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Abstract

In this master thesis, we introduce a new multifractional stable motion, which we refer to as the It6 multifrac-
tional stable motion. The definition of the It6 multifractional stable motion is inspired by a relatively recently
proposed alternative to the multifractional Brownian motion. The It6 multifractional stable motion is defined

as
H(z)-% H(z)— L

v = [-of (~2) 7% dr (o).

Here (x)4+ = max(x,0),a € (0,2), L is a standard symmetric a-stable Lévy process and finally, the multifrac-
tional parameter H is a jointly measurable stochastic process, adapted to the natural filtration generated by L,
taking values in [H, H] C (0,1). Under the assumption that H admits a deterministic modulus of continuity
w and that H is strictly bounded from below by 1. it is proven that the uniform Holder exponent py"if([a, b])

over a compact interval satisfies

) 1
unif :

b)) > min H(t) — —.

Py ([a, b]) > te[él})] (t) a

Under the further assumption that w(h)logh — 0 as h } 0, it is shown that Y is locally self-similar and that
the pointwise Holder exponent py (t) satisfies

oy (1) < H(2).
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1 Introduction

The fractional Brownian motion is a generalization of the Brownian motion, parameterized by a constant
0 < H < 1, that was introduced by Mandelbrot and Van Ness | ]. Tt is given by

/R(t ) )T aw @) teRr,

where W is a Brownian motion and (z); = max(z,0). They showed that the process is H-self-similar and has
stationary increments. These properties are characteristic in the sense that any Gaussian process satisfying them
must be equal in distribution to a constant multiple of the fractional Brownian motion. Unlike the Brownian
motion, the fractional Brownian motion can have dependent increments, which gives it many applications in
areas such as network traffic, finance, autoregressive modeling and hydrology | ]

Having said that, the homogeneity of the Hoélder exponent (which is equal to H) of the fractional Brownian
motion along its paths makes it unfit for modeling non-stationary phenomena. For this reason, Peltier and Lévy
Véhel introduced the multifractional Brownian motion [ ], where the constant H is replaced by a function
H(t). They show that the pointwise Holder exponent of this new process is H(t) so that it changes along
its path. However, there are two theoretical drawbacks to Peltier and Lévy Véhel’s multifractional Brownian
motion. Namely that their formulation does not provide a natural framework for modeling a multifractional
Brownian motion with a random multifractional parameter (even though it is possible | ]). Secondly, the
Holder regularity of the resulting process is conditional on a Holder condition on the multifractional parameter
H.

The first drawback was addressed by Ayache, Esser and Hamonier | ], who introduce a new multi-
fractional Brownian motion where the multifractional parameter H(z) is a random function of the integration
parameter x. Note that the kernels (indexed by t¢) are adapted to the natural filtration generated by the
Brownian motion W, which means the resulting process may be understood as a collection of It6 integrals. To
distinguish between the two types of multifractional Brownian motions, we will call Peltier and Lévy Véhel’s
process the classical multifractional Brownian motion. In contrast, we will refer to Ayache et al’s process as
the It6 multifractional Brownian motion. Ayache et al prove that the pointwise Holder exponent of the Ito
multifractional Brownian motion at ¢ is at least H(¢), but still have to assume a Holder condition on the multi-
fractional parameter H(z). This last drawback is solved by Loboda, Mies and Steland | ], who show that
the pointwise Holder exponent of the Ité6 multifractional Brownian motion at ¢ is equal to H(t), irrespective of
the Holder regularity of H(x).

Up to this point, the considered processes have all been Gaussian. However, comparable processes have been
considered in the stable regime. Stable distributions are a generalization of normal distributions that share the
ubiquity of normal distributions in the sense that they serve as limit laws in a central limit theorem. However,
unlike normal distributions, the tails of stable distributions are heavy, which makes them more suitable for
modeling certain phenomena. The fractional Brownian motion has its analogue in the stable regime: The linear
stable fractional motion. This process is given by

/R(t—x)f Y (o) dL(e) teR,

where L is a symmetric a-stable Lévy process. Just like in the Gaussian case, a multifractional variant has
been suggested [ ], where the fractional parameter H is replaced by a deterministic function H(t). The
pointwise Holder regularity is a bit more nuanced in the stable case. Indeed, Ayache and Hamonier find that,
under a Holder condition on the multifractional parameter H(t), the pointwise Holder exponent is H(t), and



the uniform pointwise Holder exponent is H(t) — é [ ]. The same two theoretical drawbacks of the classical

multifractional Brownian motion arise in the stable case: The formulation does not provide a natural framework
for considering random multifractional parameters, and the Holder regularity of the resulting process depends
on the Holder regularity of the multifractional parameter. In the Gaussian case, these drawbacks were resolved
by considering an Itdé multifractional Brownian motion, but no such attempts have been made in the stable
regime.

The goal of this thesis is to introduce an Ito6 multifractional stable motion, where the multifractional parame-
ter H(x) is a random function of the integration variable. This allows us to naturally interpret the resulting
stochastic process as an It6 integral. Moreover, we will attempt to compute the (uniform) pointwise Holder regu-
larity of this process, without imposing any conditions on the Hélder regularity of the multifractional parameter.

In Section 2, some preliminary topics will be laid out. We will cover (uniform) (pointwise) Holder exponents,
quasinormed spaces, the Kolmogorov extension and continuity theorem, weak convergence and (weak) Lebesgue
spaces. In Section 3, we will cover the multifractional Brownian motion in detail. First, the fractional Brownian
motion will be properly defined. Then, we will cover the previously stated results on the Holder regularity of the
different types of multifractional Brownian motions in more detail. Sections 4 and 5 will be about the theory
of stable distributions and Lévy processes respectively. Stable Lévy processes are the stable counterpart to
Brownian motion and will be used in defining the (multi)fractional stable motion as a collection of It6 integrals.
Finally, in Section 6 we will develop an Ito calculus for stable Lévy processes and consider the linear stable
fractional motion and its classical multifractional variant. The previously stated results will be covered in
detail here too. Finally, we introduce the It6 multifractional stable motion, and compute its pointwise Holder
regularity.



2 Preliminaries

Before heading into the main topics of this thesis, we will cover some preliminary topics needed to create a
foundation for the rest of the document. Our main result is a bound on the Hoélder exponent of a stochastic
process, so will of course introduce Holder exponents. Next, we will cover a bit of functional analysis which will
allow us to develop the It6 calculus through which the stochastic process is defined. Finally, we will introduce
some concepts from stochastics and fix some notation.

2.1 Holder exponents

Holder exponents are a way to measure the smoothness or regularity of a continuous function in the absence of
differentiability. This can be done globally over a set of points, or pointwise. Let f : R — R be a continuous
functions and let p > 0. Let I C R be a non-empty interval and let ¢ € R be a point. Consider the following
three Holder conditions.

|f(t2) — f(t1)]

1. sup ———"= < ©
t1,to€l ‘tQ - t1|p 7

t1#£to
[ft+h) = f(B)

2. limsup =0,
h—0 |h|P
to) — f(T
3. limsup sup M =0.
R0 titoclt—hittn] [tz —t1]?

t1F#t2

If condition 1 is satisfied then f is uniformly p-Holder continuous on I, under condition 2 f is called
pointwise p-Holder continuous at ¢ and under condition 3 f is uniformly pointwise p-Holder continuous
at t. If f is uniformly p-Hoélder continuous on all non-empty compact intervals then f is said to be locally
p-Holder continuous. The Holder exponents p}“if(I ), pg(t) and p}“if(t) are then defined as the supremum of
all p such that the Holder condition is satisfied for p.

Definition 2.1. The uniform Holder exponent, the pointwise Holder exponent and the uniform
pointwise Holder exponent are respectively defined as the quantities

; to) — f(¢t
p?mf(l) =sup{ p> 0: sup M <00y,
el [t2 =t

t1#ts
pf(t) = sup {p 2 0: hmsupw —_ O} ,
h—0 |h|p

| f(t2) — f(t1)]

Pt =supq p>0:limsup  sup P TIE g
RO trta€lt—ht+h) P2 — ]
t175t2

From these definitions it readily follows that

PIT) < pI(E) < pg(t)



whenever ¢t € I. The difference between the pointwise Holder exponent and the uniform pointwise Holder
exponent is a bit subtle but they are not equal in general: Consider the function f(¢t) = ¢sin(1/t) (with
f(0) = 0). Then, whenever p < 1 we have |h|=?|f(h)| = |h|'=*|sin(1/h)] — 0 as h — 0, so ps(t) > 1. However,
letting 1/t = m/2 4 27n and 1/t2 = 37/2 + 27n, we have

FE) = FE) _ 8 ey

62 —th]? (mth2)?

Thus, [t2 —tL|77 |f(t2) — f(tL)| = oo whenever p > 1 and p‘;nif(t) <L<1<pp).

Note that being p-Holder continuous on I can be restated to the existence of a constant C' > 0 such that
|f(t2) — f(t1)| < Clta — t1]? for all t1,t2 € I. Measuring the behavior of increments like this can be done more
precisely by considering a general modulus of continuity.

Definition 2.2. An increasing function w : R>g — R>¢ such that w(0) = 0 and w is continuous at 0 is a
modulus of continuity. A function f admits w as a modulus of continuity on I C R if, for all ¢1,t € I,

|f(t2) — f(t1)] < w([t2 — ta]).

2.2 Quasinormed spaces

This section will cover quasinormed spaces, which are needed to develop the It6 calculus through which we
will define stochastic processes of interest. Indeed: These Ito integrals will be defined as continuous dense
extensions of continuous linear operators between spaces that almost satisfy the axioms for a normed space, but
the triangle inequality is weakened.

Definition 2.3. Let X be a real vector space. The functional || - || : X — R is a quasinorm if it satisfies
e Positivity: ||| > 0 for all € X and ||z|| = 0 if and only if z = 0,
e Absolute homogeneity: ||cz| = |c|||z| for all c€ R and x € X,

e The weakened triangle inequality: There is a constant C' > 1 such that ||z + y|| < C(||z| + ||y||) for all
z,y € X.

If, instead of the weakened triangle inequality, it holds that ||z + y[[? < ||z|/” + [Jy||? for some p € (0,1], then
| -1 is called a p-norm.

Open balls (i.e. sets of the form {z € X : ||z — z¢|| < r} do not form a basis for a topology when | - | is
a quasinorm, but they do if || - || is a p-norm. In fact, in this case d(z,y) = ||z — y||” is a metric and if this
metric is complete then the p-normed space (X, || - ||) is called a p-Banach space. To define and reason about

a topology on a quasinormed space, then, the following result is crucial because it allows a quasinormed space
to be renormed to a p-norm.

Theorem 2.4 (Aoki-Rolewicz theorem). Let (X, | - ||) be a quasinormed space. Then there are p € (0,1], a
p-norm [-] on X and constants ¢ >0 and C > 0 such that

clz] < |lz|| < Clz] forallz e X.

Proof. | ; ], see also | . O



Now a quasinormed space (X, || -||) may be topologized by attributing to it the metric topology generated by an
equivalent p-norm (this topology does not depend on such a p-norm). If this metric topology is complete (this
property is also independent of the chosen p-norm), then (X, || - ) is a quasi-Banach space. It6 integrals will
be constructed in quasi-Banach spaces, for which we will need the following two lemmas.

Lemma 2.5. Let (X,| - |lx) be a p-normed space and let (Y,|| - ||ly) be a g-Banach space with p,q € (0,1].
Suppose f: D —Y is a linear isometry on the subspace D C X. Then f uniquely extends to a linear isometry
f:D =Y on the closure.

Proof. Let x € D and choose a sequence (z,,)nen in D such that z,, — X in (X, ||-|x). Then ||f(z,)—f(zm)|y =

|z — 2mllx for all n,m € N, so (f(zn))nen is Cauchy in (Y, | - ||y). Define f(x) to be the unique limit of
(f (2)mers in (V5] - Iy):

To show that this is well defined, let (z/,)nen be another sequence in D such that z], — = in (X, || - || x)-
Then || f(2x) — £())lly = ln — #x < (5 — allx + 21, — 2]) /P =0, 50 f(zn) — F(h) = 0 in (Y, ] - [y).
It follows that (f(x,))nen and (f(x),))nen converge to the same limit in (Y, || - [|y).

Next we show that f : D — Y is linear. Let 2,2’ € D and a,b € R and take sequences (z,)nen and
(2),)nen in D such that z, — = and 2}, = 2/ in (X,]|| - ||x). Then az, + bx,, — ax + bz’ in (X, | - ||x), so
flaz,+bx!) — f(ax+bx') in (Y, ||-||y) by definition. But also, f(az,+bz),) = af(z,)+bf(z),) — af(z)+bf(z')
in (Y. - v, 50 7 (az + ba’) + af(z) + bF ().

