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ABSTRACT

In this thesis we study and develop in detail the research paper Differ-
ential equations driven by fractional brownian motion by D. Nualart and
A. Rascanu, [7]. It is a landmark paper in which the authors prove the
existence and uniqueness of solution to stochastic differential equations
driven by fractional Brownian motion of Hurst parameter H € (1/2,1).
Moreover, they show that, under additional hypothesis, the solution has
finite moments of all orders. They take a path-by-path approach given
the Holder-continuity property of the paths of the fractional Brownian
motion.

On our part, after a gentle introduction to the fractional integrals and
derivatives and to the generalized Stieltjes integral, we fully develop the
results and proofs of this paper. Not only that but we insert our own re-
marks and comment on the obtained results regarding the measurability
of the solution. As a result, this thesis could be considered a companion
paper intended to the reader interested in this important result but not
versed in the foundations of stochastic differential equations.
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1. INTRODUCTION

One application in stochastic calculus is to predict behaviours modeled by a differential
equation which depend on some indeterminable factors. These behaviours and factors
are mainly described with stochastic processes. In the particular framework where
these behaviours evolve with time and we cannot give an accurate inference on these
behaviours, we have to consider any prediction we obtain for every possible outcome of
the indeterminable factors.

In this thesis we study the results in the research paper [7] which constructs a regres-
sion model based on a stochastic differential equation under the assumption that the
previously mentioned indeterminable factors are fractional Brownian motions of Hurst
parameter H € (1/2,1). More specifically, given (o; ;); ; and (b;); the named diffusion
and drift coefficients respectively and B; a m-dimensional Brownian motion of Hurst
parameter H € (1/2,1), we aim to find the path-by-path existence and uniqueness of
solution X, = (X},..., X) to

mo ot t
(1) Xi=X.+ Z/o 0i(s,X;)dB! —|—/0 bi(s,Xs)ds, Vtel0,T],i€{1,...,d},
j=1

in some space of functions. Under additional hypothesis, we also present interesting
properties on the solution X;. However, we must first give a meaning to the inte-
grals

t

2 [ ousts xaB,
0

where the integrator is a fractional Brownian motion.

We have organized the contents in the following way. The first milestone we set is to
define the generalized Stieltjes integral. Hence, we first dedicate chapter [4] to introduce
the fractional integrals and derivatives, that is, we define the Riemann-Liouville frac-
tional integrals and Weyl operators. We also present some of their properties such as the
first and second composition and integration by parts formulas. These notions allow us
in the next chapter, [5] to define the generalized Stieltjes integral and prove some of its
properties. These properties allow us to verify the additivity property of the generalized
Stieltjes integral.

We set the second milestone on finding estimates on the operators fo’) and Ft(b) (not
defined yet) which involve the drift and diffusion coefficients and the generalized Stieltjes
integral. For this purpose we need to consider more regular spaces. In chapter [0 we
introduce some fractional Sobolev spaces and verify we can use the generalized Stieltjes

integral on them. Then, in chapter [7] we present and prove the previously mentioned

)

estimates involving G§") and Ft(b defined on these fractional Sobolev spaces.

These estimates in chapter[7]are not useful on their own. Instead, they are tailor-made in
order to prove a Theorem on the existence and uniqueness of solution to the differential
equation . This Theorem is obviously the third milestone, together with Proposition
both in chapter This proposition, under addition hypothesis, provides a bound
for the solution in terms of the integrator function in .

Finally, in chapter [J] we use a path-by-path approach so that by applying the results in
the previous sections we get the existence and uniqueness of solution to , and with
Proposition [8:5 we prove the solution has finite moments of all orders. Then, chapter
[I0]is a summary of what we have achieved.
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Even though we have neither defined integral nor introduced the space of functions
where the solution exists and is unique, we name the hypothesis set on o,b that will
be used in the following sections. Let’s consider d,m € N and (2, F,P) a complete
probability space. We take o: Q x [0,T] x R? — R¥™ and b: Q x [0,T] x R? — R4
measurable functions with o differentiable with respect to the last argument such that
for almost every w € Q and Vi € {1,...,d}

e (Lipschitz continuity): there exists My > 0 with
lo(t,2) — o(t,5)| < Molz —y| ¥t € [0,T), ¥a,y € RY
e (Local Holder continuity): there exists 6 € (0,1], My > 0 VN > 0 with
H { (0n0(t2) — O,0(t.y) < Myl —yl® Ve € [0,T], Vial, |y < N
e (Holder continuity in time): there exists 8 € (0,1], My > 0 with
lo(t,x) — o(s,2)| + |0z, 0(t,2) — Ou,0(s, )| < Mot — s|?
Vt,s € [0,T], Vo € R?

g2 1 (Boundedness): there exists v € [0, 1], Ko > 0 with
? lo(t,z)| < Ko(1+ |z|") Vtel0,T], Vo € R?
e (Local Lipschitz continuity): there exists Ly > 0 VN > 0 with
o, b(t,z) = b(t,y)| < Lnfx —y|[ Vt€[0,T], V|z|,[y| < N

e (Boundedness): there exists Ly > 0, p > 2 and by € L”(0,T;R%) with
Ibo(t,2)| < Lole| + bo(t) V¢ € [0,T], Var € R

2. MOTIVATION AND OBJECTIVES

Stochastic differential equations are very useful as regression models whenever we can
express a variation of the predicting variables in terms of a variation in our available
variables and a one-dimensional variable ranging a bounded interval (i.e. time). In such
models we obtain the distribution of the predicting variables but we must first describe
our available variables with stochastic processes and at the same time, have well-defined
the stochastic differential equation driven by these same stochastic processes. The goal
in research papers such as [7] is to broaden the range of stochastic processes in which a
stochastic differential equation can be considered.

We aim to reproduce step-by-step the results in [7] and do an analysis on the obtained
results. For the first goal we need to properly introduce the required notions, add some
results on their well-definiteness and add detail to the already existing proofs and in
some cases, we need to provide the entire proof. As for the second goal, we focus our
attention on the measurability of the solution.



3. BACKGROUND

We expect the reader to be familiarized with function analysis and probability theory.
Even so, we give a brief introduction to the fractional Brownian motion. We also recall
the Beta and Gamma functions and their most known properties.

3.1. The fractional Brownian motion. There are several definitions of fractional
Brownian motion (f.B.m). We will use the following one.

Definition 3.1. A stochastic process B = {By: t € I} with I an interval in Ry and
with values in R is a f.B.m of Hurst parameter H € (0,1) if it is a Gaussian process
with covariance function
1
Cr(s,t) = 5(t2H + 2 — |t — 5|2,
If B denotes a f.B.m of Hurst parameter H, we can easily deduce that E(|B; — B;|?) =

[t — s[?". In fact, in [I] it is proved that the increments of B are normally distributed
and consequently, we have

(3) ||Bt*BS||p:Cp|t*5|H
for ¢, s in its parameter set.

In chapter [9] we prove that B has A-Hélder continuous paths for A € (0,H) for al-
most every realization. However, its paths are nowhere differentiable. This last fact
causes difficulties for taking B the integrator in and that is the reason we need the
generalized Stieltjes integral.

The multivariate fractional Brownian motion (m.f.B.m) is a stochastic process with
values in R™ with n € N whose components are f. B.m. The m.f.B.m is determined by its
covariance matrix and by the fact that it is a Gaussian process. Unless it has independent
components and all Hurst parameters are the same, the covariance function becomes
difficult to work with. Given that we only work with the m.f.B.m when its components
are independent and have the same Hurst parameter, its covariance function is simplified
to
Ry(s,t) = Cg(s,t) - 1dy,,

where Id,, is the identity matrix of dimension n, the output dimension of the m.f.B.m.
Then, ¢, in equation will depend on n as well, and how it will depend will be
determined by the norm we set on R".

3.2. Beta and Gamma functions. Beta and Gamma functions are well-known in
several fields of mathematics. In particular, in the theory of fractional integration.
We give the definition of Beta and Gamma functions necessary to define the Riemann-
Liouville fractional integrals and the Weyl operators. We also state some properties of
these two functions which will be useful to prove future results.

We start defining the Beta function in a more general setting than what we need.

Definition 3.2. For z,w € C with R(z), R(w) > 0, we define the Beta function at z,w
with

1
B(z,w):/ 71— ) tat.
0

Proposition 3.3.
(a) The Beta function takes finite values.



(b) B(z,w) = B(w, z) Yz,w € C with R(z), R(w) > 0.

Proof.

(a) Taking in account that for x,y € R 2% = ¢W1°8() and |[2%| = 1 if 2 > 0, we
have
z=a+bi, w=c+di,a,b,c,dER

1 1
|B(z,w)|:‘/ tz—1(1—t)w—1dt‘i\/ ta—l(l—t)c—ltbiu—t)didt‘:
0 0
1 1/2 1
g/ t“’l(l—t)c’ldt:/ t“*l(l—t)C*ldtJr/ o7 1 =) tdt <
0 0 1/2

1/2 1
< max{1, 2176}/ t*Ldt + max{1, 21*“}/ (1—t)*tdt < oo.
0 1/2

(b) Tt follows from the change of variable s =1 — .
O

Now we introduce the Gamma function and give minimal results we need of the func-
tion.

Definition 3.4. For z € C with ®(z) > 0, we define the Gamma function at z with
(oo}
I'(z) = / t*~le~tdt.
0

Proposition 3.5.
(a) The Gamma function takes finite values.

(b) The Gamma function restricted to Ry takes real and strictly positive values. In
particular, T'(1) = 1.

Proof.
(a) Taking in account that for z,y € R z%¥ = e®198(®) and |z¥| = 1 if z > 0, we
have
o) 1 e8]
IT(2)| < / tRE et gy :/ t“<z)—1e—tdt+/ tRE ety
0 0 1

where fol tRGE)—le—tqr < fol R4t < oo and [T tR()~1e~tdt is finite inte-
grating by parts |R(z) — 1] + 1 times.

b) For x € R, we have
+

t*"le™t > 0in (1, 00)

1 oo l 1 1
F(x)z/ t“*le*tdt+/ t“le*tdt>/ tf”*le*tdt>/ t"ldt=1/z > 0,
0 1 0 0

so ['(z) > 0. Also, the equality I'(1) = 1 follows from the fact that [; e~'dt = 1.
O

Finally, we give the most important result which relates the Beta and Gamma func-
tions.
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Proposition 3.6. Let z,w € C with R(z), R(w) > 0. Then,
L(z)I'(w)

B(z,w) = Terw)

Proof. Using Proposition we can apply Fubini-Tonelli Theorem and we have
L(z)M(w) = / e“uzfldu/ e v dy = / / e W)y =Lyl dudy =
0 o Jo

0
00 1
= / / e SsFtwTlpEm (1 — ) ldtds =
o Jo
oo

1
= / e*Ss”“’*lds/ 711 — )" dt = T(z 4+ w)B(z,w),
0 0

using the change of variables u = st for ¢t € (0,1) and v = s(1 — t) for s € (0, 00).



