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Preface

This master thesis gives an extensive introduction to the Rough Path Analysis theory presented
by Terry Lyons in the late 90’s, which provides a pathwise approach to stochastic calculus.
The most important result of this mathematical theory states the continuity of the Itdé map
with respect to a general control if we move to a new framework where the notion of path is
substituted by these more involved objects: the rough paths, and the metric also becomes more
complex.

In the first chapter of this work, we give a historical introduction to topics related to the
rough path theory, and also we motivate the problem of the lack of continuity of the so called
It6 map by giving a counter-example where it is not continuous in the usual setting.

In the second chapter we present the concepts and basic elements of the rough path theory
and we state and prove some results that will be needed in order to show the main result.

The third chapter can be seen as a direct application of the theory we present in chapter 2
for a particular case: we will compute the rough path associated to the Brownian motion. As
we will notice, this will be the only point when probability appears along all the work, since
the general theory is both analytical and algebraic. Probabilistic tools are only needed when we
consider rough paths associated to stochastic processes.

In chapters 4 and 5, we finally show the main result: the Universal Limit Theorem, that
states the continuity of the Itd map for rough path differential equations. For this, and also by
the necessity to give a meaning to the equation in chapter 4, a new notion of integral (along a
rough path) is deined and its relevant properties proved. Once the integral has been defined,
we will be able to explain what a solution of a rough path differential equation is and prove the
Universal Limit Theorem. This is carried out in chapter 5.

Finally, in chapter 6 we present the conclusions derived from this theory.






Chapter 1

Motivation

1.1 Integration theory

Consider the following differential equation

o,

~
—~
=

I

fY (@) dt +g(Y(t))dX(¢), ¢>0,
(1.1)

where Y and X are real valued functions, as much general as we can think about them for the

moment. We will discuss later when the expression dX (¢) is well defined if X is not smooth.

The function X is called a control, and then we say that (1.1) is a differential equation

controlled by X. Equations like (1.1) are a generalization of

(1.2)
Y(0) = Yo;
which is an ordinary differential equation. If we consider X (t) = W;, where (Bi);cr+ is a

Brownian motion, we obtain a stochastic differential equation.

We can consider these controlled equations as an extension of both the classical ordinary
differential equations and the stochastic ones. That is, this is a general framework where a lot

of particular cases are included.



If Y is a solution of (1.1), we would like it to satisfy

Y(t) = Yo + /tf(Y(t)) dt + /tg(Y(t)) dX,, t>0, (1.3)

but, we don’t even know what the second integral means (for the first, recall that it is well
defined as a Riemann integral if f is continuous and well defined in general if f oY is Lebesgue
measurable).

Many integration theories have been developed in order to generalize Lebesgue integrals to

be able to define expressions like the second integral in (1.3). We present briefly some of them.

1.1.1 Riemann-Stieltjes integral

First of all, let’s recall the notion of partition on an interval. Throughout this work, I will be a
closed interval of the real line, this is I = [a, b], and p a real number, 1 < p < co. For a function

X defined on I, we will set X; = X (¢), for ¢t € I.

Definition 1.1.1. For a given interval I = [a,b], we define a partition ™ over I as the sequence
{zi} such that

ro=a<x1 <xTo<- < xp=>0,
and we will denote as I11(I) the set of all the partitions over I.
Now, we can define the Riemann-Stieltjes integral.

Definition 1.1.2. Given two functions f,g : [a,b] — R, and a partition m, = {z;};", with

X0 =a, Ty, =b and x; < x;y1, we will say that f is Riemann-Stieltjes integrable with respect to

g if the sum
Tn
> F(z) (g(5) = glxj-1)),
j=1
has a limit as |m,| == max |zi — zi—1| = 0, where zj € [xj_1,x;]. In this case, we will denote
i=1,...,rn

the limit by f;f dg.

We can give a characterization of a situation where this sum converges in terms of the so
called bounded variation of the g function. First recall that for a partition of [a,b], 7 = {z;}],

with 2o = a, x, = b and x; < x;41, we can define the variation of a function f associated to w



as

and the total variation of f as
Vf =sup{V(f,7): wis a partition of [a, b]}. (1.4)

We will say f is of bounded variation if V f < oc.

Now we can describe easily when this Riemann-Stieltjes sum converge, and hence, when we

are able to well define fab f dg.

Theorem 1.1.1. If f : [a,b] — R is continuous and g : [a,b] — R is of bounded variation, then

the Riemann-Stieltjes sum converges.

The proof of this theorem and more information about the Riemann-Stieltjes integral can
be found in [1], theorem 7.27.

At some moment, we will want to define similar integrals in the case we are integrating
with respect to stochastic processes, for instance Brownian motion, i.e. g(t) = W;. That is, we
want to define fab up AWy, where (ut)¢>0 may be also a stochastic process. However, it is a well
known fact that Brownian motion paths are almost-surely not of bounded variation. Hence, the
Riemann-Stieltjes integral cannot be used

Recall that in the Lebesgue integration theory we do not need the integrand to be continuous,
but for these Riemann-Stieltjes sums f has to be continuous in order to them to converge. What

we should expect is to improve these result and obtain convergence for more general functions

f.

1.1.2 Young integral

The Young integral is defined as the same limit as Riemann-Stieltjes integral. The change that
Young ([10], 1936) introduced was a different condition on f and g that assures the convergence
of the sum.

In order to characterize a new class of functions f (and controls g) for which the integral
[ f dg is well defined, we need to introduce the notion of p-variation, which is a generalization

of the concept of the total variation of a function we set in (1.4)



Definition 1.1.3. Let I be an interval and p € [1,00). Given a function X : I — R? the

p-variation of X on I is

r—1 1/p
p
HXHp,I = ( sup ‘th — Xt ) € [0, 00].
0

WEH(I) j=

If there is risk for confusions, we will simply write HXHp.

If a path X satisfies that [|X||, ; < oo we will write X € vP(I), or simply X € vP.

In the sequel, we will only consider continuous functions X also called continuous paths.
We introduce an important notion that will be used in the proof of the theorem from Young

and later, in the development of the theory of rough paths, the notion of a control function.

Definition 1.1.4. Let A,y := {(s,t) € [a,b]? : a < s <t < b} (the simplex defined on [a,b]).
Then, a control function on [a,b] is a continuous function w : A; — RY, which satisfies the
relation

w(s,t) +w(t,u) <w(s,u), YVa<s<t<u<hb, (1.5)

and such that w(t,t) =0 for any a <t <b.

Notice that, although they share the name, this control function has no relation to the control
defined previously in the introduction of the integration theory.

Now we can state the result from Young [10].

Theorem 1.1.2. Let f,g:[0,T] — R be such that f € vP([0,T]) and g € v4([0,T]) such that

% + % > 1. Then, f is Riemann-Stieltjes integrable with respect to g on [0,T].

Proof. Let us define an unitary renormalization of both functions f and g, that is we will deal

with f and g defined as

F f(z)

T) = d g(z) = 9(x)
M@ = o ™4 9@

~Noll, o

Let us also define the following function w : A 71 — [0,2] as

(.’L‘, ): Hpr,[:U,y] + Hqu,[a:,y] '
A g oy 9llg 0y

It is clear that w is a control for the p-variation of f and also for the g-variation of §.



We consider a partition = = {t;}/_, € II([0,T]). For this partition, we choose t* as follows:

o t if r=2,

t; such that w(ti—1,tiy1) < 25w(0,T) if r> 2.

Let’s see that such t* indeed exists. If » = 2 then this is clear, and the inequality proposed

for » > 2 holds in this case too. If r > 2, we argue by contradiction. If that inequality was false
forany ¢ = 1,...,7— 1, we would have 2w(0,7T") < (r — 1)w(ti—1,ti+1). Summing over every 7,

we have

r—1
2(r—1jw(0,T) <MZ w(ti—1,tip1) =
i=1

r—1
= 2w(0,T) < Zw(ti—lvti+l) =
i=1
3 31
> wltar—1y),tak) + - w(tok—1,t2k41) for r even,
== = <

2 2
/;31 w(ta(r—1), tok) + k;w(tzk—l, tok+1) for r odd,

sA |w(0,T)+ w(t1,tr—1) for r even,
< < 20(0, 7).
w(0,tr—1) + w(t1,T) for r odd,

where by S.A. we mean we have used the sub-additivity of the control w. Thus, we obtain
w(0,T) < w(0,T), which is a contradiction. Hence, such t* must exist.
Now we consider a new partition 7* obtained by removing the point t* from the original

tj for j < i*,

partition, that is, 7* = {t; ;;%, where ¢ = where 7* is the index of the
tj"rl for j > i*7

removed point. We denote fslt = f(t) — f(s) (this will be a common notation all along this

work, as we will see later).

For arbitrary functions ¢, 1, the integral relative to the partition = is
r—1
[0 4o =3 plt)witinn) - v(6),
@ i=0

so the Riemann-Stieltjes limit can be viewed as limo fw @ du.
™| —



With all this notation, we have

r—1 r—2
/fdg—/ fdg‘ = Zf(ti)gtli,tiﬂ - Zf(t;)gtl*.,ﬁ )
- . =0 =0 37+
= f(tic0)Fh s + FEDTt g — FE)GE | =
(ti-1) (G (t) = G + FE)@(tir1) = §(t) = F(tim1)(3tis1) — Gle=1D)| =

F(t:) — f(tz‘—l)) (G(ti+1) — §(tz‘))‘ < wltio1, ) Pw(ti,tia) <

I
/N &h[

2\ Urtl/a
) w(0,T),

< w(tioy,tipn) P < <T_1

where t; = t*, and the last inequality is due to the fact that (s,t) — w(s,t) is increasing on ¢

and decreasing on s.

We can continue removing points of this partition this way, until there are just two points

(the boundary points) on it. Then,
~ - t -
[, Fda=Foa -50) = [ o)
m\U_1 {t;} 0

Therefore,

r—2 oo

: 1 1
/ﬁ(f—f(o)) dg‘ < 21/p+1/qZWW(OaT) < 21/p+1/qkz: WW(QT) =

=C(1/p+1/q)
= 2UPHYac(1/p +1/q)w(0,T) =: ¢pqr,

where ( is the known Riemann zeta function.