Finally, f : D — Y is an isomtery by continuity of p-norms. Indeed: If z € D and (2, )nen is a sequence

in D such that z, — z in (X, | - ||x), then || f(zn)|ly = ||zn]lx for all n € N. Because the p-norm | - || x
and the g-norm Il - |lv are continuous with respect to the topology they generate, taking n — oo reveals that
|If(@)|ly = |lz]|x. The extension is unique because (Y, || - ||y ) is Hausdorff. O

Lemma 2.6. Let {(X;,] - |lx,) : @ € Z} be a collection of p;-normed spaces with each p; € (0,1], let (Y, ] - |lv)
be a quasi-Banach space. Suppose f; : D; — Y with ¢ € T are linear operators on the subspaces D; C X; that
are uniformly bounded (i.e. there is a constant A > 0 such that || fi(z)|ly < Allz||x, for alli €T and z € X;).

Then these linear operators uniquely extend to a collection of uniformly bounded linear operators f; : D; =Y
on the closures.

Proof. Let [-]y be an equivalent norm on Y making (Y, []y) a p-Banach space (0 < p < 1) obtained from the
Aoki-Rolewicz theorem and let ¢ > 0 and C' > 0 be such that c[yly < [ly[ly < Cly]y forally € Y. Fixi € Z,
let x € D; and choose a sequence (7, )nen in D; such that x, — @ in (X;, || - [[x,). Then [f(z,) — f(zm)]ly <
%Hxn — Zmllx;- Thus, (f(2n))nen is a Cauchy sequence in (Y,[-]y). Define f;(z) to be the unique limit of
(f(2n))nen in (Y, []y). The function f; : D; — Y is well defined and linear by the same arguments as in Lemma
2.5.

We prove that the collection {f; : i € Z} is uniformly bounded. Let i € Z and = € D; and choose a sequence
(Zn)nen in D; such that z, — = in (X;, || - ||x,)- Then for each n € N, [fi(z,)]y < %Hzn”Xi. From continuity
of p-norms it follows that [f;(2)]y < 2|z|x,, so [|fi(z)|ly < £€|z|x,. Again, the extensions are unique due
to the Hausdorff property. O

2.3 Stochastics

Finally, some topics from probability theory that will be used later will be treated. We will cover the definition
of random variables and stochastic processes, the Kolmogorov extension and continuity theorems, the Brownian
motion, weak convergence, the Cramér-wold theorem and (weak) Lebesgue spaces.



Definition 2.7. A measurable function X : (Q, F,P) — (E,G) from a probability space to a measurable space
is called an E-valued random variable. Letting T be an indexing set, a collection (X (¢)):er of E-valued
random variables is called an F-valued stochastic process.

A random variable induces a probability measure X*P on E, given by
X'P(G)=P(XG]) Geg.

This measure is called the pushforward measure or the law of X. If two random variables X and Y (not
necessarily defined on the same probability space) have the same law they are equal in distribution, this will

be denoted by X 2 Y. If two random variables are independent this will be denoted with the symbol L.

Note that, by the universal property of the product, an E-valued stochastic process (X (t)):cr can be viewed
as an ET-valued random variable, it can also be viewed as a joint map X : Q x T'— E, but in this case, the
notion measurability only makes sense if T" attains the structure of a measurable space. If T has the structure
of a measurable space and the joint map Q x T' — FE is measurable, then the stochastic process is called jointly
measurable. For fixed w € Q the map X (w,-) : T'— E is called a sample path of the process (X (¢))ter. If
(Y(t))ter is another stochastic process and P(X (t) = Y (¢t)) = 1 for all ¢ € T then Y is a modification of X.
IfP(Vt € T X(t) =Y(t)) =1 then X and Y are indistinguishable. If E = R then the law of a stochastic
process (on RT) is completely characterized by its finite-dimensional distributions. This is an implication of the
Kolmogorov extension theorem.

Theorem 2.8 (Kolmogorov extension theorem). Let T be an index set, suppose each finite subset F C T is
attributed a probability measure Pr on RY such that the Kolmogorov consistency criterion is met: For all
pairs of finite subsets FF C T and G C T such that F C G, we have

(19) Pe = P,

where [g: RE — R restricts a function G — R to F. Then there is a unique probability measure Py on RT
such that (15)* Py = Pp for all finite F C T.

If T'C R is a subset of the real line then the Kolmogorov extension theorem can be restated to the following:
Suppose that for all t) < ... <, in T there is a probability measure &, . on R" such that

f@to,...,tn(AO X ... X An) = '@to,~~~,tk—1,tk+1,~u,tn(AO X ... X Akfl X Ak+1 X ... X An)

whenever Ag ... A, are Borel measurable with A, = R. Then there is a unique probability measure on R” that
has #,, .+, as its finite-dimensional distributions.

The uniqueness part of this theorem implies that the law of a stochastic process is characterized by its finite-
dimensional distributions, and the existence part allows us to find stochastic processes by prescribing its finite-
dimensional distributions. However, no properties are placed on the sample paths of a stochastic process
obtained in this way. For this, another theorem due to Kolmogorov is needed.

Theorem 2.9 (Kolmogorov-Chentsov continuity theorem). Let T C R be a (possibly unbounded) interval.
Suppose (X (t))ter 1s a real-valued stochastic process and suppose there are positive constants «, 3 and C' such
that

E|X(t)— X(s)|* < CJt —s|*™? s,teT.

Then there is a modification (X (t))ier of (X(t))er that such that its sample paths are locally p-Hélder contin-
wous for all 0 < p < g



One of the most well known stochastic processes is the Brownian motion. Often this process is only considered
on the half line [0, 00), but we will also need to consider this and other processes on the whole real line R.

Definition 2.10. Let T be either R or [0,00). The Brownian motion (W (t));er is a real-valued stochastic
process such that the following properties are satisfied.

1. W(0) = 0 almost surely.

2. Normally distributed increments: There is a constant o > 0 such that W (t) — W(s) ~ N(0,02(t — s)) for
allt > sin T.

3. Independent increments: For any tg < t; < ... < t, in T, the random variables W (t1) — W (to), W (t2) —
W(t1)...W(t,) — W(t,—1) are independent.

Usually it is also required that the sample paths of the Brownian motion are continuous, and it may be more
appropriate to call a process satisfying the conditions above a Brownian motion in law. This would follow the
convention that Sato uses for Lévy processes | |. However, for the sake of synergy with the rest of the
document, we will define the Brownian motion by its finite-dimensional distributional properties and demand
no properties on the sample paths. Existence of the Brownian motion can then be shown by appealing to the
Kolmogorov extension theorem. With the Kolmogorov-Chentsov continuity theorem it can then be shown that
the Brownian motion admits a modification with continuous sample paths. The next topic that will be covered
is weak convergence and convergence in distribution.

Definition 2.11. Let F be a metric space (equipped with the Borel sigma algebra). Then the sequence (P, )nen
of probability measures on E converges weakly to the probability measure P if, for all bounded continuous

functions f: E — R,
/ fdP, —>/ fdP.
E E

This defines a topology on the set of probability measures on E. If the laws of a sequence (X,,)nen of E-valued
random variables converge weakly to the law of the E-valued random variable X then we say that X,, converges
to X in distribution (X,, and X may all be defined on different probability spaces).

To show convergence in distribution of random vectors, the following result, known as the Cramér-Wold theorem,
is quite useful.

Theorem 2.12 (Cramér-Wold theorem). Let X,, and X be R%-valued random variables. Then X,, converges
to X in distribution if and only if (t,X,) converges in distribution to (t,X) for all t € R?, here (-,-) denotes
the standard inner product on R?.

Next we will discuss weak convergence in the metric space C([a,b]) of continuous real valued functions on a
compact interval [a,b] C R, equipped uniform convergence. This topic is covered extensively in Chapter 2 of
Billingsley’s book | ]. The reason that weak convergence in this space is of interest to us is that we wish
to speak about a form of distributional convergence of stochastic processes with continuous sample paths that
is stronger than convergence in finite-dimensional distributions. To this end, due to the next lemma, we may
understand a stochastic process (X ());e[q,5) With continuous sample paths as a C([a, b])-valued random variable
so that we can talk about convergence in distribution in the metric space C([a, b]).

Lemma 2.13. The Borel sigma algebra on C([a,b]) is equal to the sigma algebra generated by the projections
for t € [a,b], given by
7t C([a, b)) = R
x> x(t).



Proof. Write B and P for the Borel sigma algebra on C/([a, b]) and the sigma algebra generated by the projections
respectively. Then P C B is immediate, because the projections are continuous (uniform convergence implies
pointwise convergence). We will show that closed balls of the form

B,(z) = {y € C([a, b)) : tz?pb] ly(t) — z(t)] < 7“} xz € C(la,b]),r >0

are in P. It then follows that open balls are in P, because these can be written as a countable union of closed
balls. Finally, because C(][a,b]) is separable and therefore second countable, any open set can be written as a
countable union of open balls so it follows that all open sets are in P and that B C P. Thus it remains to be
shown that B,.(x) € P for z € C([a,b]) and r > 0. To this end, simply note that

Bi(x)= () ) =)+

t€QN([a,b]
O

It is thus relevant to have criteria for weak convergence of probability measures on C([a,b]). These criteria
are given by convergence in finite-dimensional distributions, in the presence of a property known as tightness.
These criteria are an immediate consequence of Prohorov’s theorem.

Definition 2.14. Let II be a set of probability measures on E. Then II is tight if, for every ¢ > 0 there is a
compact subset K C E such that P(K) > 1 — e for all P € II. Moreover, II is relatively compact if every
sequence (P, )nen in II contains a subsequence (P, )xen that converges weakly to some probability measure @
(not necessarily a member of II).

Theorem 2.15 (Prohorov’s theorem). Let E be a metric space and let II be a set of probability measures on E.
Then I1 being tight implies that 11 is relatively compact. If E is separable and complete, then I1 being relatively
compact also tmplies that 11 is tight.

Proof. | , Theorems 5.1 and 5.2]. O

In section 7 of | ], Billingsley derives sufficient conditions for tightness of a sequence of probability measures
on C([a,b]) and these lead to the following criteria for convergence in distribution of C([a, b])-valued random
variables (which are stochastic processes on [a,b] with continuous sample paths).

Theorem 2.16. Let X and (X,,)nen be C([a,b])-valued random variables. Suppose X, (t1,...,tx) converges to
X(t1,...,t) in distribution (in the metric space R¥) for each t1 ...ty € [a,b]. Moreover, suppose that for each
€e>0,
lim lim sup P(w(X,,h) > €) =0, (2.1)
h—=0 pnsco
where w(x, h) = supp,_y <y, |2(t) — z(s)| is the canonical modulus of continuity of a continuous function x €
C([a,b]). Then X,, converges to X in distribution.

Proof. | , Theorem 7.5] O

Finally, we show that the condition (2.1) is implied by a criterion similar to that of the Kolmogorov-Chentsov
continuity theorem.



Proposition 2.17. Suppose there are positive constants «, 8 and C such that for alln € N and all s,t € [a,b],
E|X,(t) — X, (s)|* < CJt — s|* P,
Then condition (2.1) is satisfied.

Proof. Without loss of generality suppose [a,b] = [0,1]. Let Dy = {j27% : j =0...2¥} and D = J;—, Dy be
the dyadic rationals and set
C yo—k
Enk = mMax, X0 (727%) = X ((G — 1)27F)]
Then, by induction over [ > k it may be shown that | X,,(¢) — X,,(s)| < &k + 2 Zé’:k+1 &n,; whenever s,t € D;
with [t — s| < 27k, Tt then follows that, if s, € D and |t — s| < 27%, we have | X,,(t) — X,,(s)| < 23 sk én-
Thus, for all n € N and k € N, B

w(Xp,27%) <2 &5
j>k
Now note that .
2
El5 ] <D EBIX(27%) = Xn((j — 1)27F)[* < 2bC27F0H0) = 02747,
j=1

We will distinguish between the cases @ > 1 and o < 1 because in the first case the Minkowski inequality will
be used and in the second case subadditivity of ¢t — t* will be used. First suppose that e > 1. Then it follows
that for all n € N,

(]E|w(Xn,2’k)\°‘)é <2) (B[ S,j])é
Jjzk

<203y 27Uk
>k

1 _s\"V 8

. Yex: (1—2 a) 94
If @ < 1, then for all n € N,
Elw(X,,27%)|* < 2"‘215[ )
>k

< 2“022—fﬁ

>k

=200 (1-277)"" 2748,
In both cases, condition (2.1) is satisfied because of Markov’s inequality. O

Remark. If C((a,b)) is the space of continuous functions on an open interval (a,b). This space is (metrizably)
topologized by uniform convergence on compacts, i.e. z, — x whenever sup;ciy ) |2n(t) — (t)| — 0 for all
[a',V'] C (a,b). In this regime, (slightly modified versions of) Theorem 2.16 and Proposition 2.17 still hold (see
[ , Chapter 23]).



