the unit ball invariant under the mapping Mp. To do this, we
need to define a center of such a ball By. The intuitive point (z, f(x), f(z)") is not in general in
D%, and we therefore need to pick another point as our center which is in some sense dependent
on the path XM It is straight forward to check that

t s <x + (@) XS, f(), o) € DY

Indeed, we can see that Z?:1 HRx‘”(JC)X(l) H < o0 as all the remainder terms is essentially zero.
And therefore this seems to be a good Cente;aof the ball By. Remember here that the path above
is a path evaluated in one variable, i.e we may define Y, =z + f (:n)XéE , and the increments of
Y is given by Yy = f(a:)X(l) further Y/ = f(z),and therefore Ys,,t = 0,.To shorten notation, we

s,t

define the center

(Y.,f/_', f//f) _ (x + f@)X), f (@), o) .
Considering the norm | Yy | + [ Yy | + [ Yo' | + || VY, Y" |lpg , and (Y,Y',Y"), such that
Yo=12="Yy, Y] = f(z) = Y] and Y’ =0 =Y . Then the unit ball By is defined such that

[Yo—a |+ 1Y —f@) |+ Yy =0[+]|Y =¥, Y =YY" = ¥"||pg

=Y -V, Y =YY —Y" |pg < 1.

Actually, we can show that

O / % " 11 _ / "
Y =Y, Y =YY" =Y [[pg=[| V.Y, Y" |Ipg
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Which is due to the fact that

R =Y Ta - () - il - (v -y

s,t

— Y, — VXY v x® = RV

s,t

and hence || RY-V)® ll3al RY" ||3a - Next, looking at RO e see that
s,t

_7@ . .
R v (V) - 3 = v - v,

And therefore || RY-1® l2a=]] RY? |l2o- The last to check is R(Y_Y)(l), where it is easy to see
that || ROY-) lla=ll RY" |lo- The ball By is thefore defined as follows,

Br = {(Y, Y/,Y”) eDY :Yo=1,Y] = f(x),Yy = Df(x)f(x);|| Y, YY" sz)x(g 1}.
We also have for all (Y,Y’,Y") € Br,
Y [+ 1Y [+ Y,V Y lpg <|| f lles +1.

Our goal is now to find a T such that the ball Br is left invariant under the the mapping
Y, Y, Y") = Mp (Y, Y, Y"). From theorem 4.1 we have that

| FOY), f(Y), F(Y)" lpe < Cm <1+ | XD o+ || X H2a) (1Y [+ 1Y [+ 1Y, YY" |Ipg)

To simplify the calculations, we are letting the constant C' vary and depend on T, «, 3, f HC;}»
XM and X@, and we find

H / FON)dXa, V), FO0) g < FY N+ | FO0) = POV XD [l
0

[ £~ XD~ FYXP
0
3
< (1 700)" |+ | BRI o ) (Z | x® Hm) + | RFO™ o T4 || BRIV s T
=1

3
i (i
+CT° <Z I X4 | gpall BRI Hz‘a)

=1

Where we have used inequalities we have established in 3.7 and 4.1. calculating further, we find
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that

<T(| FO0) |+ F()" [+ 11 F(YV), F(Y), f(V)" g ) (1+Z||X HW>

C(ILOD) [+ FX)" [+ f(), FY), £ (V)" Ilpg.) (Z | x¢ Hza) :

We then use that || X@ [in<|| X [|;5 T/~ for i = 1,2,3, and see that
| /f(Y)dXs,f(Y),f(Y)’ lpg < C (| f(Yo)" | + [ F(Y0)" | + | J(Y), F(Y) f(Y)" Ipg ) > T2,
0

where C' = C (T al X ||(1) I X H%)) The next step is to look at the Ito-Lyons map in the D%
norm, and find sufficient bounds. We want the bounds to be multiplied by a factor T7 | for v € Ry,
such that when T gets smaller, the whole right hand side of our inequalities will get smaller. In
that way, we can obtain a Tp such that || Mz (Y,Y",Y") [[pg < 1.

wMTundynr%zn/ﬂnmx&ﬂyyﬂWWb%
0

<O FOR) |+ FOO) T+ 1 FOY), FYY F(Y)" |lpg) x TP
<C (! fY) [+ f()" | +Cum (1+ XM+ X@ Hza) (I4+ Y5 |+ 1YY [+ Y. YY" Hpgé)) x TP~

Using the fact that [ Yg | + | Yg" | + | V.Y, Y" |lpg <|| f [les +1 , we find that
<C (I fllcg +C M+ 1) (Il f llgp +2)) x T~

o)

Hence, we have found that
| Mz (Y, Y, Y") |Ipg 0.9 < o(T7 )
therefore, we can find a small enough T such that
|| MTO (Y7 Ylvyﬁ) ||'D§(;[O,TO]§ 1

which shows that My, (Br,) C Br,, and therefore leaves By, invariant .
Now we continue by showing the contraction property of Mz which let us know there exist a

fixed point, and therefore uniqueness of the solution from Banach’s fixed point theorem. We are
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interested in looking at two different controlled rough paths (Y,Y”’,Y"”) and <}~/, YY" > controlled

by same X, which have the same initial values, i.e Yy = Yy = z, and so on. We define an increment

function As = f(Y5) — f(Ys) and AL = f(Ys) — f(Ys) and A = f(Ys)" — f(Y5)"”, and look at the

difference in the It6-Lyons map evaluated in the two different controlled paths,

| My (Y, Y, Y") = My (fv, Y, Y”) Ips

ol / DX O, A [l < C (| &) [+ | AL |+ || &, A, A" |1pg ) x TF=
0

Therefore we want to show that || A, A", A" [lpg S| Y — Y, Y -V, Y -Y" [|pg . Using that
fe Cf, there exists functions
Gs = g(}/;7 Y/s)

H, =Y, — Y,
such that Ay = GsH,, where the function g is given by,
1
o) = [ Dfat+ (1= o)t
0
We see that g € C in both the x and y variable, with || g Hcgg clf Hcg . Further, we see that,
Dygl(a,y) = [y D*f(at+ (1 —t)y)tdt and Dyg(x,y) = [ D>f(at+ (1 —t)y)(1 — t)dt .
From the section about composition of controlled paths with regular functions 4.1, we know that
(G, G/, G//) —
(G,D,GY' + D,GY",
2 N ®2 " 2 =1\ ©2 YU e
(D26 (v)* + D,GY") + (D26 (V') + D,GY" )) € Dk
From there, we easily obtain the bound

I GGG lpg < C |l f lley

where C = C(T,a || X ”((11)’ | X ||g2a)) which is uniform over (YY", Y"), (}N/,Y/’,f/”) € By for T <
1. We continue by looking at the path constructed by G and H as follows, (GH, (GH)',(GH)") €
DS. Where the derivatives is defined as follows (GH)' = G’'H+GH' and (GH)" = G"H+2G'H' +
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GH". We find the estimate, which is a long calculation, but quite straight forward,
H GH7 (GH)/ ) (GH)H ”'D%S
C(lGo|+1Go|+ 1[Gy |+ GGG |lpg)
< (| Ho |+ | Ho |+ | Hy | + || H,H', H" ||pg) -

The calculations are obtained, knowing the fact that G’ is a symmetric operator. Further, knowing
that for all (Y,Y’,Y"), (17, f”,?) € By, we have Hy = Yo— Yy = 0, Hy = 0 and H} = 0 it follows
that
/ "
H JANWANNPAN HDB"(

SC(1Gol+1GoI+1GG | +11G.GG" lpg) (Il H, H',H" ||pg.)
<D(gloo+ 19 1 (1Y 14175 1)
" 1\ ®2 1" Yl =\ ©2
19" ez (100)* 1+ 13 1+ 1551+ 1 (%) 1) +C I S llea)
X (|| Y —V,Y -V Y Y ”9?()

Using previously stated estimates, we can see that | g |oo,| ¢ |oos |l ¢” lez< K || f [lcaand

‘ (Yo,)®2 |+ Y |+ | Y|+ ()7()/)@2 1< K, (H f Hch + f ||(2121>7 and hence we see that
[ANYANYANG H,Dia,?)(xg Cly-Y, Y -V Y"-Y" g -
Therefore, we have that
| Mr (V.Y Y") = My (V. 7,7") g

<C <|| Y -V, Y -V, YY" Hpg() x TP~

Hence, by the inequalities obtained here, and the results obtained when proving invariance of the
ball By, i.e M(Bg,) C By, for small enough T, there exist a ¢ € [0, 1) such that

| My, (Y, Y, Y") = My, (Y/, Y f/”) lpg < gl Y =V, Y =V, Y" = V" ||Ipg .

The result now follow from Banach’s fixed point theorem, and we can construct the solution

iteratively on [0, 1] as described earlier. O

We are often interested in rough differential equations with a drift term, as we come across this

in the theory of stochastic differential equations, and financial mathematics. That is, we want to
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look at differential equations of the form
AY; = b(Yy)dt + o(¥1)dX;

Where b is a sufficiently smooth function. It turns out that to do this, we can define a space-time
extension of X, and let f = (b, 0). We will give a proposition for the construction of such solutions.
Proposition 5.2. Assumeb € C} (R™, L (R,R™)), and o € C}f (R™, L (R, R™)), and let (Y,Y',Y") €
D% ([0, T],R™), s.t. Yo =x. Let X € 6" ([0, T) ,]Rd), then the differential equation given by

dY, = b(Yy)dt + o(Y;)dXy, Yo = @

exists and is unique.

Proof. Define f: R™ — L (RF,R™) by f(Y;) = (b(Y;),0(Y;)) where k = d + 1, and it’s derivatives
is constructed in the familiar way, and define the space time extension X of X such that X is built
from the function XM = (t — s,X(l)) € R¥. In this way, we see that X1 : [0,7] — R* . The

second iterated integral X2 would be a k x k dimmensional matrix, containing the four elements

Lt —s)?, Xs(?t), fst X rdr and fst(r — 5)dX,. In a way, one may visualize the matrix to look like
% (t— 8)2 fst XLg,lr)’ldr .. f; X§}2’ddr
¢ 1,1 2),1,1 2),1,d
@ _ Jior = s)axV x{) e X
s,t T . . . .
t 1),d 2),d,1 2),d,d
[ =saxt o x @ X[

The ‘“cross-integrals” comes naturally as a consequence of the requirement of Chen’s relation, i.e
X&u ® f(u,t = f(s,t. The third iterated integral Xg) will be a cube with dimmension &k X k X k .
That is X®) : [0,7]> — R¥***F and will contain 6 different integral elements, namely (- s)3,
XERE i x O ardty, [1 [ (- s)dx My, [PXE Y dr, and [1 0 (r - s) drdX (P where
1,7,k € {1,2,...,d}. What is important is that when f acts on X®) the operator b’ acts on the
terms & (t — s)°, fst fstl X§}27idrdt1, fst fstl (r — s)dXx M dt; again for i € {1,2,...,d}, and o” acts
on the rest of the integral terms in the cube X®). Then X € ' ([O,T] ,]Rdﬂ) , and then the
solution

t
m:x+/fmm&
0

exists and are unique for 0 < ¢ < T'. The integral is interpreted as the rough integral



v v 1 t1
+b(Yy,)! / xMdr +o(v,) / (r —u)dXY + 6b(Yu)”(u —0)? +b(Y,)" / X, drdty

v t1 t .
—i—b(Yu)/// / (u—T)dX( dt; + o(Y, / / u—r) dX(l)dtl +of u)/// ngdr

+o(Y,)" X ).