Since |f(0)| < ||f||, by undoing the renormalization, we have

[ 49| < coar (U1l + 11l 10m) gl (16)

It is known ([6], proposition 1.14) that given g € v%(I), for any ¢’ > ¢ the linear piecewise
approximation of g coinciding at the points of a partition 7 € II(I), g™ converges in the norm of
the ¢’-variation to ¢. So, now we take ¢’ > ¢ such that 1/p+1/¢’ > 1 still holds, and a limiting

sequence g(n) converging to ¢ in the ¢’-variation norm. Then, since g(n) is linear-piecewise it



has bounded variation for any n. By the Stieltjes result

/OT f dg(n)

is well defined, this is, the Riemann-Stieltjes series converge as || — 0. On the other hand, by

(1.6), we have

sup
meII([0,T])

/Wfdg(n)—/ﬂfdg‘é

< par (Iflloo + 111l o.21) 119602) = 9l o1 -

(1.7)

The right hand side of the last expression tends to zero as n tends to infinity since g(n)

converges to g in the norm of the ¢’-variation. Therefore, f(;f f dg is well defined as

lim [ f dg(n),

|7|—0J 7

by (1.7).
O

Remark. The weaker conditions we put on the function f, the stronger will be needed on ¢ in

order to define fab f dg, as a Young integral.

We can ask ourselves if we can apply Young’s conditions in order to define integrals with
respect to the Brownian motion. The answer is that it depends on the function we want to
integrate. It is known that Brownian motion paths have finite p-variation for p > 2. So, there

are some cases where the integral is not well defined, for instance

b
/ Wy dWg

cannot be defined this way (because ]% + ]% ==<1).

1.1.3 Ito integral

Now we move to a probabilistic framework. Let us consider a probability space ({2, F, P), where
F = (Fi,t > 0) is the natural filtration associated to a Brownian motion W = (W}),¢(o 1) for a

fixed T' > 0.



The Ito integral provides a meaning for fg X: dW; for a large set of stochastic processes
X. The construction of this integral is similar to the construction of the Lebesgue integral, by

considering simple X processes, as follows.

Definition 1.1.5. A stochastic process X = (Xt);cjo,) s said to be a step process if it can be

written as
n
X = ijﬂ[tjfhtj)(t)a (1.8)
j=1
or some n, where 0 =ty < ... <t; <tiy1 <...<t, =T and where x; are F;. ,-measurable
J J+ J j—1

random variables such that E [mﬂ < oo.

The set of all step processes is denoted by E.
For X € &, we can give the expression fOT X; dW; a meaning.

Definition 1.1.6. Let X = (Xy)cpo,7] € € and suppose that X can be written as in (1.8). Then

we define

T n
/ X dWy = a;(Wy, — Wy, ). (1.9)
0 j=1

We would like to enlarge the set £ of stochastic process where we can define the integral.

For this, we consider the following space of processes.

Definition 1.1.7. LiT is the set of stochastic processes X = (X)) such that
e X is adapted and jointly-measurable in (t,w) with respect to the o-field B([0,T]) ® F,
e X is square integrable, i. e. fOTIE [X?] dt < oo.

2 . . T 9 1/2
It can be seen that Lj p is a Banach space with norm || X|[. = UO E [X7] dt} ,and &
is a closed subspace of Li’T. Furthermore, £ is dense on LZ,T and hence, for any X € L?L,T we
can find a sequence (X (n)),en C € such that

L}, — lim X(n)=X.

a, n—0o0

The proof of this can be found in [4], lemma 4.3.3.

This fact allow us to define the stochastic It6 integral for processes in LiT as follows.



Definition 1.1.8. Let X = (Xt)te[o,T} € LZ,T. Then, the stochastic integral of X with respect

to the Brownian motion W is given by

T T
/ X dW; := L2 7 — lim Xi(n) dW, (1.10)
0

n—00
0

where X (n) = (X¢(n))icp,r C € and X = Lg’T — lim X(n).

n—oo

It can be verified that this is well defined, this is, that the limit in (1.10) does not depend

on the approximating sequence.

Remark. This integral, introduced by It6 in [3], is called the [t6 integral. Notice that the integral

T
/ Wy dW;
0

in the Itd sense does exist, since W = (W})yecp0,1] € LZ’T.

However, if we consider a fractional Brownian motion with Hurst parameter H > 1/2, W
the integral fOT WH dW/ is well defined in Young’s sense but not in the It sense (the process
(Wi)>0 is not even a martingale). So, the It6 and the Young integrals are not related to each

other.

1.2 Continuity of the It6 map

Consider the equation (1.1) with f =0

Ay (1) = g(Y(1)) dX (), t >0,
(1.11)

Y (0) = Yo;

and assume that there exists a unique solution Y. We can define a map I depending on X, ¢

and Y, which image is the solution of the equation, this is if (1.11) holds, then
I(X,9,Y0) =Y.

This map is called the It6 map.

One question that concern us is the continuity of the It6 map with respect to X. Proving
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that I is continuous would be a nice result. If we have two controls whose distance is small, the
corresponding solutions will be also close. This is a fact that one should expect. For instance, for
numerical approximations of controlled differential equations, it is crucial assuring the continuity
of the It6 map, since if not, the (approximative) result Y we obtain by using an approximation

of the control X, X may be very different from the exact solution Y of the controlled equation.

If the control X takes values in a one-dimensional space, let’s say R, then one can see that
the It6 map is continuous with the usual topology (see for instance, [6]), but if the image of X

is in R?, then there are examples which show this lack of continuity, as below.

Ezample. (Lack of continuity of the Itd6 map for d = 2 and uniform convergence topology)

Consider (X1,X2) = X : [0,T] — R2 (Y1,Ys,Y3) = Y : [0,7] — R3 and a function

g : R3 — R3*2 given by

a 1 0
glb]1=10 1
c -b a

With this choice, equation (1.11) can be written componentwise as

dvi(r) = dXy (1),

dYa(t) = dXa(t), (1.12)

dYs(t) = —Ya(t) dXy(t) + Y1 (t) dXa(?).

Considering Yy = (1,0,0), and for any n € N a control

X0 — (XM (), XM (1)) = %(cos(n%), sin(n2t)),

we have that the solution of (1.12) is

YO (1) = (x{" (1), X5 (1), {7 (1))
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for

t t
Yg(n) (t) = —/ 1 sin(n?t)w- (—sin(n?t)) dt —I—/ 1 cos(n?tyrcos(n’t) dt =
0o o A

t
:/ dt =1
0

since (dX{n) (1), dXQ(") (t)) = n(—sin(n?t), cos(n’t)).

Therefore, the solution, for any n is Y () (t) = (Xf") (1), Xén) (t),1).

For our choice of X, is clear that X (™ converges to (0,0) uniformly as n — oo, but it does
not occur the same with the convergence of Y () whose uniform limit is (0,0,t). If the I1t6 map
were continuous, that would not happen, and therefore, for this choices and for the uniform

convergence topology, it is not continuous.

One of the highlights of the theory of rough paths is the Universal Limit Theorem, which,
in a sense to be made precise later, will assure the continuity of the It6 map in a new context,
considering a topology different from the usual one, and a richer structure that extend the notion

of path, the rough path.
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Chapter 2

Definitions and basic results

In this chapter, we will try to explain briefly what a rough path it is. For this, we need to define
several mathematical objects and to mention some facts about them. Some short proofs will be
given, but, due to their lenght, others appear at the end. In this way, the reader will be able to

get the definition of rough path without getting disturbed with technicalities.

2.1 Basic definitions

Throughout this section, I will denote a closed interval of the real line this is I = [a,b], and p
a real number, 1 < p < co. We recall the notation X; := X(t), ¢t € I, introduced in chapter 1,
and we will use the definition of partition given in Definition 1.1.1. We will also write X, ; for
the increments X; — X, a < s <t <b.

We will work with a particular family of continuous functions (we will talk about paths rather
than functions) satisfying some properties. One of them is bounded p-variation as defined in

Definition 1.1.3, and the second one is a-Holder continuity.

2.1.1 p-variation and a-Holder continuity

The p-variation norm defined above can be viewed as a control function over I. In fact, we have

the following proposition

Proposition 2.1.1. Let I = [a,b] and let a < s <t < b. Define wx(s,t) := ||X|\§ 547 Jor

X € vP(I). Then wx is a control function on |a,b].

13
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Proof. By definition of p-variation norm and since II(I) UTI(J) C TI(I U J), we clearly have that

relation (1.5) is satisfied. Also from the definition, we have that wx(s,s) = 0 for s € [a,b]. So,

we just have to take care about the continuity of wy. We show that for an increasing sequence

{tn}n converging to t, we have wx (s, t,) — wx(s,t) which will prove the left-continuity on ¢.
We consider a partition {s =19 <7 < ... <7, =t} such that 7,_; <, <t.

Then, if we denote X = X;—Xj, we have that | X ,,| < | X+

+X¢yulfora< s <t < u< b

Hence,
r r—1 r—1
Z |XTl—1,Tl |p = Z |X7'l—177'l |p + |XTr—1,t|p < Z |XT1—1,Tz|p + |:|XTT—17t7L| + |th7t|]p =
=1 =1 =1

r—1

= Z |X7'l—177l |p + |X7—7‘—17tn|p + o (‘thyt
=1

)

r—1
) — Z |X7'l—177’z‘p + ’XTT—lvt P
=1

as n — oo since X;; = X; — X; = 0. Therefore, considering the supremum over all the partitions
in the expresion above, we have proved the left-continuity on ¢. A similar procedure can be done

in order to show right-continuity on ¢ and continuity on t. O

Now, we are able to show the relation between bounded p-variation of a path and Hélder

continuity. First, we recall the following definition.
Definition 2.1.1. Let X : I - R", o € (0,1). We say that X is a-Holder continuous on I if

o X (9) = X(0)

—g < fo00.
s#t |3 - 7f|

Proposition 2.1.2. If X : I — R" is a path with finite p-variation, then there exists a

reparametrisation of I such that X is %—H&lder continuous on I.

Proof. Assume I = [0,T] (if not, we can linearly biject I to this form). If we consider the control

function defined before wx (s, t) = || X ”Z we have that the function

[sit]”

p: I —1,

tHwX(Oat)m,

is increasing. Clearly »(0) = 0 and ¢(T) = T. Hence, ¢ is a bijection from I into itself, so ¢~

is well-defined.
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Therefore, for s < ¢ in [0,7], we have

2.1.2 Multiplicative functionals

The aim of this section is to define the notion of multiplicative functional, a general object from

which a rough path will be a particular case. For this, we need some preliminaries.

Definition 2.1.2. The space of formal series of tensors of R? is defined as the space of sequences
T(RY) := {(ao, a1,...) such that a, € (RY)®"Vn > 0},
endowed with two operations: a sum
(ag,a1,...)+ (bo,b1,...) = (ap + by, a1 + b1,...), (2.1)

and a product
(ao,al,...)(bo,bl,...) = (C(),Cl,...) (22)
n
where ¢, = Y. arbn_g.
k=0
Now, we consider a finite version of the space of formal series of tensors of R, and a finite

version of the signature of a path.

Definition 2.1.3. Given n € N, the truncated tensor algebra of order n of R® is

T"(RY) := {(ag, a1, .. .,an) such that a, € (R?)*"V¥n > 0},
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endowed with the two operations (2.1) y (2.2) of Definition 2.1.2.