The final topics that will be discussed are Lebesgue spaces LP(S, F, u) and weak Lebesgue spaces AP(S, F, ),
where (S, F, i) is a measure space. These spaces are indexed by a number p > 0 and are given respectively by
the measurable functions f : .S — R, modulo equality almost everywhere, such that

I flle (5,7, = (/S i du) < 00,

1 llar (s = (supwuﬂ > A)) < .
A>0

LO(S, F,u) will denote the space of all measurable functions S — R, modulo equality almost everywhere,
metrizably topologized by convergence in measure. Usually the sigma algebra F and the measure p are un-
ambiguous and we will simply write L?(S) and AP(S). The space LP(S) is a Banach space for p > 1 and a
p-Banach space for p < 1. The space AP(S) is a quasi-Banach space for all p > 0. Indeed: Positivity and
absolute homogeneity are clear. For the weakened triangle inequality, if f,g € AP(S) then, for any A > 0,
{f +gl > 2 SA{|fl > A2y U{|g| > A\/2}. Tt follows that

Xl + g1 > A) <2 (A2 (] > A/2) + (A2l > A2) < 27 (171 s) + lglRags) ) -

Taking supremum over A > 0 and p’th root reveals that

1+ 9larcs) < 2 (1) + I9lugsy )™ < 27 (1 1Ruqs) + lalhns)) -

The proof of completeness is omitted (see e.g. | ]). Note that, for A > 0,

Nu(f] > ) < /

|f|p dp < ||f||€p(s)~
{IfI>X}

It follows that [|f[|ar(sy < [ fllLr(s) and that LP(S) € AP(S). The following and final lemma of the section
shows that the property that Lebesgue spaces over a probability space are closed downwards (with respect to
p) extends to weak Lebesgue spaces.

Lemma 2.18. Let (Q, F,P) be a probability space. Let 0 < p < q and suppose X € A1(Q), then

1
q P
X P S — X q .
Xl < (-2) Xl
Proof. If X = 0 the result is trivial, so assume X # 0. For any ¢ > 0, we have

E|X|? :p/ NIP(X| > A) dA
0

t 00
ng ApfldA+||X\|iq(Q)/ quldA]
0 t

p _
=t + X9 ont? 2
X

The result follows by setting ¢ = || X ||pa(q) > 0 (which minimizes the right hand side) and taking p’th root. [
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3 Multifractional Brownian Motion

The first real part of this thesis is dedicated to covering the fractional Brownian motion and its development into
two of its multifractional variants. The purpose of this section is to contextualize and motivate the primary focus
of this thesis, which is the (multi)fractional stable motion. The fractional stable motion is a direct analogue
to the fractional Brownian motion, but Gaussian distributions are replaced with so-called stable distributions,
which will be covered in Section 4. In section 6 we will propose a new type of multifractional stable motion
which is directly inspired by recent developments in the theory of the multifractional Brownian motion.

3.1 The Fractional Brownian Motion

Throughout this section fix a probability space (2, F,P). The first appearance of the fractional Brownian
motion is in an article by Mandelbrot and Van Ness | ]. They define the fractional Brownian motion as its
moving average representation which we will get to later. However, we will follow Section 7.2 of Samorodnitsky
and Taqqu’s book | | and define the fractional Brownian motion in the context of H-self-similar Gaussian
processes with stationary increments.

Definition 3.1. Let T be either R or [0,00). A stochastic process (X (¢))ier on (Q, F,P) is H-self-similar
with H > 0 if, for every a > 0,

d
(@ X (1))ier = (X(at))ser.
The process has stationary increments if, for every A > 0,

(X(t+h) = X(h))er < (X(t) — X(0))ser-

If a stochastic process is H-self-similar and has stationary increments, then this will be abbreviated to H-sssi.

Note that an H-self-similar process always obeys X (0) = 0 almost surely. Indeed: For any a > 0 we have

X(0) = X(a0) < a™ X (0)). It then follows that any H-sssi process (X (t));cr satisfies X (—t) 4 —X(t) for all

t € R. The fractional Brownian motion is essentially the only Gaussian process which is H-self-similar and has
stationary increments, by which we mean that two Gaussian H-self-similar processes with stationary increments
are equal to teacher in finite-dimensional distributions, up to a multiplicative factor. In order to show this, it
will first be proven that the value of the self-similarity index H is limited by existence of absolute moments.
These next two results are Lemma 7.1.9 and Proposition 7.1.10 from [ ]

Lemma 3.2. Let (X (t))ier be H-sssi. Then, for s # 0 and t # 0,

P(X(s) = 0 A X(t) = 0) = P(X (1) =
P(X(s) # 0 A X (1) #0) = P(X(1)

),

0
0

RN

Proof. For any s # 0, by self-similarity and X (—1) 4

—X (1), we have
P(X (s) = 0) = P(|s|” X (sign(s)) = 0) = P(X (1) = 0). (3.1)
Note that the statement of the lemma follows under the hypothesis that for all s # 0 and ¢ # 0,

P(X(s) = 0 A X(t) # 0) = 0. (3.2)

11



Indeed: Assuming (3.2), writing R for either the relation = or # on R, for s # 0 and ¢ # 0,
P(X(s) ROAX(t) R0O) =P(X(s) RO) —P(X(s) ROA (=X (t) R0O)) =P(X(s) R0) =P(X (1) RO).
Thus, (3.2) will be established. By stationary increments, X (0) = 0 and (3.1), for any s # ¢ it holds that
P(X(s)=X(t) =P(X(s—1t)=0)=P(X(1) =0). (3.3)
Now fix t # 0, for any v > 0 and M > 0 it holds that

P(X(t) = X(u) #0) <P(|X()] = M) +P(0 < [X(u)| < M)
=P(IX(t)] > M) +P(0 < [X(1)| < Mu~").
Taking u — oo and M — oo such that Mu=H
functions reveals that

— 0 and using right-continuity of cumulative distribution
lim P(X(¢t) = X (u) # 0) = 0. (3.4)
Moreover, for s # 0 and u # s,

P(X(s) = X (u) = B(X(s) = X (u) # 0) + P(

Now fix s #0 and t # 0 and let w > s V¢V 0. Then

P(X(s) = 0AX(t) £0) < P(X(s) = 0A X (u) # 0) + P(X (u) = 0
= P(X(s) = X (u) # 0) + P(X (u) = X(¢)

Letting u — oo and using (3.4) shows (3.2). O
Lemma 3.3. Suppose (X (t))ier is H-sssi and P(X(1) # 0) > 0. Then the relation
E|X(1)]" < o

implies

0<H<% ifo<~y<1
0<H<1 ify>1

Proof. First suppose 0 < 7y < 1, then (z+y)” < 27 +y" for x,y > 0. Thus, | X(2)]” < |X(2)-X1)|"+|X 1)
on the set {X(1) #0A X(2) — X(1) # 0}. By Lemma 3.2 and the assumption P(X (1) # 0) > 0, this set has
positive probability. Using H-self-similarity and stationary increments, it follows that

2HMEIX (1)) = EIX(2)]" <EIX(2) - X(1)]" + E[X(1)]" = 2E[X (1)]".
Note that E|X(1)|” > 0 because P(X (1) # 0) > 0. It follows that H < %

If v > 1 then E| X (1)|” < oo for all 0 < p < 1 and therefore H < % for all 0 < p < 1, implying H < 1. O
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We conclude that the self-similarity index H of a non-degenerate Gaussian H-sssi stochastic process (X (t))ter
is limited to the values 0 < H < 1, degenerate in this context means that (X (¢)):er is indistinguishable from
0. Moreover, the finite-dimensional distributions of a non-degenerate Gaussian H-sssi stochastic process are
locked down by these characteristics. The next result corresponds to Lemma 7.2.1 in | ]

Proposition 3.4. Let (X(¢)):er be a non-degenerate Gaussian H-sssi stochastic process. Then
1
Cov(X(s),X(t)) = §Var(X(1)) (|s|*" + [¢27 — [t — s|*") s, teR

Moreover,
E[X(t)] =0 if0< H <1,
X(t)=tX(1) a.s. if H=1.

Proof. Using the fact that (X (t))er is H-sssi we find that

E[X(s)X(1)] = 5 (E[X(s)’] + E[X(1)’] - E[(X(t) — X(5))*])

(E[X(5)*] + E[X(8)] - E[X(t — 5)*))

N RN~ DN

E[X (1)) (s + [¢* — |t = s[>7).
Consider first the case 0 < H < 1. Then
E[X(1)] = E[X(2)] - E[X(1)] = (2" — 1)E[X(1)],

showing that E[X(1)] = 0 and therefore that E[X (¢)] = 0 for all ¢ # 0. Now consider the case H = 1. Then
E[X (5)X(t)] = tsE[X(1)?] and we find, for ¢ # 0,

E[(X(t) — tX(1))%] = E[X(1)%] — 2#E[X () X (1)] + *E[X (1)?] = (#* — 2¢> + *)E[X (1)?] = 0.
Thus, X (¢) = tX (1) almost surely. Of course these are the only two cases to consider by Lemma 3.3. O

We will consider the case H = 1 where the process is simply a drifting normally distributed random variable as
uninteresting and unworthy of the name fractional Brownian motion. However, for 0 < H < 1, Proposition 3.4
identifies non-degenerate Gaussian H-sssi as centered and locks down the covariance function up to a constant
multiplicative factor. In turn, the finite-dimensional distributions of non-degenerate Gaussian H-sssi stochastic
processes are uniquely determined up to a multiplicative factor.

Definition 3.5. Let 0 < H < 1. The name fractional Brownian motion with fractional parameter H
shall refer to any non-degenerate Gaussian H-sssi stochastic process (X (t))er. In turn, its mean and covariance
functions are given by

E[X ()] =0 teR, (3.6)
1
Cov(X(s), X(t)) = 50 (|s|?" + [¢27 — |t — s|*7) s, t eR. (3.7)
Note that if (X (t))icr is a fractional Brownian motion with H = 3, then for s # 0 and ¢ # 0 we have

C(ls| AJt]) sign(s) = sign(),

Cov(X(s),X (1)) = {O sign(s) ; sign(t).

13



This identifies (X (¢)):er as a Brownian motion and explains why the fractional Brownian motion is called
the way it is. Determining the Holder regularity of fractional Brownian motion can be done by using the
Kolmogorov-Chentsov continuity theorem and the fact that the covariance function is known.

Theorem 3.6. Let (X ())ier be the fractional Brownian motion with fractional parameter H € (0,1). Then,
there is a modification (X (t))ier of (X (t))ter such that, with probability one, p;f(mf([S, T)) > H forall S <T.
Moreover, for allt € R, p4(t) < H almost surely.

Proof. Let the covariance function of (X (t)):er be described by (3.7). Let s,t € R, then X (¢) — X (s) is normally
distributed with mean 0 and variance

Var(X (t) — X(s)) = Var(X(t)) — 2Cov(X (s), X(t)) + Var(X(s))
= O — (s 4+ 12— e 52 + [5]2]
= C|t — s|*H.

Letting p > 0 and Z be standard normal, it follows that

E[lX(t) - X(s)") = E|[VClt — 5" 2 " _E|ZpPCr2) - sPH.

If p > L then the Kolmogorov-Chentsov continuity theorem provides a continuous modification (X, (t))ier
that is locally p-Holder continuous for any 0 < p < H — % and letting p — oo yields a modification (X (t)).er

unif
X
pn — 00 as n — oco. Then the processes in the collection (X, )nen are pairwise indistinguishable because

(Xp, (t)ter and (X,,,, (t))1er are modifications of each other with continuous sample paths. Because N x N is
countable, they are uniformly indistinguishable in the sense that there is a probability one set Q* C (2 such that

X,,(t) =X, (t)forallw € Q*, n € Nand t € R. Fixing ng € N we find that, with probability one, (Xpn, (1)) ter
is locally p-Holder continuous for any 0 < p < H — pi, for every n € N. Since pi — 0 it follows that, with

satisfying p™([S,T]) > H. To be more precise: Let (p,)nen be a sequence of positive real numbers such that

probability one, (X, (t))er is locally p-Hélder continuous for any 0 < p < H and thus, with probability one,
p“X“if ([S,T]) > H forall S < T.