We will show that all the higher order cross integration terms will disapear as the length of the

intervals in the partition goes to zero, and therefore we will be left with
dY; = b(Yy)dt + o(Y;)dXy.

We have three different types of integrals in the sum we have shown above. We have the integrals
which are well defined from regular calculus, i.e f;(r — s)dr and fst f;l(r — s)drdt; which are of
order o (\fu — u\2> and o (]v — u]?’) respectivly. We also have the rough path integrals from the path
(XM, x@ x6) ¢ ¢, which are well defined by assumption. At last we have the cross integrals
f X rdr, f (r — s)dX,, f ftl X, rdrdty and so on, which are well defined from Young theory.
Indeed, as the cross integral terms can be expressed as an integral where either the integrand is C*
or the the function we integrate against is C', then the Sewing lemma 3.2.1 tells us that the cross

integrals are of order o (]u — U\H'a) Therefore if we let Z; .

where ¢ = 1,2, ..,8 represent all the

integrals of order o (|U - u|5) for 8 > 1, we may write,

t
}/S dXS = i Yu N(l) Yu / 2 Yu 1"~ (3
| I00dR, = i Y SR+ )R+ ) K
[u,v]eP
= lim b(Ya)(v — ) + oY) X + o (V) XE) + o (Vo) X )
P10 [u,v]€P
8
li Y.)kZi
+2, lim >tz
1=1 [u,v]eP
t t
:/ b(YS)ds—|—/ Y, )dX +Z hm > vz,
0 0
[ W|EP
where fo Y;)ds is well defined as a Young integral. Looking at the last sum, we find

)
Zuv ?

|P|—0

lim_ Z ) Ziy| <37 lim 3 ]f(yu)k(oo
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o < Clv—ul?, for B> 1. From this, we conclude that

hm Zf

u,v]EP

where we know that

and hence that

t t t
Yt_:c+/0 f(Ys)dXS_er/o b(YS)der/O o (Yy)dX,.

In the rest of this thesis, we will for simplicity look at differential equations of the form
dYy = f(Y1)dX,
if not stated otherwise. We may still think of this as an equation with drift, as shown above.

5.2 Stability of solutions to RDE ‘s

In previous sections, we have established stability results with respect to rough integration, and
composition of controlled paths with regular functions. In this subsection we will look closer at the

stability of solutions to RDE s on the form
dYy = f(Y1)dX¢, Yo =z

when f is sufficiently smooth. We have already shown in a way how we may use the stability
results we have already established, to look at the stability of differential equations, see remark 4.3.

However, we will in the next theorem give a more rigorous proof of the result.

Theorem 5.3. Let f € C} (R,R) and X,X € 6}, and + <a << 1. Let (Y, f(Y), f(Y)) € D%
be the unique RDE solution to

dY; = f(V})dX; Yo=z€R ,
and let (Y, f(Y), f(?)’) € D% be a solution driven by X and started at y € R. Assuming that

| fO) [+ [ f)" [+ 1 F(Y), fFY), f(Y )”Hpa<Me]R< and
da(0,X) =[ XV fla + | XP Jl2a + || XP) [|3a< M

With the same bounds for (?,?',?”) and X. Then, there exist a constant Chy depending on
T,a,8 and f such that

Ay ga (VoI FO)SY SV, F(TY)
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< Oy (ds (X.X) + [ Yo Fo | + Y] ¥ | + | ¥/ - 7' 1).
Proof. In section 5 we established that for a given X € Cfgﬁ the RDE solution (Y, f(Y), f(Y)) was
constructed as a fixed point of the map

M (Y, (V). J(Y)) o= (2.2, 2") = ( [ ax. f<Y>,Df<Y>Y') €D

and in the same way for Mp (17, f(Y), f(Y)’) € D%. Then, by the fixed point property, we may

write

(Y (), f(Y)) = (VYY) = (2,2",2") = (Z. f(Y), [(Y))

and in the same way for (17, f(Y), f(f/)’) From the section about rough integration, lemma 3.11,
and lemma 4.2 (Where the results are uniform in 7' < 1) we have obtained inequalities dealing with
stability of regular functions composed with controlled paths and stability of rough integration. One
would think that combining the two inequalities would get us far in proving the desired inequality

for RDE’s. We start to use the result from lemma 3.11, we have that
Ay 5o (2100, 100 2,5(0), F(TY) <

On(do (X.X) 4 Y5 =¥ | 4y .o (FOO PO TO)'5 V), FVY L F(V)") T°)

Further, we know from stability of composition of regular functions with controlled rough paths
lemma 4.2 that

Ay g (JOO OOV FOY'5 FO0), (V) F(TY)
< Oy (do (X.X) 4| Yo = Yo | +1¥5 = ¥g |+ | Y5 = Vg | +dy g0 (V.Y Y57,7.77)).

Combining the two inequalities, we see that

dXVX’a (Y, Y/, Y//; Y, Y/’ Y//)

< Cu (da (X,X)—HYO—Y/O | +]Yb’—?o’\—ir]YO”—f/O”\+dX.)~(a(Y,Y’,Y”;?,?’,?”)T“).

As we see that T is multiplied by dy ¢ (Y, Y’,Y”;?,?’,?”) on the right hand side of the
inequality, we may choose Ty = T(Cjs, ) small enough, such that Cp/Tp < % Then we obtain our

desired result,
de - Y.Y' . Y"V.V.V") <20 i (X %X iy '’ 0w o
X %a \VYLY LY, YLYT) <20y (do (XX )+ [ Yo = Yo |+ [ Yo = Yo [+]¥0 — Y0 |-

And we are done. O

This concludes the part directly concerning the rough path theory. However, the results will
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become very useful in treatment of fractional and multifractional Brownian motions, as well as in
financial applications. As we have seen, to prove existence and uniqueness of RDE’s , we require
relatively high regularity of the function f in dY; = f(Y})dX; (i.e ,f € Cf)l) . As we are familiar with,
the theory of SDE’s or regular ODE’s require only Lipschitz function, and we may conclude that
with lower regularity on the driving signal require more regularity on the integrand function, at least
from a rough-path-point of view. Next we will take a closer look at fractional and multifractional
Brownian motions in a rough path setting, and show two Itd formulas for the respective rough

processes.
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Part 11
Fractional brownian motion and Multifractional

Brownian motion as Rough paths.

In this part we will take a closer look on the construction of fractional and multifractional brownian
motion (fBm and mBm, respectively) as rough paths. In particular, we will study fractional and
multifractional brownian motion as a geometric rough path, and then perturbate it with a function
to be able to look at more general classes of fractional and multifractional brownian motions.
Essential for this section is the ability to split iterated integrals into a symmetric and an anti

symmetric part, in the sense that

Bg?t) = sym(Bg?t)) + anti(B§ )) = ngt) + Ag) and

,t
BY) = sym(BY) + anti(BY) := S(s) n A<3)_

7

Where the symmetry operator sym on a matrix X € R4 is given by sym(X) = % (X + X T) and
the anti symmetric operator anti is given by anti(X) = % (X - X T) . The symmetry operators
for a cube, i.e for an element X € R¥*? ig found in a similar way, by adding the transposition
of the six sides of the cube, and divide by 6. The concept is difficult to visualize, but it will
become more evident in the comming sections how we use this operation. Further, we can quite
casily see that if we perturbate the second iterated integral from a rough path in 7' (Rd), ie
fot — (Bg’lt), Bgt) + f57t> with a 2a regular function f, such that fs; = f(t) — f(s), we get a new
rough path, satisfying Chen’s relation. This follows from the fact that fs; — fsu — fur = 0. We
will show how to continue this idea to higher order iterated integrals, and show how to choose the

third iterated integral, when the second iterated integral is perturbated with a function f.

6 Fractional and multifractional Brownian motion

Fractional Brownian motion was first introduced - in its modern sense - in 1968 by Mandelbrot
and Van Ness [3]. They proposed a modification of the brownian motion where the sample path
was self similar. That is, if we let Bf be a fBm with Hiirst parameter H, then {Bﬁ; 0<t< T} ~
{ HpBH.) < ¢ < T}. Mandelbrot later argued the use of this kind of process in finance and

economics, arguing as financial practitioners long before him, that financial markets are trending.

at)

6.1 Fractional brownian motion.

We will introduce some essential concepts from the theory of fractional brownian motion. The
focus will be on fBm s with H < %, to best accommodate later sections. In this thesis, the choice

of representation of the fBm is irrelevant. We will use a rough path method to construct iterated

48



integrals, which turns out to only depend on the covariance function of the fBm, which by definition

is equal regardless of representation. We start with a formal definition of the fBm.

Definition 6.1. A d- dimmensional fractional Brownian motion {Bf[ it > O} with hurst parameter

H € (0,1) is centered Gaussian process with the covariance function

1

B (BB - |

It follows that {a=# Bf?;t > 0} and {Bf;¢ > 0} has the same distribution. Further, we define the

covariance of increments of fractional Brownian motions by a function R : [0, T]* — R*? by

R( > t):E[Bfthjv].
(Y

There are three very different scenarios to consider with respect to fractional Brownian motion,

1

one is when H > %, one when H = and one where H < 5. When H > % the previously

2 )
mentioned Young theory lets us integrate functions of sufficient regularity, or the fBm itself, with
respect to an fBm. In the case that H = 1 , BI is just a regular brownian motion, and the integral
may be constructed using probability theory When H < 5 1t is more difficult to define an integral
with respect to B}, but it seems that rough path theory can help us with that respect. As we have
seen, to be able to define the rough integral with respect to a controlled function, we need to have
existing iterated integrals.

Before moving on to the construction of the iterated integrals, we want to show some nice prop-
erties of the covariance of the fBm. Let % <H< %, we define the function 0%(u) := E [(B£+u)2] =
u?H | then o2(u) is concave on an interval [0, p], p > 0. Indeed we may look at the second deriva-
tive and see if dU (”) < 0 for all u € (0,p]. We see that 2 ( ) — 9H(2H — 1)u?H=2 < 0 for all
1 <HC< We can also see that o2 is non-decreasing, since we have that o?(t) < o?(s) for
all t < s. Using these properties, we can find some interesting results regarding the covariance

function of the fBm.