4. FRACTIONAL INTEGRALS AND DERIVATIVES

We introduce the notions of fractional integrals and derivatives for functions in LP(a, b)
with p > 1 and (a,b) a bounded interval in R. These concepts and some properties
stated will allow us to properly define the generalized Stieltjes integral.

Even though we closely follow [7], we require some results found in [§] and [I0], and
omit other unnecessary results as well. More specifically, these results are on properties
of the Riemann-Liouville integration properties and help us on proving properties of the
generalized Stieltjes integral.

We start by defining the Riemann-Liouville fractional (right and left)-sided integrals for
functions in LP(a,b) with p > 1 and with respect to the Lebesgue measure. We deal
with intervals (a,b) of finite measure so LP(a,b) C L'(a,b) and the following definition
does not depend on p.

Definition 4.1. Let f € L'(a,b) and a > 0. The Riemann-Liouville fractional integrals
are defined as

@ = s [ =0t

b
I (f)(x) = / (v — )2 f(w)dy,

where (—1)® = e~ ™,

The following result is a strong inequality which bounds the Riemann-Liouville fractional
integrals under some settings. This result is needed in order to prove Proposition
However, we do not add its proof since it is involved and it requires results beyond the
scope of this thesis.

Theorem 4.2. Hardy-Littlewood-Sobolev’s inequality
Let € (0,1), 1 <p<1l/a and —o00o < a < b < oco. Then, Vf € LP(a,b)

e (Dllg < CllFllp  (resp-I5),

where C' is a constant which only depends on p and q, and g > 1 satisfies 1/qg =1/p—a.

Proof. The proof is given in [3] under more general settings.

Proposition 4.3. If f € L?(a,b) with p > 1, then, both sides of the Riemann-Liouville
fractional integrals of f belong to LP(a,b). In particular, the Riemann-Liouville frac-
tional integrals of f converge for almost all x € (a,b).
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Proof. First, we prove that I¢, (L'(a,b)) C L'(a,b). Both functions f(y) and (z —
Y)* '1(q,2)(y) are measurable in L'(a,b). If o # 1

b
122, (F) (@) —/ L

—/x(ac— )y dy‘dx<

I'(a)
Fubini-Tonelli theorem

|// ) () dyde &
a|/ 1f(y / (z —y)* dady =

IR UL .

b F(la)/;f(y)dy’dxé mla)/ab/:lf(y)ldydxﬁ

1 bopb b—a
< e [ [ lands < =il <o

Now, we take p > 1 and we prove that I$ (LP(a,b)) C LP(a,b). If « > 1, we can
bound (x —y)*~! with the constant (b —a)®~! and applying Jensen’s inequality on the
function | - |P, we obtain the result. Instead, if o € (0, 1), we first give the proof when
a < % and then we extend it to when o > %. Let’s take ¢ > 1 such that L % — @ SO
1 < p < g < oo. Applying Theorem we have |[I$ (f)(x)|lq < Cpl|fllp < oo where
C, is a constant that only depends on p. Given that L?(a,b) C LP(a,b) with Holder
inequality, we have proved I, (LP(a,b)) C LP(a,b) when a < %. Finally, we extend

this result When a > 1. If a > 1 , let’s consider p’ = ﬁ with € € (0,1 — «). Then,

Instead, if a = 1

et (N (@)l =

1<yp = a+€ <+ <pso LP(a, b) C L (a,b) and applying Theorem.we obtain
e (N @)lg < Cpllfllp < o0,
where ¢ = 1_”70:#. However, ¢ = (ais)/(l — aj‘_s) = % and we can choose € small

enough such that ¢’ > p and in consequence, [|I, (f)(z)||, < oo.

The same result with the right-sided Riemann-Liouville fractional integral follows with
the same procedure.

O

Remark 4.4. The Riemann-Liouville fractional integrals are linear operators on L' (a, b).
In addition, since LP(a,b) is a vector space for any p > 1, I%, (LP(a,b)) (resp. I ) is
a vector space.

The Riemann-Liouville fractional integral has an interesting property, which we call
the first composition formula. This formula, will allow us to verify properties of the
generalized Stieltjes integral.

Proposition 4.5. First composition formula
Let f € L'(a,b) and o, 3 > 0. Then,

I (12() = 157 ()
(resp. I, Il?_ everywhere).
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Proof. We complete the proof for the left-sided operator, the right-sided follows with
the same argument. We previously proved that I, (L'(a,b)) C L'(a,b), ¥y > 0. Hence,
I (f) € L'(a,b) and we have

Fubini-Tonelli Theorem

o 1 v [ o 1
1800 = 5 / (z—y)P / (v — 2)* " f(2)dedy 2

y=z+s(x—z)

_¥ ! 2 Ix_ B—1 _Za_l Zi
_F(B)F(a)/a K )/Z( )"y —2)* dydz =
_L * 2 lx—z—sx—z gflsaflx_zaflx_z sz —
_F(mr(a)/a f”/O( (- 2) (- 2)* (& — 2)dsdz =

1 @ ot ! e
= T [, (- [ =
Proposltion@
= 0D g,y () £ 15)
]
When « € (0,1), we define the (left and right)-sided Weyl operators which we will see

later that they are the opposite operators to the Riemann-Liouville fractional integral
operators.

Definition 4.6. Let f € I2 (L'(a,b)) (respectively Iy ) and o € (0,1). Then the
left-sided (respectively the right-sided) Weyl derivative of f with parameter « is defined
as:

o _ 1 f(z) “f@) - fy)
Dg(f)(@) = T(1—a) ((m— ) +04/a Wdy)n(a,b)(m)
(respectively),

1)« T b x) —
Dy (N0 = pra (G2 e o | i ) 1 ).

Proposition 4.7. If 1 < p < oo and f = I$, (p) (respectively It* ) with ¢ € LP(a,b),
then, the corresponding Weyl operator is in LP-sense, the function .

Proof. This result is presented as a Theorem in [§], chapter 13.1.
O

Remark 4.8. The Weyl operators are linear on I (LP(a,b)) (resp. I ) for anyp > 1.
The first composition formula which involves the Riemann-Liouville fractional integral
can be rewritten with the Weyl derivative operators due to Proposition 4.7

Proposition 4.9. Second composition formula
Forp>1,let f e I::B(Lp(a,b)) (resp. I;7°) with a, 8 € (0,1) and a + B < 1. Then,

D&, (DI, () =D (f)
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(resp. Dy, Df_ and D?_HB).

Proof. We complete the proof for the left-sided operator, the right-sided follows with the
same argument. If f € Igj:ﬁ (LP(a,b)), there exists ¢ € LP(a,b) such that Ig‘fﬂ(w) =f.
Let’s denote ¢, = I, (¢) and by the first composition formula, f = Igfﬁ(w) = IaBJr(d)a).
Then,

Proposition @ Proposition @

D (D)) = Doy (DI (T2 (%)) L Dg (o) = Dy (124 () | v,
where ¢ = Dg‘iﬁ (f) again due to Proposition
O

We present a last property on fractional integration, which proves to be a useful tool
when dealing with generalized Stieltjes integrals.

Proposition 4.10. Integration-by-parts formula
For p,q > 1 with % —|—$ <land a€ (0,1),if f € Ig‘+(Lp(a,b)) and g € I (Lq(a,b)),
then,

b b
(—1)° / DE, () (@)g(e)de = / f(@)Dg_(g)(x)dz.

Proof. If f € I, (Lp(a, b)) and g € I* (Lq(a,b)), there exists ¢ € LP(a,b) and ¢ €
Li(a,b) such that IZ, (¢) = f and I;* (v) = g. With Proposition Dy, (f) =¢ €
L?(a,b) and with Proposz'tiong € L4(a,b). Then, with Holder inequality, the integral
fab D2 (f)(z)g(x)dx is well-defined in L'(a,b). In fact,

b b b
(~1)° / DE, () (@)g(a)de = (~1)° / o (@)g(@)dz = (1) / (@) I () (x)da =

Fubini-Tonelli Theorem

1 b b o1 l 1 z - -
~ o | o) [ ar v £ = o) [T ey =

Proposition @
b b
- [ Ry L | 1005 @),
as we wanted to prove.

O

Remark 4.11. The result can be extended to when ]% + % < 1+ a with Theorem

44 However, the simplification we present is sufficient for proving properties of the
generalized Stieltjes integral.
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5. GENERALIZED STIELTJES INTEGRAL

We are interested in defining an integral where the integrator is a Holder-continuous
function. Such integral, under more general settings is called the generalized Stieltjes
integral.

The generalized Stieltjes integral is defined using the notions on fractional integrals of
Riemann-Liouville. However, we will need to add more hypothesis on the functions
involved.
Definition 5.1. Let [ be a measurable mapping from (a,b) to R such that
=1i . b—) = li b—
flat) = lim fla+e) (resp. f(b-)=lim f(b—e))
exists and it is finite. Then, we define the function f.4 (resp. fo—) as

far (@) = f(2) = flat) (resp. fo—(2) = f(z) = f(b-) ).

Definition 5.2. Let f,g: (a,b) — R be Lebesque-measurable functions such that f(a+),
g(a+),g(b—) exist and they are finite. Assume foq € I, (LP(a,b)) and gy— €
I}=*(L%(a,b)) with a € (0,1) and p,q > 1 such that 1/p+ 1/q < 1. Then, the integral
of f with respect to g is defined as

b b
/ fdg = (—1)0“/ DSy (far)(@)Dp=*(go—)(2)dz + f(a+)(g(b—) — g(a+)),

where the integral is with respect to the Lebesgue measure.

In order for this definition to have meaning, we need to check that the integral involved
is well-defined and it does not depend on «a.

Proposition 5.3. Under the assumptions in Definition the generalized Stieltjes
integral is well-defined and takes finite values.

that fo+ = I, () and g,— = I,~*(¢). With Proposition 1.7, ¢ = D2, (for), ¥ =
D;:a(gb,). Applying Holder inequality, the integral part of [ fdg satisfies:

a

Proof. By definition of f,+ and gy, there exists ¢ € Lp(a,ﬁand ¥ € Li(a,b) such

0 [ D@D @] = | [ e <

b
S/ lp(@)] - ¢ ()|da < {[e]lp][]]p

where p’ > 1 is such that 1/p+1/p' = 1. If p =1, p’ = ¢ = 00 so ||¢|[p|[¢||py < 0.

Otherwise, ¢ = p’ = ;2 and [, |[¢[|, < oo since L(a,b) C L (a,b).