Definition 2.1.4. Given n € N and a continuous map
X: A[O,T] — Tn(Rd),
let X!, = X'(s,t). Then, the function defined by

X‘Szt = (Xg,t7 Xl

S,t’ ..

. 7X;L,t) € Tn(Rd)a

is called a multiplicative functional of degree n in R? if X0 =1 and X satisfies the known Chen’s

relation, that is,

XsuXut =Xst for 0<s<u<t<T, (2.3)

where the product on the left hand side is defined in (2.2).

Remark. Any multiplicative functional can be seen, and in fact, this is the way it will be con-
sidered, as a continuous path over I.

First of all, notice that given (ag,as,...,a,) € T"(R?) we can find an inverse element in

T™(R%) defined by

((1,0,...,0) = (1,a1/ag,...,an/ap))",
0

(ag,al, .. ,an)_l = —

1
aop , _

k
whenever ag # 0.

But, since a multiplicative functional X is defined as satisfying X? = 1 # 0, we can always
write X 1.

Hence, if we see X as a path in T"(R?), defined by

X :[0,T] — T™(RY),

t— XO,t

it turns out that we have characterised the multiplicative functional, since, by Chen’s relation

we have X = (Xo5) ' Xos
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2.1.3 Spaces of rough paths

As for paths, we can define a condition on regularity of the multiplicative functionals.

Definition 2.1.5. Given p € [1,00), n € N and a control function w on [0,T]. We say that the

multiplicative functional X : A ) — T™(RY) has finite p-variation on At controlled by w if

B

’ < w(s, )P

foranyi=1,...,n and any (s,t) € Ay}, where ||| denotes the Hilbert-Schmidt norm.

If it is clear from the context, sometimes we will omit the reference to the control w.
We are now able to define what a rough path is.

Definition 2.1.6. Let p € [1,00). A p-rough path in R? is a multiplicative functional of degree
|p| (where |p| is the biggest integer smaller or equal than p) in R with finite p-variation. The

space of p-rough paths is denoted by ,(RY).

Once we have defined the space of rough paths, we should verify that it satisfies good
properties that make it useful. The first thing we would expect for a space of functions is to be
a Banach space for some metric.

However, we can see that Qp(Rd) is not a vector space endowed with the sum of rough paths
as functions. In fact, given X,Y € Q,(R%), since they satisfy Chen relation (2.3) we should

have, forany 0 < s <u <t <T),

Xs,t = Xs,uXu,ta
sz,t = sz,uYu,t-
Hence, we will have
Xs,t + Yts,t - Xs,uXu,t + Yjs,uYu,t (24)

also, if X +Y € Qp(Rd), once again by Chen relation, the equation

Xs,t + Ys,t = (Xs,u + }/s,u)(Xu,t + Yu,t) = Xs,uXu,t + Ys,uYu,t + Xs,uYu,t + Y:s,uXu,t (25)
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should hold. This would implify

Xs,uYu,t + Yjs,uXu,t = 07

which is not true in general. Therefore, (Q,(R?),+) is not a vector space.

Nevertheless, the space of rough paths is complete under some metric that we define below.

Definition 2.1.7. Given two rough paths X,Y € Qp(Rd), we define their distance in the p-

variation metric, denoted by dp(X,Y), by the expression

N /P
) p/i
dp(X,Y) = max sup (Z‘ oty — tz Lt > ) (2.6)

1<i<|p] rer1((o,17)
We define |||, = dp(-,0), the associated norm.
It can be easily checked that d, is a distance.
Theorem 2.1.1. (€,(R%),d,) is a complete space.

Proof. Let (X(n)), be a Cauchy sequence in (£,(R%),d,). Then, there exists a subsequence
(X (nk))r C (X (n)), such that we have, for any k,

Let define

lp)

w(s,t) = sup sup X(np)t
(1) k>0;wen([0,ﬂ)%:‘ Uit

p/i

p/i

oo
+ ZZ sup Z ‘X nk tii1t; X(nk—l)zzfj_l,t]-

k=14=1 7€([0,T])

By proposition (2.1.1) and by Dini theorem! applied to the sequence

k=1 i=1 m€([0,T]) "

Z Z sup Z ‘X nk t] Lt X(nk—l)éj_lytj
JjEN

as j — oo, we have that w is a control function.

'If we have a monotone sequence of continuous functions converging to a continuous function on a compact
space, we can assure that the convergence is uniform
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Clearly, for any i = 1,..., |p|, and for any pair (s,t) € Ay 7], we have (by the definition of

rough path)

X (k| < (s, 1),
and it can also be proved, for k > 1,
X)Ly = X ()| < ool )77
k s,t k—1 s;t| = Qlk’/p ) .

Hence, the following uniform limit exists and we can define

X 1= lim X (ng)y,

2.7)

which is a multiplicative functional (since Chen’s relation passes to the limit). The bound (2.7)

also holds in the limit, i. e. ‘X;t‘ < w(s,t)i/p, which implies that X is a p-rough path, since

this is true for any (s,t) € A and any i = 1,..., |p].

By means of triangular inequality, and by adding and substracting terms, it can be seen that

lim  sup v/ =0,

0 reln((0,7)) %

s,t s,t

that is, dp-lim X (n) = X.

We summarize the “control results” in the next proposition.

Proposition 2.1.3. Let (X(n)), € Q,(R?) converging to X in the distance d,.

a subsequence X (ny) and a control w such that

1. X(nk)f;,t §w(s,t)i/p,

2. X;,t Sw(s’t)i/p’

3. X, - xi

st

< grw(s, )77,

foranyi=1,...,|p], any k € N and any pair (s,t) € A 17

Then, there is

Since the distance d, defined above is quite difficult to use, in order to study convergence of

rough paths, and motivated by the last proposition, we give a new definition of convergence.
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Definition 2.1.8. Let (X (n)), C Q,(R?Y). Then we will say it converges to X € Q,(RY) if there
exist a control w and a function a(n) with nh_)ngo a(n) = 0, a(n) depending on (X(n)),, X and
w, such that for anyi=1,...,[p], (s,t) € A andn > 1, n € N, we have

o |X(n)| < w(s )77,

o |XI, < w(s, )P,

i X(”)fq,t - Xg,t

< a(n)w(s,t)/P.

Canonical example: iterated integrals

We give now the first and most important example of a rough path. In some sense, as we will

see, it is the canonical one, and it is used in the construction of any other rough path.

Given a smooth path X, which in this context means, a path X with finite 1-variation;

X :[0,T] — R, for any n € N, we can define the following element X € T"(R%)
Xs,t = (17 Xsl,t? s Xg,t)
where, for k € {1,...,n},

Xk, = / dXy, - ... -dXy,. (2.8)

s<t1<..<tp<t

Notice that, since X has bounded variation, this integrals are well-defined in the Riemann-
Stieltjes sense.

k

Next, we give an expression for X,

as a limit of sums. The proof is done recursively. For
k =1, we clearly have

X, =X — X,

For k > 1, consider a partition {t;};*, € II([0,7]). Fix [ € {1,...,m} and assume t; <
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171 < tiy1. In this case,

/ dXy, ... dXy, / dXy,, .. dXy, | =

s<t1<"'<ti<ti+1<t?—l tzk,1<ti+1<~--<tk<t

(2.9)
:'f(ti+1) =:g(ti+1)

= [ 149" tim Zf ha) (g(t) — g(t11)) -

where at RS we mean we use the definition of a Riemann-Stieltjes integral. But notice that
flx)=X:, and g(z) —gly) = X"

Therefore, we can write as

lim ZXstl X (2.10)

|7r\~>0

But we have to consider the different possibilities varying i between 1 and k — 1, so we finally

have
m k—1

St_ lim ZZ Stl 1 tl 1,tz (2‘11)

=05 i3

Now that we have defined these iterated integrals, we prove that they are 1-rough paths

e X,; is a multiplicative functional. Since the Riemann-Stieltjes integral is additive,
this is [* f dg + qu fdg = fstf dg and since we have deduced the relation (2.11), it is

clear that X ; has to satisfy Chen’s relation.

e X,; has finite 1-variation. Following the procedure of the proof of Proposition 2.1.2,
we can establish a reparametrisation such that || X|[; ;4 =t — s. So, we can assume this

fact without loss of generality.

Then X is Lipschitz continuous and therefore almost everywhere differentiable with ‘% =

1 almost everywhere. Therefore

dx, dX
| Xk, = / dX;, ... dX;, | = / dt? dt;k dty ... dty| <
s<t1<...<tp<t <t1<..<tp<t
dXy, ‘dth / (t —s)F
< N dty ... dty, = dty ... dty =~ 2
= / 'dtl dty [T Lo T K

s<t1<..<tp<t s<t1<...<tp<t
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where the last integral can be easily computed by induction on k. Therefore, X, has

finite 1-variation (in the sense of definition 2.1.5), with w(s,t) = [t — s|.

Remark. Notice that in the case of a smooth path, all the information of the iterated integrals

is in X'. With this, we can compute any of the rest.

We put a name to the set of rough paths introduced before.

Definition 2.1.9. Let X € Q,(R%). We say that X is a smooth rough path if t — X; = X, is

a continuous path with finite 1-variation and for i =1,...,|p], Xg’t s given by

T
S,t_/ dX,, ... dX,,.
s<t1<..<t;<t

Definition 2.1.10. A rough path X € Qp(Rd) s a geometric rough path if there exists a sequence
(X(n))n C Qp(RY) of smooth rough paths such that li_)m dy(X(n),X) =0. We denote the space
n—,oo

of geometric rough paths with roughness p by GQP(Rd).

2.1.4 Roughness of a path and degree of the associated rough path

We have seen a way to construct rough paths given a function of bounded variation by considering
the iterated integrals. In general, one may wonder if we have to compute infinitely many of those
integrals in order to uniquely determine the original path knowing the associated geometric rough
path, or if, instead of this, there is some way to determine the minimum level, to be reached in
order to have this definition. The answer comes from the following result, which is a consequence

of the Chen’s relation.

Lemma 2.1.1. Let m € N and let X,Y be two multiplicative functionals such that X;t = Y;t

foranyi=0,...,m and any (s,t) € Ay . Then,

m+1 m—+1 m—+1
ws,t - Xs,t - Ys,t

is additive, i.e.,

m+1 _  m—+1 m+1
s,u T st +1/]t,u ’

for any s <t < u.
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Conversely, if Z is a multiplicative functional and ¥ : [0,T] — (R*)*(m+1) s an additive
function, then the map

(S, t) — Z&t —+ \I’s,t
s a multiplicative functional.