Theorem 6.2. Let 0%(u) := E [(B£+u)2] . Then one has non-positive correlation of non-overlapping
increments of the BH in the sense that for0<s<t<u<wv<p,

E[BEB[ ] <o0.
In addition, for overlapping increments such that 0 < s <u < v <t < p, we have that,
0<E[BEBE) = |E([BEBL]| < B |(BE)]| = o*(u-0).

Proof. We prove the first claim first. By using the identity2ac = (a-+b+c)?+b*—(b+c)?—(a+b)?,and
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set a = B, b = Bfu, c= B  and we find that

sty u,v?

2B [BEBL] = B[(BE)’] + B [(BL)’] - B [(BE)"] - E[(B2)"]

This follows as we see that v — s > v —t and u —t < u — s , and the midpoint of the line interval
[(v—1t)*, (v — 5)?#] has the same coordinate as the midpoint of the interval [(u — t)*7, (u — 5)*],
then the result follow from concavity (see [15] lemma 7.2.7) .

Now we want to show that for 0 < s <u <wv <t <p,

U

0< B[BEBL] = [E[BEBL]| < B[(BE)"] = 0*(u-v).

We start by considering the identity 2(a + b + c)b = (a + b)? — a® + (¢ + b)? — %, an let a = B

s,u’
— RpH _ RH
b= B,, and c = By, , then

26 [BEBLL] = B[ (BY)’] - B|(BL)"] + B|(B1)"] - B[ (B)"]

_ ((v _)2H (- 5)2H) +((t—w)? = (t—v)2H) > 0.

Now, using the identity (a 4 b+ ¢)b = ab + b? + cb, with the same choice for a,b, and ¢ as above,

we see
E[BEBY) = E(ByuBu,) + B |(BL)| + B [BLBE) < B|(BL)"] = (v - w)™.

Where we have used that the non-overlapping increments has < 0 covariance, as proved in the

beginning. O

The properties of the covariance function for fBm’s allows for a nice construction of the iterated
integrals using rough path theory.

To simplify notation, we will let X be a d—dimensional fractional Brownian motion of Hiirst
11
372
function R of X we are able to construct the iterated integrals of an fBm. From the properties

parameter H € (3,5, with independent components, i.e E [X;th’t} = (0. By the covariance

U, u, v

t
discovered in the last lemma, we see that R ( % > <R ( v ) forall0 <s<u<v<
v

t < p for some p > 0. In [16] chp. 10, the authors shows that under some assumptions on R, we
are able to construct the iterated integral for a general centered Gaussian process with stationary
increments. We will apply this method to fBm’s and show existence of the second iterated integral

X S(2t) We start with a definition of the variation norm of the covariance R.

Definition 6.3. Let X be a d—dimensional {Bm with covariance function R as defined above. We
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define the p variation norm of the covariance function as follows,

=

IR <= | sup >

Where I and I’ is intervals of [0, T7.

The p variation norm plays an important role, and we will later see that if the p variation norm
is finite, we are able to show that the iterated integrals of X is bounded by this norm. We will

therefore show that the fBm has a covariance function of finite p variation.

Lemma 6.4. Let X be a fBm with H € (%, %], and let R be the covariance function of X defined
above. Let p = ﬁ, then
1
H R H[s,t]Q;pS M |t - S|P

fort—s<p,andp>0, and M := M(p).

Proof. Let [s,t] be some interval such that t — s < p, for p > 0. We then construct two dissections
of [s,7], such that Dy = {t;};_; and Dy = {t;}]°,. For a fixed i, 1 <4 < n, we have that

Z |E [Xtmz‘+1th¢j+1”p = HE [Xfivtz‘HX'f] Hfs,t};p
t;€D2

<3 (HE [XtithlX':'] Hfs,ti};p + HE [Xti’t X ”

141 BN

+ 1B [Xe 6 X

41 =N

o)
[tit1,tlip)
where we have used that (a + b+ ¢)? < 3771 (a? +b° +cP), for p > 1. Let us first look at

HE (Xt 00, X0 H[s,ti];p' We see that

P
[ti,tig1]sp

HE [Xtivti+lX"'] H < ’E [Xt“t

P
[Sati];p - ' i+1XS7tii|

P < (}E [Xti7ti+1Xs,ti+1” + ‘E [(Xti’t”l)ﬂ Dp

< (tig1 — t)*1P = (tig1 — t2).

1

Where we have used the properties of the fBm from theorem 6.2 and p = The same way as

ﬁ.
above we will find that
HE [Xti’ti“X"'] | [ﬁ;iJrlyt];P < (tiv1 = ta).
Next, we look at HE [Xti,tiHX-,-] ‘ f;’tiﬂ];p. Let D3 be the dissection Do N [t;, t;41], then
1B [Xe b X g < sup S B [Xiwn X0

3 t;€D3

o1



< sup Z ‘ (tjr1 —t;) S(ti+1_ti)'
Ds t;€D3

Where we have used the result of the covariance of overlapping increments in theorem 6.2, and

p= ﬁ Putting the three estimates together, we see that

sup Y | B (Xt Xejy00] |7 < Mtivn —ti).
D2 tj€D2

Then by taking the supremum over partitions of {¢;} ,we find that

Sup Z }E [Xtiuti+1th,tj+1] ‘p S M ‘t b S‘ .
D1,Dy ti€Ds t;€D;

Hence, HRH <M|t—s|ﬂ with p = 5% O

[s,t]%5p

As we can see, | R H[S t}z,p,ﬁ |t — s*" due to the concavity and non decreasing nature of the
covariance of the fBm. Using this, we are able to define an iterated integral. In the sense that if

we let X and X be two independent fBm’s, define the integral over a partition P of [0,T] by
/ Xorer = Z XOu U,

[u,v]eP

then the L? norm of this object is conveniently bounded by the variation norm of the covariance

function. We will prove this in the next lemma.

Lemma 6.5. Let X and X be two fBm’s with H € (3, 2] with respective covariance functions R
and R of finite p variation. We define the integral of X with respect to X as

/XOrer-— Z XOS s,t-

[s,t]leP
Then,
~ 2 ~
PCl0,1] P
Where C' is a constant depending on p.
Proof. We see that
) 2
</ XO,rer> =F Z XO,sXs,t =F Z XO,SXO,S’ ~s,t)zvs’,t’
P (s, P [s,8],[' #/]€P
-~ 0, s ~ [ s,
- Y E[XouXou]E [XS,th,i,} - Y R N LI
s[5 1P salsrer \ O s ¢t
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By the generalization of Young’s inequality to multidimensional processes given in [25]|, we have

that
; > R(O’ )R( t) <C| R ,ppll R
up < ) 2 . 2.
PO (5.4, [s/ #]eP 0, s s, t pi[0.1] p3[0,1]

And we are done. O

Now that we have a sense of an integral over a partition, we want to see if this converges as the
length of the intervals in P tends to 0. Under the construction from the lemma above, we are able

to define a iterated integral of the process in the following way, on an interval [0,7] C [0, 1].

Proposition 6.6. Under the same assumptions as in lemma 6.5 and assume p = ﬁ, we have that

2
lim sup E </ XO,Ter_/ XO,rer> ] =0.
e—0 , P 2
P, P c|0,1]
|PIVI|P|<e

Therefore, fol ngrdffr exists as the L? limit of fp ngrdf(r as | P10, and

1 ~ 2
< / Xo,rdxr>
0

Proof. Let P; and Ps be two partitions on [0, 1] and assume P; refines Po. Then for an interval
[u,v] C [0,1], define P N [u,v] = {[u, N[,V W, 0] € P and [u,v] N[, 0] # @}. We have
that

E <C|R Hp;[o,1]2|| R ”p;[OJ}Q ’

Xo,dX, — | Xo,dX, = Z / [ ]def(r =1
PNlu,v

P1 P2 [uv’U] €P2

We want to show that I — 0in L? as | Py |=| Py | V| P2 | 0 . We look at I in the L? norm,

E [(1)2] - Y E / Xy, dX, Xy dX,
PNu,v] PNu/ v
[U, U] € P?
[/, 0] € Pa

U, S8 ~ [ s,
S > oa(t)e(n)
[u,v] € P [s,t] € P1N[u,v]
[W, V'] e Py [, 1] €PrN[u, ]

<Y CONBpagea ||

[u,v] € Py
[/, v'] € Py

[w,o] x [ W ]sp

o3



Where we have used the generalization of Young’s maximal inequality due to Towghi [25] in the
~ 1
last inequality. Since X and X are fBm’s we know that || R H[S g2ps M |t — s|P . Assume, without

loss of generality, that |v —u| > [v" —«'| . Then [|R]| e < IR and we find that

IR L

u,v] X [u’ v u,v)%;p

> Bl ] e

[uv]x[u/ v'];p

[u,v] € P [u,v] € P
[/, 0] € Py [/, 0] € Py
< 3 Mw-upr
[u,v] € Po
[u',v'] € Py
Now, by assumption we know p = ﬁ,and hence,
lim sup E [(I)Q] < lim sup Z M?(v —u)* =0,
e—0 e—0
P1,P2 C [0, 1] P, P2 C [0, 1] [u,v] € P,
[PV I[Pal<e | PV ]|Pe|<e [/, V'] € P
as long as H > i. The last inequality in the theorem follows from the results in lemma 6.5. O

Proposition 6.6 shows that the integral of a fractional Brownian motion with respect to another
fractional Brownian motion exists on [0, 1] and is equal regardless of the chosen partition P of [0, 1].
The same result holds for an fBm on [s,t] with ¢t — s < 1, since by reparametrization of the fBm,
we see that (Bs:0<s<1)~ (Bs+g(t_s) 0<0< 1). As lemma 6.5 shows, we have chosen the
left point evaluation in our Riemann sum, but the same result would hold for right point or mid
point evaluation. The result gives rise to the next theorem, which will give us a canonical way of

determining the second iterated integral of a fBm.

Theorem 6.7. Let {Xt}o,<p be a d-dimmensional fBm with H € (3, 1], such that each component
t

Xf and th are independent. Define, for 1 <i<j<dand0<s<t<T, in L? sense

XE = dim [ (X - XT) dX].
’ IPl=0Jp

Xi?t)w = %(Xé,t)Q X@hi = —x @i 4 X;,th,t

)

and the following properties hold: a) for every q € [1,00) there exists C1 = C1(q, p,d,T) such that
forall 0 <s<t<T
2q 219 g a
E X"+ | X7 | | SC1MJt—s[r.
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b) There exists a continuous modification of X@ and for any o < 217 and q € [1,00) there exists a
Cy = Cs(q, p,d,a) s.t
B[] X |2+ X® |3, < Came.

We will always consider this continuos version of X2,
¢) For any a < 2—1[), with probability one, the pair (XM, X @) satisfies Chen’s relation 2.1, the

11)

analytical conditions, and geometric conditions. In particular, for p € [1, %) and any a € (3, 2%

we have (XM, X®) ¢ ¢, almost surely.