O

Proposition 5.4. The generalized Stieltjes integral does not depend on the parameter
a.

Proof. Let’s take a,o’ € (0,1) with o/ > a. Assume that for v € {a,a'}, for €
17, (LPD(a,b)) and gy € 1,77 (L2 (a,b)) where p(7),q(v) > 1 and 1/p(v)+1/q(7) <
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1. Then, the generalized Stieltjes integral of f with respect to g is well-defined either
taking « or o/. We define 8 = o’ — a > 0 and we have:

b
0 [ D% (L) D (- =

Proposition @

b a+ﬁ l1—a—p l

=01 [ DI )DL g e =

Proposition @
/ D} (DS (far)) D= (g b,)dxi
Pr0p051t10n @
/D (Fa) D (DY () £ (- /D (fur) DI (g0 )da

so the generalized Stieltjes integral does not depend on «.

O

The following result simplifies the computation of the generalized Stieltjes integral under
more restricting settings.

Proposition 5.5. Let o € (0,1) and p,q > 1 such that 1/p+ 1/q < 1. Assume
fig: (a,b) = R are Lebesgue-measurable functions such that f(a+), g(a+),g(b—) exist
and they are finite. If ap < 1, then,

(a) f eI (LP(a,b)) if and only if for € IZ, (LP(a,b)),
(b) if f € I¢ (LP(a,b)) and go— € I,~*(L9(a,b)), we can rewrite the generalized

Stieltjes integral as

/abfdg— - /D (z)Dy =% (gb-) (z)dz.

Proof.

(a) The double implication, due to Remark is simplified to prove that under
ap < 1, f(a+) € I, (LP(a,b)). If we find ¢ € LP(a,b) such that Ig (o) =
f(a+), then, point (a) will be proved.

We consider p(z) = F(llfa) (J;( a))a which belongs to LP(a, b) since ap < 1. Then,

c=(W-a)/=-a)
ooy ) eyt L fet) ey,
20 = Fat ey . e T, 0 =

Proposition @ Proposition @
B(l—-a,q) 1 1
Ta)T1 —a)  J(@H)/TM) = flah).

= fla+)

(b) Due to point (a), both f, foy € I&, (LP(a,b)) and with Remark 4.8 . fla+)
I¢, (LP(a,b)). In fact, in point (a ) we have seen that h(z) = F(ll—a) (j;(_a:))a €

LP(a,b) with I3 (h) = f(a+) and applying Proposition D, (f(a+)) =
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1 f(at)

(=) (r—a)" " Hence, we can split the integral part in the Stieltjes integral
b
J. fdg
/fdg— - /D (f)Di=*(gp—)dx — (— /D f(a+))Di=*(gp—)dz+
+ flat)(9(b=) — g(a+)),
where
flat) /b 1 -

D2, )) Dy dr = Dy~ “(gp—)dz.

/ a’+ (gb ) €z F(l*Oé) ; (.T*a)a b— (gb ) T

Now, there exists ¢ € L7(a,b) such that I} "“(p) = g, and with Proposition
¢ = D;~*(gy—). However,

a b a ’

= (=)' flaH) ;= ()(a) = (=1)" " f(a+)gs—(a+) =
= (=" f(a+)(g(a+) — g(b—)).

With this equality, we can rewrite the generalized Stieltjes integral as
/ab fdg = (=1)* /ab Dg (/)Dy=%(gp-)dx — (=1)*(=1)' " f(a+) (9(a+) — g(b=))+
+ fla+)(gb=) — glat)) ./ DE(F)D}= gy )da.
d

Before jumping to the next section, we give a last property of the generalized Stieltjes
integral. We have defined the integral on the whole domain (a,b) but we might be inter-
ested in integrating only a sub-interval (c,d) C (a,b). We want to define the indefinite
generalized Stieltjes integral and show it satisfies the additivity property.

The formal expression ff fdg is well-defined under the hypothesis in Definition but
such hypothesis might not be enough to have well-defined fcd fdg as well. Thus, our

aim is to see under what additional assumptions, the integral fcd fdg is well-defined and
how we can rewrite it in terms of an integral of domain (a,b). We start by giving some
results on the corresponding function f.

Theorem 5.6. Let o € (0,1), p € (1,1/a) and (a,b) C R a finite interval with (c,d) C
(a,b). Then,

(a) | € T8, (LP(a,b)) implies f|(c.a) € 12 (EP(c, ).

(b) f €12 (LP(c,d)) implies 1c,a)f € 15, (L (a,b)).
Proof. The Theorem is stated as a Corollary in [§], chapter 13.3. The proof follows

from the previous Theorems and it involves the Riemann-Liouville fractional integral
operator on the whole real line.

O



14

Under the hypothesis of Proposition over the interval (a,b) and with Theorem [5.6
we know f|..q) € 12, (LP(c,d)). If we additionally assume that there exists g(d—) finite

and gq— € I}-*(L%(c,d)), then, the integral fcd fdg is well-defined.

Once seen fcd fdg is well-defined we want to write the integral in terms of an integral of
domain (a, b).

Theorem 5.7. Under the hypothesis of Proposition[5.5, if we further assume that there
exists g(d—) finite and gq— € I,~“(L%(c,d)), then,

(4) /cd fdg = /: Lic,a)fdyg.

Proof. The Theorem is stated and proved in [I0]. Notice that with Theorem the
left side of equation is well-defined. Also, we can easily write D2, (f) in terms of
D&, (1(c,a)f) but we need more involved results in order to write D;~*(gq—) in terms
of D} ~%(gs—) and for equality (4)) to hold.

O
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6. THE GENERALIZED STIELTJES INTEGRAL ON FRACTIONAL SOBOLEV SPACES

We have been working with LP functions and their image with respect to the Riemann-
Liouville fractional integrals. Now, we consider functions in fractional Sobolev spaces
which satisfy Holder continuity properties. Our goal is to check that the indefinite
generalized Stieltjes integral is well-defined on these new type of functions.

From now on, we set a € (0,1/2), a =0 and b =T for 0 < T < oo since these are the
parameters « and intervals we will work with from now on.

We start by introducing these type of function spaces with W' ’1(0, T;R%).

Definition 6.1. For T >0, d € N and a € (0,1/2) we define W' (0, T; R?) the set of
Lebesgue-measurable functions f: [0,T] — R? such that

Uy [T IO TW

s
where | - | is the norm in R:. In particular, we denote such set by W (0,T) when
d=1.
Remark 6.2. W' (0, T;R?) is actually a normed vector space with respect to || - ||a.1.

Remark 6.3. For T >0 and o € (0,1/2), Wg"'(0,T) € Ig.(L'(0,T)).

With Remark notice that condition f € Wél’l(O,T) is stronger than Dg, (f) €
L'(0,T), that is, not only both components of D§, (f) must be in L'(0,T) but we also
take the differences f(s) — f(y) in absolute value.

We define the set lefa’oo(O, T;R9), now, centered at T instead of at 0.

Definition 6.4. For T >0, d € N and a € (0,1/2), we consider Wy~ (0, T;R%) the
set of Lebesque-measurable functions f: [0,T] — R¢ such that

o= sup {FOLI FHDZICNG) o

o<s<t<T L (

where | - | is the norm in R. In particular, we denote such set by Wy~ *>(0,T) when
d=1.

Remark 6.5. qufo"oo((),T; R?) is actually a normed vector space with respect to || -

||17a,oo,T-

Remark 6.6. For T > 0 and o € (0,1/2), if g € Wy *°°(0,T) and g(T—) exists and
it is finite, then, gr_ € I1_“(L>(0,T)).

We intent to integrate functions f € W()O"I(O,T;Rd) with respect to some function g €
W}*‘“’O(o, T;R%). However, the following sections require f to satisfy further conditions
so we will consider the space W™ (0, T; R%) which is a subset of WS (0, T; R%).

We can relate the spaces W§(0,T; R?) and W%_Q’OO(O, T;R9) with the spaces of Holder-
continuous functions. The Holder-continuity property is essential for defining the indef-
inite generalized Stieltjes integral and proving results in the following sections. Thus,
we introduce these spaces.
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Definition 6.7. For T >0, d € N and v € (0, 1], we denote by C7(0,T;R?) the set of
Lebesgue-measurable functions f: [0,T] — R? such that

[f(t) = f(s)l
= o+ su {7} < 00,
51l = Dl sup (D=
where | - | is the norm in Re. In particular, we denote such set by C7(0,T) when d = 1.
Remark 6.8. C7(0,T;R?) is actually a normed vector space with respect to || - || .

Proposition 6.9. For T >0, d € N and a € (0,1/2), W;~**°(0,T;R%) C
C1=2(0,T;R9).

Proof. We need to check that for f € Wy *>(0,T;R%), ||f|li_a < co. On one hand,
we have

sup  {|f(t) = f(s)[} <T'™* sup
0<s<t<T 0<s<t<T

{If(t) — f(s)l

(t—s)l—@
that implies | f(t)| < oo V¢ € [0,T] (not just a set of plenty measure) and || f]|c < 00.

b < T flh—aer < o0,

On the other hand, the second term that appears in || f||1—q is bounded by || f|l1—a.co,T-

O
As an immediate corollary, g € W, *°°(0,T) is continuous, g(t—) exists and it is
finite Vt € (0,T]. In fact, together with Remark (6.6, we can easily check that g, €
I'=%(L>°(0,t)) and we would like to apply Theorem to have the additivity property
of the indefinite integral. However, this procedure would require applying Theorem

to check that fly € 1§, (L*(0,t)) and Loy f € I§ (L'(0,T)) but we are taking
p=13% 1 in Theorem [5.6]

Instead, we can bypass Theorem by checking that f|o4 € Woa’l(O,t) and 1o f €
W (0, T) which is straightforward. Hence, we can apply Theorem and we obtain
the additivity of the indefinite integral.

As promised previously, we introduce the set W3 (0, T; R%).

Definition 6.10. For T' > 0, d € N and a € (0,1/2), we denote W5"°°(0,T;R%) the
set of Lebesque-measurable functions f: [0,T] — R¢ such that

— BEGEFIO]
Fllace = s {1101+ [ G0} < o0

where | - | is the norm in R In particular, we denote such set by W5"°°(0,T) when
d=1.

Remark 6.11. W3"°°(0,T;R?) is a Banach space with respect to the norm || f|a.co-
Proposition 6.12. ForT > 0,d € N and a € (0,1/2), W0, T;R%) ¢ W' (0, T;R?).