Now consider two p-rough paths (controlled by w) X and Y and apply the previous lemma
for m =n — 1. Then we know the function ¢¢, = X, — Y, is additive. Since they are p-rough

paths controlled by w, we know that

n
e

n
Yo

’ < w(s, t)VP.

)

With all of this, we can see (with a similar reasoning than we will do later in the proof of
theorem 2.1.2) that we can write 7, = p(s) — p(t), for some function p which is n/p-Hélder
continuous.

Then, if n > [p] (i. e. n/p > 1) we have that p is constant and hence 97, = 0 which
implies that X, = Y[;. As we can reason this way for any n > |p| this means that a p-rough
path is determined by its first [p| components. As a path with finite p-variation (we have seen
it for p = 1, the case of Lipschitz paths and the rough path constructed by iterated integrals)
determines a p-rough path, this means that we have to study just up to the |p|-th degree. For
instance, in chapter 3, we study the Brownian rough path and as we known sample paths of
Brownian motion are of finite p-variation for any p > 2 we will need to consider up to the
second level for this case. For a fractional Brownian motion with Hurst parameter H, with
1/3 < H < 1/4, whose sample paths are a-Holder continuous for 1/3 < o < 1/4 we should take

into account also the third level when constructing a rough path associated to it.

2.1.5 Almost rough paths

We next address the question about the construction of rough paths using approximations. The
motivation for this will become clear in chapter 4, where the integration (along a rough path)

will be introduced. We introduce a new notion: almost rough paths.

Definition 2.1.11. Let p > 1. A function X : Ay — T™(RY) is said to be an almost rough

path of roughness p, or p-almost rough path if it is of finite p-variation, X° = 1 and such that
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there exist a constant 8 > 1 and a control w satisfying

‘(Xs,tXt,u)i — Xl <w(s,u)’, (2.12)

for any (s,t), (t,u) € Ay and anyi=1,...,|p|. The expression (2.12) is known as the almost

Chen relation.

The importance of this object is made clear in the following theorem. Basically, it states

that any almost rough path can be extended to a rough path.

Theorem 2.1.2. If X : Ajgq) — TP (R) is an 0-almost rough path of roughness p, then there
is a unique p-rough path X, such that there exists a control w and a constant § > 1 satisfying
X, - xi,

sup Ssup———
i=1,|p) sAt w(s,t)?

< 00, (2.13)

foranyi=1,...,[p] and any pair (s,t) € A 7.

Proof (Uniqueness). Let X and X be two p-rough paths satisfying the statement of the theorem.

We have to see that X = X, this is, that
X=X (2.14)

forany i =1,...,|p].

We will use an induction argument. For i = 0, this is clear, since X0 = X0 = 1. Now we
assume that there exists j € {1,...,|p|} such that (2.14) holds for i = 1,...,j — 1 and we see

that this implies that it also holds for 7 = j.

Since X is a multiplicative functional, we should have

u,t

A L i
Xg,t = (XsuXut) = Z Xﬁqu_k VO<s<u<t<T.
k=0
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and the same for X"Z’t. Considering the difference between them at level j we have

J
oi i ok pi—k _ gk wi—k
Xs,t - Xs,t - Z (Xs,uXu,t - Xs,uXu,t
k=0

) (2.14) up to j — 1

0 i w L0 ei e en (X0=X0=1)
_ 50 ¢ i %0 0 i i w0 (X'=X
= X&uXu,t + stuth - X X7, — stuth =

s,u“rtu,t

=X], - X}, +X], X, V0<s<u<t<T.

That is, if we set (s, t) = X'g’t — X‘{t, we see that 0 is additive (0(s,t) = d(s,u) + d(u,t) V0 <

S

s <u <t<T),and if we define p(t) := §(0,¢) we have that
Xit - Xit =p(t)—p(s) for 0 <s<t<T.
By the triangular inequality, we have

p(t) = p(s)] < | X2, — X, < 2Kuw(s, 1),

+ ‘Xg,t - X7,

and this implies p is a constant. Indeed,

() = p() < D lplts) = plti-)| < 2K D" wltp, th1)w(tr1, i)’

w€I([s,t]) w€I([s,t])
mdyadic mdyadic

< 2K supw(tp_1,t5)? Tw(s, t) = 0
k

as k — 0o. We can conclude that X7 = X7 and use induction on j to assure X =X.

A property that one may expect from the map that sends an almost rough path to the
rough path associated to it in the sense of the previous theorem is to be continuous. That will
be needed in chapter 4 to assure that two close-in-distance almost rough paths establish two
close-in-distance rough paths and with this, we will be able to define properly the notion of the
integral along a rough path, as we will see later. In fact, we have the following theorem that

quantifies the continuity of this correspondence.

Theorem 2.1.3. Letp > 1 and 0 > 1. Let X,Y : A — TWI(R) be O-almost rough paths
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controlled by w. Let X,ff be the associated rough paths in the sense of the theorem 2.1.2. If

there exists a constant € > 0 such that for any i =1,...,|p], and any (s,t) € Ay 7] the relation

i 7
‘ ‘Xs,t - }/s,t

=

holds, then there exists a number B depending on € (but not exclusively) such that lin%B =0
e—

and such that for any i =1,...,|p], and any (s,t) € Ay we have

"y i
HXs,t - Y:s,t

‘p < Buw'/?,

Proof. The proof (in a more general setting) can be seen in [7], p. 45-47. O



Chapter 3

Rough path associated to the

Brownian Motion

In this chapter we present the construction of a rough path associated to a particular continuous
path, namely the Brownian motion. In order to prove the results, some technical lemmas are
needed. We will focus on the main result.

Recall that the (one dimensiona) Brownian motion is a stochastic process (W});cgr+ satisfying
(a) Wy = 0 almost surely, and

(b) for any 0 < s < ¢, the random variable W; — W is independent of the o-field generated by

(Wr)o<r<s and Wy — Wy is a normal variable with zero mean and variance ¢ — s.

Although it does not seem obvious from the definition, using Kolmogorov’s continuity crite-
rion we can assure the existence of a version of the process whose sample paths t — Wy (w) are
not just continuous but also a-Hoélder continuous for any a € (0, %) However, it is also known
that Brownian motion sample paths are not a-Holder continuous for any « > 1/2, which in
particular implies that they are not differentiable. All this will be important in our discussion.

We would like to look at the Brownian motion as a geometric p-rough path X (see Definition

2.1.10) in the sense that at its first level one has
X, =W, — W,

According to Definition 2.1.10, we will need an approximating sequence of smooth rough

27
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paths. For this, we will first give approximations of the paths of the Brownian motion that have

more regularity than the Brownian itself.

In this chapter we will sometimes consider that I = [0,1] instead of I = [a,b]. By a

reparametrization one can easily check that this done without loss of generality.

3.1 The framework: dyadic polygonal approximations

We introduce the dyadic partitions of the interval I = [s,¢].

Definition 3.1.1. Let m € N\{0}. The m-th dyadic partition of [s,t] is the sequence {tI"},
where

tm:s—l—(t—s)L 1=0,...,2™.

1 2m7

We define the m-th dyadic polygonal approximation as the linear piecewise interpolation of

the paths of the Brownian motion.

Definition 3.1.2. Given m € N\{0}, we define the m-th dyadic polygonal approximation of the

Brownian motion is the continuous function given by
W(m)e = Wym  +2™(t — 72) A" W, (3.1)

for t"y <t < ", where ({t]'})o<j<om is the m-th dyadic partition of [s,t], and A'W =

Wim — Wy .
The first level of the multiplicative functional associated to W (m) is defined as
X(m)s, = W(m); — W(m)s. (3.2)

Since t — W(m); is a piecewise linear and continuous map, it has finite 1-variation and

therefore, we can construct the multiple iterated path integrals

X(m)l, = / AW (m)g, ... - dW (m)y;, (3.3)
s<t1<...<t;<t
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which, as we said before, since W (m) is a Lipschitz path, are well defined as a recurrence by

X(m t— lim ZZX it 1 X (m )tl 1Lt (3.4)

|7|—0

for any j > 2.

Now we focus our attention on the first degree of the multiplicative functional, this is, X (m)*.

3.2 Study of X(m)!

First of all, we are going to prove that, X (m)! has finite p-variation for any p > 2.
Notice that throughout this chapter, two different partitions appear.
e A dyadic partition D™ = {57,i € {0,...,2™}}.
e A finite partition of [s,t], 7 = {t;, 1 =0,...,n}.

Proposition 3.2.1. Let (Wt)te[o,l] be a d dimensional Brownian motion and let p > 2. Then
the dyadic polygonal approzimations X (m)} ,, defined in (3.1) and (3.2), have finite p-variation
uniformly in m. Moreover, for any v > p/i — 1 there exists a constant C' depending on p, and

the dimension d, such that

E |sup sup Z ‘X tz Lt ? <Clt— 5|P/2’ (3.5)
m rell([s,t])
tiem
for 0 < s <t <1. In particular, almost surely we have
P
sup sup Z ’X(m)%thtz < 0. (3.6)

m rell([st])

In order to prove this proposition above we need the following lemmas.

Lemma 3.2.1. Let X = (1,X1,X2,...,XN) be a multiplicative functional. Then for any

i=1,...,N and any p such that p/i > 1, there exists a constant C' = C(i,p,v) such that

p/j

p ,
sup Z‘Xflltlpl<02n722‘ bl

mell([0,1]) n=1  k=1j=1
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Proof. It can be found in [7], p. 62. O

Remark. The previous lemma will be used in order to show the convergence of first level of the
rough paths associated to the approximation. So, it will be applied to a difference of the form
X (m)! — X!, Notice the following: the difference of multiplicative functionals, at its first level,
it is still a multiplicative functional, that is, it still satisfies Chen’s relation. Consider a simple
multiplicative functional (1,X;’b). Then, Chen’s relation (1,X},)(1, Xy¢) = (1, X,,) implies
that

X, = X1, + XL,

where the right hand side is defined in (2.1).

Consider, X and Y two multiplicative functionals. Then
(X —Y)=(X-Y) — (X -Y)s = (X~ ¥y) = (Xs - ¥y) =
= (X = X,) = (Y —Y5) = X, — Yo
Therefore, lemma 3.2.1 applies to a difference of multiplicative functionals if 7 = 1.