Proof. We know that the definition X S(Qt) - limp| g fp (X; — X;) dX} is well defined by propo-
sition 6.6. Then, the choice Xs(i)’i’i = %(Xg’t)Q and Xéi)’i’j = —Xéi)’j’i + X;,th,t is the only
(canonical) choice that satisfies Chen’s relation. Point a) and b) now follows naturally from the
fact that E [(X&t)ﬂ = 1(t - 5)?H and

2
t 2
( / Xs,rdxr>

and by the L? -L9 equivalence of norm on the second Wiener-Ité chaos, and then Kolmogorov’s

E <C|RIP, o< CM(t— s)*H,

pilsst]

continuity theorem. The lift to a geometric path follows from the definition of the second iterated
integral, and the fact that this choice satisfies Chen’s relation, and the analytical bounds. We see
that Sym (Xg?) = %Xs,t ® X t, and hence Geometric. ]

Remark 6.8. It now follows that we have a canonical construction of the second iterated integral of
a fractional Brownian motion. The construction is done under the fact that Bg is of H— regularity
when H ¢ (%, %] When H € (i, %] there exists a canonical choice of X(?) and X®) such that the
lift (XM, X@ X)) € €2, see the book by P. Friz, And N.Victoir, [17] chp. 15.3. In later sections
when developing an It6 formula for fBm’s with H € ( i, %] we will use this geometric lift.

We will now move on to construction of a multifractional Brownian motion, which is similar to

the fBm, but with a Hiirst parameter which is dependent on time.

6.2 Multifractional Brownian motion

We will construct the multifractional brownian motion a little different than how we constructed
the fBm. The reason is that we desire the mBm to be a kind of fBm which need to be continuous
with respect to H on the compact interval [a,b] C (0,1). As there exist many representations of
fBm’s where this is not the case, we need to be more careful with the choice of representation. We
will base this introduction on the pioneering works of Lévy Véhel and Peltier [20]. However, we
have observed that in [10] the authors use a Volterra type of fBm representation and claims result
is valid for all H in a compact subinterval [a,b] C (0,1), but the representation used seem to be

tend to infinity as H goes below % Therefore, we will use the representation first introduced by
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Mandelbrot and Van Ness (1968) [3] for fractional Brownian motion,

BH(t) =

where W represents a Wiener process on R?, and I represents the gamma function. We extend this,
and let & : [0,T] — [a,b] C (0,1) be a 3 regular function, i.e b € C®. We denote the multifractional
Brownian motion by

Bl = B(t,h(t)) :=

F(h(tl)+1) {/_(; [(t - s)h(t)*% — (- )h(t)——} AW (s) + /Ot(t B S)h(t)_édW(s)} .

2
For applications, we are also interested in the covariance of a multifractional Brownian motion.
In the paper by Ayache et.al. [1], the authors gives an explicit expression for this function. We will

sum it up in a proposition as follows.

Proposition 6.9. Let B} be a standard multifractional Brownian motion (i,e s.t. Var(Bl) =1)

with time varying hurst parameter h : [0,T] — [a,b] C (0,1). Then the covariance is given by
E [BthBﬂ — D(t, s) (| PO+ || g PO |y S|h<t)+h<s>) .

Where D : [0,T]* — R is a deterministic function.

Proof. The proof from [1] is given by a complex representation of the mBm. That is, we may

h(t)

represent an mBm B, as

Sh(t) 1 eztf 1
b ’aw»émwmﬂM&

where B(€) is a complex valued Brownian motion and C'(h(t)) = \/h(t)F(Qh(t)jl)sin(ﬂh(t)). The two

representations B{L and B{L are equal in law up to a multiplicative deterministic function, see [6]

~h(t)

Thm. 1. Therefore, we may conduct the proof under the complex-representation given by B,

and scale our result by a deterministic function. By definition of the covariance, we have that
zt§ 1 zs{ 1
Sh(t) Bh(s)] _ 1 / /
FE|B"'B = E
[ t s } C(h(t))C(h(s)) [ R|E |h(t)+2 B© |§|h )+3 4B(¢)

B 1 (eitﬁfl) (eisffl)
‘cwmamméE[mwmwm]%'

Fix t, s and let Bf'be a standard fractional brownian motion with complex representation, as above.
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Then we know

1 QitE—1Y (gist—1
E[BtHBf]_C(H)C(H)/RE[( ‘ngfﬂ )]d§

1
5(’t|2H—|—‘S’2H—|t—8|2H).
h(s

Now, if we choose H = J(h(t) + h(s)) we see that,

Cghe) + ) PE [BIBY] = [ 1|

(eitgq) (eisgl)] ”

which implies that

O(L s))2
E [Bh(t)éh(s)] _ (Q(i(l}(Lt(;))C(h((S)))) <‘ " ‘h(t)-i-h(s) +s ’h(t)—&—h(s) — |t S‘h(t)+h(s)) )

Then, as already mentioned, there exists a deterministic function g(t, s) such that
hph| _ R (t) ph(s)
E |B!B{| =g(t,s)E | B, "' B, )

1 2

therefore D(t,s) = g(t, s)%, and we are done. O
The mBm is a non-stationary process, as the Hiirst parameter, describing the auto covariance

is dependent on time. We are interested in finding the regularity of the mBm, such that we can

use rough path theory. The next lemma will give a regularity estimate, and is based on the proof

of Peltier and Lévy Vehél in [20], where we use the Mandelbrot- Van ness representation.

Lemma 6.10. Let B be given as defined above. Let [a,b] C (0,1), s.t b—a < 1, and let
h . [0,T] = [a,b] be a B—Hélder continuous function for all two times (t,') € [0,T)?, i.e
|h(t) —h(t’)| < |t—t|°. Let BM = m{Pl(t)+P2( )}, where Pi(t) = [°_ f(t,s)dW(s),
and Pa(t fo (t,s)dW(s), for g(t,s) = (t — s)h(t)fé, Define f(t,s) = g(t,s) — (—s5)"® —2 for
each s < 0 <t . Then there exist y1,7v2 > 0 such that

B[R - A < mlt—st”  for  p>}
El(Po(t) = Po®))) < yalt = ™35 for p>
277

and hence, BJ' € cmin(z,8,0)—

Proof. We present here just the main ideas behind the rather long proof from [20]. The crucial
elements lies in the following facts: We have that P;(t) ~ N(u,0?) and Py(t) ~ N(ji,5%). Let X
be centered normal random variable i.e X ~ N(u,0?), Then for 1 < n € N, the following inequality
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holds:

on/27 (ntl 1 2
Blxp <ol ) g (0 12
N 272" 202

Where ® denotes Kummer’s confluent hypergeometric functions

0o F(x-‘,—n)

n
xy, ZFy+n 7”7

n=0 "T(y)

(see |26] for full proof). From this, we may use Kolmogorov’s continuity theorem, and therefore

the continuos version exists. O

As we know that the process has a Hiirst parameter which is changing in time,we are not only
interested in the global regularity of the mBm, but locally we may obtain a regularity estimate,

and see that the regularity is a function in time. We give the following definition, and proposition.

Definition 6.11. We define the local Holder exponent of a stochastic process X;(w) at time ¢ is
given by

_ e [ Xen (@) = Xe(@)]
9X(s,w)—sup{9.}lll_r% e =0,.

Proposition 6.12. Let h be of § regularity, and h : [0,T] — [a,b] C (0,min(1, 3)), and B} be a
mBm. For each to € [0,T] we have with probability one that

QBh(to,U.)) == h(to).
Proof. See [20] for proof. O

This tells us that at each point the mBm is of a certain regularity. If 6pn(to,w) is above 3
then the mBm behaves more regular than a usual Brownian motion, and positively autocorre-
lated sample paths. The opposite is true when 0zn(tp,w) is less than % We clearly see that the
regularity of the function fzn is equal to the regularity of the function h. Indeed, we have that
0150 () — O (5,00)] = h(t) — h(s)| S It — sl

A note on the construction of iterated integrals of mBm’s.

There is currently no straight forward way to construct iterated integrals of mBm’s in higher
dimmensions. However, in this note we will present an idea on how one may go forth to construct
these integrals.If we let the mBm B;‘ be given by a simple function of fractional Brownian motions,
in the sense that, if {t;}}" , is a dissection of [0, 7], let B(t, H) be a fBm, then

B™ (¢, h(t Zlm,ml B(t, h(t;)).
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One would then investigate if B(™(t, h(t)) converges to Bl in L? as n — oo for any dissection
{ti};_, such that the length of all intervals [t;,¢;11) converges to 0 as n — oo . We see that each
term B(t, h(t;)) is a fBm on the interval [t;,¢;11). If it converges, we could try to construct the

iterated integral as

T n T
/0 B dB! = lim 3 /0 Lo trny (DB h(t)) — B0, h(0))dB(r, h(t;)).

n—00 4
=1

As we want h to vary around 1 5, we would encounter to different types of integrals depending on
the Hiirst parameter h(t;) of the fBm is below or above % A way to deal with this, would be to

introduce stopping times in the following way.

Definition 6.13. Let h € C” for 8 > supycpo,r) h(t), and h(0) > 3. Define the stopping times

{vn}N_, and {7} such that

7 :=inf {¢ > 0: h(t) >
=inf{t>0:h(t) <

NI o=

i
}s
and then iteratively,

Tn = inf{t > Tpo1: h(t) > %} AT
vy, = inf {t > vp—1: h(t) < %} ANT.

And define 711 :=T. We can see that vy, 7nv — T as N — oo . Then the partitions

hA>1
Py 2 ={ [l Il s, ] ol o]}
h<i
7)N :{ [VluTQ]7[”277—3]7[]/377—4]7")[VN71)TN])[VN57—N+1] }’

are well defined partitions of [0, 7).

We assumed h(0) > 3, this is just to keep the right order on the intervals in the partition. If
h(0) <1 5,we just need to re-arrange the order of the partitions, and the problem is solved.

From the proposition we see that N can be a random number, depending on the function
h, and how many times it “crosses” % We say random number, as we may choose h to be a
stochastic process. Now we have three partitions on [0, T] to deal with. One partition D, =

h<l
{[ti,tix1] : 4 =1,2,..,n}, and the two partitions PN > and PN . Combining these, we see that,

Z / oo (OB h(t:)) = B0, h(0)dB(r, h(t:))

=S [ it (OB ~ BOHO)B )

k=11=1



N n

T
+ZZ/O L mialnlta i) (D B(r, h(t:)) = B(0,1(0))dB(r, h(t;)).

k=1 i=1
Now, the integrals in the first double sum are integrals where the hurst parameter h(¢;) > % on the
whole interval [¢;, t;11), and hence Young’s integral theory will be used to construct the integrals. In
the second double sum h(t;) < %, and fortunately, as the process on the interval [vg, Tg+1] N [t, tit1)
is a fBm with h(t;) as regularity parameter, we are able to construct the iterated integrals from
the covariance function of B(t, h(t;)) on the respective interval. Therefore both integrals exist, and
the “discrete” mBm integral then exist. Now, if one is able to show that this converges in L? to the
the mBm integral, one would have constructed the iterated integrals for mBm’s. We believe that

this is possible, And hope to write another article later on the possibility.