Proof. The result follows from the Holder inequality.
O

Proposition 6.13. ForT > 0,d € N anda € (0,1/2), C1=2(0, T;R?) € W>°(0,T; R?).
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Proof. Tt’s sufficient to prove that for f € C1=%(0,T;R?), || f||a.co < 00. In fact, we can
bound || fl|a,0o With ||f||1— multiplied by a constant. That is,

[ fllayo0 = SUP |f |+/ %ds}ﬁ
<lflloo + sup

FORR O
te(0,T] {/ (t —s) a+1 5} —
= [|flloc + sup {/ 'Mds}g
[

t€[0,T] (t—s)t
< Hf” 4 su Qad |f |
= e <] p 5+ sup { t— 1 @ }
t€[0,T s€[0,t] s)
e [f(t) = f(s)] T
<1l WA = T8N, o 1, N flha < oo.
<171 +1,2a0§§g£’g{ e} S max{l o} e < o0

O

We have introduced the spaces in Definitions [6.1] [6.4] [6.7] and [6.10} proved in the one-
dimensional case their inclusion to more general sets, and shown a way to have the
indefinite generalized Stieltjes integral well-defined. From now on, we will mainly work
with multi-dimensional functions and so, we need to clarify the results seen so far.

Take f € W' (0,T;RY) and g € Wy~ (0, T;R%) with d € N. It’s straightforward
to check that all components of f and g belong to Wg"' (0, T) and W~ (0, T) re-
spectively, thus, we can extend the Weyl operator in Definition [£.6] to a component-wise
operator.

Hence, the results seen in this section hold for every component and it’s easy to check
that in terms of the indefinite generalized Stieltjes integral,

/;fdg:(/otfidgi)éf /Do+ () % D= (g0 ) (5)ds

where * denotes the broadcasting product.



18

7. A PRIORI ESTIMATES

The indefinite generalized Stieltjes can be thought either as a function in time or as an
operator with respect to the function we integrate once ¢ is fixed. We present bounds
for the indefinite generalized Stieltjes integral in terms of the norm of the functions we
integrate.

These bounds are Tailor-made for proving the existence and uniqueness of solutions to
a differential equation of the form .

However, the generalized Stieltjes integral depends on the integrator function as well.
Thus, we before define the notion of A, (g) which will appear in these estimates.

Definition 7.1. For T >0, m €N, a € (0,1/2) and g € W;~ (0, T; R™), we denote

Aa(g) = Ti—a) OSEISIE)ST {|D{Z%(g:-)(9)|}-

Remark 7.2. A,(g) is well-defined since all components in g;— always exists in
I}=*(L>(0,T)) with Remark and Proposition . In particular, the indices in the
supremum can be written 0 < s <t < T and the value of A,(g) does not change.

Remark 7.3. Notice that we can upper-bound A, (g) with

1
Au(9) € ——— 10l —eroo .
(9) < Frayr =y lolh-emer <0

We can think of the indefinite generalized Stieltjes integral as an operator from
W (0, T; RY) with values in RY.

Definition 7.4. For T >0,deN, a € (0,1/2), f € W' (0, T;R%), g €
W0, T;RY) and t € [0,T], we denote

6= | g

Remark 7.5. Under the hypothesis in the definition, we also know f € VV(?’l(O,t;Rd),
g € W} m%(0,t;R?) and the operator Gi(f) is thus well-defined and coincides with the

integral fOT Lo, fdg.

We can check G; is linear (as an operator) from either Wéy’l(O7 T;R?) or Wé"’l(O, t; RY)
to R? and with Proposition when d = 1, bounded.

Proposition 7.6. For T > 0, a € (0,1/2), f € W§"'(0,T), g € Wg “™(0,T) and
t €10,T], we have
|G (f)] < Aalg) - |If]

a,l-

Proof. With the help of the previous results, we can apply Proposition [5.5| and we can
write the indefinite generalized Stieltjes integral as

/ fdg = (~1)° / D&, (f)(s) - D= (g1 )(s)ds.
0 0
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Given that D, (f) and D;~*(g,—) belong to L*(0,¢) and L>(0,t) respectively, we apply
Holder inequality and we have

t
‘/0 fdg‘ < HDtlja(gt / |Do1(f)(s)lds < Aa(g) -

O

The first estimate we present under a more general setting than the following ones but
we restrict ourselves to one-dimensional functions.

Proposition 7.7. For T > 0, a € (0,1/2), f € W'(0,T) and g € Wz (0,T), if
s,t € [0, T with s < t, we have

® 16 -Gl <o) [ (Lo [T ),

and

Gy(
G+ [ LED=C0,

(6) Aalg)e &”T/O (6= ry2 ) (1o + [ =)

1)

where ¢, - is a constant which only depends on o and T'.

In addition, if f € W*°(0,T), then, G¢(f) € C*=2(0,T) and

(7) 1G(f)l[1-a < Aalg)c?)

where c((f)T s again a constant which only depends on o and T'.

Proof. With the additivity property of the indefinite generalized Stieltjes integral, we

have
G~ G =] [ sad]

In the previous section, we proved that for f, g under the hypothesis of this Proposition,
we can apply Proposition and

Holder inequality

G = Gl = | [ D) Do | <

<D= ke [ 1020 < Aal) [ (L b [T,

s Mr—s)e (r—y)ett

which proves equation .

We multiply by (¢t — s)~“~! and integrate with respect to s in (0,¢) at both sides of
equation and by monotony,

/Ot |Gt((tf> ;)fjfm 4s < Aulg) /Ot(t_s)_a_l ( / \f(r)la it

// - a+1 dydr)ds.
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We do not know if the right-side of the inequality converges but since all terms are pos-

itive, we can still apply Fubini-Tonelli Theorem and split the integral with the additive
property. The first term satisfies

/Ot(t_s)_a_l/ (| adrds _// (t—s)7"" Mdrd;i

s_rf (t—r)y

r/(t—r)
/|f |/ dsdr—/ [f(r)(E—7r)~ a/ (1+y)7a71y7adydr§

S/o [f(M)|(E—7r)"**B(2a,1 — «a)dr,

meanwhile the second term satisfies

t
a/(— al//|f_a+1dydrds—
0

0<s

e [l

:O‘/o /0 W/O (t—s)‘a—ldsdydr</0t/(:W(t—y)—adydr.

If we join both estimations, we obtain

/t (RGNS
t— S -

)oc+1
(8)

r<t

/If (t —r)"**B(2a, 1—ad7‘+// > a+1 (t_y)fadydr}

Now, once proved equation (|5 , with s =0

G.(f)] SAa(g)/Ot (f(r)'—i-a/or |f(r) _f(y)ldy)dr

e (r—y)ott

and together with equation (), we have

G, |+/ tht—fG(fd < Ao / |f(r) (r +(t—r)" 2“B(2a,1—a))dr+

)a+1
+/0 /0 W(O‘ + (- y)fa)dydr]

We need to find a constant bound that might only depend on « and T, CS’)T, so that

Yy € [0,r] and r € (0,¢)

max (7“_04 + (t— r)—QaB(Za,l —a), a+ (t—y)_o‘> < ¢(1)T( oy (t—r)_%‘).

If we consider CS)T = max(B(2a,1 — a),1) + T%, then, the condition above holds and
equation @ follows.

Finally, we assume f € W;"*(0, T and we have to prove G;(f) € C1=%(0,T) satisfying
equation With Proposition [6.12) f € W' (0,T) so Gy(f) is well-defined and with
PI‘OpOSlthnn 7.6, |Ge(f)| < 00 Vit € [O T).
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On one hand, we bound the ||G¢(f)||eo term of C1=%(0,T)-norm. From equation ,
¢ , ) —
G ()l < Aalg) sup {/ (L a/ ) = SO gy -
0 r 0

0<t<T (r—y)ott
:Aa(g)/O (—'fr(a)‘ +a/0 Wdy)dr_

Holder inequality

Aa(g)/OTro‘(f(rHJraro‘/OT 17tr) = 7y)] )dy>dri

(r—y)ot!
e o 1) = f)l
<Aalo)y—y s {1 +ar [y} <
< An(9) fl_ : max{1,aT"} -

On the other hand, we bound the Holder term of C'~%(0,T)-norm. Applying estimate
with ¢ > s

G-GuN < Malo) [ (L b [T S0 <

=) (r =y
o o [71F0) — 1)
<Ala) [ r=o7 (10 atr = [ DTy )dr <

Holder inequality
| t "f(r) -
< 00(0) [ =9 sup {170+ a7 [ IO} <
(t—s)t—@

< Aalg) I—a

max{1,aT} - [|f]|a,c0-

Combining both terms of the C1=%(0,T)-norm we obtain
2
1G(Nli=a < Aal9) - - [1flavee
with cf)T = % (1 + Tl_a) which proves the last part of the Proposition.
O

Once defined the notion G; as an operator on Wy ’1(07 T), we introduce a very similar
operator which is closer to what we work with in the following sections. This new
operator will focus only on functions in WS"°°(0,T) but instead of integrating some
function f € W5"*°(0,T), we integrate o (¢, f(t)) where o satisfies hypothesis H.

Another important remark is that we will possibly deal with multi-dimensional functions
so the previous results must be applied carefully.

Definition 7.8. For T > 0, dym € N, a € (0,1/2), f € W*(0,T;RY), g €
W0, T;R™) and t € [0,T), we denote

G Z / oii(s dgs>il

where o: [0, T] x RY — R¥™ satisfying hypothesis H in the introduction with B > «
and g7 is the j-th component of g.
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Proposition proves the well-definiteness of GEU) as an operator on Wy (0,T; R?)
and gives continuity results with respect to the parameter t. However, we first need to
introduce an equivalent norm to the current one on Wy"*(0,T;R%).

Definition 7.9. For T > 0, d € N, a € (0,1/2), f € W*°(0,T;R?) and X\ > 0, we

define
,\:tsup {e_ |f(t |+/ |f_ a+1 )}

We can easily check that the norms || - ||o,00 and || - ||a,x are equivalent, and given that
W§(0,T;R?) is a Banach space with the norm || - |[a,00, (W57 (0, T;R?), || - [|a,) is
Banach as well.

Proposition 7.10. For T >0, d,m € N, f € W"™(0,T;R%), g € W,;~*>(0, T;R™)
and o deterministic under the hypothesis HL,

(a) GI7(f) € C'=(0,T;RY) € Wg™(0, T; RY).
b) There exists C?) constant with respect to f and g such that
(

G (Plli-a < Aal(@)CP (14 || fllaoc)-

(c) There exists C®) constant with respect to f and g such that YA > 1

o Aoz (g ) 0(3)
167 (Pllo < 27 (01 1)),

(d) If h € Wg"(0,T;R?) such that ||f||eo, ||h|lcc < N, then, there eists C](\;l)
constant with respect to f,g,h such that VA > 1

(4)
16 ()~ G Wllan < 2N (14 Af) + AW) - IIf ~ Blas

where
A(f) = sup {/OTWCIS}.

rel0,T]

Proof. We prove the Proposition in the simplified case where d = m = 1.