Lemma 3.2.2. Let (W).cjo1] be a continuous path in R™ and let p > 1. Consider the dyadic
polygonal approximations W(m) given in (3.1) and the corresponding multiplicative functionals

X (m) defined in (3.3) and (3.4). Then, for any fixed n > 1, the function

is monotone increasing. Hence,

on

= lim g n7 E ‘X n n
m—00 k 1’
n=1

P

supZnWZ‘X 21771
n=1

Proof. We will distinguish, as it will be usually done in this section, between the cases n < m

and n > m.

o If n < m then X(m)(t;) = Wi and we simply have X(m)%ﬁ_ptz = APW for any k =
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0,...,2". Hence,

AL 2™

p
S xmmb g = 1apwp,
k=1 k=1

which does not depend on m. Hence, in this case, (3.7) is a constant function.

o If n > m, for fixed k, we can choose the index [ such that t;*; <t} _; <t} <t/*. By (3.1),

we have

X(m)gp =Wy +27(t8 — 21) AW,

X(m)ep_ = Wi + 2%ty — 42 ) AW

k—

Considering the difference between the two expressions above, and using (3.2), we obtain

= M — 7AW = 2M A (3.8)
——

1
on

Hence,

om
p eq.:348 Z Z ‘2manlan|p —

I=1 ~ keN
tn <te<t]

k-1’

on
Z ‘X(m)%" ty
k=1

gm

=1 m keEI m
4 <ty <t

om
— 2(m_n)p2n_m Z |A}TLW|p =
=1

2m
— 9n(1-p)om(p—1) Z AW P = 2”(1_p)g(m),
1=1
where in (*) we have to used that the cardinal of {k € N : ¢/, <} <¢*} is 2"7™. Now,
we focus on g(m), and we prove that it is increasing in m. For this, we notice that
A’lan == th - th == th+l - Wm+1 ==
l -1 ol

t2l—2

(3.9)

21 201—-1 20—-1 20—

= <th+1 — th+1) + (th+1 — th+%> = Agfrl + Ag}jll
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Thus,
\- i *ok
g(m) — 2m(p71) Z ’A;HW’p eq.§.9) om ’Am+1W + Ag}fllW p (S)
=1
2
< 9(m+1)(p-1 HAmHW’p n \AZZi}W\p} _
2m+1
— 9(m+1)(p—1 ‘AerlW’ (m+1),
k=1

where at (**) we use the inequality |a + b| < 2P~1(|a|” + |b|?). Hence the proof is finished.

We are now able to prove the proposition 3.2.1.

Proof of the proposition 3.2.1. Since X (m)! is a multiplicative functional of degree 1 and p > 2,
we can apply lemmas 3.2.1 and 3.2.2. This yields,

p
E [sup sup Z ‘X(m)tlz—lytl

m gell([s,t])

p| lemma 3.2.1
[

<

CE [supZn”Z‘X n i
1
27L
Joerca[ S o]

n=1

(3.10)
lemma 3.2. 2
S [

lim E n’ E ‘X i i
m— 00 k
n=1

1'%k

where at MCT we have used the Monotone Convergence Theorem.

At this point we recall that for a Brownian motion (W});cr+, since the law of the increments

is Gaussian, we have that E [|W; — W,[P] = C; |t — s|P/? for some constant C; = Ci(p,d), and

hence

— g\ P/2 p/2
T<a (t2ns) = Oy (t — )P/ <21n> . (3.11)
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Hence, we can use this on (3.10) and obtain

;

< CE Lz:anZ‘Xk L
:CZmZEHX o
n=1
/2
ceSaSau-pr(AY- e
n=1 k=1
/2
> nr2n (;n)p >:

C’(t—sp/2<
n=1

= Oyt — S)p/Q (i Y (2n>p/2 1)

n=1

E lsup sup Z’X tz b p] MCT

m rell([s,t])

} 3§11)

where Cy = C - C}. Since p > 2, we have p/2 — 1 > 0 and hence the last series converges to a
finite value, and where we have applied at MCT the Monotone Convergence Theorem in order

to commute the expectation and the series, since

p

E n’ E ’X i
k— 17
n=1
form a monotone increasing sequence of functions as s increases. The proof of the proposition
is complete O

Our next goal is to see that X (m)! converges to X! in the norm of the p-variation.

Proposition 3.2.2. Under the same assumptions as in Proposition 3.2.1, for 0 < s <t <1

and fited m > 1, we have

1 1 1 \P/A-1/2 p/2
E| sup S |X(m)l ., - X .|| <C (2m> It — 5P/, (3.13)
m€ll([s,t])
for some C = C(p, h,d). Since p > 2, this implies
00 » 1/p
sup (Z ’X(m)%l_htl — thz—htz > <00, a. s (3.14)
m=1T€II([0,1])

Proof. First, notice the following. If n < m then W(m)yp = Wip for any k = 0,...,2" and

thus, X (m)fn - X} g = 0. On the other hand, for n > m we can apply the fact that

kl’k k-1
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la & b]P < 2P71(|alP + |b]?) to bound the following difference

p

P (Xl

. (3.15)

+ ’thn i

k—1"k

Thus, we have

E l sup Z ’X(m)%l_l,tl = X1

p| lemma3.2.1 applied to X (m)!—X!
<
well([s,t])

<CE[ZnVZ’X X“tn”]:
n=1

m
) ZM
°° p
—i—CE[ nVZ‘X ot Xk ol | =
n=m+1 k=1
= CFE [ n?Y Z ‘X b _thz L p] (3%5)
n=m+1 k=1
. = 1 1 p 1 p
gcxa[ PORED DP A (P (COFI I D e )] -
n=m+1 k=1
OO OO . .
:219—10(133[ ”VZ‘X L 7np +E mZ’X i Deq(%n)
n=m-+1 k=1 k ! n=m-+1

o0 1 P/2=1 (sex%) 1 p/4 1/2 o 1 p/4—1/2
p _ 4P/ ¥ < _ o|P/2 gl
<?Clt—sP? Y n (2n> < Clt—s <2m) > <2n> ’

n=m-+1 n=m+1
(3.16)
where at (***) we have used that
1 p/2—1 1 p/4—1/2 1 p/4—1/2
() = <) <> < 2_m(p/4_1/2)2_n(p/4 —1/2), if m > n.
2n 2n 2n
The last series converges to a finite constant D. Setting C = CD, we have proved that
_ /1 \P/4-1/2
E| sup Y ‘X(m)gl_l L-X Wl <e (m> It — sP/2, (3.17)
rell([s,t]) 7 ’ ’ 2

proving (3.13).
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Finally, we have

p MCT
E Z ( sup Z ’X(m)tll_htl - thl—lvtl > -
mell([s,t])

m=1

o
— Z E [( sup Z ‘X(m)%l_l,tl - thl—lvtl
m=1

m€ll([s,t])

~ 1/p V4 1/p

P
E < sup Z ‘X(m)tll_htl - thl—htl ) -
i mell([s,t])

p) l/p] Hélder’s in. for the expectation
<

IN

e i1

] 1 Lo 1P (317
= E sup Z ‘X<m)tl,1,tl - thflvtl S
m—1 mell([st])
© /1 \1 3
<Ot —s|M? <> ’
<C | S| mzz:l om ’

where at MCT we have used the Monotone Convergence Theorem applied to the sequence

T 1/p
p
Z ( sup Z ‘X(m)%thtz o ththtl ) )
m=1 \m€ll([s;t])

T

which is increasing in 7.

Since i — % > 0, the last series converges. Hence, we have

[e%e] 1/P
( sup Z ’X(m)%lihtl — thllztl’p> < 0o, almost surely.
1 \m€II([s,t]) I

In particular,

. 1 oyl
Jon (s SO0 -

» 1/p
) =0, almost surely,

which shows that X (m)! converges to X! in the norm of the p-variation with probability 1. [

3.3 Study of X(m)?

As we have noticed through the study of X (m)?!, it is useful to consider separately the cases
n > m and n < m. First, we will assume that n > m. The case n < m demands a lot of
technicalities. A complete discussion on the other case can be found in [7], chapter 4; and we

will say something on it at the end of the section.
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2

Since W (m) defines a differentiable function, we can compute X (m)3,

as an iterated integral.

xxmﬁ¢=[7 AW (m)e, AW (m)z,
s<ti1<to<t

_ /: (/:2 dW(m)t1> AW (m);,

= / (W(m)t2 — W(m)s) dW(m)t2

= |3 IVl = W)W ()|~
= L W) — W)W (), — 5 [W(m), ]2 + [ (m),)* =
= 5 (W(m)e — W(m),)?

Take s = t}_; and t =t} and [ such that t;*, <t} | <t} <" (notice that such an [ exists
since we assume n > m). Substituting in the last equation W(m) by its expression given in
(3.1), we obtain,

1 n m n m m n m n n m 2
X(m)pn = B W+ 2™t — 1) A W—%—Q (th—1 — 1) W)

[
=5 O (e g ) W)’ =

1
— 522m2—2n(A;nW)2 — 22(m—n)—1(A}nW)2‘

From this, we infer

X(m + 1)?;;_17152 o X(m)th o _ 22(m+1—n)—1(A;n+1W)2 - 22(m—n)—1(AlmW)2

k—1°

m—n m 1 m
— 22( )+1 (Al +1w)2 _ Z(Al W)2 ]
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Therefore,

277.
p/2
Y E UX(m + 1)?2_1,1‘,;; - X(m)?g_l,t;; ] =
k=1
— 9(2(m—n)+1)p/2 in: E U(A?HWF . E(A;”W)Z p/j <
=1 4 ~~

triang. ineq.

271
A —-n m 1 m
< G2 3 (|7t ] + SEATW) =
k=1 A'W Gaussian

2n
1 \P/2 1 /1\P/?
(2(m—n)+1) /22 e —
< ¢pd?2 ' P (2m+1) + op (2m> -

2n
= Cp7d2(m—n)p Z 2—mp/2 — Cp’dz(m—n)anQ—mp/g. _
k=1

omN\P/2 ;1 \P/2-1
_ . omp/29n(1-p) _ () () <
Cp,d vad on mn ~

om p/2 1 p/2—1
< Cpa (w) (mn)

where ¢, 4 and C), 4 are constants depending on p and d.

Now, we give some details concerning the case n < m. We have a lemma that gives an

expression for X (m + l)tQZ L

e X(m)%gil,t;;‘

Lemma 3.3.1. For m > n, we have

1 2Tk
Xn+17 0 — X =5 > (AHWARTW - AT WARHW) .
1=2m—n(k—1)+1
Proof. See [7], pages 69-70. O
Recall that in our case W = (w!,w?,. .. ,wd) where each w’ is a one-dimensional Brownian

motion and such that w'’ is independent of w’ if 4 # j. With this, and using Lemma 3.3.1, we

te—1,te te—1,tk

can estimate the expectation E U (X(m +1)? X (m)? )

2
} . Indeed,
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2] 3.3.1
2E |:‘ (X(m + 1)§k—17tk - X(m)%k_l,tk) :| emmg
2m—nk 2
=E > (aptwantw - aptwagtw) || | =
[=2m—n(k—1)+1
=> E > [antwagted - apteiaztel] | | = (3as)
i#j 1=2m—n(k—1)+1
=2y ) [Agf;* w AL | B [AR I A ]| -
i#j Lr=2m—n(k—1)+
2m—nk

-2y 3 E[Ag}f W A B [ApH el AR )
i#j Lr=2m—n(k—1)+1

Since the increments of a Brownian motion are independent, we have

E {(wi - wé)ﬂ =t—s.