Png

To show the upper bound on the pointwise Holder exponent, let v > 0,t € R and h > 0. Then

E (W) = 72172 (B[(X (¢ + h)?] + ELX (1)%] - 2B[X (¢ + h) X (1))

= Ch 2772 (Jt + WP + [t — (|t + b7 + t*H — h2H))
=Ch™?7,

We see that h’H’7|)~{(t +h) — X(t)| = oo in probability as h | 0 and thus there is a sequence h,, | 0 such that
h =7 X (t + hy) — X (t)| — oo almost surely as n — oo. Thus, almost surely,

. |X(t+h)—X(1t)|
e =g

and pg(t) < H. O
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Regarding the existence of fractional Brownian motion, it is relatively simple to show that a Gaussian process
obeying (3.6) and (3.7) is H-sssi, and an easy way of showing there is some probability space supporting a
Gaussian process with (3.6) and (3.7) as its mean and covariance function comes down to showing the expression
on the right hand side of (3.7) is non-negative definite and appealing to the Kolmogorov extension theorem.
However, we will show that, for all 0 < H < 1, a fractional Brownian motion with fractional parameter H
exists, provided the probability space can support Brownian motion, by giving an explicit representation as an
1t6 integral against a Brownian motion.

3.2 Moving Average Representation of the Fractional Brownian Motion

The moving average representation of fractional Brownian motion is how the fractional Brownian motion was
first introduced | ]. Let (2, F,P) be a probability space and let (W (z)),cr be a Brownian motion on {2,
then the moving average representation of fractional Brownian motion with fractional parameter H € (0,1) is
given by the Ito integral

WH(t)z/(t—@f‘% (o) aw () teRr. (3.9)
R

r

Here the quantity ()’ is defined for z,7 € R as

” " x>0,
(x)+={

0 z<O0.

Of course we ought to make sense of this improper Itd integral over the entire real line. Writing f;(x) =
(t— x)f_l/ - (—x)f_l/ % for the collections of kernels, by the Ito isometry, using that the kernels are deter-

ministic, for all real numbers a < b,
b 2 b ,
el [ naw) | = [ (@) a. (39)

Lemma 3.7. For any H € (0,1) and t € R,

[ e da < .

Proof. Note that fi(z) = 0 for x > t V 0 so the integral is only improper around —oo and at the possible

singularities x = 0 and z = t. If H = % then f; = 1jg4) (which should be understood as —1(_; g for t < 0)

and the claim is clear. Now suppose H # %, then fi(z) ~ (H — 1)(—z)#3/2 as © — —oo which is square

integrable around —oo. Moreover, fi(x) ~ (t — x)ffl/2 as x — t which is square integrable around z = t.
Finally, fi(z) ~ (—x)f_1/2 as ¢ — 0 which is square integrable around = = 0. O

Using Equation (3.9) we conclude that, for fixed ¢ € R, the net

(L)

la,b]eT
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is Cauchy in L2(Q). Here T is the directed set of non-empty compact intervals [a,b] C R, partially ordered by
set inclusion. We define (3.8) as the limit in L?2(Q) of this net. Note that, due to continuity of the functional
|l - llL2(@) and Equation (3.9), we find

BV (1)) = [ (i) do.
Proposition 3.8. Let (W (t))ier be defined in (3.8), then (W (t))ier is a fractional Brownian motion with
fractional parameter H.

Proof. First we show that (W (t));cr is a centered Gaussian process. Let ¢1...¢c, € Rand t;...t, € R. Then

n

. B n
> oW (tk)/ngckftk dw.

k=1

Since the kernel Y 7'_, ¢k fy, is deterministic, the random variable above is normally distributed with mean 0.
Next, we show that (W (t))scr is H-self-similar, so let @ > 0, ¢;...c, € Rand t;...t, € R. Then, using the
1t6 isometry,

Var (; ckWH(atk)> =FE (/R ; Ck faty dW)
= /R <i ck [(atk — m)f_% — (—m)f_ﬂ> dx

k=1

o [ (S fie-ot ot

k=1
n 2
_ 2HR (/ chftk dW)
R =1
= Var (Z ckaHWH(tk)> .
k=1

We conclude that Y p_, ceWH (aty,) 4 >orey cka®WH (). Since c;...c, were arbitrary and the distribu-
tion of a random vector is determined by its linear combinations, it follows that (WH (aty)... W (at,)) <

(@"W(ty)...a"W(t,)) and that (W (at))iecr £ (a"W (t))ter. Finally, we prove that (W (t));cr has station-
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ary increments. Let h € R, ¢1...¢c, € Rand ty...%, € R. Then

Var (i en(WH (te + h) — WH(h))> =E < zn: ck(froan — fn) dW)
k=1

Rp=1

By the same reasoning as before, it follows that (W (¢t + h) — WH(h))ser 4 (WH () er. O
The representation (3.8) is not unique: Writing (z)” = (—)’, and letting (a4,a_) € R?\ {(0,0)}, the repre-
sentation

Wii,a,(t)=/Ra+ (-7 o) va (t-0)"F - () ) aw) ter

also results in fractional Brownian motion with fractional parameter H, due to the very same arguments we
have just witnessed. Of course, by Proposition 3.4, the finite-dimensional distributions may only differ from
(3.8) by a multiplicative factor.

3.3 Multifractional Brownian Motion

In this section we will cover the developments of the fractional Brownian motion into two of its multifractional
variants. Both of these variants are constructed from (3.8) by replacing the fractional parameter H with a
function. The first multifractional Brownian motion that appeared in the literature replaces the fractional
parameter H with a deterministic function H(¢) depending on the variable ¢ indexing the stochastic process
[ ]. Later the case where H(t) is a random process is considered | ]. However, as pointed out by Ay-
ache, Esser and Hamonier | ], letting H (t) depend on the variable ¢ indexing the stochastic process makes
the kernels in (3.8) unadapted, so this process needs to be defined through wavelet methods. They suggest
to instead let H = H(z) depend on the integration variable, so that the kernels are adapted and the process
may be defined as an It integral. The case where H = H(t) depends on the variable indexing the process
will be referred to as the classical multifractional Brownian motion, and the case where H = H(xz) depends on
the integration variable will be referred to as the It6 multifractional Brownian motion. The It6 multifractional
Brownian motion is later studied by Loboda, Mies and Steland | |, where they simplify the analysis of the
pointwise Holder exponent. In this article, they manage to compute the pointwise Hélder exponent of the Ito
multifractional Brownian motion, without any assumptions on the Holder regularity of the function H. This
stands in stark contrast with the previous articles [ ; ; ], where the Holder regularity of the
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resulting process depended on the Holder regularity of the functional multifractional parameter H.

The reason we cover the development of the fractional Brownian motion into two of its multifractional variants is
to motivate our study of the multifractional stable motion in Section 6. Classical multifractional stable motions,
where the functional multifractional parameter depends on the variable ¢ indexing the stochastic process, have
been introduced | ; ; ]. However, only with with deterministic multifractional parameter, and
the Holder regularity of the resulting process depends on the Holder regularity of the multifractional parameter.
We intend to define an It6 multifractional stable motion where the multifractional parameter depends on the
integration parameter, analogous to the process suggested in | |, so that the process with random multi-
fractional parameter can be defined through an It6 calculus, and the Holder regularity of the resulting process
is independent of the Holder regularity of the multifractional parameter.

Again we fix a probability space (Q, F,P) and a Brownian motion (W (z)),cr on Q. Multifractional Brownian
motion is a class of stochastic processes (X (t))ier such that, around time t € R, the process locally behaves
like a fractional Brownian motion with fractional parameter H(t), where H : R — (0,1) is a function. Making
this intuitive explanation rigorous requires a formal definition of stochastic processes locally behaving like other
stochastic processes.

Definition 3.9. Let H > 0 and T C R be an interval containing 0, a stochastic process (X (t))icr is H-
localizable at ¢ € T with local form (X;(r)),cr if, in terms of finite-dimensional distributions:

(X(t + 1;;)1— X(t))TGT MY (X))

If the processes above have continuous sample paths and the convergence above is weak convergence of push-
forward measures in the space C(T) of continuous functions T' — R, then we say that (X (¢)):cr is strongly
H-localizable at .

Constructing a multifractional Brownian motion thus comes down to constructing a stochastic process that is,
at each t, H-localizable for some H such that its local form is a fractional Brownian motion with fractional
parameter H(t). This was first achieved by Peltier and Lévy Véhel | | where they simply replaced the
fractional parameter H by a function H(t) in the moving average representation of the fractional Brownian
motion (3.8). Processes obtained from (3.8) by replacing H with a function H () will be referred to as classical
multifractional Brownian motion with multifractional parameter H(-). In | ] the authors consider
the classical multifractional Brownian motion given by
H(t)—3

YO = s g L0t - ol av @) e me.

Here, the multifractional parameter H : R>o — (0,1) is assumed to be uniformly p-Ho6lder continuous for some
p > 0. Under the assumption that p > H(t) for each t > 0 they show that, for each t > 0, py (¢t) = H(t) almost
surely. Note that a Holder condition on the multifractional parameter is necessary to obtain the pointwise
Holder exponent of the resulting process.

The authors from | | define a classical multifractional Brownian motion on ¢ € [0, 1] with a stochastic
process (H(t))icjo,1) taking values in [a,b] C (0,1) as multifractional parameter. Note that, even under the
assumption that (H(t))c[o,1] is adapted to the natural filtrated generated by (W(x))zeo,1), the kernels

Qx[0,1] 5 R: (w,t) s (t—2) @072 — (gD s
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are not necessarily adapted to the natural filtration generated by (W(x)),cjo,1)- Thus, the classical multifrac-
tional Brownian motion cannot be interpreted as an I[to0 integral. Instead, the authors consider the moving
average representation of the fractional Brownian motion (3.8) as a random field (W# () (t,Fr)€[0,1] x[a,p]- Then
they define the multifractional Brownian motion with random multifractional parameter as the composition of
(w,t) = (t, H(w,t)) with this random field. This is quite a tricky definition to work with, so to make progress,
a (random) wavelet representation of the random field (W* (£)) . m)e0,1)x[a,] is Obtained. This wavelet repre-

sentation is used to show that, under the condition that pi#([0, 1]) > Supyeo,1] H (t) almost surely, we have

o for all t € (0,1), py (t) = H(¢t) almost surely,
e For all non-empty intervals I C [0, 1], py#i(I) = inf,c;r H(t) almost surely.

Note that again, the Holder regularity of the resulting process is dependent on the Holder regularity of its
multifractional parameter. Later, Ayache, Esser and Hamonier get the idea to replace the fractional parameter
H in the moving average representation of the multifractional Brownian motion (3.8) by a random process
(H(7))ze[0,1) depending on the integration variable [ ]. Processes obtained like this will be named Itd
multifractional Brownian motion with multifractional parameter H(-). The article focuses on the
“high-frequency” part of the Itd6 multifractional Brownian motion because this part dominates the regularity of
the paths. It is given by

1 1
Y(t) = / t—a) D72 aw (@) telo,1] (3.10)
0
It is assumed that (H(x))ze[o,1) is a continuous stochastic process adapted to the natural filtration generated
by (W(z))zefo,1], taking values in [a,b] C (3,1). Then, writing Fy(w,z) = (t — x)f(w’w)_% for the collection of

kernels, for each ¢ € [0,1] we have
e F;:Qx[0,1] — R is jointly measurable (by continuity),

o (Fi(x))zepo,1) is adapted to the natural filtration generated by (W (x))ze0,1]s
o E {fol Fy(z)? dx} < 0.

Thus, (3.10) is well-defined as an It6 integral. Through a very involved wavelet analysis, the authors prove in
Theorem 3.1 the following result: Suppose there are constants ¢ > 0 and p € (0, 1] such that

E[(H(y) — H(z))?] < cly —z|*

for all z,y € [0,1]. Moreover, suppose there is some v € (3,1) such that, with probability one, (H(z))ze[0,1] is
uniformly y-Hoélder continuous. Then, with probability one, for all compact subintervals I C [0, 1],

AT > min H(x).
xel

The Holder regularity of the resulting process is still dependent on the Holder regularity of the multifractional
parameter. This condition was removed by Loboda, Mies and Steland in [ ]. In this article, the authors
consider a general It6 multifractional Brownian motion of the form

Y(t):/mgt(z) dW (z) t€Rsq. (3.11)

19



For each t > 0, the kernel (¢:(z))zer is assumed to be an (F,),cr-adapted (they work in a filtered probability
space) stochastic processes such that g:(x) = 0 for > ¢, and

/(gt(x))2 dr < 0.
R

Moreover, the following three assumptions are made.