(a) We first check that o (¢, f(t)) € W;"°°(0,T), that is, we must verify that
[lo(t, f(t)|la,co < 00. Applying Lipschitz continuity and Holder continuity on
time properties,

o (r, f(r)] + /0 ot ) =t g < o (r,0)] + [ (r, f(r)) — o(r, 0)[+

(r—s)ott
Co(r, f r, f(s))] + |o(r —o(s, f(s
-+A lor(r, £(r)) = o (8{3¢L()) (s £,
< |U(070)|+|0(T70)_U(O,O>|+M0|f |_|_M / |f ())jJr(lT_S)ﬁdSS
< |o(0,0)] + Mor” +M05 +M0|f )+ Mo / f{(j’lﬂd&

Hence,

9) ||U(7"vf(7"))||a,oo SCJFMOHfHa,oo <0
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with C' = |(0,0)| + Mo(T? + %) Applying Proposition we obtain
G (f) € C'7(0, ).

(b) The proof follows from applying again Proposition|7.7|on o (¢, f(t)) and equation
@ afterwards so that

G ()lh—a < Aal@)erllo(t, fF(E)laws < Aal9)elh(C + Mol fllao) <
< Aa(9)cCH(C+ Mo) (1 + 1 fllace) = Aalg)C (14 || fllasco)-

(¢) Right from the definition of || - ||,

Proposition m

- VI LG () - G(f |
1617 llar = s {0 (107 1+ [ O LTy <

tel0,T

t
< Aa(g)cS)T sup {e_)‘t/ ((t — r)_go‘ + 7"_“) X
] 0

 telo,T
(1t s+ [ LD =10

(r =)=

IN

t
Aa(g)cg{)T sup {e‘” / ((t—7) 2" +r %) x
t€[0,7) 0

(C+M0\f(r)| + Mo /Or Wdy)dr} =

t
" tefo,r) Yo

e\ (C + Mo|f(r)| + Mo /07" {ir);)ﬁiyl)l dy) dr} <

Holder inequality

t
< Aa(g)cs)T sup ] {/ e At=7) ((t — r)*Qa + Tfo‘)drx
0

2, (oo [ )

s€0,t]
where Vt € [0, T,

r=t—r y =z

! L |
/ ) ((t —r)72e 4 rfo‘)dr = / e N (:1772'1 +(t— x)fa)dx =
0 0
At
= /\*1/ e V(NPT L XY (At —y) ) dy <
0
At At
< A2a‘1(/ e‘yy‘2ady+/ e_y(/\t—y)_“dy) <
0 0

(10) < A2o1 (I‘(l —2a) + §1>1£0) { /OZ e Y(z — y)ady}> — A2l



24

Thus, provided that ¢, is finite, we can bound HGEU)(f)Ha,)\ with

1

[ Ca,TCox —As
IG5 (Nl < Aalg)Sitme sup {e7(C+ Molf(s)]+
s€[0,7

1)
+an [ )}<Aa<9>i°§1f§§(C+Mo||f||a,A)<

c®)

< Aalg) C;Tfj (C 4+ Mo) - (1 [1fla0) = Aal) 3355 (1 + 1fllan):

Finally, we need to prove ¢, is finite. We know that the Gamma function takes
finite values with Proposition so we only need to check that the supremum
in is finite. One way to prove it is by splitting the integral domain [0, z]
into [0, min(z,1)] and [min(z,1), 2], then, applying the sub-additivity property
of the supremum and bound both supremum but since it is tedious, we do not
include the procedure.

(d) Even though the operator Ggg) is not necessarily linear, G; is and right from
the definition of || - ||a,x,

G (f) = GV (W) = |G (o ) = (o B)) llar =
= sup {e_ -(‘Gt(a(-,f)—a(-,h))|+

t€[0,T]

X /Ot Gi(o( f) — U(-,h))_— Gi(o( f) — 0(~,h>)!d5>} -

Proposition m

| .
< Aalg)e ;},su%q{eMLA ((¢t=r)2 o) - (lolt, £(1) = ot h(1)]+

telo,

"ot f(t) = ot h(t) — a(s, f(s)) + (s, h(s))]
+/0 ds)dr}.

(t—s)ott

In the item (c) of the proof, we obtained a similar expression so following the
same procedure and using the properties in HY, we obtain

1)
IG707) = 67 (Wl < Aalo) 15 sup {0 (Mols0) - o)+

1-2
A * telo,T

/ lo(t, £(£)) — o(t, h(t) — o (s, f(S))+0(8,h(5))|ds>}'

(t—s)ott

Now, using the Local Holder continuity and Holder continuity in time properties
of o, we know 9,0 is continuous in [0,T] x R and we can apply the Mean Value
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Theorem so as to obtain

o(t, f(t) — ot h(t) —ols, f(s)) +o(s,h(s)) =
/6Uth L O(f () — h(t)))do+

)) /0 8350(3, h(s) +0(f(s) — h(s)))d9 =
= (f(t) = h(1)) / [&ca(t, h(t) + 0(f(t) — h(t)))

0 — 0,0 (s, h(s) + 0(f(s) — h(s)))}dw
+ (f(t) = h(t) + h(s) = f(s)) /01 950 (s, h(s) + 0(f(s) — h(s)))do
Consequently,
o (t, f(1)) — o (t, h(t)) — (s, f(s)) + (s, h(s)] < |F(t) = h(t)|x
1y x /01 1000 (t, h(£) + (£ (£) — B(t))) — Bucr (5, h(5) + O(F(s) — h(s)))|do+

1
(12) +[ () = h(t) + h(s) = f(5)] /O 050 (s, h(s) + 0(f(s) — h(s)))]db,

where the integral in can be bounded applying the Local Holder continuity
and Holder continuity in time properties of o, and the integral in can be
bounded applying the Lipschitz continuity property of ¢ on the definition of
derivative. Thus, obtaining

o (t, £(£) — o(t, h(t) — o(s, f(5)) + o (s, h(s))| < M | (t) = A(t) + h(s) = f(s)]+
+ Mol £(t) = h(1)] - [t = s|° + My £(t) = h(t)| - (|h(t) — h(s)|]* + | £(t) = F(s)]°).
Finally, putting the results together we have
1GE7(F) = GE7 (W)l <

Carc h(t) |<‘ Sl ORF{OR

< Aa(Q)W tes[l(l)%] { (Mle / ~ et ds+
e f(t) — (8) — f(5)]

+ Mo(1+ 5—0) - £ = (D) + Mo/o )} <

C(l) N 78—«

o, T~
< Aalg) 375 (L + = ~IMo + My (ACf) + A(W))I1f = bl

and by taking C(4) = c Tca (Mo+ Mpy)-(1+ %), the estimate in (d) holds.

O

The results on the generalized Stieltjes integral and more specifically the operator G§")
will prove useful to have well-defined the integrals ([2)).

Now, we give some estimates on the drift coefficient. These estimates will be very similar
to the estimates obtained on the diffusion coefficient but fortunately, much easier to
prove since we integrate with respect to time and the functions involved are Lebesgue-
integrable.
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Definition 7.11. For T >0, d € N and f € L'(0,T;R?), we define
t
)= [ s(syas
0
where the integral operator is applied component-wise.
Proposition 7.12. For T >0,d €N, a € (0,1/2) and f: [0,T] — R? measurable with
t
sup {/ |F(s)] ds} < 00,
teo,r) Jo (E—s)
then, F,(f) € Wg"*°(0,T;R?) an

d
[Fu(f) = Fs ()]
1) ni+ / L

with Cor =T + o~
In addition, if f € W3"°°(0,T;R%), then, Fy(f) € C*(0,T;R?),

(14) |E(f) = Fo(HI < (= 5) - [| flloo
and
(15) E () ayo0 < Coprll flloos

. 11—
with C;,T = Ca,T . %

Proof. We start by proving equation . From the hypothesis on f, we can check
f € LY0,T;R%) so we can apply F; on f Vt € [0,T]. Hence,

Fubini- Tonelh Theorem

|+/ Bl] = a+1 Bld) = Bl </ £ (s Ids+/ —5)7 1/ 1 (r |drds_
- / £(5)lds + / 50 / (t =) s dr = / £ ldr +
/If ((t=r)~= d7‘</|f Ydr 4+ a~ /|f (t —r)"“dr =

/ |f(r)] - (¢ =r)" > (T* + o V)dr,

which proves and implies Fy(f) € W (0, T;R%).

For the second part of the Proposition, we use the fact that W3 (0, T'; Rd)
L>(0,T;R%) and applying Hélder inequality on |Fy(f) — Fs(f)| we get (14) and conse-
quently, Fy(f) € C1(0,T;R%).

As for equation ,

(13)
. ') - BU)I
1Bl = o IR+ [ R as) <

Holder inequality

t l 11—«
< Cor s { [ s} < o Tl = Clrllf

teo,r) CJo (t—8)
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We introduce a similar operator to F; involving the drift coefficient b satisfying Hy,.

Definition 7.13. For T >0, d €N, f € W"*(0,T;R?) and t € [0,T], we denote

FO(f) = /0 b(s, £(s))ds,

where b: [0,T] x RY — R? satisfies hypothesis Hy, in the introduction.

Applying the Boundedness property of b, we check the operator Ft(b) has values in R?
Vvt € [0,T] even for functions in L'(0,T;RY).

Proposition 7.14. For T >0, d € N, a € (0,1/2), f € W*°(0,T;R?) and b deter-
manistic under hypothesis Hy, with p = 1/a,
(a) F"(f) € C'=°(0.T:RY).
(b) There exists dV) constant with respect to f such that
IE (F)ll1-a < AV +[[Fllo0)-

(c) There exists d® constant with respect to f such that VA > 1,
b 4@
IE ()l < 57735 4+ 1S 1lan)-

(d) If h € W50, T;RY) such that ||f||so, [|hllcc < N, then, there exists dn con-
stant with respect to f,h such that Y\ > 1,

b b dn
IED () = B M)l < 5755 1 = Pl
Proof. We prove the Proposition in the simplified case where d = 1.