Hence, in the last expression in (3.18) the second sum is equal to 0 and for the first sum the

terms different from 0 appear only when [ = r. Therefore,

2E {(X(m + l)tk Lte T X(m)?k_l,tk)q =
2

27n—nk

2 1

_ +1 _
oy Oy e[| cax Y g =

i#j s=2m (k=141 | e—. = i#j s=2m " (k—1)+ (3.19)

:2m1+1
1

=23 (2" =2 k= 1) = 1) oy =

i#]

1 1

— o2
=2(d” = d) {2m+n+2 © om+2

Notice that the second level of the difference of two multiplicative functionals is not anymore

multiplicative, so we cannot apply the Proposition 3.2.1. However, we have the following result.

Proposition 3.3.1. For p > 2 and for v > p/2 — 1, there exists a constant C' depending on p
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and v, C' > 0 such that

p/2
/S

2
Sup Z ‘th t tz t
re11([0,T)) v v

n=1

1/2 on 1/2
p p p
) (Sl s al)

p

2Tl
+CZnWZ\th P
n=1 k=1

Applying the proposition above carefully to X = X(m+1) and Y = X (m) and using on the
right hand side the estimates we have induced in (3.19) (and the previous estimates used in the
study of X (m)') and applying Holder inequality several times, we can see that the the sequence
(X(m)?),, is convergent in the p-variation metric. Further details on this computation can be

seen in [7], chapter 3.

3.4 Characterization of the rough path

We have proved that (X (m)!),,en converges almost surely to X! where X 81775 = W; — Wy in the
topology of the p-variation norm. We also have seen that the second levels of the rough path of
the dyadic approximation of the Brownian motion (X (m)?),,cy is a sequence that converges as

m — 0o to some element X2,

X2 : A[O,T] — TQ(Rn).

We can characterize this element (see [7], Theorem 4.4.3) in terms of an well known object:

the Stratonovich integral. In fact, we have that

Xs%t = / odW;, o dWy,,
<t 1<to<t

where o indicates that the integral has to be taken in the Stratonovich sense.
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Chapter 4

Integration (of one-forms) along

rough paths

Recall that we want to give a meaning to controlled differential equations in a general framework.
So far, we have constructed an analytical and algebraic object, the rough path (of roughness
|p]), that can be associated to any path with finite p-variation, for any p > 1. From now on,

we consider controlled differential equations of the form
dY = f(X) dX, (4.1)
where X and Y are rough paths. We interpret (4.1) in the integral for as

v = [ 5x)ax.

but the integral with respect to a rough path has not been defined yet. This chapter is devoted
to give a proper definition of this integral, and to describe its basic properties. We will see that

f(X) should be a more general object than a function.

4.1 Integral of a one-form along a (geometric) p-rough path

We sketch here the steps we are going to follow in order to do the construction. First, we will
assume that X is a smooth path and try to define the integral in a natural way. After some

computations, we will realize that the definition does not need the rough path to be smooth.

41
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4.1.1 Integral of a one-form along a smooth path
The class Lip(7)

As we have said, now we deal with more general objects than functions. First, recall the notion

of one-form.

Definition 4.1.1. A R™-valued one-form on R", 0, is a function on R™ whose value at each

point is a linear homomorphism from R™ to R™. That is,
0 :R" — Hom(R",R™).

We need the notion of the differential of a one-form. The motivation of the following definition
is out of the scope of this work, but more information can be found in [9]. For our purposes, it

is sufficient to consider the following definition.

Definition 4.1.2. The differential of a R™-valued one-form 6 on R™ is a mapping d6
df : R" — Hom(R", Hom(R",R™) = Hom(R" x R",R™),
which satisfies (for smooth paths and conventional integrals)
t
/ db(zy,)(dzy,v) = 0(xy)(v) — 0(xs) (V).
S
Remark. By iteration, we can define differentials of higher order of a one-form as the function

d*g : R" — Hom(R" x --- x R, R™)
N—

k times

such that (for smooth paths and usual integrals) satisfies
t
/ d*0(z,) (dzy, va, . .., vp) = A¥710(z) (v, . .., vp) — A¥7H0(zs) (va, . . ., ).
S

Notation. We will denote 6% := dg*—1 = d*9.

We will not consider general one-forms here. Our aim is to define the integral of a one-form

of some specific type along a geometric rough path. For this, we introduce the class Lip(y).
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Definition 4.1.3. Let vy > 1. 6 is a Lip(y — 1) one-form with norm less or equal than M if for

any j € N, 1 <75 <, one has

0 () (v1,v2, . . ., v;) = Z (9j+i($0)(1’6’t,7)1,’027 ;) + R (20, ) (v1, 02, ..., 05),  (4.2)
0<i<y—yg
where xa,t is the iterated i-th integral of the (smooth) path x : [0,T] — R", and 0'(x), R(z,y)

satisfies the following bounds

|6 (2)]| < M, (4.3)

1R (@ )| < Ml —y|"™",

1=0,1,...,v—7.
The Lip-norm of the form 0, that we denote by Hé’HLip, is the minimum of the constants M

satisfying (4.3).

The expression (4.2) is known as the Taylor series expression for 67 because of its similarity
to the Taylor expansion and the term R the remainder of the Taylor expression. We can think
of a Lip(y — 1) form 6 as a one-form differentiable up to |7v]-th level and whose “Taylor series”

converges.

Construction of the integral

Consider a smooth path (i. e., with finite 1-variation) X. As we have seen in chapter 1,
it is possible to construct a geometric rough path X,; = (l,X;’t, .. 7XSLthJ) based on X, by

considering

Xl = / dXy, ... dX,,. (4.4)

s<uy <...<uj <t
Consider a one-form 6 € Lip(y — 1). We define the integral of 6 along X, by Y =
(1,YL, ..., YP)) where

lp) lp]
Yor = / (Z 9”<Xs><dxiful>) ToE (Z 0" <Xs><dxéfui>) . (45)
s<ur<...<u; <t llzl

=1

Since 0% (X) are constant functions for any j (we are varying uy in (4.5)), we have
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[p] [p]
L= 0(X) -0 (X) / dxi, ...dxl, .
1=1 ;=1

s<ur <...<u; <t

We will use a combinatorial argument to simplify the underbraced expression A. Indeed,

using (4.4) we obtain

A:/ AXo 1o dXyy gy e d X1 - - dXy (4.6)
D

1 l;
dXh,, d Xy,

where D is the domain (it is a product of simplexes) defined by the following relations

s <up <...<wu; <t,

s<urr < ...<ury = U,

s<uip < ..o < Ul = UG

Then for any L = (l1,...,1;) and any U = {upm, }k=1,...i: m=1,..1, satisfying the relations
for D in (4.7), we consider the permutation 7y € X (where [L| = I3 + ... + ;) such that
when applied to U itself, it produces an increasingly ordered sequence of numbers. Finally, let’s

denote II;, the range of 7y as an element of Xz

These definitions allow us to express A as a linear combination of integrals whose indexes
are well ordered, and thanks to that, being able to express A depending on the geometric rough

paths associated to the iterated integrals directly. That is,
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A :)/ AXy - dXoy gy e d X e d X
D

= > / dX, ) ----dXu (1)

T \scvy <.l<o <t
(4.8)

= > / dXy, o dXy, | =

mellL <wvi<..<vp <t

L

= > m(x).

melly,

Therefore, substituting (4.8) into (4.6), we finally have

j 4 ! ! IZ|

Vi= Y 04Xy 0%(Xs) Y m(X,)), (4.9)

l1,..,0l;=1 welly,
which does not need the higher levels of the rough path X come from iterated integrals This

suggests the following definition for any geometric p-rough path X.

Definition 4.1.4. Let X be a geometric p-rough path and 6 € Lip(y — 1), with v > p. Then,
Y = (1,Y%,...,YP)), where

Lp]
Yi= Y 004X Y w(xl)
l1,..,l;=1 welly,

Now we have constructed an element Y € TPJ(R"). A very involved computation (see [5],
theorem 3.2.1.) shows that in fact Y is an almost p-rough path (this is, it can be shown that Y’
is almost multiplicative, i. e., it satisfies relation (2.12), and Y has finite p-variation.

Recall that the theorem 2.1.2 states the existence and uniqueness of a p-rough path associated
to any given almost p-rough path. This allow us to define the integral of a one-form as a true

rough path. More precisely, we have the following definition.

Definition 4.1.5. Given a p-rough path X and a one-form 0 € Lip(y — 1) with v > p, the
integral of 0 along X, Y'; denoted by Y is

s<u<t
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(or by 5Y = 0(X)0X ); is the p-rough path associated to the almost p-rough path constructed by
(4.9).

4.2 Continuity of the integral

Remember that we are trying to establish a continuity result for the I1t6 map. It seems quite
clear that as a previous step, we need the integral along a rough path to be also continuous
in the following sense: if we have two geometric rough paths of the same roughness p, X and
X', then, given a one-form 6, the distance (in the p-variation norm) of the integrals associated
to them, let’s put dY = (X)X and §Y’ = 6(X') 60X’ is controlled by the distance (in the
p-variation norm) of the rough paths themselves.

This is actually true. More precisely, we have the following result.

Theorem 4.2.1. Let X and X' be geometric p-rough paths controlled by w with ||w||,, < K
and 6 is a Lip(y—1), v > p one-form with norm less or equal than M. Assumere there exists €

such that

1. for anyi < [p),
w(s, )P

» =BG

and(i/p)! is the generalized factorial defined by the Gamma function. And also,

(X = x2,)]| (4.10)

where

2. | Xy — X||| <e.

Then there is a function 6(e, K, M, p) satisfying
21_1;%5(67 L: M’p) =0,

and such that for any i < |p|,

/ 0(X,)0X — / x| | < a(e KAL) S

i
w(s,t)!
<u<t

p
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Then the mapping X — [0(X)dX is continuous in the p-variation topology.

Proof. Fix € > 0 satisfying properties 1. and 2.

We have seen in Theorem 2.1.3 that the association of a rough path with an almost rough
path is continuous. Therefore, it suffices to prove the continuity for the almost-rough path

intermediate in the definition of the integral.

Recall that for almost rough paths, we have

lp]
Yie= Y 04Xy -...-05(X,) > w(x.

ll,...,liil 7T€HL

Notice that the product 6" (-) x --- x #%(-) is uniformly continuous for some modulus of

continuity o depending on ¢, M, p. Then, we have

Lp] |L|—i
HY;Z,t - Ysz,t ‘p < lh'%;:l {5M|L| | + O'(gvM’p)} W(;,{I)il)p! w(s’t)i/P _

:=d(e,M,K,p)-(i/p)!
w(s,t)'

(i/p)!