In this thesis we are mostly concerned with rough path theory, and we want to construct an It6
formula for fBm’s and mBm’s. In the case of mBm’s, we really don’t need the iterated integral of
the process, we will only deal with the symmetric part of the geometric choice of iterated integral.
The symmetric part of the iterated integral of a geometric path, as we have seen before, is given
by the increment of the first order process to the second power. Therefore, as long as we have a

proper construction of the mBm process itself, the Ité6 formula will hold.
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7 It6 formula for reduced multifractional rough paths when o €
(3 3]
321
As we have discussed in previous sections, the geometric choice for the iterated integrals, is the one

which obeys the usual rules of simple calculus. Therefore we will give a definition of what we call

a reduced rough path, and soon see the link to geometric rough paths. We begin by introducing
11
302
[16] applied to fractional Brownian motion. Next, we develop an Itd formula for mBm’s with

the concept on paths in the space €% , a € (s, 5] and show the It6 formula of Friz and Hairer
h:[0,T] — [% +¢e,1 —¢], h € C! for some small ¢ > 0. First we will define the space of reduced
rough paths. A reduced rough path is a rough path where we ignore the anti symmetric part of

the iterated integrals. Formally, a definition is given as follows.

Definition 7.1. We define the tuple (X(l), S(Q)) to be a reduced rough path if S2) takes values
in Sym (RdXd) and the following conditions holds: a) A reduced Chen relation

S& - 8E) - s8 = sym (x{) @ x{1)

s,t U u,t

Xs(}t)‘ < |t — s|* and

and b) The usual regularity conditions holds, Sgi)‘ < |t —s)** for a € (3,3

We formally write that (X(l), S(z)) €6 .

Naturally, the simplest choice of reduced iterated integral, i.e Sgi) = %Xs(}t) ®Xs(7lt) = Sym(Xs(?t))
where X S(Qt) is geometric, yields a reduced rough path. If we perturbate this choice by a 2« regular

path f € Sym (]RdXd), the perturbated path will again yield a reduced rough path.
From stochastic calculus of regular Brownian motion, we have the relation between the second

iterated integral from Stratonovich and It6 calculus as follows

g1t

st

1
— BLE’Qt)Strat + 5 (t o S) IdXd

Where I%%? is a d x d identity matrix. As we know, the Stratonovich iterated integral is the

geometric choice of iterated integrals of brownian motion, and we obtain the Itd integral from

perturbation of the It6 integral by a function %(t — 5)I%*? We are interested in extending this

kind of relation to fBm s, and one could think the relation

B(Q)Ité _ B(?)Strat +

@ @ (tQH _ SQH) Jdxd

1
2

should hold, when B> is the iterated integral of a the fBm Bst). In a rough path setting, we can

s,t

clearly see that the choice

st 5 s,t st s,t

(B(” B g B 4 (12 - 52 IdXd> = (BLY, Sym(BEH) (27 - 521) 11) € g2,
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and we will from now on denote Sg)Strat = Sym (Bé?StMt> = %Bg}t) ® Bé}t) and in the same way

for Ito, and the relation S( Mto _ S(Q)Stmt

to describe the behavior of a sufficiently smooth function evaluated in a fBm, by using the relation

+ % (t2H — SQH) I We now present an It formula
between Stratonovich and Itd Calculus. A more general result for reduced rough paths was first
presented in [16].

Lemma 7.2. Let F : R? — R" be Cj and let BI? = (Bg}t),Ss(i)Ité) €€, a€(3,3), Then

F(BY) - / DF(B)dBI"® + H / D2F(B,)s*"1ds
Where the rough integral is given by

/ DF(B BIto — |71)1‘m DF(Bgl))Bilt) + DQF(Bgl))Séi)Ité7
—0 ’ ’
[u,v]eP

here, P is a partition of [0,t], and the second integral is well defined as a Young integral.

Proof. Following the proof from chp. 5 in [16], we start by considering a taylor approximation of
F,
1 1
F(B{) - F(B") = Y F(BY) - F(BY)

Now, using the fact that S( )Strat . _ %Buv ® Bq(w = Sé?t) > 4 (t2H - 32H) 1974 we see that last

equality above

> DF(BM)BI) + %DQF(BS)) (ng‘g”é + (0 — ) IdXd) +o(ju—s))
[u,v]eP

Splitting the second derivative part in two, we recognize the Rough integral, and a sum of equal to
> [uv]eP DQF(BS)) (v2H — y2H) [9%d_ Let P be a partition of [0,¢]. We will prove that

> %DQF(BU)( —>H/ D?F(B,)s*~1ds.
[u,w]CP
Let us write
1
li ~D?F(B,) (v — u?") = 1 / D*F(By) 1y (s)Hs*1d
|7>1|I£0 s U]CPZ ( )(v |7>1|11>10 Z wel (5)H i

We define the measure A such that d\(s) = Hs??~'ds. We can rewrite the integral with respect
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to A

T
: 2
am | [uzﬂch F(Bu)1(u)(s)dA(s)

We recognize the integrand as a simple function f/Pl in this way

fPU(s):= )" D F(Bu)ljuu(s) = f(s) := D*F(By)ljpy(s)

[u,v]CP

We will continue with a simple dominated convergence argument. Since F € Cg" , we know
’f'm(s)‘ < D. Therefore define g(s) = Dl[oﬂ(s) st g € L'([0,T],)\) and | f|7)‘(5) 1< g(s),
and therefore by the DCT,

t
lim/ Z D2F(By)1py(s)H 2H1ds=H/0 D?*F(B,)s*H~1ds.

P|—0
IPl= u,v]CP

And our proof is done. O

We now move on to look at multifractional Brownian motions, and how we can construct the It6
formula for such processes. As we have discussed earlier, we do not have a canonical construction
of the iterated integral with respect to an mBm. However, as we have seen in the formula for fBm’s
above, the second iterated integral will be appear in the second derivative of the function. The
second derivative of this function is a symmetric operator, and hence, one only uses the symmetric
part of the iterated integral. We are, in a sense, stating that the Stratonovich iterated integral is
the geometric choice of the iterated integral, and we know that the symmetric part of a geometric
iterated integral is the increments of the first-order process squared. Therefore, we do not need to
have a canonical construction of the iterated integral, or a lift to a geometric rough path to find an
It6 formula, we only need the concept of reduced rough paths. As we have seen, all rough paths
induces a reduced rough path, but the converse is in general not true. We will first define the mBm

in a reduced rough path sense.

Lemma 7.3. Let B" be a d-dimmensional mBm on [0,T]. Let 0 < e be small such that, h :
[0,7] = [§ +¢e,1—¢] C (3,1), and be such that h € C*. Then, Bl = Bf(t) — BM) can be lifted

1
canonically to a reduced rough path by choosing Bst = (B?t, ;Bh ;‘t) € %TBJF ([O,T] ,Rd). We

call this a reduced multifractional rough path.

Proof. We know there exist a canonical lift of B s¢ to areduced rough path by choosing the iterated
integral to be 5 SJ ® BSJ. Indeed, we see that

tht ® B!, — th ® B, — tht®B
1 h h h h 1 h h 1 h h
= 5 (Bs,u + Bu,t) ® (Bs,u + Bu,t) - §Bs,u ® Bs,u - §Bu,t ® Bu,t
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(Bh ®Bht+Bht®B ):Sym(Bél,u@B'l}Lt)

1
Choosing € small enough, we see that the path Bst = (B?t, QBht ® Bgﬁt) cegs” ([0,T7,R9), since
it satisfies the reduced Chen’s relation and the analytical conditions. The analytical conditions

follows trivially from lemma 6.10. 0

Remember that mBm’s are just generalizations of fBm’s, and hence, in the case of h(t) = H
where H is a constant in (0,1), we obtain a fBm.

We assume the relation between the iterated [t6 integral and iterated Stratonovich integral are
as follows, let e > 0 and h: [0,T] — [% +e,1— 5] - (%, 1), where h € C}, then

Bg,tlto _ Bh Strat + (tQh(t) _ th(S))Id®d,

The stratonovich integral is the geometric choice of iterated integral, and we therefore see that,
1
Sym (BL™") = 5Bk, @ B,
We will follow up with an It6 formula for reduced mBm’s.

Lemma 7.4. Let h: [0,T] — [% +e,1— 5] C (%, 1), for some smalle >0 , be a CI} function, and
let

1
BZ:tIto _ (Bft, st Ito) (Bs . Sym(B" Strat) F (2P S2h(s))> cgst <[O,T] ’Rd) ’
and F : R* - R™ be a CZ‘? function. Then
t R 1 t
F(BM — F(Bh) = / DF(BMdBM* 4 5 / D?F(BM)2s®)=1 (sIn(s)h'(s) + h(s)) ds.
0 0
Where the rough integral is given by

/ DF(BMaBM* .= |7191‘m > DF(B!B!, + D*F(B!)S",
_)
[u,v]eP

and the second integral is well defined as a Young integral.

Proof. The proof is very similar to the proof of lemma 7.2, but the difference is the convergence of

the young integral. We will take a closer look at this part. We obtain a sum of the form

Z D2F(Bu) (,UQh(v) - u2h(u)>

[u,v]€P

: . . d(u2h(w)
We know that since h € Cl}, the existence is assured from Young theory. Further, we have (“diu) =

64



2u?M W)=t (yIn(u)h/ (u) + h(u)), and therefore since F' € Cj we have that |D?*F(B,)| < K, and we
2h(u)
know that ‘2u2h(“)*1 (uIn(u)l/(u) + h(u))| < D as a consequence of the continuity of d(udu ) on

[0,7] for h: [0,T] — [+ 4+ ¢,1—¢]. Since the lebesgue meassure of [0, 7] is finite, and

fPUsy = 3" D2F(B.)20 07 (wln(u)h/ (u) + h(w)) L. (s)

[u,v]eP
— D2F(B,)2s™®) =1 (sIn(s)h/(s) + h(s)) Ljo.4(s) = f(s)

pointwise. We use the bounded convergence theorem, to find that

: h(v) _ ,2h(u)
| 71>1|IEO Z D2F ( W2 )
u,v|EP

= lim/ Z D?F(B,)2u?hw~1 (uln(u)h'(u) + h(u)) L, (s)ds

|P|—0
u,v]EP

¢
= / D2F(B)2s*")=1 (sIn(s)R(s) + h(s)) ds.
0
Which concludes the proof. O

Remark 7.5. The It6 formulas obtained in this section for mBm’s with h(t) restricted to [% +e,1— 5]
for each t € [0,7] are based on reduced mBm’s. However, as the second derivative of F' |
D’F:R? = L (Rd, L (Rd,Rm)) is symmetric, the 1t6 formula will hold for any geometric multi-
fractional Brownian rough path. We have assumed that h € C!. However, the result will hold for
h € CP as long as 5+ % 4+ e > 1, such that the Young theory may be applied to the second integral.
This imply, that we may let h be a reflected fractional Brownian motion, or a similar process which

is stochastic.