(a) As for the first term of C1=%(0, T; R)-norm, applying the Boundedness property
of b,

1Pl = s {| | b f(s)as]} < / b, F)lds <

te[0,T)

(16) gLO/O |f(s)|ds—|—/o bo(s)ds < o

and as for the second term, again applying the Boundedness property of b,

Holder inequality
, t t t l
FO() = FOO < [ bt f)dr < L [ 150+ [ bo(ryar <
(17) < Lo(t = 9)l[flleo + (= 8)' b0l /e < (£ =)' " - (T*Lo|| flloc + Bo.a);
where B()’a = ||b0HL1/a.
(b) Using equations and in (a),
IE()ll1-a < LoT|| flloo + T~ Bo,a + T*Lo||f||oc + Bo.o =
=(14+T"*) - (Boa+ LT f||oc) <
S(L+T"*)  (Boa + LoT) - (14 [ fllse) = dV (1 + || £l]oo)-



28

(¢) We want to apply Proposition so we must fulfill the requirements on
b(t, f(t)). Applying the Boundedness property of b,

Holder inequality

b(s ‘L b !
sup / 1b(s, f(s))] }S sup {/ ol f(8)] + O(S)ds} 2
t€[0,T] tefo,7] ¢ Jo (t—s)~
t t -«
< Ly sup {/ If(s)l d8}+ sup {HboHLl/a'(/ (t_s)fa/uf@ds) }g
tefo.r) Lo (E—s8)” te[0,7] 0
(18)
Hélder inequality
Tlfa l—a\1—«
< o o 1—2a (7>
_LOI—O(HfH ‘i’Bo7 T 1% < 00,
where By o = ||bol|11/a-

Hence, we can apply Proposition and we have
(18)

(b) (b)
|Ft(b)(f)+/t |Ft ((t )F ( S<CQT/ ‘b Svf(s B2 IV s <
0 _

a+1 S)O’

19) SCa,T(Lo/O (lf_( 5))| ds +Bo,a(/0 (t — 5)~/ (1= a)ds)l’O‘)’

which implies

t
®) e £ (s)]
F ox < CarLo sup {e / ds b+
H t (f)” A T OtG[O,T]{ o (tis)oz }

sup {e_)‘ttl_m}.

11—« )Pa
te[0,T)

C., Ba(i
tlarboal 175,

On one hand,

t t
Y £ (s)] £ ()] / “A(t-s) —a

sup qe / ———dsy < sup sup e t—s) “dsy,

t€[0,T] { o (t—s)° } +€[0,7] { el }te[om { 0 ( ) }

with

r_)\(tfs)

t At
/ ef)\(tfs)(t_ —age > / e TN\ 1 r—%dr < AC— 1F(1—O¢)
0

and on the other hand,

p2a—1 (1- 2a)1 2o

—Aty1-2a — At 120
t =e "t
} t:)\*l(172o¢) A2

sup {e
t€(0,T]

Consequently, we have

CuorBoo (1 —a)t—2 d®

||Ft(b)(f)”a,k < Ca,TLO}‘OHlF(l - a) + ()\6)17204 (1 _ 2a)a = A2« (1 + Hf”(x,/\)

with d® = Co r(Lol'(1 — @) 4+ Bpe?*~1(1 — a)!72%(1 — 2a)~®) since A > 1.

(d) In section (c) we proved we can apply Proposition on b(t, f(t)) when f €
L>°(0,T), in particular, when f € W;">°(0,T). Consequently, also applying the
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Local Lipschitz Continuity property of b,

IED(F) = FP (Ao < Car sup {6_”/0 |b(s’f(s(1) — b(s’h(s))lds’} <

t€[0,T] —8)*

t —
< CorLn sup {/ e_A(t_s)e_Asts} <
tefo,1] *Jo (t—s)

< Corly swp {0 = hio)} sup { [ LN - eds) <
0

te[0,T) te[0,T]

_ d
< Cor Lyl = hllap X7 (1 = ) = 572551 = Blla s

with dN = Ca,TLNF(l - Oz).
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8. DETERMINISTIC DIFFERENTIAL EQUATIONS INVOLVING THE GENERALIZED
STIELTJES INTEGRAL

For almost every realization w € €2, the spectral set, we propose the following differential
equation expecting a solution z: [0,7] — R and with o,b deterministic under some
hypothesis

(20) 2(t) = z0 + F(2) + G\ (x), Vte[0,T).

Notice that ordinary differential equations do not contain the Gﬁ") term. In this sec-
tion, we prove the existence and uniqueness of solutions to on W' ’T(O, T;R%). In
addition, if o satisfies the Boundedness property, we bound the solution z in terms of
the norm || - ||a,00-

However, we first state and prove some results required to prove the existence of solutions
and properties on theses solutions. The first result we present is a Banach fixed point
Theorem.

Lemma 8.1. Let (X, p) be a complete metric space, po,p1,pe equivalent metrics to p
and L: X — X such that

(a) there exist 1o > 0, g € X so that L(By) C By for By = {x € X: po(xg,z) <
T0}7

(b) there exist p: (X, p) — [0, +00] lower semi-continuous and Co, Ko > 0 constant
such that

— L(Bo) C Ny (Co)
- p1(L(z), L(y)) < Kopr(z,y) Vo,y € Ny(Co) N By
for Ny(a) ={z € X: p(z) < a}.
(c) there exists a € (0,1) such that
p2(L(z), L(y)) < ap2(z,y) =,y € L(Bo).

Then, there exists ©* € L(By) C X such that x* = L(x*).

Proof. With hypothesis in (a), given zop € X and ro > 0, we consider the sequence
{zn}52y € X with z41 = L(x,) ¥n > 0. Due to (a), {z,}52; C L(By) and with (b),
there exists Cp > 0 constant with ¢(z,) < Cy ¥n > 1. Also, with (c),

p2(Tpi1,2n) = p2(L(2n), L(xn_1)) < ap2(Tn, xn_1) < -+ < a"pa(z1,20),

SO
p—1
p2(£n+p7 Ty) < p2(xn+pa $n+p—1) + ot p2(Tng1, Tn) < 02(371’ xO)an Z al =
§=0
n
11__62:) < /)2(901796‘0)161 =24 0.
Given that (X, p) is complete, p ~ p2 and that By is closed with respect to pg, then, By
is closed with respect to p and there exists x* € By such that x,, — x* with respect to
p. Finally, with the lower semi-continuity property of ¢

= P2(»’U1,9€0)an

Co > liminf p(z,) > gclierrﬁl(ig()f) o(x) > p(z"),

*

Tr—T
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soVn € N, z,,,2* € By N N,(Cy) and applying (b), there exists Ky > 0 such that

n—oo

p1(L(zn), L(z7)) < Kopi(2n,2") —— 0.

Thus, Vn € N
PlI P
pla*, L") < Tim {p(a”, L(z,)) + p(L(wa), £(2*)} <
< lim p(a®, L(zn)) + K lim py(L(zn), £(27)) <
< lim p(z", zpp1) + Ko - K Tim py (2, 27) = 0,
so L(x*) = z*.

O

For Lemma to guarantee the existence of solutions in , we require the operator
A, defined in Proposition to be lower semi-continuous in W3"*°(0,T;R?). The
following Lemma proves it.

Lemma 8.2. ForT >, a € (0,1/2), 6 € (0,1], the operator A is lower semi-continuous
in W5 (0, T; R?).

Proof. We consider the operator A,.: Ws">(0,T;RY) — [0, 4o00] with r € [0,7] fixed
defined by

" lu(r) —u(s)]®
A, (u) ::/0 st Yu € W (0, T; RY)

and prove it is lower semi-continuous, that is, Vug € Wy (0, T; R9),

liminf A, (u) > A, (uo).
u—ruUQ

Given that || - ||oc < || - ||a,00, convergence in || - ||a,00 implies uniform convergence for
functions in W;">°(0,T;R?) in [0, 7] and applying Fatou’s Lemma, we have

T _ 5 r _ § r _ é
A L
umuo Jo o (r—s)ett o uouo (r—s)otl o (r—s)tt

Hence A, is lower semi-continuous.

Finally, we can write the operator A as sup,.c(y r) A, and using the fact that the point-
wise supremum of lower semi-continuous functions is lower semi-continuous, we obtain
A is lower semi-continuous.

O

Theorem 8.3. Let T > 0, d,m € N, a € (0,1/2) , g € W~ “™(0,T;R™) and o,b
be deterministic under hypothesis HX and Hy with p = o=, 8,6 € (0,1] and a <
min{1/2, 8,6/(1+6)}.

Then, the differential equation (@) where Ggg) has g as the Stieltjes integrator, has a
unique solution x(t) € W5"°°(0,T;R?). In fact, x(t) € C1=2(0,T;RY).



32

Proof. In Propositions and we proved that if f € W>°(0,T;R?), then,
G, FV(f) € C'=(0, T; R?) respectively. Thus, z(t) € W (0, T; R%) a solution
to is also in C'=(0,T; R%).

Now, we prove uniqueness for solutions in Wy">°(0,T;R9). If z,7 € WS> (0,T;R?)
are two solutions to (20)), we consider N € N with [|z|[1-q,[|Z|[1—a < N. Given that

oo <l 1l1—a and || |la,co ~ || - lla,x VA > 1, we can apply Proposition |7.10|and [7.14
and we have A > 1

|z = #ax < [FP (@) = EP (@) ]|an + IGI7 (@) = GL7(3)]|an <

dy Aa(g)CP

(21) S )\l—oz )\1—204

2 — Z[|an + (1+A(z) + A@)||z — Z]]a-
Since ||x|‘1—a7 ||i‘||1—04 S N7 lf r,Ss S [O,T], then, |$(’I") — ],‘(8)| S Nl’[" — 5|1_O‘ and

T _ \0(1—w) 6—a(1+49)
A(z) + A(F) < 2N sup {/ wds} N T ey
0

r€[0,T] (r—s)otl d—a(l+9)
Hence,
) dy Aa(@)CN Y .
e =3l < (575 + (14 O =552 )l = Ellay =t Enagy - ko = Flla,

and by taking A > 1 large enough so that K o 4 v < 1, we conclude ||z — Z||o,n = 0 so
r =7 in W§"°(0, T;RY)-norm which implies = & point-wise in [0, 7.

Finally, we prove the existence of solution in W;"*°(0, T; R%). We consider
(Ws°(0,T;RY), p) the metric space with p the metric induced by the norm || - ||, 00-
Such space is complete with p since it is Banach with || - ||a,co and in this complete
metric space, we take £: W (0, T;RY) — W (0, T;R?) defined by

L)) =20+ FP (W) + G (w) Ve 0,T], Yue W&=(0,T;RY).

With Propositions and YA>1

b o
L) o < o] + [[F (@) |ar + [1GE7 (1) |y <

1+ [|ulla.

A—2a (d(2) + Aa(9)0(3))’

< |1‘o|+

and if we take A\g > 1 satisfying

3+2|.’170|

g 2 2 2(d) + Aa(9)C) < (A% + Aa(9)C) S ol °

then, ||L(uw)|lan, < 2(1 + |zo]) whenever |[ulla,n, < 2(1 + |zo|). Hence, by taking

By = {u € Wg"(0,T;RY): |ulla.r, < 2(1 + |wo|)} condition (a) in Lemma [8.1] holds

with py the metric induced by the norm || - ||a,5,. In addition, Vu € By

lullaco < €T [[ullan, < 267 (1 + |zo)).