=:6(e, M, K, p)

From our definition of § is clear that it is continuous at ¢ = 0 and takes the value 0, which is

what we wanted. O

4.3 Integral of a one-form along a (general) p-rough path, 2 <

p<3

Now that we have constructed the integral for a geometric rough path we will reduce to the case
of a p-rough path with 2 < p < 3, which is the most interesting case for us, since it includes the
Brownian rough path we have constructed in chapter 3, and we will see that in this case, the
integral is well defined even in the case when the rough path X is not geometric. We will skip

the intermediate computations, that can be done with an algebraic manipulator.

Let us consider a p-rough path with 2 < p < 3 and 6 € Lip(a) with p — 1 < a < 2. We can
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consider as the previous almost rough path associated to the integral Y € T?(R"), defined by

Yo = (Y2, Y Y2} = {1 6(X) (XL + 500X, (0(X.) x 6(X.)) (X2,)}.

sty T8t s

(4.11)

By the Taylor expansion of # (since it is of the Lip(«a) class for oo < 2, see (4.2)), we have

0(X1) = 0(Xs) + 5(d0)(Xo)(X3,) +71(t, 5),
(4.12)

df(Xy) = dO(Xs) + r2(t, s);

with

Ir1(t,9)]l, < Mw(t,s)/?,
(4.13)

[Ira(t, s)|l,, < Mw(t, s)0-D/P,

From the first equations in (4.12) and (4.13), it is easy to see that Y, defined in (4.11)
has finite p-variation controlled by 2Mw. Now, our aim is to check that it is actually almost-

multiplicative. By algebraic computations, we can obtain that

Y;,u - Ys,t}ft,u = (07 A7 B>7

(4.14)

~ (B + 5O ) (9X)(XE) + 5O X)) ) ) -

= (POE)XL) + S OCEIXE) + (X (XL + 5 (d(X)(XE)).

We bound explicitly the term A. From (4.12),it is not difficult to see that

A=r(s, t)Xt{u + 7a(s, t)th’u
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Now, from (4.13) we have

1All, = Hrl(s,t)Xt{u (s X0 <

egs. (4.13) and control onX
<

+HT2$t HXtu

(4.15)
<M [w(s,t)wpw(t, u)l/p +w(8,t)(771)/pw(t, U)Z/p} <

< 2Muw(s, u) /P,

The term B can be computed using (4.12), and rewritten as a sum of fifteen terms. Each of
them is bounded by
M2w(s,u)®/?.

Therefore

IBI|,, < 15M2w(s, u)*?.

Finally, notice that since p—1 < «, then O“H

> 1, and since p < 3 we will also have 3/p > 1.
This means that, using the triangular inequality, we can bound the second level of Y , =Y Y} ,,
by a control to a power greater than one.

Summarizing, we have seen that there exists some constant K > 0 and some g > 1 such that
1Yeu = YarYiull, < Kuw(s,t)%;

that is, Y is an almost p-rough path.

Remark. We want to insist on the following fact. Throughout the above computations, the
algebraic manipulations do not require X to be geometric, since the terms up to the second
level are “easier” to handle. For an hypothetic third level, due to its complexity , it would

probably be very difficult to go beyond the case of geometric rough paths.
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Chapter 5

Universal Limit Theorem

Once we have constructed an integration theory along rough paths, we can now discuss controlled
differential equations as (1.1) in a more general sense. In the first part of this chapter, we will
explain how to put (1.1) in the rough paths differential equations setting. Then, we will be
able to discuss the most fundamental theorem of the theory, the Universal Limit Theorem that
assures existence, uniqueness and continuity with respect to the control (i. e., continuity of the
Itd6 map) of the solution for these equations under some regularity conditions. This was the

main motivation for the theory.

5.1 Rough path differential equations

First of all, in order to put the equation
dY; = f(Vy) dX;

in the rough path setting, it seems important to know what means the image of a rough path by
a function, that is, we need to define f(Y') for Y a p-rough path. Notice that, given a function
f:R™ = R™ the differential df is a one-form with one less degree of regularity. More precisely,
if f has |v] derivatives {f©, fO . f(l'D} and £ is (y — k)-Holder continuous for any p > 1
(we denote this class of function as Lip(y, R™)), then df is a Lip(y — 1) one-form in the sense

of the definition 4.1.3.

Definition 5.1.1. Let p > 1. Let Z be a p-rough path if 2 < p < 3, or a geometric rough path

o1
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if p>3. Let f : R" — R™ €Lip(y) function for some v > p. Then we can define the image of
Z by f as
f(Z) ::/df(Z) dZ.

Remark. Notice that thanks to the results in chapter 4, f(Z) is well defined as an element of

Q,(R™), since df € Lip(y — 1) and v > p.

5.1.1 Examples

Image by a linear function.

Let A : R™ — R™ be linear. Then, given k € N, A induces a map A* satisfying

Ak : (Rn)@ﬂc N (Rm)@)k’

x1 X .o Xz — A(zr) X ..o x A(z).

Then, for any [ € N, by combinating the family {flk}szo we can define a map between spaces

of multiplicative functionals

T(A) : TO(R™) — TO(R™)

such that T(A) = (Id,A',..., A!) and hence we have simply, for any X € Q,(R") fp < 3 or
X €GQ,(RY) if p > 3,

AX) : A — TPIR™),

(5,t) — A(X )t :=T(A)( Xs)-

The projection map.
It is a particular case of a linear function, but it is worth taking a look at the projection
map, since it will be used to define what a solution for a rough path differential equation is.

Let Z € Q,(R"®R™) (or Z €GQ,(R"@®R™) if p > 3), then we can consider the projections
T RT@®R™ — R,

Tm : R"®R™ — R™,
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By definition X = m,(Z) and Y = 7,,(Z) are p-rough paths (over R” and R™ respectively).

Remark. Notice that having Z = (X,Y) € Q(R™ & R™), we can determine X and Y as rough
paths by projecting Z. But, given two rough paths X, Y, we cannot determine Z = (X,Y’) as
a rough path in general. For instance, if X and Y are smooth rough paths,the iterated integrals
of (X,Y) need cross iterated integrals of both X and Y which do not depend on X and Y

separately, which is the information we would know if we knew them as a rough paths.

We can now state the definition of a rough path differential equation and also define the

notion of solution.

Definition 5.1.2. Let f be a Lip(y — 1) one-form. Let X €GQ,(R"), and Yy € R™. Set

v () = f(- + Yo). Define h as the map

h:R"@®R™ — End(R" @ R™)
Idgn 0 (5.1)

fYo(y) 0

(z,y) —

Then, we say that Z(X,Y) is a (strong) solution of the differential equation

dY; = f(Y:) dX,, (5:2)

Y (0) = Yo,

if and only if,

(1) Z = [h(Z) dZ, and

(2) mpn(Z) = X.

Remark. Notice that this reformulation gives us indeed an usual solution, since the equation
(5.2) is equivalent to

dn = fYo()/t) dXta )/0 = 07
(5.3)

dX; = dX;
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and if we define Z = (X,Y’) and h are given in (5.1) and (5.2) respectively, then (5.3) reads
4z, = h(Z,) 42y,
Zy=0.

In addition 7gn(Z) = X. Then, being a solution in the strong sense implies being a usual

solution for the controlled equation.

5.2 Statement and proof of the Theorem

On this section we state the Universal Limit Theorem. We need some technical lemmas to prove
the theorem. The proof of some lemmas can be found at the end of the chapter and the rest

can be found in [6], chapter 5.

5.2.1 Statement

Theorem 5.2.1 (Universal Limit Theorem). Let p > 1 and v > p. Let f : R" —
Hom(R™,R™) be a Lip(y) one-form. Then, for any given control X € GQ,(R™) and any initial

condition Yy € R™ we have the following.

(1) The equation

dY; = f(Y;) dXq,
Y (0) = Yo;

admits an unique (strong) solution Z = (X,Y) € GQ,(R" @ R™), in the sense of Definition
5.1.2.

(2) The map (X,Yy) — Z is continuous in the p-variation topology and

I : G, (R™) x R™ — GQ,(R™)

s the unique extension of the Ité map which is continuous in the p-variation topology.

(3) The rough path'Y is the limit of a sequence {Y (n)}nen of the form Y (n) = mgm(Z(n)) and
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where {Z(n) }nen is built iteratively by a Picard-type iteration

Z(n—i—l)z/h(Z(n)) dZ(n), Z(0) = (X,0).! (5.4)

(4) If X is controlled by w, then Vp > 1 there exists T, € (0,T] such that

. i/p
< @07 (5.5)

o -yl <2505

forany (s,t) € A1), for any i =0,1,...,[p] and where T, = TP(HfHLip(’y) 0,7y, w). This

s, we can control the rate of convergence.

Remark. Notice that we require one more degree of smoothness for f than to just define the
integral to apply the Theorem.
5.2.2 Lemmas needed in the proof of Theorem 5.2.1

The first lemma is referred to a division property of one-forms, and is independent from the

rough path theory.
Lemma 5.2.1. Fiz v > 1, and let f € Lip(~y), f : R® — Hom(R"™,R™). Then, there exists

g:R" xR" — Hom(R"™,R™), g € Lip(y — 1) such that

f@) = fly) = g(z, y)(z — ),
and
||g||Lip(’y—1) <C ||f\|Lip(7)
for some C = C(v,n).

Proof. See [6], page 18. O

The following two lemmas refer to rough paths. The first one is a general property and will
not be proved. The second one is an important step concerning the proof of the Universal Limit

Theorem. We claim it to be true and the proof is postponed to the end of the chapter.

'Here, by 0, we mean the trivial rough path (1,0,...,0).
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Lemma 5.2.2. Let Z = (Z1, Zs) €GQ,(RF @ R¥). Fiz e > 0 and define

D :RFpRF — R ¢ RF
(-'L',y)—> <$7y_x>'

e

If the rough path D(Z1, Z2) is controlled by some control w on [0,T], then we have the following

estimate for the distance between Z1 and Zs:

w(s, )P
B(i/p)t

[(Z)5e = (22)i|| < (14 2)' 1)

for any (s,t) € Aoy, i =0,1,...,|p]
Proof. See [6], page 86. O

In order to state the last lemma notice the following: by continuity of the integral, there exists
a constant M depending on hg, b1 and ho such that, if Z is controlled by w then [hi(Z)dZ
is controlled by Mw for any i = 0,1,2. Now we choose M = max(l,M) and set e = M~ P)/P,
With that choices, if wg is a control for the p-variation of X and T, is such that w(0,7),) = €?,
by letting w = e Pwy, we have that e *X is controlled by w, and w(0,7,) < 1.