Remark 7.6. Interestingly, the It6 formula above corresponds very well to the one proved by C.
Bender [2] in the case of fractional Brownian motion, i.e for a constant a, h(t) = a € (3, 3. Bender
proved this by using white noise theory. The formula stated above for fBm was first proved by
Hairer and Friz in [16] and uses (of course) Rough path theory, which is a path-wise approach, in
contrast to the white noise approach. The white noise approach in finance have received critics
for admitting arbitrage opportunities under Wick-Ité products (see [24]), while The authors of this
thesis has yet to investigate for arbitrage opportunities in a multifractional “Black-Scholes” model
in a rough path setting, the rough path based It6 formula for mBm’s will hopefully become useful.
An Itd formula has previously been constructed by Lebovits et.al. for mBm’s using white noise
theory [11], and the Itdé formula presented here corresponds very well with this formula. The only
difference is actually the choice of integral, i.e Skorohod vs rough integral. As far as the authors

of this thesis know, the Ito formula presented for mBm ’s in a rough path setting is new.
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The next section will deal with fractional Brownian rough paths in a lower regularity setting.
We have yet to generalize this to Multifractional Brownian motions, but we will look at this for

future work.
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8 Ito formula for reduced fractional rough paths when o € (1, %]

In this subsection we will show how we may perturbate the second iterated integral in the It6 vs.
Stratonovich sense, and how this affects the third iterated integral. We will then develop a similar
formula for fractional Brownian rough paths, as the one developed in the previous section. As in
the previous section, we have the relation between the stratonovich and Itd integral as follows,
Bgi),Strat _ Bg),fta L (2 2y pasd

If we define a function f : [0,T] — R¥*? by f(t) = t?H 194 where 19 is the identity opertator
in R¥? as we did in the previous section, we see that this is the function perturbating the
Stratonovich integral to obtain the it6 integral. When we are considering lower regularities, we
need to check how this perturbation affects the third iterated integral. To give some intuition,
let us first have a look at typical stochastic calculus with a regular brownian motion, to see how
the third iterated It6 integral relates to the Stratonovich integral. For simplicity, let B; be a one

dimensional Brownian motion on a probability space (£2, P, F). We know from Itd calculus that

1

t
1
/3 B ,dB, = §B§7t —5(t=s).

2

The Stratonovich calculus will follow the regular rules of calculus, and hence fst B, ,odB, = %Bsyt,

where o denotes the Stratonovich integration. Therefore, we have the relation

t t
1
/ By, 0dB, = / B,dB, + = (t—s).
S S 2

We may also calculate the third iterated Itd integral. It is straight forward to check that,
t t1 1 t t
/ Bs,dB,dB;, = ~B3, — / By dti — / (t1 — 8)dBy,.
S S 6 ' S S
As usual will the third iterated Stratonovich integral be given by fst fstl B, o0dB,odB;, = %B:j,t.

Let us define a new variable f@t = f; By, dt; + f;(tl — 5)dBy,. Then the following relation occur

between the third iterated Stratonovich and It6 integral,

t t1 t t1 _
/ / By, 0dB, o dB,, = / By, dB,dBy, + Vs
S S S

s

We clearly see that the perturbation of the second iterated integral affects the third iterated integrals
with a function ﬁ,t consisting of two cross integrals. We will see that this also must be the case for
fBm’s. The next lemma will give a way to construct the third integral in the case of a perturbation

of the second integral.
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Lemma 8.1. Let B = (B, B® BO) € ¢ ([0,T],R?Y) and let f € C?*, with f € Sym (R? @ R?).
Assume the integrals ft Bglr)dfr and ft fs, TdB(l) are well deﬁned for all s,t € [0,T] , and assume
they are such that | f Xsrdfy |S) t— s |2 and | f fsrdB I<| t — s |>*. Now, define the

perturbated iterated integrals as follows
1
) - )
B(Q) f_ s7t + fs7t
BS)t)’f - s,t + fs fs,rdBr + fst Bs,rdfr

Then (B(l), B®)f, B(3)’f) is a rough path in € ([0,T],V)

Proof. Tt is straight forward to check that By’ (2 ) satisfies the second order Chen’s relation, the trick
is to prove it for the third iterated integral. We have seen that the third iterated integral need to

satisfy
Bé?t) _ B§3 —_ B 3) — Bgl B 2) +B(2)B(1)

U ut s, u—u,t*

Let us first look at the left hand side of the above equation, and insert B®)/,

5.0 _ g _ @) _ g

u,t st K7 u,t

t t u u t t
+/ fs,rdBr TL/ Bs,rdfr‘ - </ fs,rdBr +/ Bs,rdfr‘) - (/ fu,rdBr +/ Bu,rdfr> .

We know B®) satisfy the relation, and hence, our objective is to look at the three additive pertur-

3 )
B~ B -

bating terms. We see that,

t t u u t t
/ fs,rdBr+/ Bs,rdfr - (/ fs,rdBr“‘/ Bs,rdfr> - </ fu,rdBr+/ Bu,rdfr)

Inserting this in the equation two above, and using the fact that the path B®) is following the

usual Chen’s relation, we find that

Béi)’f - ng f— B o = Bé,t) - ng - qu?)t + fsu t + B(l)fu,t

U

and then we see that the Chen’s relation holds. O

We see by the previous lemma that we need to perturbate the third integral by two integrals,
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similar to the case of the third iterated integral of a regular Brownian motion.
The next definition will show how we construct the space of reduced rough paths in a lower

regularity setting.

Definition 8.2. We call the triple B = (B, S SG)) 4 reduced rough path , formally B €
£ ([0,T],V), if BY) takes values in R?, S®)takes values in Sym (R? @ R?), and S takes values
in Sym((Rd)®3), and the following hold.

1. The reduced Chen relation

S% 5% — 52 = sym (Bs 4 ® B(1)>

SE) - 58— 88 =sym (B (:®B(2))+Sym( Bl Bl).

s,u

2. The usual analytical conditions ,
holds.

1
BY|slt=s,

Bgt)‘ <]t —s|** and ’Bﬁ)’ S|t—s )P

Now, one can see that all paths B €47* induces a reduced rough path, by ignoring its anti-symmetric
parts of the second and third iterated integrals. The lift of a rough path to a reduced rough path
i essentially trivial by setting Sg? = %Bé’lt) ® Bg}t) and Sf’t) = %Bg}t) ® Bg’lt) ® Bg’lt) . We will now
give two results, showing that the integrals fst fsrdB, and fst Bj rdf, from lemma 8.1 exists for a
— 42H [dxd

particular choice of f, namely f(t) where H is the Hiirst parameter of the fBm. First,

we will prove a nice inequality.

Lemma 8.3. Let 0 < s <t € [0,7], and 0 < a < 1. then the following inequality holds
(t* — %) < C(a) (t — 5)°

For some constant C'(a) € R.

Proof. If a = 1 or 0, then the statement is obvious, therefore fix a € (0,1),and C := C(a). We
reformulate the inequality and find that

(t*—s") <C(t—s)" =

Define a function f: [0,1] — R by f(z) = Eti;z Now, if we can prove f is continuous, then it is
bounded. We need to check what happens with f(z) when x 1 1, as this is the possible singularity.
We can easily check that limg4; f(2) = 0. For all other values of z the function is well defined and

continuos on the compact interval [0, 1], hence, bounded. This concludes the proof. [
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We will use this inequality to prove the existence of the perturbating integrals.

Theorem 8.4. Let f(t) = t*1%%4 and By; be a fBm with H € (3, 3]. Let the partition integral
over a partition P C [s,t] be given by fp fsrdBy = Z[u,v]ep fsuBuw- Then the integral

t
/ fordB, == lim / fordB,
s [P|—=0.Jp

are well defined, and

[! fordBe| St — s

Proof. We will start to prove existence of the integral fst fsrdB;. We will use a rough path method-
ology similar to the one we used for proving the iterated integral for fBm’s. We define the integral

over a partition P C [0, 1] by
/ fO,rdBr = § fO,uBu,v-
P

[u,v]€P

We then look at the L?(§2) norm of the integral, and notice that

(/73 fo,rdBr> i

We know that the covariance function R ( u,, U/ ) is defined by R (
v

u,

E = Z fO,ufO,u’E [Bu,UBu’,v’] .

[w '], [u,v]€P

u, v
) ) := E [ByyBuw ]

', v
1
As we have seen in the previous sections, we know that || R|| ; y2 < M |t — s|» when p = 577 for

a fBm. We then define a new four variable function R : [0, T]* — R? such that R ( u/, U/ ) =
v

U ?
fufurw = (v — ) (v2H — ?H)  Now, we see that

il

H R Hﬁ;[s,t]QZ sup Z ‘fu,vfu’,v’ ’

PCs:t] (0], [u w]eP

il
=

< | sup Z lv — ul*1P v — u"zHﬁ < | sup Z v — uf?P
PClsit] [u,v],[w w]eP PCls] [u,v]eP

Let p = ﬁ, then we find that

_ 2
’ R Hﬁ;[s,t]QS ’t_ 3") .

Knowing that || R Hﬁ;[s,t]27 ||RHP;[8¢]2 < o0, and 0 = % + % > 1, we use Young’s maximal inequality,
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by Towghi [25], and find that

_ (0, u u, v _
sup R ’ R ’ <CO) || Rlaiq2 IR .o 112 -
Pclo] [u’,v’%v}é’l) < 0, u' > ( u/’ v’ ) ( ) H pr[O,l] H pr[O,l]

Therefore we have that

sup F
PCl0,1]

</7> fO,TdBr> 2

Now, the rest of the proof is essentially equal to that of proposition 6.6. Indeed, just look at two

partitions, and check that

2
lim sup E (/ fO,rdBr - / fO,rdBr> =0,
e—0 , P P!
P, P C0,1]
| PIV|P|<e

by the same argument as in proposition 6.6. We conclude that the integral is invariant under

different partitions. Therefore, we may define

1
/fO,rdBr = lim /fO,rdBr-
0 IPI=0Jp

Then we have that,

E <CO Rl

a0,112 18l 0,172 -

(/01 fD,rdBr>2

We have looked at the interval [0, 1], but we can extend this to any interval [s, ] by reparametriza-

tionof {B;0 <t <1} ~ {BSJr(t,S)@; 0<6<L 1} as the variation norm are invariant under reparametriza-

tion. We therefore get the bounds,

( / t fs,rqu)2

where p=p = ﬁ, and hence

_ 2 1
E < CO) || Rl g2 1Bl gz < MO) [t — sl |t — |

E < M(9) |t — s

( / t fs,rdBT>2

By LP- L? equivalence, and by Kolmogorov’s continuity theorem, we know there exist a continuous
version of fst fsrdB, such that fst fsrdB, € c3H—, O
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Next we will show that the “opposite” cross-integral exist and is of sufficient regularity.