With Lemma [8:2] we know A is lower semi-continuous and in consequence, ¢, = C -
(1/2 + A) with C > 0 is lower semi-continuous as well. If we take u € L£(By), there
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exists u € By with u = L£(u) and v € C*~*(0,T;R%). Applying Propositions and
.14
[[ull1-a < Jo] + [|E @] [1-a +11GL7 @ h1-a <
< Jao| + dV (1 + [l o) + Aa(9)CP (1 + [[Ula,00) <
< |zo| + (d(l) + Aa(g)C(Q)) (14 2eMT (1 + |zo)) = Co.

That is, there exists a common bound Cs for every function u € £(By). Consequently

T u(r) — u(s)|®
Au) = sup]{/0 Mds}g

rel0,T
r Téfa(lqté)
< Co(r— )10 Dgst < Oy~ =1 ().
< s ] et e e

In addition, we choose Ny € N with Ny > 2e*T (1 + |x¢|) and apply the same argument
used in (21). That is, Yu,v € By and A > 1
4
dny , Aal9)CR)
)\l—a )\1—2(1
4
(dn, + Aa(9)CR)

Gy

: m(l + A(u) + A@))||u = v]|a,x-

1£0) = £l < ( (L AW +AW) ) - flu = vllan <

1+ A(u) + Av)
A\l—2a

IN

[lu=vllax=

We consider the function ¢ = ¢, = C1(1/2+ A) and we want to check that assumption
(b) in Lemma 8.1 holds. On one hand, given that p(£(By)) € [0, C1(1/2+ C3)], we take
Co = C1(1/2 + C3) and the first item in (b) is satisfied. On the other hand, we take
A1 =1 and we know that for u,v € By N N, (Cp)

1£(u) = L)[[ar, < C1(1+A) + A0))[|u = vllax, <

(22) < (p(w) + () llu = vllax, < 2Co[lu = vllar, = Kollu = vllax,,

and the second item in (b) is satisfied with p; the metric induced by || - ||a,r,. Thus,
assumption (b) in Lemma is satisfied.

Finally, given that £(By) C By N N,(Cp) we can repeat the procedure in with any
A > 1 and we have that Yu,v € £(By)

Ci(1+42C
1ew) — £@)lar < PEF2D 0 s

and if we take A2 > 1 such that 2C;(1 + 2Cy) < )\%_20‘, then,
1
1£Qu) = L(©)llaxe < 5llu=vllap,  Vu,v € L(Bo),

and condition (c¢) in Lemma is satisfied with py the metric induced by the norm
[ Mlae-

Given that pg, p1, p2, p are equivalent metrics in W;"°(0, T} R%), we can apply Lemma
to obtain that there exists #* € L£(By) C W5"*°(0,T;R?) such that x* = L(x*).

O
Once proved the existence and uniqueness of solution of , we give a bound on the

solution. For this purpose, we present Proposition [8:5 which requires the following
lemma.
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Lemma 8.4. Gronwall inequality

For 6 €10,1), a,b>0 and f: [0,00) — [0,00) continuous such that ¥t > 0,

f(t) <a+ot /Ot(t —5) 79570 f(s)ds,

then, YVt > 0,
ft) < ad, exp(catbl/(lfe)),

with co = 20(1 = )00 and dy = 4¢2TL0.

Proof. The proof can be found in [7], in the Appendix.

Proposition 8.5. Let T > 0,d,m €N, a € (0,1/2), g € W}fa’oo(O,T; R™) and o,b
be deterministic under hypothesis H:, H2 and Hy, with p = a~1, 8,6 € (0,1], v € [0, 1]
and o <min{1/2,8,6/(1+6)}. Then, the solution to (20), z, satisfies

||£L'| |o¢,oo < CleCQAa(g)N,

where

1—12a ify=1

(23) K=q> 5=, Zf?’e[l 2571)
—2a

=, if v € [0, 22)

and Cq,Cy are constant with respect to x and g.

Proof. We consider

|z(t) —z(s)|
—ato)+ [ )

and the goal is to reach inequality

(24) h(t) < C(1+ Aa(g)) - (1+/0 ((tfs)’s(”’)Jrs’a)h(s)ds)

where £(y) € (0,1) and C a constant with respect to g, x,t. Once we reach inequality
, we will apply Lemma to the reach the inequality we want to prove.

Given that z; = Ft(b) (z) + GE") (z), applying the triangular inequality we have

(b (b) (a) g
F®(z) — F! G
h(t) < Jao| +|F ()] +1G7( \+/ | ) )| 4 +/ | ) G (@)

a+1 o<+1

and we find bounds for these terms which depend on h.
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First, using Proposition [7.7] with s = 0 and applying propertles of o,

\G§") )| < Aalg /\07"33 dr—i—a// o (r, 2(r) als,z(s >)|dsdr)§

T,5a+1
ﬁ
SAa(g)(KO/ H'x Lkl ,, —|—on0/ / ﬁ_';”(all ‘T(S”dsdr) <
T aMyTP—ot!
< halo) (Kor—o + ey e

+/0t [K0|m§;)|7 aMOTO‘/ |$T7$ ”ds}dr) <

< KA ()( / o (r |W+/ 'x_ a+1 }r*adr),

with K1) = Ky( a),(ﬁ_aﬂ)

Now, from equation (8|), applying properties of o,

/|G @) =G|,

(t —s)ott

< Aal9)(B(20,1-a) kzt(”; dr +/ / ot o aﬂ(t(”)( ))|dsdr) <

0

o )
0<s<r<t
iAa(g)<B(2a,1 a) Ko +M0// riSﬁ - 1deT+
+ (B(2a,1— a)Ko + M) /0 {M +(t - / st} ar) <
< K@ 8 (0)(1 +/O [(lx_( T))Za / |xT - a+1 }dr),
with K = B(20,1— a)Ko(1 + T ) + Mo(1 + 5hayriosy)-

And finally, from equation , applying the Boundedness property of b,

t | p(0) (b)
() |Fy (2) = s ()]
RO+ [ Pt as <

t t
|$(’I")‘ —a/(l—a) 1o
< — <
< CQ)T(LQ/O (tfr adT+Bo7a(/0 (t 7“) dT) ) <
t
< KO (1 / =)l ,
- ( + 0 (t=r)e T)’

with K = Cy (Lo + Bo,o TP 2% (152)17).

Thus,

h(t) < |zo| + (Aa(g) (KW + K@) + K@) . (1+/t Wdr+/t Mdr+
0 T 0 -Tr

(25) + /Ot (t|x_(7;))|a dr + /Ot (rme+(t—r)"°) /OT st dr).
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We obtain different estimates on h(t) depending on the value of v. First, if v = 1, h(t)
can be further bounded by

B(t) < [2o] + 2(Aalg)(KD + K@) + KO) - (14 /Ot ()] (rm A+ (E = 1)) dr +

+ /Ot (Tfa +(t— T)72a) /OT 7@(7’) )ii) dsd?") <

(r—s

< C(1+Aalg)(1+ /t (e + (¢ = r) ) h(r)dr ),

0

with C' = 2(K(1) + K@ 4 K(3)). That is, for v = 1, we have obtained equation
with () = 2a.

Now, if v € [1=22 1), we need to apply Holder inequality on the terms with |z(r)|” in

l—a?

equation . On one hand, for 6V € (0,2a) with §() < v and 20 — 6V < 1 — 7,

/ot de = (/Ot %df)w : (/Ot(t - r)(*zaﬂ(”)/(lw)dr)1‘77

so we take 6(1) € (2a + v — 1, min{2a, 7}) which is a non-empty interval with positive
values and applying the inequality ¥ <1+ z for > 0 and v € [0, 1], we obtain

with K(4) — (fot(t _ r)(—2a+6(1))/(1_,y)dr)17“/.

On the other hand, for §() = oy, we have

t 0 t t 1— t
/ |96(7;)| dr < </ |w(z)\dr)”,(/ r(é‘z)—a)/(l—”dr) ) (1+/ |$(2)|dr)7
0 r o T 0 o T

with K(s) _ (7;7(1)17“/

—x

Thus, equation leads to
t
A(t) < Jzol + C(1+ Aa(9)) (1 +/ (= 4 (=)~ R()r),
0

with C' = (K(l) + K® 4 K(3)) . (1 + KW 4 K(5)) since 0V /y > «a. That is, for
v € [2222 1), we have obtained equation with g(y) = 61 /~.

11—«

Finally, if v € [0, 1112;), we need to apply Holder inequality again on the terms with

|z(r)|7 in equation provided that v > 0. Otherwise, these terms can be bounded
by a constant. Following the same procedure as before, now taking 6(Y) = av and
6@ = o, we have

h(t) < |zl + C(1 + Au(g)) - (1 + /0 (rm+(t— r)_o‘)h(r)dr>,

with C = (KW + K@+ KG)). (14 K®+K®)). If y = 0, then, the same estimate holds
but with another constant C. That is, for v € [0, 11__25), we have obtained equation
with e(y) = a.
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Once reached inequality with e(7) € {2a,5M) /v, a}, given that e(y) > a, we have
h(t) < |zo] + C(1 4+ Aalg)) - (1 + /Ot (r=+(t— T)_E(’Y))h(r)d’f') =
= |zo] + C(1 + Au(9)) - (1 + /Ot(t — )y [rs('” +(t - 7‘)5(”)7'5(7)7‘1] h(’l“)d?“) <

t
< lao] + €1+ Aal9)) (1+ (14 75072 [ 0= )20 nryar).
0

Finally, h(t) is continuous since z(t) € C1=*(0,T;R?) and if we apply Lemma we
obtain

|zlla,00 = sup {h(t)} <
t€[0,T]

(26) < (lzol + C(1+ Aa(9)))da exp (caT[C(L+ TP 7%) - (14 Aa(g)]/ 1 7=D),
with d, = 462%8(9))) and ¢, = 20(1 — &())/ (=) Given that Vy > 0 and p > 1,
there exist C’,()l), 01(72) > 0 constant with respect to y such that (1 4+ y) < e(!*¥) and
e(Hw)" < C’,(,l)ecéz)yp7 equation yields

[[]a,00 < Crexp(Caha(g)t/ =0

for C7,Cy constant with respect to x and g, which concludes the proof.
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9. STOCHASTIC INTEGRALS AND DIFFERENTIAL EQUATIONS WITH RESPECT TO THE
FRACTIONAL BROWNIAN MOTION

We want to apply the results seen so far on stochastic processes with a path-by-path
approach. That is, for almost every w € (), we consider a differential equation of the
form . Notice that the resulting solution X :  x [0, 7] — R? will be measurable in
[0, T for almost every w € 2 but it could happen that X is not F-measurable V¢ € [0, T'.
For such purpose, we will prove its measurability in € x [0, 7] which will suffice.