Condition (A): The function t — g;(x) is differentiable in ¢ > x for all x € R. There exist (F,),cr-adapted
processes (H(x))zer, (L(z))zer and (R(z))zer such that

9¢(@)] < L(@)|t — ")~ ve(t—10),
091()] < L)t — 2] 1)~ Le(t—1,0),
Or9:(@)] < L(@)|t — 7 v € (<ot —1].

Condition (B): There are deterministic constants H € (0,1),H € (0,1),L > 0 and R > § such that for all
t>0,
H<Ht)<H [LH<L RH)=2R

Condition (C): There exists a continuous, increasing function w : R>g — R>o with w(0) = 0 such that, for
all ¢ >0 and h > 0,
|H(t+ h) — H(t)| < w(h).

Under these conditions they show that, fixing a time horizon 7' > 0, the process (Y'(f))ie(0,1) given by (3.11)

admits a continuous modification (Y/(t))te(o,T) such that, with probability one, for all ¢ € (0,7) we have
py(t) > H(t). To obtain an upper bound on the pointwise Hélder exponent the following assumption is also
made.

Condition (A*): There is a continuous (F,),cr-adapted process (o(x))zer satisfying |o(z)| < L(x), and a
p > 0 such that, for all ¢ > 0,

gi(x) — o(x)(t — )@ ~3| < L(a)|t — 2| @ =3+0,

< L(z)|t — x|F@=3+s,

Nl

’atgt(x) — 0o (z)(t — z)H(I)*

Under these four assumptions and the assumption that the modulus of continuity satisfies w(h)logh — 0 as
h ] 0 it is shown that the continuous modification (}N/(t))te(O,T) of (3.11) is strongly H(t)-localizable at every t
and this in turn is used to show that, for all t > 0, py (t) = H(t) almost surely and that, with probability one,
for all non-empty [a,b] C [0,7T), pgi,“if([a, b]) = mingepq ) H (t).

These results on the Holder regularity are not dependent anymore on the Holder regularity of the multi-
fractional parameter H(-). Indeed: For the lower bound on the pointwise Holder exponent, any modulus of
continuity will suffice and for the upper bound it is only needed that w(h)logh — 0 as h | 0, which is a
weaker assumption that one on the Hoélder regularity. Moreover, the proofs in this article are of a stochas-
tic nature, based on the Kolmogorov-Chentsov continuity theorem, in stark contrast to the more analytically
minded wavelet techniques from | ]. In | ], the following improvement of the Kolmogorov-Chentsov
continuity theorem is proved (only the one-dimensional version is stated here).
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Theorem 3.10. Let (Y (t))ic(s,r) and (a(t))ie(s,) be stochastic processes on (2, F,P) taking values in R and
(0,1) respectively. Denote a; = infiera(t), where I C (S,T) is an interval. Suppose that asry > 0 and that
for some p > 0 there exist € >0 and C > 0 such that for all s,t € (S,T) with |t — s| <,

p

<C|t—s|.

E‘ Y(t) - Y(s)

|t _ 8|9[5At,svt]

Then (Y (t))ie(s,r) has a modification (Y(t))tE(&T) such that, with probability one, for all v > 0 and all
S <a<b<T,itholds that ) }
Y(t)-Y
p O -T0)
s,t€fa,b] |t - 5|7[“’b] v
s#t

This theorem improves over the classic Kolmogorov-Chentsov continuity theorem in two important ways, namely
that the exponent (a(t)):c(s,) may be time-dependent and random. Favoring a stochastic attitude over an an-
alytic one results in much simpler proofs compared to the proofs in | ], and removes the need for a Holder
condition on the multifractional parameter.

As mentioned before, we cover these developments in the study into multifractional Brownian motions because
these developments inspire our research into multifractional stable motions. In the stable setting, fractional sta-
ble motion inspired by the moving average representation of the fractional Brownian motion has been introduced
by Taqqu and Wolpert | ] (they call it fractional Lévy motion). Multifractional variants in the classical
sense, with the fractional parameter H replaced by a deterministic function H(t) of the parameter indexing the
stochastic process, have also been considered | ; ; ] and results on the Holder regularity have been
obtained (these results will be covered in detail in Section 6). However, no multifractional stable motion with
random multifractional parameter has been considered, and the Holder regularity of the multifractional stable
processes that have been considered in the three cited articles are all dependent on assumptions on the Holder
regularity of the multifractional parameter. We intend to define an It6 multifractional stable motion, where
the multifractional parameter H(x) depends on the integration variable. This allows us to consider random
values of H(z) and to find bounds on the Hélder exponent of the resulting process, irrespective of the Holder
regularity of the multifractional parameter. We will adapt the arguments from [ ] to the stable case and
will even directly make use of Theorem 3.10.
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4 Stable Distributions

Now that we have covered the multifractional Brownian motion, it is time to introduce the tools to generalize
this process to the (multi)fractional stable motion: Stable distributions. Stable distributions were originally
formulated by P. Lévy in the early 1920s when he was investigating sums of independent random variables in
his quest to stretch the Central Limit Theorem to its limit | ; ; ; |. During this period,
weakening the conditions of the Central Limit Theorem was a popular occupation among probability theorists:
in 1901, Lyapunov formulated his famous condition, removing the need for the random variables to be identically
distributed | ]. In 1922, Lindeberg formulated an even weaker condition | |. However, both of these
conditions required the existence of variances. For a Central Limit Theorem in the absence of variances and
even first moments, it is necessary to consider non-Gaussian distributions as the limit law.

Lévy realized that there was a crucial property of the Gaussian distribution making it suitable as the limit
law for the Central Limit Theorem: Its stability under independent positive linear combinations. Consider two
independent standard normal random variables X and Y. Then aX + bY ~ N(0,a? + b*) whenever a > 0 and

b > 0 are positive constants. It follows that aX + bY < (a® + bz)%Z , with Z another standard normal random
variable. This stability property is generalizable and leads to the definition of the class of stable distributions.

Definition 4.1. Let & be a non-degenerate (i.e. not of the form d,) probability measure on R. Then & is
a stable distribution if, whenever X, Y and Z are random variables distributed according to & such that
X 1Y,and a >0 and b > 0 are positive constants, we have

aX +bY L cZ +d, (4.1)

for some constants ¢ > 0 and d € R. If (4.1) holds with d = 0 then & is strictly stable. We will say that a
real-valued random variable is stable if its law is stable.

As we have seen, the standard normal distribution is strictly stable, and the constant ¢ in Equation (4.1) follows
the predictable relation a? 4+ b®> = ¢2. It turns out that, for any stable distribution, the constants ¢ and d in
Equation (4.1) are uniquely determined by a and b. Moreover, ¢ follows the relation a® + b® = ¢ for some
a € (0,2

Lemma 4.2. Let X be a non-degenerate real-valued random variable. Suppose ¢ X + d LoX +d with e, >0
and d,d € R. Then c=c and d=d'. As a consequence, the constants ¢ and d in Equation (4.1) are uniquely
determined by a and b.

Proof. Let Y be an independent copy of X. First, we show that X — Y is not almost surely equal to zero.
Suppose, to provoke a contradiction, that ¥ = X almost surely for some. Then, writing F' for the shared
cumulative distribution function of X and Y, we have, for all x € R,

Flz)=P(X <2)=P(X <2AY <2)=P(X <z2)P(Y <z) = (F(2))>
So F(z) € {0,1} and it follows that X is degenerate, a contradiction. Now, we have
(X =Y)=cX+d— (Y +d) 2¢X+d - (Y +d) = (X -Y).

Thus, the characteristic function of X —Y satisfies ¢px _y (cf) = ¢px_y (¢'8) and therefore px _y (0) = dx_y (¢’ /ch).
From induction it then follows that ¢x_y (0) = ¢((¢//c)™ ) for all n € N. Suppose that ¢’ # ¢ and assume, with-
out loss of generality (due to the symmetry in ¢ and ¢), that ¢’ < ¢. Choose 6 € R such that ¢x_y (0) # 1 (which
exists because X —Y is not almost surely equal to zero). Then 1 = ¢x_y (0) = lim,—, 0 ¢((c'/c)" 0) = p(0) # 1, a
contradiction, so ¢/ = ¢. Now, the characteristic function of X satisfies ¢ x (c0)e'® = ¢x (/0)e'? = ¢x (cf)e'd?.
Because ¢x (cf) is non-zero in a neighborhood of 0 it follows that d = d’. O
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Proposition 4.3. If & is a stable distribution, then the constant ¢ in Equation (4.1) follows the relation
a® 4+ b™ = ¢, for some constant a € (0,2]. This constant « is called the index of stability of & and & is
said to be a-stable.

To prove Proposition 4.3, we will be taking Feller’s approach | , Section VI.1]. He uses a slightly different,
but equivalent notion of stability. In his formulation, a stable distribution is required to be stable under n-ary
sums for any n > 0, instead of under binary positive linear combinations.

Definition 4.4 (Equivalent to Definition 4.1). Let &2 be a non-degenerate probability measure on R. Then
& is a stable distribution if, whenever X ... X,, are independent random variables distributed according to
&, we have

Z—Xk} ian"_(bu (42)
k=1
for some constants p, > 0 and ¢, € R, and X a random variable distributed according to &. If (4.2) holds
with ¢, = 0 then &7 is strictly stable.

By Lemma 4.2, p, and ¢, are uniquely determined by n and writing them suggestively as functions of n is
appropriate. From an inductive argument, it is easy to see that Definition 4.1 implies Definition 4.4. The
converse will be shown along the way to proving Proposition 4.3: We will do so by showing that the constants
(pn)%; in Equation (4.2) follow the relation p, = n!/®. As a corollary we will obtain Proposition 4.3 and
the equivalence between Definitions 4.1 and 4.4. First, the relation p,, = n'/® will be shown under the further
assumption that &2 is symmetric, the non-symmetric case immediately follows.

Lemma 4.5. Let & be a symmetric (i.e. P(A) = P(—A) for all Borel measurable sets A C R) distribution
satisfying Definition 4.4. Then there exists a constant a € (0,2] such that the numbers (p,)S2, in Equation
(4.2) follow the relation

Moreover, the characteristic function attributed to &2 is of the form
P(0) = / e AP (x) = e 101" (4.3)
R

for some o > 0.

Proof. First, note that symmetric stable distributions are necessarily strictly stable. It is impossible for p,, to
equal 1 whenever n > 1. Indeed: If p,, =1 with n > 1, then the stability property implies that the characteristic
function of & satisfies ¢ = ¢. Since ¢ is continuous and ¢(0) = 1, it follows that ¢ = 1 and that & = §

is degenerate. Thus, it is possible to define a(n) = 1L°ggp” for n > 1 so that p, = n'/*™ . We shall prove

that a(n) = a(m) whenever n > 1 and m > 1. To this end, we establish the following auxiliary results about
(Pn )y

1. (pn)S, is multiplicative, that is, pp.m = Pn - Pm. As a result, p, = pF = v1/a(m) whenever v = nk.

2. The set {pn/pm : 0 < n < m} is bounded.

1. Let n and m be positive integers and let X7 ... X,,,, be independent random variables distributed according
to . Consider the block sum

m in

:Z:szz Z X

1=1 \k=(l—1)n+1

23



We obtain the multiplicative property by applying stability to the entire sum at once and blockwise. Let X be
distributed according to &2. On the one hand, ZZZ X 4 PrnmX. On the other hand, for each [ = 1...m it
holds that ZZ’ (I=1)n+1 Xk = < pn X, where X; ... X,, are independently distributed according to 2. Since the
blocks are mdependent and by applying stability once more, it follows that

In

S Y x ) £Y paXi= anXz PrpmX
=1 \k=(I_Dn+1 =1

Thus, pn.mX 4 Dn - PmX and, by Lemma 4.2, pp.m = Pn * Dm-

2. Let X;...X;4m be independent and distributed according to &2. By applying the stability property to the
two sides in the equality

n+m n+m
Z Xy = ZXk + Z KXk
k=1 k=n+1

it follows that pymX £ pnY + pmZ, where X, Y and Z are distributed according to & and Y 1 Z. Let
F(t) = 2((t,00)) denote the survival function of &?. Then

F(t)=P(X >t) = P(pnimX > Puimt) = P(pnY + pmZ > Dotmt)-

The event (p,Y > ppimt) A (Z > 0) is contained in the event (p,Y + pmZ > ppimt). Moreover, since we are
working under the assumption that &2 is symmetric, P(Z > 0) > 1. It follows that

— 1
FO) > §P0Y > puant) = 57 (2524)

[\)

From this it follows that the set {pn/pPntm : n,m > 0} = {pp/Pm : 0 < n < m} is bounded, because if this
set were unbounded, from right-continuity of the survival function it would follow that F(t) > $F(0) for all
t. Taking the limit ¢ — oo reveals that F(0) = 0 which is not possible for a survival function coming from a
non-degenerate symmetric distribution (if 22((0,00)) = 0 then Z((—00,0)) = 0 as well so that Z({0}) =1
and & = §y is degenerate).