Lemma 8.5. Let f: [0,T] — R? | and f(t) = t*1. Let B; be a fractional brownian motion with
H € (0,1), Define

t
/qufdﬂiz lim E: f%f@v_‘B&&¢

‘PF%OMWEP
Then the integral
t t
/ By dfy = 2H / By, ar
1s well defined, and
t
[ Bodr 51— s
Proof. We look at

t t
] / B ,df, |< sup |Bu7v|/ 2 Hr2H-1 g, N s|3H.
S S

u,v€Es,t]

Where we have used that (t27 — s2) < C' (t — s)*"  and H € (4, 3]. This implies that the integral
exists, and is of sufficient regularity. Next, we see that if we consider the Lebesgue Stieltjes integral,

and know that f is of finite variation since fis differnetiable, and hence,

t t
/ B dfy = 2H / By, ar.
S S

Which concludes the proof. O

We now want to use the integrals we just showed to define a reduced rough path. To simplify
notation, we will define the function Y : [0,7]%% — R®3 by Y1 = Sym(f: fsrdByr + fst By »dfy),
where f(t) = t?H#. We will use Ys; in the rest of this section.

Proposition 8.6. The path (B(l), B@)f B(3)’f) c €1 ([0,T],V), f(t) = ", induces a reduced
rough path (B(l), S@).f 5(3)’f) € €1~ ([0,T],V) by considering the map

B g@.f gB).f
(B, B0, 50)

— (BY,sym (BY) + for, Sym(BEY) +Ya)

Proof. As we know the symmetry operator is linear, and therefore the reduced Chen’s relation is

easy to check. the regularity of the objects remains unchanged by the symmetry operator. O

Next, we will give a proposition relating the reduced Brownian rough path the iterated integrals

(1)

s.i- As we know, the relation we have stated between the Ito integral and

given by exponents of B
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Stratonovich is given by
B(2),Ito _ B( ),Strat + (t2H o SQH) Id><d_

s,t
We know Sym (B @, Strat) =B St) ® B g.lt), therefore, the next proposition will become useful for the

proof of the It6 formula.

Proposition 8.7. Let B) € C*, a > 1 . Consider the geometric choice S§ t) = 1B(1) ® Bé t)

and SS? = Bg t) ® B( ) é,lt) . Let f € C?* | then the reduced path induced by perturbating the

geometric choice of S@ and S is again a reduced rough path,

(B.58.58) = (BUY.5E + 1,58+ v.r) < 62 (10,71, )

Proof. This follows directly from proposition 8.6. O

Just as with the second iterated integral, we need a relation between the third iterated Ito

integral and Stratonovich integral. We will define

5 1
Séi),Strat _ Séi),]to + éyte,t-

Where Y ; is the function described above. In the next theorem we present an It6 formula for

11]

reduced fractional rough paths with a € (7, 3].

Theorem 8.8. Let F':V — W be in C’gl and let Ys; be given by

t t
Ys,t - Sym (/ fs,rdBr +/ Bs,rdfr> g‘ t—s ‘SH .

o 2),1to 2),1to
BIt :( ()Sgt) t7S§7t) t):

s,t

Let

ra ra 1
(Bs,t,Séi)’St L (21— 2 ed g8 Stret 6Ys,t> e €1 ([0,1],V),

1
2
with H € [5,%). Then

t t t
F(B;) — F(By) = / DF(B,)dB! + H / D?F(B,)s*1~1ds + / D3F(By)dY,
0 0 0

for 0 <t < T . Where the integral fg DF(B,)dB* is understood as the rough integral in the
following way; Let P be a partition on [0,t],

/DF B,)dB!t .= lim > DF(B.)B{)

Pl w0+ DQF(BU)SI(L?UJ’?O’ + D3F(B,)SG)t0.
[ W]CP



The second integral H fg D2F(By)s*=1ds is well defined as a Young integral, and the third integral
t

/ D3F(By)dY, = hm Z D3F(B

0 u,v]CP

Which exists, as all other terms in the equation, is finite.

Proof. When B is a perturbated geometric path, we know that it can be reduced, by considering

the symmetric choice. hence looking at the taylor expansion of F'(B) we see that

F(B) — F(Bo)= »_ F(B,)— F(By)
[u,v]CP
1

5D2F(Bu)Bffj§ +

1
—D*F(By)BES + o] v —u [*7)

= Y DF(By)Buy+ 5

[u,v]CP

= Y DF(By)Buy+ D*F(B,)SE)5" + D*F(B,)SE)5 + o(| P |).

u,v

[u,v]CP

(2 )Strat Sé?’lté + % (tQH )Id®d and S( ),Strat Séi),lté + %Ys,t we

substitute in the above equations and find

Now, knowing that S’

Z DF(Bu) u,v _|_D F( ) (8(2) Ato % (u2H _UQH) Id®d>

[u,v]CP

1
+DF(B) (SE 4 §¥an) +ol v —u )

We rearrange the terms, and get the expression

(2),Ité + D3F(BU)S(3)7[té

u,v U,V

= Y DF(By)Buy+ D’F(B.)S
[u,v]CP

1 1
+ Y 5D?F(Bu) (v?H —2H) 4 6D3F(BU)YW +o(| v —u [,
[u,v]CP

The first line in the last equality we recognize as the rough path integral f(f DF(Bs)dBs . We

need to prove the last two objects in the last sum. Let P be a partition of [0,¢]. We know from

lemma7.2 that,
1
> S D2F(By) (o2 —>H/ D?F(B,)s*~1ds.
[u,v]CP
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The last sum is defined to be such that

t
Jim > D3F(BU)YW:/ D3F(B,)dY.
IPl= [u,v]CP 0

Although one would expect Young theory to apply to this integral as well, since |Ys¢| < |t — 5|3
and ‘D3F(B)S’t| < |t — s|%, the Although we do not have an explicit expression for the last integral,
we know it exists, as all other terms in the formula exists, and is finite.

O]

The connection here seen between rough path theory and stochastic analysis is very interesting.
We want to conduct further research to gain knowledge about how to define a proper integral with
respect to the integral process Y such that the It6 Lemma for reduced fBm’s is explicit and gives
a translation from Stratonovich calculus to Itd calculus for fractional brownian motion with low
regularity. We have not extended this result to multifractional Brownian motions, as we have to

little knowledge of the explicit form of the process Y.
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Part 111
Financial applications of Rough Path theory,
and the Heston model.

Recent research done by Jim Gatheral, Peter Friz, and others, suggest that volatility as a stochastic
process, is driven by a fractional brownian motion with Hiirst exponent somewhere in the interval
(0.1,0.2), see [9] ,[5]. This is highly interesting findings, which directly translates to negative
autocorrelation in the volatility process. To model the phenomena, we will have use for a theory
to handle noise of low regularity. In the paper “volatility is rough” by J. Gatheral et.al. [9] the
authors look at an exponential Ornstein-Uhlenbeck model driven by a fractional brownian motion,
i.e if v; is the solution to

dvy = k (1 — vy) dt + dBE,

then take the exponential of vy,

Vi = exp (v) .

The existence of such a model is essentially trivial, as the brownian motion is additive, but as we
have seen in part I of this thesis, the existence of such solutions in the case where the differntial
equation is given by

dX; = b(Xy)dt + o(X;)dBH,

can be more tricky to prove. Given some regularity conditions on o(i.e o € Cgl) we have shown
11
43
where o(X;) = v/ X, We do not have the desired regularity on o to show existence of a solution

the existence of such equation when H € (7, z]. Still if we consider a general square root model,
by established theory. However, we will show that we are able to prove existence of a solution
to a square root process, based on a type of “ Wong-Zakai” approximation of smooth paths, and
choosing the geometric lift of a fractional brownian motion. Or even better, of a multifractional
Brownian motion. When considering financial applications of such noise, it is important to be
aware of the lack of market completeness, from the use of fractional brownian motion. The process
itself gets, in some sense, predictable and arbitrage will arise. We will discuss some recent empirical
findings relating to fBm’s and mBm’s and suggest some ideas for future research into how one can

remove arbitrage in a multifractional Black-Scholes universe.

9 A discussion of the use of multifractional Brownian motions in

Finance

We discussed in section 6.2 the construction of multifractional Brownian motions when the function

h:[0,T] — [a,b] C (0,1), and used the Mandelbrot Van Ness representation. In applications, there
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have been a lot of discussion on whether or not the market (be it prices, volatility, etc.) behaves
like a fractional Brownian motion, see [3] and [13]. In the article by Morales et.al. [18]| the
authors investigate financial time series of prices and observe that the Hiirst parameter change
over time. They show that the Hiirst parameter in various blue-chip companies fluctuates around
H = % and up/down to approximately ~ 0.3,0.7 over time. This could shed some light on the
debate of existence of long memory in prices, as it seem to be depending on the time frame of
observation. This is very interesting from a rough path point of view. As we have shown, we
can use rough path theory to give meaning to SDE’s etc. driven by multifractional brownian
motions of low regularity. As the mBm capture fluctuations of the Hiirst parameter in time, we
believe that this could appropriately model these financial time series. The difficulty will still be
to construct a proper function h, and making a “multifractional Black-Scholes” market arbitrage
free. As shown by t. Bjork et .al. [24] and L. C. G. Rogers [19], fractional brownian motion admits
for arbitrage, both in the regular probability, and white noise sense. However, if one restricts
admissible trading strategies, there is possible to show no arbitrage with fBm’s (at least when
H > 1), see C. Bender et. al [4]. Although there has not been a lot of research into arbitrage
opportunities in the case of price/volatility processes driven by multifractional Brownian motions,
it seem to be reasonable to believe that there exist arbitrage opportunities in such models as well.

At least if h: [0,T] — [e,1 — ] for small € > 0, is a deterministic function.

9.1 A Wong-Zakai type approximations of a rough square root process driven

by a mBm.

The square root process (SRP) has many applications in finance. Introduced by Cox-Ingersoll-Ross
in the infamous paper [12|, where the process was used to model interest rates, it quickly became a
standard model in financial business. In 1993 Steven L. Heston used SRP to model volatility and
proved a closed form solutions to options with stochastic volatility [8]. However, in recent years,
especially the Heston model has gained critics from both practitioners and for example J. Gatheral
(see [9]) for its lack of accuracy to the observed volatility surface. Still the model has some very
interesting mathematical properties, as the square root has a derivative which is singular in 0. In
stochastic analysis we can still show existence, as proved by Yamada and Watanabe, see [22] page
291.