Let’s consider B = {B;: t € [0,T]} a £B.m of Hurst parameter H € (1/2,1), defined in
a complete probability space (€2, F,P). In order to use B as the integrator in the gener-
alized Stieltjes integral, we need to check that the paths of B belong to quw_a’oo(()7 T)
for some « € (0,1/2).

We have this result in Proposition However, we need first two lemmas.

Lemma 9.1. Garsia-Rademich-Rumsey inequality

ForT>0,deN,p<1,a>1/pand f: [0,T] — R?, wehavthse[O,T]

o ()
1f () — f(8)|P < Cuplt — s|*P~ 1/ / |$_ ‘ap+1 A AL dr dy,
with the convention 0/0 = 0.

Proof. The proof can be found in [2].
(]

Lemma 9.2. ForT >0, let B={B(t) :t € [0,T]} be a f.B.m of Hurst parameter H €
(0,1). Then, Ve € (0, H) there exists a positive random variable n. o with ]E(nf’T) < 00
Vp € [1,00) such that ¥t,s € [0,T]

|B(t) — B(s)| < ner|t — S\H_E (a.e.).

Proof. Applying Lemma with « = H — /2 and p = 2/¢, we have Vt, s € [0, 7]
IB(t) — B(s)|** < Chelt — s P95 ¢,

|B(x) — B(y)[*/*
§= / / |33— |2H/5 dx dy .

Now, applying Minkowski’s integral inequality on £5/2 with p = ge/2 where g > 2/, we
obtain

|B(z (y)|?/¢ qe/2
leig—e([ [ [ OB ) <
y
T € T T
B(z qs/2 qe/2
<( )™ S ([ [ e g
- 0 0

Hence, ¢ has finite moments of all orders and by taking n.r = C’H75§€/ 2 we conclude
the proof.

where

O
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Proposition 9.3. For T' > 0, we consider a fB.m B = {B(t): t € [0,T]} of Hurst
parameter H € (1/2,1) defined in a complete probability space (Q, F,P) and o € (1 —
H,1/2). Then, B has its paths in W}~ (0, T) P-almost surely.

Proof. Applying Lemma with € = ‘”gf =1 there exists 7. 7 a positive random vari-
able with finite moments of all orders such that for almost every w € Q

_ [B(t) = B(s)| (" |B(y) — B(s)|
[|B(t)||1-a,00,7 = ngggST{ t—s)o +/S [y —s)2a dy} <

H+a—-—3< -2

t
< e SUp {(t— 3)(H+a—1)/2 +/ (y — S)(H+a—3)/2} % xo.
0<s<t<T s

d

In fact, we also need the estimates computed involving the operator A, in the deter-
ministic approach. However, we will need the set of A, (g) for g any path of B. Thus,
we will define the following random variable.

Definition 9.4. For T > 0, we consider B = {B(t): t € [0,T]} a f.B.m of Hurst
parameter H € (1/2,1) and « € (1 — H,1/2). We denote by G: Q@ — R the random
variable

G = Aa(B) = sup  {|DI=(B,)(s)]}-

I(1-a)o<s<t<r

The random variable G is measurable with respect to F and with Proposition [0.3] and
Remark [7-3]it takes finite values almost surely. The following Proposition gives us more
properties on G.

Proposition 9.5. For T' > 0, we consider B = {B(t): t € [0,T]} a f.B.m of Hurst
parameter H € (1/2,1) and o € (1 — H,1/2). Then, ¥p € [1,00)
E( sup {|D;Z%(Bi-)(s)["}) < <.

0<s<t<T

Proof. Given that if ¢ € (0, + H — 1), then, ¢ < H with o+ H — 1 > 0, we can apply
Lemma with this e and we know there exists 7. r a random variable with finite
moments of all orders such that Vs,t € [0,7] with s < ¢

D)6 < o (i + (o) [ =0 <

<P (=9 —a) [Ty
(H _ 6) . (t _ S)Hferafl

T H-cta-1) T( &

Thus, for p > 1

E( sup {IDI=(B)@)}) < |

(H _ 5) . TH75+a71 P
(H—e+a—-1T'(a)

“E(|ne,r[?) < o0
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Remark 9.6. Under the hypothesis in Proposition given that

( sup {ID{Z*(Bi)(s)[})" < sup  {max{1,|D{=*(B._)(s)["}},
0<s<t<T 0<s<t<T

we know G has finite moments of all orders.

On the integrator side, we have verified that we can apply the results in the previous
sections. Now, we specify what type of functions we are going to integrate so that the
resulting generalized Stieltjes integral is well-defined.

Let’s consider u = {u;: t € [0,T]} a stochastic process defined in (2, F,P) with paths in
Wél’l((), T) with o € (1 — H,1/2) almost surely. Then, the generalized Stieltjes integral
fOT usdBy is well-defined and in fact, with Proposition

T
’ / u.dB,
0

However, we do not need u to be measurable with respect to F for such integral to be
well-defined almost surely. Therefore, the following Theorem guarantees the path-by-
path existence and uniqueness of solution to and under some additional conditions,
the solution has finite moments of all orders.

< Gllullag  (a-e.).

Before stating the following Theorem, we remark that in this section we have considered
B to be a one-dimensional f.B.m. for simplicity. However, all results in this section
still hold for the m.f.B.m. of independent components and the same Hurst parameter
H € (1/2,1). In the multivariate case, the constants might depend on its dimension,
and how it depends is determined by the norm in R<.

Theorem 9.7. For T > 0, d,m € N, we consider Xy a R random vector and B =
{B¢: t € [0,T]} a m-dimensional fractional Brownian motion of Hurst parameter H €
(1/2,1) and with independent components, with Xg, By defined in a complete probability
space (Q,F,P). Let’s take o,b satisfying hypothesis HL and Hy, with 3 > 1 — H and
§>1/H —1.

Ifa € (1 — H,ap) and p > 1/a, then, there exists a unique solution X €
LO(Q, F,P; Ws"° (0, T;R%)) to the following stochastic differential equation
mo t
X} :Xé—f—Z/ aitj(s,Xs)ngJr/ bi(s, Xs)ds VYt €0,T],Vie{l,...,d}
= Jo 0

for almost every w € Q, where ag = min{1/2,5,0/(1 +9)} and
LOQ, F, Py W™ (0, T; RY)) = {X: Q — W (0, T;R)} {X =Y (a.e.)}.
In this case, for almost every w € Q, X;(w) € C1=%(0,T;RY).

Moreover, if hypothesis H2 is also satisfied, o € (1—H, min{ayp, 2?%}) and My, Ly, Ko,
by do not depend on w € ) almost surely, then, the solution X satisfies

E(|X5,) <00 Vp1.

Proof. As we have seen before in this section, the paths of B are P-almost surely in
qufo"oo(O,T; R™). Then, for almost every w € 2, we can apply Theorem with
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g = B(w) and so, we obtain z;(w) a deterministic solution to (20). This yields to the
unique solution
X:Q — W™(0,T;RY)
wr— 2 (w)

to equation (1) in LO(Q, F,P; W5°°(0, T; R?)). In particular, with Theoreth (w) €
C1=(0,T;R?) for almost every w € €. This proves the first part of the Theorem.

As for the second part, we first prove the solution X is F x B([0,T])-measurable. In
the first part of the proof we have applied Theorem [8:3] which proves the existence of
solutions using Lemma For almost every w € Q, Xy(w) is the || - ||a,c0-limit of
{yn(w)}?lo:() where yn+1(w) - ‘C(wayn(w)) Vn > 0 and

L(w,y) = zo(w) + F(y) + G ().

Taking yo = X which is F x B([0, T])-measurable since it is constant in time, {y, }n>0
are measurable as well. Consequently, X is F x B([0, T'])-measurable.

Now, with this result we can check the solution has finite moments of all orders. Applying
Propositionand taking into account that My, Ly, Ko, bg in Hcl,, ch,, H,, are constant
with respect to w € Q almost surely, we know that there exist C7,Cs > 0 constants such
that

1 X |la,00 < C1exp(C2G)  (a.e.),
where « is given by . This inequality yields Vp > 1

E(| X% o) < C1E(exp(CapG*)).

Applying Fernique’s Theorem, whenever x < 2
(27) E(| X8 00) < C1E(exp(C2pG")) <00 p > 1.
Therefore, the solution X has finite moments of all orders.

Finally, we need to check that x < 2 so that holds. Given that o < min{1/2, QTT” ,
we have x < 2 for all possible values of v € [0, 1].

O

Remark 9.8. Under the hypothesis of Theorem we know there exists a unique
solution X € L(Q, F,P; Ws">(0,T; R%)). Following the proof of the Theorem, we know
X is measurable in Q x [0,T] which implies X (-,t) is F-measurable and {X;: t > 0} is
a stochastic process with trajectories in Wy (0, T; R?) almost surely.

Hence, there exists a unique solution to in the set of stochastic processes of parameter
set [0,T] with values in RY and with trajectories in W3 (0, T; R?) almost surely.
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10. CONCLUSIONS

We have achieved our goal of reviewing and making accessible the research paper [7].
Below, we specify what tasks were done.

In chapter [4] we introduce the notions of Riemann-Liouville fractional integral and Weyl
derivative. We have proved they are well-defined and some results we need afterwards.
This introduction to the fractional integrals and derivatives is briefly mentioned in [7] so
we have included some results in [, [10, 8], 4], providing the proof when possible.

[7] defines the generalized Stieltjes integral and gives some results related to such integral,
however, without their proof. In chapter [5| we define the generalized Stieltjes integral
and check it is well-defined, we leave out the unused results, and provide the proof for
the used ones. We have devoted a lot of time to these tasks, in particular, to check the
additivity property of the generalized Stieltjes integral, using [8].

In the following chapter, [f] we consider the fractional Sobolev spaces and prove that the
generalized Stieltjes integral is well-defined on them.

In chapter |7} we do not add additional results with respect to [7]. However, we give
exhaustive proofs on the presented estimates.

The corresponding chapter [§] in [7] consists of stating and proving Theorem and
Proposition [8.5] However, it makes use of some results from the appendix. In our
thesis, we move these results from the appendix to chapter |8 as lemmas and prove them
as long as they are in the scope of this thesis. In particular, we follow step-by-step the
proofs of Theorem [8.3] and Proposition 8.5 providing the steps taken for granted.

Finally, in chapter [9] we give an extended explanation on how the results in the previous
sections can be applied on the fractional Brownian motion, providing the proof for such
statements. Then, we state and prove the main Theorem, and add a Remark on
the measurability of the solution.

As a personal conclusion, I have realized that papers like [7] can not be self-contained
and at the same time have a manageable length: either the length or the completeness
must suffer. Also, it seems to me that a difficult and relatively recent topic like stochastic
calculus needs of a very careful approach from the part of researchers to avoid missing
parts in their complex constructions.



(1]
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