Now that the auxiliary results have been established, it is time to prove that «(n) = a(m) whenever n > 1 and
m > 1. First note that properties 1 and 2 imply that p,, > 1 for all n > 1. Indeed: If p, < 1 for some n > 1,
then by property 1, p1/p,» = p,;* — 00 as k — oo which contradicts property 2. It follows that a(n) > 0 for
all n > 1. Now fix n > 1 and m > 1. We will consider indices of the form v(k) = n* and pu(l) = m!. For
each integer k > 0 there exists a unique integer [ = (k) > 0 such that u(l) < v(k) < pu(l +1) = m - u(l) (the
dependence of [ on k will be suppressed for readability). Then, using property 1 to find that p, ) = V(k)l/ a(n)
and p()/20™ = p ), we obtain

a(m) a(m)

)a(m =m0 - (pu)

1 1

< (m - ()™ = mat - ()=

pu(k) = V(k) a(n)

Thus, _a(m)

pu(l) 1
>mTam - (pyp)' T
ot (puay)

24



_a(m)
As a consequence, by applying property 2, the set {p (l(‘Z”;) k > 0} is bounded. Now p,,) — 00 as | — oo
(by property 1 and p,,, > 1). Moreover, | = [(k) — oo as k — oo. It follows that 1 — a(m)/a(n) < 0 and that

a(n) < a(m). From symmetry in n and m it follows that a(n) = a(m).

Finally, the characteristic function having the form of Equation (4.3) implies that o < 2: If the characteristic
function has this form and o > 2, then the characteristic function is twice differentiable so that the variance of &
exists. In this case, taking variance of Equation (4.2) yields nVar(Z?) = p? Var(£). Since & is non-degenerate,
Var(#) # 0 and we find p, = n'/? and o = 2, a contradiction.

It remains to be shown that the characteristic function ¢ has the form of Equation (4.3). Since & is
symmetric, the characteristic function is real. Note that Equation (4.2) implies that the characteristic function
satisfies ¢(0)" = p(pn0) = d(n'/*0) for every n > 0 (recall that &2 is strictly stable due to symmetry). By
substituting 6 <+ n~'/*@ we find that the characteristic function satisfies ¢(0) = ¢(n='/*@)". Taking n = 2
shows that the characteristic function is nonnegative. If ¢(#) = 0 for some 0, then 0 = ¢(0) = (n="/*0)™ for all
n > 0. So ¢p(n=/*@) = 0 for all n > 0 and taking n — oo would reveal that ¢(0) = 0. Thus, the characteristic
function is positive and satisfies ¢(6)'/™ = ¢(n=/*f). For n > 0 and m > 0 it holds that

Ol(nfm)! %) = p(n¥/ m~H/) = g(m™He) = o1y,

Consequently, ¢(f) = $#(1)" for § € Qsg. Since ¢ is symmetric and continuous, () = ¢(1)I°/" for 6 € R.
Because ¢ is not constantly equal to 1, ¢(1) < 1. The form of Equation (4.3) is obtained by writing ¢ =
(—log (1)) > 0. O

Corollary 4.6. If & satisfies Definition 4.4 then then there is some « € (0,2] such that the numbers (pn)S,
in Equation (4.2) satisfy p, = n'/®.

Proof. Let Ps = &P * P(—-) be the symmetrization of & (i.e. the law of X — Y, where X and Y are
independently distributed according to &?). Then g is symmetric. Moreover, Py satisfies Definition 4.4,
and the numbers (p,)%2; in Equation (4.2) are the same as those from &. Indeed: Let X;...X,,V7...Y,
be independent random variables distributed according to &?. Then, since & satisfies Definition 4.4, there are

prn > 0 and g, € R such that > ,_; Xj, 4 PnX +¢qn and > 1, Yy 4 PnY + qn. Since Y7 X L >, Y, and
X 1Y, it follows that

> (Xk — Vi) Zxk—ZYk—an+qn—(pnY+qn>=pn(X—Y>-
k=1

O

Having determined the constants (p,)52; from Equation (4.2), it is now time to prove Proposition 4.3. Of
course, the a in this proposition is the same as the one from Corollary 4.6. The equivalence between Definition
4.1 and 4.4 will also be shown.

Lemma 4.7. Suppose & satisfies Definition 4.4 with p, = n'/*, a € (0,2]. Then there is a constant C' € R

such that
B CnY*—n) a#l
= Cnlogn a=1

Proof. | , Lemma 3.3 and 3.4] O
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Proof of Proposition 4.3, and the equivalence between Definition 4.1 and 4.4. As mentioned before, Definition
4.1 implies Definition 4.4 by induction. Suppose 2 satisfies Definition 4.4, with p, = n'/®, a € (0,2]. Let n
and m be positive integers and let X ... X,,1,, be independently distributed according to &?. By applying the
stability property to the left and right hand side of the equality

n+m n n+m
S Xe=)> Xt > Xx,
k=1 k=1 k=n+1

we find that pp4mZ + Gnim 4 PnX + Gn + pmY + Gm, where X, Y and Z are distributed according to 42, and
X 1Y. Rearranging and using that p, = n'/, it follows that

(%"‘1)%Z+Qn’mi (%)éX-FY

for all n > 0 and m > 0, where @y, = m~1/e (¢ntm — qn —Gm). Now let a > 0 and b > 0, and choose sequences
of positive integers (nx)5>, and (mg)52; such that ng/mi — a/b as k — oo. Then from Lemma 4.7,

o, ke [O((E+D7 = (5)7 1) a# 1,
o C((%+1)logla+b) — %loga —logh) a=1,

for some C' € R. By taking limit in distribution and rearranging, we obtain (a+4b)'/*Z+d(a, b) 4 glex ppllay,

with
c ) —as — bé) 1,
da,b) = ((a+ ) a a#
C((a+0b)logla+b) —aloga —blogh) «o=1.
Thus, the implication of Definition 4.4 to 4.1 and Proposition 4.3 follow by substituting a <= a¢® and b <= b~. [

Having established the existence of the index of stability, note that Lemma 4.5 identifies symmetric 2-stable
distributions as centered normal distributions. In the absence of symmetry, there is still a characterization of a-
stable distributions in terms of their characteristic function which identifies all 2-stable distributions as Gaussian.
Because we will focus on symmetric a-stable distributions, this representation of the characteristic function of
general a-stable distributions will not be proven. Instead, we mention that the standard version of the proof
retrieves this as a special case of the Lévy-Khintchine representation for infinitely divisible distributions | ;

|, however, it is also possible to prove the statement without referring to infinitely divisible distributions

[Nol20].

Proposition 4.8. A distribution &2 is a-stable if and only if its characteristic function is of the following form,

#(0) = /Reme dP(z) = {exp (—ga|o|a(1 — iBsign(#) tan(=

) +ipf) a#1,
exp (—o|0](1 + iB2sign(6) In |6)]) + i

;u‘)) a=1.

Here 0 > 0 and p € R are uniquely determined by &, and —1 < B < 1 is uniquely determined by & if a < 2
(if a = 2 then [ is irrelevant).

We see that the characteristic functions of stable distributions are absolutely integrable and therefore absolutely
continuous with respect to the Lebesgue measure | , Section XV.3, Theorem 3]. In particular, stable
distributions are atomless. In the Gaussian case v = 2 the distribution has squared exponentially decaying
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tails. However, for a < 2, the tails of a-stable distributions are much heavier: If & is an a-stable distribution
with o < 2 then the tails 0 < t — Z2((¢,00)) and 0 < t — P ((—o0, —t)) are both asymptotically equivalent
to a constant times ¢~ ¢ | , Property 1.2.15]. This entails that a-stable distributions have finite absolute
moments of all orders up to but not including «, and infinite absolute moments of order all orders greater than
or equal to @. Moreover, a-stable random variables X : Q — R are elements of the weak Lebesgue space A%(£2).

4.1 Symmetric a-stable Random Variables

Recall that a (real-valued) random variable X is stable if its law is stable. If X is also symmetric (i.e. X 4_x ),
then X is called symmetric a-stable, with « € (0, 2] the index of stability from the law of X. If we also allow
0 to count as a symmetric a-stable random variable, by Lemma 4.5, the characteristic function of a symmetric
a-stable random variable X is of the form

ox(0) = e 71O,

for some o > 0. For fixed a, the number o is of course uniquely determined by X so we may write o = || X||4.

Note that [|[Y]|oX 4 | X]|oY for any pair of symmetric a-stable random variables X and Y. This property
identifies || X ||, as the scale parameter of X. If ¥ is a symmetric a-stable random variable with || U], = 1,
then V¥ is deemed standard symmetric a-stable. The suggestive norm-like notation || - ||, is not meant to
fool you. Indeed: If S, is a linear set of symmetric a-stable random variables on (€2, F,P), modulo almost
sure equality, then (Sq,| - ||o) is @ normed space if @ > 1, and an a-normed space if @ < 1. To prove the
triangle inequality the notion of symmetric a-stable random vectors and a representation of their characteristic
functions are required.

Definition 4.9. A random vector X = (X;...Xy) in R? is (jointly) symmetric a-stable if all its linear
combinations are symmetric a-stable. Similarly, a stochastic process (X;)ier is symmetric a-stable if all its
finite linear combinations are symmetric a-stable.

Let Sy = {x € R?: ||z|| = 1} denote the unit sphere in R? (with respect to the standard Euclidean norm).

Lemma 4.10. Let 0 < o < 2. A random vector X = (X1 ...Xy) in R? is symmetric a-stable if and only if
there exists a finite symmetric measure I' on Sy such that its characteristic function is given by

ox(6) = [ 0X] —exp (- [ 00" )

The measure T is referred to as the spectral measure of X.

Proof. | , Theorem 2.4.3] O
Proposition 4.11. Let S, be a linear set of symmetric a-stable random wvariables on the probability space
(Q, F,P), modulo almost sure equality. Then (Sq,| - ||a) is a normed space for a > 1, and an a-normed space
for a < 1.

Proof. Note that X = 0 almost surely if and only if its law is g which is the case if and only if ¢x = 1 which
happens precisely when || X ||, = 0. Thus, || - ||o is positive on S,. Moreover, note that for X € S, and ¢ € R
we have

ex (0) = G (c) = e~ IXIEIe01 — o= (ellXI)161"
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s0 ||cX|la = |¢|||X||a. Finally, we show that the triangle inequality is satisfied for « > 1, and the a-triangle
inequality for « < 1. Let X,Y € S, and note that (X,Y) is jointly symmetric a-stable (because S, is a linear
set). Let T be the spectral measure of (X,Y). Suppose o > 1, then, applying the Minkowski inequality to the
coordinate projections on the unit circle yields

Q=

nX+4wa=(L|x+y%wuwQ

< (/82 || dF(x,y)) : + (/52 ly|* df(w,y)>

= [ Xlla + 1Y ]la-

Q=

If o <1, by subbaditivity of | - |%,
X 71 = [ fo+yl arGy)
d

g/|ﬂwn%m+/|wwnam
Sd Sd
— X[+ Y2
O

Lemma 4.12. Let (X,)nen be a sequence of symmetric a-stable random variables defined on the same proba-
bility space (Q, F,P) and let 0 < p < a. Then the following are equivalent.

L || Xnlla =0,

2. X, — 0 in probability,
3. X, — 0inLP(Q),

4. X = 0 in A%(Q).

Proof. To see why 1 implies 4, let ¥ be a standard symmetric a-stable random variable. Then

n— oo

[ Xnllae@) = [ Xnlla Tllaa@) = 1Xnlla [¥lae@ "= 0.

Now 4 implies 3 by Lemma 2.18, and 3 implies 2 by Markov’s inequality. Finally, we prove that 2 implies 1: If
X, — 0 in probability, then X,, — 0 in distribution so that ¢x, — 1 pointwise. Thus, || X, ||o — 0. O

Lemma 4.13. Let (X,)nen be a sequence of symmetric a-stable random variables defined on the same proba-
bility space (Q, F,P). If || X,||a — 00, then | X,,| = oo in probability.

Proof. Let ¥ be a standard symmetric a-stable random variable and let M > 0 be arbitrary. Then

M n—oo
P(X < 30 = (19] < e ) "0
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Lemma 4.14. Let (X,)nen be a sequence of symmetric a-stable random variables and suppose X,, — X in
distribution. Then X is symmetric a-stable.