Now, with all these assumptions and choices of constants, we can state the following.
Lemma 5.2.3. Given p > 1, we have that the p-variation of the rough paths
XY ()
' X, Y(n),Y(n+1),p0"(Y(n+1) —Y(n)))
is controlled by w on [0,T),], where T, is defined above.

Basically, this lemma states that the Picard iterations used in the proof of Theorem 5.2.1
are controlled by the same control as the signal, which clearly will be a critical point in order

to check the continuity of the solution of the differential equation.

5.2.3 Proof of the Theorem 5.2.1

Proof. First of all, we see that the condition (2) in Definition 5.1.2 is satisfied. In fact, we will

see that for any k € N, mgn(Z(k)) = X, where (Z(k))i>0 are the Picard iteration defined in
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(5.4) Now we claim that

g (Z) = mgn ( / WZ) dZ) . (5.6)

By definition of the map h, this is true if Z is a 1-rough path, but since 1-rough paths are dense
on the space of geometric p-rough paths by definition, and the integration is continuous in the
p-variation metrics (see theorem 4.2.1) and also the projection is continuous, we have that by
a density argument, this also holds for any Z €GQ,(R" @ R™). Now we apply induction on k.
If £ = 0 we know it by definition of Z(0) = (X,0). Now, if we assume this is true for a given

k € N we have

def. of Z(k+1)

e (Z(k +1)) TR (/ h(Z (k) dZ(k:)) e (Z(k) = X,

where by IH we mean that we are applying the induction hypothesis.

We can define two new one-forms hi, ho. associated to the controlled differential equation.

Let hi be defined as

hi :R"@®R™ @ R"™ — End(R" @ R™ @ R™)
n| — 0 0 Idlgm

Y2 fYo (y2) 0 0

On the other hand, by the Lemma 5.2.1, given fy, €Lip(y) defined by fy,(-) = f(- + Yo),
there exists g €Lip(y — 1) such that fy,(z) — fy,(y) = g(z,y)(x —y). Then, given p > 1, we
define

he :R"@R™ @ R" @& R™ — End(R" @ R™ & R™ & R™)

T Id|gn 0 0 0

Y1 0 0 Id|Rm 0
—

Yo Ivo(y2) 0 0 0

d pg(y1,y2)(d) 0 0 0

In the same way that h allow us to define by recurrence Z(n), we can define two rough paths
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associated to the one-forms hy and hg as
Zik+ 1) = [ W(Zi0) aZk), k=12

with
Z,(0) =(X,0,Y(1)),

Z5(0) =(X,0,Y(1),Y(1)).

With this, if we consider projections of Z; for some i = 1,2; as has been done with Z(k), we

can see that

Zl(n) = (X, Y(n),Y(n + 1))7

Z3(n) =(X,Y(n),Y(n+1),p"(Y(n+1) =Y (n))).

Now we focus our attention on the first requirement in the definition of strong solution. Let

us firstly check the property (4) of the theorem and also the existence of solution.

Let 0 < € < 1. Then, since e~ > 1, the p-variation of
Zy(n) = (X,Y (n),Y(n+1),p"(Y(n+1) - Y(n)), (5.7)

is smaller than the p-variation of (¢! X, Y (n), Y (n+1), p"(Y (n+1)=Y (n))), which is controlled

by w on [0,7}], by Lemma 5.2.3.

If we apply the linear map

T:R"eR"®sR"®R") — (R"®R™)d (R" & R™),

(a,b,c,d) — ((a,b),(0,d)),

to Za(n) we have (since the norm of 7" is 1) that
((X,Y(n), p"[(X,Y(n+1)) = (X,Y(n))])

is also controlled by w.

Now, we can apply Lemma 5.2.2 with R¥ = R"*™ =~ R* g R™ Z; = (X,Y(n)), Zs =
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(X,Y(n+1))) and € = p~™ to obtain

4 w(s. t)i/P
<y -l

(X, ¥ ()L, = (XY (n+ 1), B(i/p)!

w(s,t)/P
Bli/p)t

which is the estimate for the speed of convergence (5.5) for [0,7},].

With this estimate, we have that ((X,Y (n)) )nen converges in p-variation to a rough path
Z = (X,Y) that should satisfy Z = [ h(Z) dZ by definition of Z(n).

So far, we have proved existence of a local solution on [0,7},] C [0,T]. In order to define a
solution on the whole [0,7] we can set a new problem starting at 7}, by a translation of time,
and paste this new local solution as many times as needed.

Next, we check the uniqueness of solution. For this, consider Z = (X,Y), a solution of the
equation different from the one obtained by the Picard iteration, which we denote by (X,Y).

Set

hs :R"®R™ dR™ @ R™ — End(R" ® R™ @ R™ @& R™)

@ Idgs 0O 0 0
y M) 00 0
7 0 0 Idgm O
d pg(y,9)(d) 0 0 0

and as usual Zz(n+ 1) = [ h3(Z3(n)) dZ3(n) with Z5(0) = (X,0,Y,Y). Then, similarly as in
Lemma 5.2.3, we can see that Z3(n) = (X,Y (n),Y,p"(Y — Y (n))) is controlled uniformly on

n by w on a time interval [0,7),].

By Lemma 5.2.2 we have that Y := lim Y (n) =Y and hence, the solution is unique.

n—o0

Finally, we prove the continuity of the It6 map I;. Given n > 0, we define F,,(X,Y)) =
(X,Y(n)). So far, we have seen that F;,(X,Yy) converges to 1¢(X,Yp).

By the continuity of the integral we proved in Theorem 4.2.1, F,,(X,Y}) is continuous on
GQ,(R™) x R™ and therefore, it suffices to check that F), converges uniformly towards the Itd
map Iy.

Observe that, by the definition of 7}, on page 56, it depends on f and the Lip-norms of
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h,h1 and hg, and these Lip-norms depend in turn on the Lip-norms of fy; and g. But clearly
a translation does not change that norm, i. e. ||fy;|[ri, = |[fllLip - and by the Lemma 5.2.1 we
have that ||g||;;, is comparable to || f|[;;,. Summing up, 7, depends on p, v, || f[|;, and w.

Given a control w, we denote by G2 (R") the set of geometric rough paths on R™ controlled
by that particular w. The bound (5.8) assures that F), converges uniformly towards the 1t6 map
Iy on the set GQ;’(]R") x R™, and on a time interval that might depend on w. However, the
length of this time interval can be bounded from below. Therefore, it can be extended to the
whole [0, T].

Finally, we have to extend the uniform convergence on G (R" xR™) to GQ,(R") x R™. For
this, consider a sequence of geometric rough paths (X (n)),en converging to X and a sequence
(Y0,n)nen converging to Yy as n goes to infinity. Then, there exists a control w such that X and

X (n) are controlled by w for any n. Hence
I1(X(n), Yonu) = Ir(X, Y0)

on GQ,(R™) x R™ and we have that Iy is continuous and hence the Theorem is proved.

5.3 Proof of lemma B
For the proof of Lemma 5.2.3 we need an auxiliary lemma, known as the Scaling Lemma.

Lemma 5.3.1 (Scaling Lemma). Let Z € GQ,(R" & R™) be a rough path, Z = (X,Y). Let
w be a control and M > 1 a real constant. Suppose X and Z are controlled by w and Mw
respectively.

Then (X,€Y) is controlled also by w whenever 0 < e < M~PI/P,

Now we are able to prove Lemma 5.2.3.

Proof. : We use induction on n in both parts. The way we have defined € and T}, before the
statement of the lemma guarantees that (¢~!X,0) is controlled by w on [0,7},]. Assume that
(671X, Y (n)) is controlled by w and we will prove (71X, Y (n +1)) is then controlled by w too.

Consider
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(Ug,Uy) = /h(elX,Y(n)) d(e™1X,Y (n)).
Then, by definition of the form h, we have
dUp=c1dX = Uy=c"1X,
and
AU, = fy,(Y(n)d(e ' X) =7 fy, (Y(n) dX = Uy = 'Y (n+ 1),

by definition of Y (n + 1) with respect to Y (n). Now, by definition of M, we have that
(e71X,e71Y (n + 1)) is controlled by Mw and since e !X is controlled by w, we can apply

the Scaling Lemma and conclude that
(e 'X,2eY(n+1) = ("X, Y(n+1))

is controlled by w on [0, T}].

For the second rough path we repeat the argument of induction on n. For n = 0, we
have that the rough path (¢7!X,0,Y(1),Y (1)) is controlled by w since (¢71X,Y (n)) it is
for any n. Now assume the statement is true for a fixed n, this is, that w is a control for

(71X, Y (n),Y(n+1),0(Y(n+1) —Y(n))) and let

(Uo,U1,U,Us) =

= /hz(slx, Y(n),Y(n+1),p"(Y(n+1) =Y (n)) de'X,Y(n),Y(n+1),0"(Y(n+1) — Y (n))).
Similarly as before, we have

dUp=d(e'X)=c'dX = Uy = 'X,
AU, =dY (n+1) = U, =Y (n+ 1),
AUy = fy,(Y(n +1))d(e ' X) = 1 fy, (Y (n +1))dX = Uy = 'Y (n +2),

AUs = e ' p" H(fy (Y (0 +1) = fro (Y () dX = Us = p" " (Y (n +2) = Y (n +1)).

by definition of Y (n + 1) with respect to Y (n) once again.
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Now, by the first part we have that (Uy, Uy, Uy, Us) is controlled by Mw and we also knew

that w is a control for (72 X,Y (n + 1)). By the Scaling Lemma,

(e X, Y (n+1),£Y(n+2),Z 0" Y (n+2) - Y (n+1)))) =

=X, Y(n+1),Y(n+2),0"(Y(n+2) —Y(n+1)))

is controlled by w on [0,7),] and the Lemma is proved.



Summary/Conclusions

We summarize here the most important points of the work.

e The expression

[ g (5.9)

is well defined in the Riemann-Stieltjes sense for f of bounded variation and g continuous.
Also, (5.9) is well defined in the Young sense for f of finite p-variation and g of finite

g-variation whenever 1/p+1/q > 1.

e It is not enough to know how a path X : [0,7] — R behaves to assure that the solution
Y of the equation
dY; = f(¥3) dX;

depend continuously on it, at least if d > 2.

e For X a path of finite p-variation, the amount of information needed in order to restore

the continuity of the Ité6 map is related to [p|.

e This information we have to consider is related with the iterated integrals (see equation

(2.8)) if the path X is smooth. The information is stored in the rough path.

e The Rough Path theory is both analytical and algebraic (see Chen’s relation, equation
(2.3)). Probability only appears when we compute a rough path associated to a stochastic

process, like it is done in Chapter 3 for the Brownian Motion.
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