We will in this section use a simple Wong-Zakai type of approximation of a SRP given by

dY, = —aY;dt + /Y,dB/,

where B” is a one-dimensional multifractional brownian rough path with & : [0, 7] — [a,b] C (0,1)
for 0 < a < b < B < 1such that h € C? | to show the existence of a solution. When we consider

one-dimensional geometric processes, the iterated integrals is essentially given by powers of the
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increment of the first order process. That is, the n’th iterated integral in one dimension of a mBm
Bgﬁt is given by B(?’h = % (Bg,t)n . If we now define the N’th order lift by

S,

2),h N-1),h 1 2 1 N-1
SN(B;Z,t) = (LBZtaBg,t) 7-'-’B£,t ) ) = <1ngta 5 (Bg,t> PERRS) m (Bs,t) ) :

This rough path satisfies a higher order Chen’s relation by considering the truncated algebra mul-
tiplication in the space T™)(R) (see section 3), such that Sn(B!,) ® Sn(BE,) = Sn(B!,), and
the regularity conditions holds. When considering rough integration, and differential equations
in previous sections, we have seen that we need 4 elements in the rough path, ie Sy(X) =
(1, XM, x@, X(3)) when we where dealing with paths with regularity in % <a< % One would be-
lieve that we need more iterated integrals, the lower regularity we have on the process we integrate.
Actually, we need N = inf {n € N : % < n} iterated integrals, where a = inf {h(t) : 0 <t < T} for
amBm Bl with b : [0,T] = [a,b] C (0,1) for 0 < a < b < 8 < 1 such that h € C°. We may define
a space of such one dimensional geometric multifractional rough paths of arbitrary regularity, by

letting

- <00, and Chen's relation .
a

N—-1
Sn(B") € €2([0,T] ,R) <= ) HBm,h
=0

Where, a = inf {h(t): 0 <t < T} and BO" := 1. Further we could define a metric for two
elements Sy (B") and Sy (B") of ¢y by

=z

do (Sw(B"); Sn(BM) i= 3 [BO# — B

i

ia

I
=)

We will use this rough path to show existence of square root processes driven by a mBm with

arbitrary regularity.

Theorem 9.1. Let Bgt be a one-dimensional multifractional Brownian motion with h : [0,T] —
[a,b], for 0 < a <b < B <1 such that h € C5. Let Sy(B") € € (R) denote the geometric lift to a
multifractional rough path as described above, with N = inf {n eN: % < n} Then there ezists a

solution Y; to the differential equation given by
dY; = —aYydt + /YidB}, Yy = y.

S

Where Bhi = SN(B?’t).

Proof. From proposition 2.3 we know that if Sy (B") € ¢, , where B?’t is constructed according
to section 6.2, there exist a smooth path Sy (B"¢) € %gl such that

dg (SN(Bh7€);SN(Bh)) —0 as ¢—0.
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Indeed, due to the geometric nature of Sy(B"), and the fact that Sx(B"¢) behaves by the rules
of regular calculus, we may use the interpolation lemma 2.3 (extended to more integrals). Define
st = Sn(B ’E) and Bg,t = SN(BQt). We start to study the smooth version of the square root
process,
Y7 = —aYidt+ /VEB] YE =y

We can solve this by looking at the derivative of X; := (/Y7 | i.e

Ye _ 1

_ YE Bh €
2X; 2 +

X, =

Using the integrating factor exp(%at) , we find that

1 I 1 :
YE = /yexp (—at) + 2/ exp(—ia(t — s))B?’sds
0

and hence 9

1 I 1 .
Y= |(\yexp|—zat)+ / exp(—=a(t — 5))BMds
2 2 Jo 2
We know that the integral containing the approximation of the fBm converges to the fBm integral,

as desired .

1 : t 1
lim exp(—ia(t — 5))BMds = / exp(—ia(t — s5))dB".
0

e—0 0

Indeed, we know that the exponential function in s is smooth, and hence, Young’s integral the-
ory assures us that both integrals exists and are well defined. Actually, we could as well write
[y exp(—3a(t — $))dBl = [ exp(—La(t —s))dB! and [} exp(—La(t - s))dBM® = 5 exp(—ta(t —

))ng ° as these are not a rough 1ntegrals in the sense of theorem 3.7. We therefore see that by

boundedness of the exponential function on [0,7] we see that,
’foexp (t—s))BhEds—fOexp La(t —s)) ch‘<Kd (B",B"*) -0 as e—0.

Therefore, we define a solution Y; := lim._,o Y;® , and see that this solution will solve the differential

equation we started with, i.e

e ) )

=2 (J@exp (—;at> + ;/Ot exp(—%a(t - s))ng>

1 1 1 1 b R
x | —gaexp —iat \/g—azexp(—iat) ; exp(ias)dBt +§dBt
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1 L[t 1
=(yexp|—zat |+ / exp(—=a(t — s))dB"
2 2 Jo 2
1 1 1 b
X (—a y exp (—2at> —ag exp(—2at)/0 exp(2as)dB?>
1 I 1 b b
+ ( Vyexp —iat +§ exp(—ia(t—s))st dB;
0
= —aY; + /Y, dB}

and we are done. O

The result here is, of course, just a generalization of an SRP driven by a fractional Brownian
motion, we can just choose h, such that for fixed a € (0,1), then h(t) = a, for all t € [0,T]. We
can use this model for the regularity that J. Gatheral et.al [9] claims the volatility inherits. A
square root process, has of course other properties than an exponential O-U model, but may in
some occasions seem fitting to the volatility surface. One may also use this model for interest
rates, where one could easily believe that the market should trend as well, but maybe with a hurst
parameter more frequently around one half, to signify that there, with more volumes, should be
less trends.

We used in the construction of the solution a function h of 8 regularity such that g >
sup{h(t) : 0 < ¢ <T}. This suggest that we may model the function h by a stochastic process
itself.
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10 Conclusion

We have in this thesis studied the theory of rough paths, and shown applications of the theory
both to stochastic processes, such as fractional and multifractional Brownian motion, and further
to finance. The authors find the subject very promising. The theory of multifractional Brownian
motions is, in our opinion, an important tool in financial applications, as we think the markets could
be modeled more accurately with a Hiirst parameter (either deterministic or stochastic) depending
on time. However, it is important to remeber that one would need to observe the Hiirst function
to apply the mBm to financial markets. As this is done by observing price data, one could get
significant errors when estimating the function. Therefore, it would be suitable to conduct studies
on how much more accurate one are able to model stock prices compared to a usual Brownian
motion, and study the error relative to the estimation error of the Hiirst fiunction. For future
research we also want to study how multifractional Brownian motions behave when A is stochastic,

and how it behaves under no-arbitrage restrictions.

81



References

[1]

2]

3]

4]

[5]

6]

7]

18]

19]

[10]

[11]

[12]

[13]

[14]

J. L. Vehél A. Ayache, S. Cohen. The Covariance Structure of Multifractional Brownian
Motion, With Application to Long Range Dependence. HAL: id. inria-00581032, mar-2011.

Christian Bender. An Ité formula for generalized functionals of a fractional Brownian motion

with arbitrary Hurst parameter. Stochastic processes and their applications,, Aug- 2002.

John W. Van Ness Benoit Mandelbrot. Fractional brownian motions, fractional noises, and
Applications. STAM review, oct-1968.

Esko Valkeila C. Bender, Tommi Sottinen. Arbitrage with fractional Brownian motion? Theory
of Stochastic Processes, Vol. 12, (28), 2006.

Jim Gatheral Christian Bayer, Peter Friz. Pricing  under rough wolatility.
http://ssrn.com/abstract=2554754, jan-2015.

Serge Cohen. From Self-Similarity to Local Self-Similarity: The Estimation Problem. Fractals:
Theory and Applications in engineering, Springer, 1999.

Eric Renault Fabienne Comte. Long Memory in Continuous-Time Stochastic Volatiltity Mod-
els. Mathematical Finance Vol. 8, No. 4, oct 1998.

Steven L. Heston. A closed-form solution for options with stochastic volatility with applications

to bond and currency options. A review of financial studies vol. 6 issue 2 (1993) 327-343,, 1993.
Mathieu Rosenbaum Jim Gateral, Thibault Jaisson. Volatility is Rough. Arxiv-com, oct-2014.

Erick Herbin Joachim Lebovits, Jaques Lévy Véhel. Stochastic integration with respect to multi
fractional Brownian motion via tangent fractional brownian motions. Stochastic processes and

their applications, sept-2013.

Jacques Lévy Véhel Joachim Lebovits. White noise-based stochastic calculus with respect to
multifractional Brownian motion. Stochastics An International Journal of Probability and

Stochastic Processes, mar-2011.

Stephen A. Ross John C. Cox, Jonathan E. Ingersoll. A theory of the term structure of interest

rates. Econometrica, mar-1985.

Andrew W. Lo. Long-term memory in stock market prices. Econometrica, vol 59, no 5,
Sep-1991.

Terry J. Lyons. Differential equations driven by rough signals., volume 14. 1998. URL
http://eudml.org/doc/39555.

82



[15]

[16]

[17]

18]

[19]

[20]

[21]

[22]

23]

[24]

[25]

[26]

Jay Rosen Michael B. Marcus. Markov processes, Gaussian processes and local times. Cam-

bridge studies in advanced mathematics, 2006.

M Hairer P Friz. A Course on Rough Paths with an introduction to reqularity structures.

Springer, 2014.

Nicolas Victoir Peter Friz. Multidimmensional Stochastic Processes as Rough Paths. Cambridge
Studies in Advanced Mathematics, May-2009.

Ruggero Gramatica Tomaso Aste Raffeaelo Morales, T. Di Matteo. Dynamical gener-
alised Hurst exponent as a tool to monitor unstable periods in financial time series. ArXiv
1109.0465v1, Sep-2011.

L.C.G Rogers. Arbitrage with fractional Brownian motion. Mathematical Finance Vol. 7, No.
4, 1998.

Jacques Lévy Véhel Romain-Francois Peltier. Multifractional Brownian Motion: definition
and preliminary results. HAL Id: inria-0074045, 1995.

A. Pianese S. Bianchi, A. Pantanella. Modelling stock prices by multi fractional Brownian
motion: an improved estimation of the pointless regularity. Quantitative finance,13:8,1317-
1330, DOI: 10.1080/14697688.2011.594080, aug-2011.

I. Karatzas S. Shreve. Brownian motion and Stochastic calculus. Springer, 2.nd edition, 2000.

Jacques Lévy Véhel Sylvian Corlay, Joachim Lebovits. Multifractional Stochastic Volatility
Models. Mathematical Finance Vol. 24, No. 2, apr-2014.

Henrik Hult Thomas Bjork. A note on Wick products and the fractional Black-Scholes model.
Finance and Stochastics, Springer-Verlag,, 2009.

Nasser Towghi. Multidimmensional Extension of L. C. Young’s Inequality. Journal of inequal-

ities in pure and applied mathematics, Vol 3, issue 2 , 22, Nov-2001.

Andreas Winkelbauer. Moments and Absolute Moments of the Normal Distribution. ArXiv
1209.4340v2, 2014.

83