Proof. It X,, — X in distribution, then ¢x, — ¢x pointwise. Thus, ¢x is real and 0 < ¢x(0) < 1 for all § € R.
Take 0 # 6 € R such that 0 < ¢x(0) < 1 (which exists because ¢ is continuous at § = 0 and equal to 1 at
0 = 0). Then || X,|la = 0] (=logdx, (0))= "= 10|~ (—log ¢x (0))=. Thus, (|| X,|la)nen converges, and X
is symmetric a-stable with || X||o = im0 || X0l a- O

Let S, be a linear set of symmetric a-stable random variables. Due to Lemma 4.12, (S,, || - ||o) may be
understood as a subspace (as a topological vector space) of A%(€2), LP(Q) for 0 < p < o or L°(€2). Combining
Lemmas 4.12 and 4.14 reveals that the topological closure S, in any of these spaces are equal as sets, moreover,

S, is again a linear set of symmetric a-stable random variables, and (S,, || - ||«) is a Banach space for a > 1
and an a-Banach space for o < 1.
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5 Infinitely Divisible Distributions and Lévy Processes

This section is on Lévy processes and their intimate connection to infinitely divisible distributions, which is a
class of probability measures on R that includes the stable distributions. The notion of a (symmetric a-stable)
Lévy process is needed to talk about a stable analogue of the (multi)fractional Brownian motion. Indeed:
Normal distributions alone are not enough to develop a stochastic calculus. One must organize these into a
stochastic process with a dependence structure, the Brownian motion, to make sense of It6 integrals. The
analogue to Brownian motion in the absence of normal distributions is a Lévy process.

Definition 5.1. Let T be R or [0, 00) and let (L(t))ier be a stochastic process on (Q, F,P). Then (L(t))ier is
a Lévy process if the following properties are satisfied.

1. L(0) = 0 almost surely.
2. Stochastic continuity: L(s) — L(t) in probability whenever s — ¢.

3. Independent increments: For any to < ¢; < ... < t,, in T, the random variables L(t1) — L(to), L(t2) —
L(t1)...L(t,) — L(tn—1) are independent.

4. stationary increments: (L(t + h) — L(h))ter 4 (L(t))ter for all h e T.

Since we demand no path properties, it may be more appropriate to follow Sato | ] in his convention to
call the objects defined as above Lévy processes in law, and use the name Lévy process only under the further
assumption that almost all paths are cadlag (it can be shown that such a modification exists | , Theorem
11.5]). However, since we are strictly interested in the distributional properties of Lévy processes, we will refrain
from doing so. The distribution of a Lévy process is completely determined by its law at ¢ = 1. Moreover, the
possible laws at ¢t = 1 for a Lévy process are precisely the infinitely divisible distributions.

Definition 5.2. Let &2 be a probability measure on R. Then & is an infinitely divisible distribution if
one of the following three equivalent conditions is satisfied

1. For every integer n > 0 there are i.i.d random variables Xj ... X, such that 22:1 X}, is distributed
according to 4.

2. For every integer n > 0 there exists a probability measure &, on R such that ;" = &, where Z*" =
-—

n times

3. For every integer n > 0 there exists a characteristic function ¢, such that ¢; = ¢, where ¢ is the
characteristic function attributed to .

The goal is now to show that, in distribution, Lévy processes on [0, 00) correspond precisely to the class of
infinitely divisible distributions. This will done by following Section 7 in | ].

Theorem 5.3. There is a bijection between the set of Lévy processes (L(t))ie(0,00), modulo equality in distri-
bution, and the set of infinitely divisible distribution. This bijection sends a Lévy process to the law of L(1).

First it will be shown that an infinitely divisible distribution & can be interpolated to a weakly continuous
convolution semigroup (g@t)te[om) such that 2! = & (the term weakly continuous convolution semigroup is
not used by Sato and comes from Applebaum’s book | ]). Next, we will apply the Kolmogorov extension
theorem to show that weakly continuous convolution semigroup (2*),c(0,00) allows a Lévy process (L(t));e(o,0)
such that 2" is the law of L(t).
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Definition 5.4. A weakly continuous convolution semigroup is a collection of probability measures
('@t)te[o,oo) on R such that

L4 f@O - 607
o DTt = P55 P for s,t € [0,00),
o P* converges weakly to dg as t | 0.

We use the fact that the characteristic function ¢ of an infinitely divisible distribution admits a unique continuous
function 9 : R — C such that ¢(0) = 0 and ¢(0) = exp(¢)(6)). This allows us to interpolate the characteristic
function to a family of characteristic functions (¢t)t€[0’oo) such that their corresponding probability measures
form a weakly continuous convolution semigroup and ¢! = ¢.

Lemma 5.5. Let ¢ : R — C be a continuous function such that ¢(0) = 1 and ¢(0) # 0 for all 6 € R. Then
there is a unique continuous function ¢ : R — C such that 1¥(0) = 0 and $(0) = exp((9)).

Proof. | , Lemma 7.6] O

Lemma 5.6. Let & be an infinitely divisible distribution and let ¢ be its characteristic function. Then ¢(0) # 0
for all 0 € R.

Proof. For each integer n > 0 let ¢,, be a characteristic function such that ¢! = ¢. Define

1 if ¢(0) # 0,
0 if p(6) =0.

T 2 1. 2/n __
p(0) = lim |¢,(0)]" = lim [¢(6)] —{
Since ¢ is a characteristic function it is non-zero in a neighborhood of 0, so ¢ is constantly equal to 1 in a
neighborhood of 0 and therefore continuous at 0. Thus, from Lévy’s continuity theorem and the fact that
|¢n|? = én - @ is a characteristic function for each n, it follows that ¢ is a characteristic function. Hence, it is
continuous, therefore constantly equal to 1 and it follows that ¢(8) # 0 for all 6 € R. O

Proposition 5.7. Let &2 be an infinitely divisible distribution. Then there is a unique weakly continuous
convolution semigroup (P")icj0,00) such that Pl =,

Proof. Let ¢ be the characteristic function attributed to & and for n > 0 let ¢,, be a characteristic function
such that ¢ = ¢. Then ¢(0) # 0 for all § € R by Lemma 5.6 and thus ¢,(6) # 0 for all § € R. By virtue
of Lemma 5.5 there are continuous functions ¥ : R — C and ¢, : R — C such that ¥(0) = ¥,(0) = 0,
¢(0) = exp(v(0)) and ¢, (0) = exp(p,(#)). Then ni, : R — C is a continuous function satisfying n,,(0) = 0
and ¢(0) = (pn(0))" = (exp(1,(0)))"™ = exp(ny(6)). Since ¢ : R — C is the unique function satisfying these
properties it follows that v,,(8) = 14(6). Now for ¢t > 0 define

¢'(0) = exp(ty(0)). (5.1)
We will show that (5.1) is a characteristic function for all ¢ > 0. Firstly, note that, for an integer n > 0,

017(6) = exp ( 10(6) ) = ex0 (152(6)) = 0n(0).

Thus, ¢'/" is a characteristic function. Letting m > 0 be another integer, it follows that ¢"/™ = (qbl/”)m
is a characteristic function. We see that ¢! is a characteristic function for all ¢ € Q>¢. Then, because ¢’ is
continuous at 0 for all ¢ € [0, 00), it follows from Lévy’s continuity theorem that ¢’ is a characteristic function
for all t € [0,00). From (5.1) it is clear that the characteristic functions (¢");c(0,00) satisfy
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¢ =1,
o Pt =% . ¢! for s,t € [0, 00),
e ¢! — 1 pointwise as t | 0.

These properties translate precisely to the assertion that the corresponding probability measures (,@t)te[o’oo)
form a weakly continuous convolution semigroup. Finally, we have ¢!(0) = exp(1/(0)) = ¢(0) so that 2! = 2.
To show that (2*),¢[0,00) is unique, suppose (Qgt)tE[O,oo) is another collection of characteristic functions satisfying
P = 1,01 = ¢% - @t Pt — 1 pointwise as ¢t | 0 and P = ¢ = exp o). Fixing 6 € R, the function ¢ — ot (0)
is continuous and satisfies ¢°(6) = 1,¢'(6) = exp(¥(9)) and ¢***(0) = ¢*(0)$*(0). From these properties it
follows that ¢*(0) = exp(ty(0)) = ¢*(0). O

Proposition 5.8. Let («@t)te[o,oo) be a weakly continuous convolution semigroup. Then there is a probability
space (0, F,P) and a Lévy process (L(t))icjo,00) such that P is the law of L(t) for all t > 0.

Proof. For 0 <ty <t; <...<t, define the finite-dimensional distribution 2, . on Rt as

f@tomtn (AO X ... X An) = / .. / ]le (S(:())]lAl (LU() + S(}l) . ]1A" (,TO + ...+ :En) d«@to (LIT())df@tl_t2 (56'1) e dgzt"’_t“’fl(,’tn)
R R

:/ d@to(yo)/ d@tl—to(yl—yo).../ AP () — g 1),
Ao Ay A

n

We verify that the these finite-dimensional distributions satisfy the Kolmogorov consistency criterion. So
suppose Ar = R. Then, fixing yi_1,

/ dPte+1—te—1 (yk+1 _ Z/kfl) — / d (gztk—tkﬂ * @tk+1—tk) (yk — Ykt + Yrg1 — yk)
Apt1 Akt

- AP (g — yk—l)/ AP (Ypr — yr).-
Ay Ak

It follows that

@to...tn(Ao X . ..ox Ap) 2/ dgzto(yo) . / dgztk*l_tk*z)(ykfl — Yr—2)
Ao Ak 1

[ az e ) [ dgt e - )
Akt1 An

:‘@tﬂu~tk—1gtk+1u-tn (A(] X ... X Ak,1 X Ak+1 X ... X An)

By the Kolmogorov extension theorem, there is a probability space (2, 7, P) and a stochastic process (L(t)):e[0,00)
on (Q, F,P) obeying these finite-dimensional distributions. In particular, the law of L(¢) is £2¢. We will show
that (L(t))e[0,00) is @ Lévy process. Firstly, note that the law of L(0) is o so that L(0) = 0 almost surely.
Next, for all 0 < ¢y < ... < t,, and all bounded measurable functions f : R**! — C, we have
]E[f(L(t()), ey L(tn))] = / e / f(éro, To+T1,. .., X0+ .. xn) dgzto ((E())dgztl_to (5171) - d@tn_tn*l (mn) (52)
R R

Fixing (0; ...0,) € R™ and taking in (5.2)

flxoy...,x,) =exp 29 —x;-1) |,
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it follows that the characteristic function of the random vector (L(t;) — L(¢o), ..., L(tn) — L(t,—1)) is given by

E |exp ZG (tj+1) — L(t;)) :/.../exp z‘Z@m dP" (xg)d P (21) ... dP "1 (x,,)
R R =
_H/ zemjd@t —t;_ 1( )
j=1
H { L(t;)—L(t;— m},

which is the product of the characteristic functions of its components. In the final step we use (5.2) with
f(zo,...,x,) = % @i—%i-1)  Thus, the random vector (L(t1) — L(to), ..., L(t,) — L(t,_1)) is independent and
(L(t))te[o,00) has independent increments. Now fix h > 0 and let 0 < ¢; < ... < t,. Then, using (5.2), the
characteristic function of (L(t; + h) — L(h),..., L(t, + h) — L(h)) is given by

E |exp Ze (tj +h) — L(R)) :A~..AGXp iy Ojx; | dPM(wo)d P (1) L AP ()
J=1
/ /exp Z& Zj A mo)d@tl (xl) dgztn(xn)

exp Z@ L(t ,

which is the characteristic function of (L(t1),...,L(ts)). So (L(t)):e[o,00) has stationary increments. Finally,
we show stochastic continuity. Note that L(¢) — 0 in distribution as ¢ | 0 so that L(¢) — 0 in probability as
t } 0. Then, for e > 0,

P(|L(t) — L(s)| > €) = P(L(|t — s) > €) = 0

as s — t. O

These two propositions provide a way to assign a Lévy process with & as law at ¢t = 1 to any infinitely divisible
distribution &2, allowing us to prove Theorem 5.3.

Proof of Theorem 5.5. Let (L(t)):e[0,00) be a Lévy process. Then the law of L(1) is infinitely divisible, because

for any n > 0,
- k k—1
20 ()-+(5)
= \n n
and the summands are i.i.d. Conversely, if & is infinitely divisible, then there is a probability space (2, F,P)
and a Lévy process (L(t))e[0,00) Such that & is the law of L(1) by Propositions 5.7 and 5.8. It remains to be

shown that (L(t)):e[0,00) < (f/(t))te[o,oo) whenever L(1) < L(1). So suppose L(1) 4 L(1), then, by uniqueness

of the weakly continuous convolution semigroup in Proposition 5.7, it follows that L(t) 4 L(t) for all t > 0. By
independence, it follows that

(L(t1), L(ta) — L(t1), ., L(tn) — L(tn—1)) < (L(t1), L(t2) — L(t1), - .-, L(ta) — L(ta-1))
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forany 0 <t < ...<ty,. Since (21,...,2,) is a (measurable) function of (z1,22 —21,..., &y — Tp_1), it follows
that

(L(t1), -, L(tn)) £ (L(t1),- .., L(tn)).-
O

Having established that the distribution of a Lévy process is determined by its law at ¢ = 1, it is time to connect
Lévy processes to stable distributions. Note that from (4.2) it readily follows that all stable distributions are
infinitely divisible, so any stable distribution & has a Lévy process with &2 as its law at t = 1. Lévy processes
coming from a stable distribution are intimately related to self-similar processes. Indeed: Stable Lévy processes
precisely coincides with self-similar Lévy processes (Proposition 13.5 in | D).

Definition 5.9. Let T be R or [0,00) and let a € (0,2]. A Lévy process (L(t))ier is called ((standard)
symmetric) (strictly) a-stable if L(1) is ((standard) symmetric) (strictly) a-stable.
Proposition 5.10. A Lévy process (L(t))ie(0,00) 5 strictly a-stable if and only if it is H-self-similar, with
H=1

«

Proof. Let L(t) be a Lévy process and let ¢* be the characteristic function of L(t). As in the proof of Proposition
5.7, write

¢'(0) = exp(ty(0)),
where ¢ : R — C is the unique continuous function such that 1(0) = 0 and ¢! = exp ot). Suppose (L(t))te[0,00)
is strictly a-stable. Then, from Definition 4.4 and p,, = n'/® it follows that ¢! satisfies, for integers n > 0,

exp(n(8)) = (¢*(0))" = ¢ (n=0).

Substituting <+ n~1/*g reveals that 6 — ny(n~1/*f) is continuous, satisfies ny»(n=/* -0) = 0, and

1

exp(ny(n~=0)) = ¢ (0).
Since ¥ is the unique function satisfying these properties, it follows that %1{1(9) = 1p(n~1/*0) and that ¢'/"(0) =
' (n~1/*0). Letting m > 0 be another integer, it follows that

m 1

6% (0) = (63 (0)" = (6'n=/0)) " = 6" ((m/m)#6).

Thus, ¢%(0) = ¢'(a'/*0) for all a € Q> and by continuity for all a € [0,00). We see that L(a) < al/*L(1)
for all @ > 0. Now, because (L(at))sc[0,00) and (a'/*L(t));e[0,00) are both Lévy processes, their distributions

are determined by their laws at ¢ = 1 and it follows that (L(at)):e[o,00) 4 (al/O‘L(t))te[oﬁoo). Conversely, if

(L(at))sci0.00) = (a7 L(t))se(0.00) for all @ > 0, then in particular L(a) < a/*L(1) so that ¢*(6) = ¢ (a'/0).

Taking a = n a positive integer reveals that (¢!(6))™ = ¢'(n'/*0) so that L(1) is strictly a-stable. O

Of course up to this point we have only considered Lévy processes on the half line [0, 00). However, the story
for a Lévy process on R is not any different. Indeed: If (L(¢)):er is a Lévy process, then, because L(0) = 0 and

by independent increments, (L(t))i<o and (L(t)):>o are independent. Moreover, due to stationary increments,

L(-1) < —L(1). Thus, the sets of Lévy processes on [0,00) and on R, modulo equality in distribution are in

bijection: A Lévy process on R may simply be restricted to [0, 00), and if (L1(t))¢e[0,00) is @ Lévy process on the
half line, then taking an independent copy (L2 (t)):e[0,00), We may define a Lévy process (L(t)):cr by setting

L) = {—Lg(—t) t <0.
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6 Multifractional Stable Motion

In this final section, the multifractional stable motion will be covered. The definition of this process is inspired
by the moving average representation of the multifractional Brownian motion, but Gaussian distributions are
replaced by stable distributions. The main goals are to define the multifractional stable motion and to determine
its Holder regularity. In view of Definition 3.5, one might assume that a reasonable definition for the fractional
stable motion is a stable process that is H-self-similar and has stationary increments. However, unlike in the
Gaussian case, this does not lock down the finite-dimensional distributions [ , Theorem 7.4.5]. Instead,
we will define the fractional stable motion by replacing the Gaussian distributions in the moving average
representation of the fractional Brownian motion (3.8) by stable distributions. For this it will be necessary to
develop an Ito calculus against the symmetric a-stable Lévy motion, which is the stable counterpart to the
Brownian motion. To differentiate the fractional stable motion inspired by the moving average representation
of fractional Brownian motion (3.8) from other stable H-sssi processes, it is often referred to as the linear stable
fractional motion. However, because we will not be considering other stable H-sssi processes, we will simply
refer to it as the fractional stable motion.

First we will consider deterministic integrands to construct an Ito calculus against symmetric a-stable
random measures. In this case, a linear set of symmetric a-stable random variables, equipped with the scale
parameter norm, can be used to perform the functional analysis. This allows us to define the (multi)fractional
stable motion with a deterministic multifractional parameter. We will prove an upper bound and a lower bound
for the pointwise Holder exponent of the multifractional stable motion, without placing assumptions on the
Holder regularity of the multifractional parameter.

Next, the multifractional stable motion with random multifractional parameter will be defined. In order to
facilitate this, an It6 calculus against symmetric a-stable random measures that allows for random integrands
will be constructed. In this case, it will not be possible to work in a space of symmetric a-stable random variables,
and we will work in a weak Lebesgue space instead. Finally, upper and lower bounds for the pointwise Holder
regularity of the multifractional stable motion are obtained. Again these bounds are irrespective of the Holder
regularity of the multifractional parameter.

6.1 Stable Ito Calculus: Deterministic Integrands

Here we will construct an It6 calculus for deterministic integrands against symmetric a-stable random measures
on an abstract measure space. We follow Section 3.3 and 3.4 of | ]. First, we will define symmetric a-
stable random measures and show that these objects naturally correspond to standard symmetric a-stable Lévy
processes. Then we will define integrals of a class of deterministic functions against symmetric a-stable random
measures and show that this construction provides a natural way to construct symmetric a-stable stochastic
stochastic processes. Finally, we state the theorem that symmetric a-stable stochastic processes that result
from integrating against a symmetric a-stable random measure are representative in distribution.

Definition 6.1. Let (2, F,P) be a probability space. Let (E, £, m) be a measure space and set & = {4 € £ : m(A) < oo}.
A symmetric a-stable random measure on the measurable space (E,£) with control measure m is a map
M : & — L) that is

e o-additive: If (4,,)52 is a disjoint sequence in & such that |J, -, A, € &, then

M <D An> = iM(An) a.s.
n=0 n=0
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e Independently scattered: If Ag ... A, are disjoint sets in &y, then the random variables M (A4y)... M(A,)
are independent.

e Symmetric a-stable: If A € & then M(A) is a symmetric a-stable random variable with scale parameter
1

[M(A)la =m(A)=.
It is always implied that the control measure of a real valued symmetric a-stable random measure is the Lebesgue
measure. If M is a real valued symmetric a-stable random measure, then M([s, t)) denotes —M ((t, s]) whenever
s > t. This next proposition ties real valued symmetric a-stable random measures to symmetric a-stable Lévy
processes. The proof follows Sato’s argument in the more general setting of additive processes [ , Theorem
3.2]. Let By denote all Borel measurable subsets of the real line with finite Lebesgue measure and view a
symmetric a-stable random measure (M (B))pep, as a stochastic process indexed on By.

Proposition 6.2. The set of real valued symmetric a-stable random measures (M(B))pgen,, modulo modifi-
cations, is in bijection with the set of standard symmetric a-stable Lévy processes, modulo modifications. The
bijection sends a symmetric a-stable random measure M to the Lévy process L(t) = M([0,t)).

Proof. First we show that L(t) = M([0,t)) is a standard symmetric a-stable Lévy process whenever M is a real
valued symmetric a-stable measure. Note that L(0) = M(0) is a symmetric a-stable random variable with scale
parameter || L(0)||o = 0, so L(0) = 0 almost surely. Moreover, (L(t));cr has independent increments due to the
fact that M is independently scattered. Furthermore, for any h € R, ¢1...¢, € R and ¢;1...t, € R, assuming
without loss of generality that ¢; < t3 < ... < t, and taking ¢ty = 0, we have

<i Cl> (L(tk —+ h) — L(tk—l + h))
=k

S (Ll + )~ L) =3
k=1 =

k=1

Moreover,

n n n
> aL(ty) =) ( Cl) (L(tk) = L(tr—1))-
k=1 k=1 \i=k

Since both L(ty + h) — L(tx—1 + h) = M ([tk—1 + h,trx + h)) and L(tx) — L(tg—1) = M ([tk—1,tx)) are symmetric
a-stable random variables with scale parameter |t — tk_1|é, they are equal in distribution. It follows that
Sorey ck(L(tk+h) —L(h)) and Y _, ¢xL(t;) are independent sums of summands that are equal in distribution,
so Y or_, ci(L(ty, + h) — L(h)) < Son_i ckL(ty) and (L(t))ier has stationary increments. Next, suppose that
s # t, then L(t) — L(s) = M([s,t)) is symmetric a-stable with scale parameter |t — s|& — 0 as s — t. Thus,
L(t) — L(s) — 0 in probability as s — t and (L(t)):er is stochastically continuous. Finally, L(1) = M([0,1)) is
symmetric a-stable with scale parameter 1. It is clear that (M ([0,t))):cr and (M’(]0,1)))icr are modifications
whenever (M (B))pen, and (M'(B))peg, are modifications so the map is well defined between the quotients.

Next, we will show that the map is surjective, so let (L(t)):cr be a standard symmetric a-stable Lévy process.
We will construct a real valued symmetric a-stable random measure M such that L(t) = M(][0,t)).
Step 1: if T is empty or a one point set, define M(I) = 0, if I is an interval of the form (s,t),[s,t), (s,t]
r [s,t] with s < t, define M(I) = L(t) — L(s). Finally, if J = (J;_, Iy is a finite union of intervals, define
M(J) =Y p_, M(I;). From the fact that the Lévy process L is standard symmetric a-stable, it follows that
|M(J)||a = AMJ)* (where A denotes the Lebesgue measure). It is also clear that M is finitely additive and
independently scattered for sets of this class.
Step 2: Suppose G C R is a non-empty bounded open set. Then G is expressed uniquely (up to the order) as
a countable union of disjoint non-empty open intervals G' = | J.(sx, tx) (countable because R is second countable
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and the union can be made disjoint by identifying connected components). If the union is finite, then it was
dealt with in step 1. Suppose G = |Jg—(sk,tx) is a countably infinite union. Let S,, = >_;_ L(tx) — L(sk)
denote the partial sums, and let ¥ be a standard symmetric a-stable random variable. Then for all n > m and
€e>0,

—« « —a « a —a « ,M-=00
P(|Sn = S| > €) < € (IS0 = SmllRa(a) = € 1R (@150 = Smlle = e N[ Raiey Y (tr—sk) ™= 0.
k=m+1

Thus, (5,)52, converges in probability and because the summands are independent it converges almost surely.
Define M (@) as this limit (which is independent of the order of the summands).

Step 3: Let K C R be a compact set and choose s < t such that K C (s,t). Let G = (s,t) \ K which
is a nonempty open bounded set. Define M (K) = M((s,t)) — M(G), which is independent of the choice of
s and t. Write G = J,(sk,tx) as a countable disjoint union of open intervals. If G = [J;_,(sk,tx) is a
finite union then we may suppose that ty_1 < sj, for k = 1...n, so that K = |J}_,[txk—1, sx). It follows that
M(K) =>"_; L(sk)—L(tg—1). Now suppose G = |~ (sk, tx) is an infinite union and write G,, = (Jj_,(sk, tx).-
Then, by definition of M (G) it follows that, almost surely,

M(K) = M((s,1) = M(G) = Tim M((s.8)) — M(G,)) = lim M((s,1)\ Gy).
Now, without loss of generality, suppose that (sg,tg) = (s, min K') and (s1,¢1) = (max K,t). Then, for n > 1,
we have an expression (s,t) \ G, = Uj_,[5n.k,tnk] as a finite disjoint union of compact intervals. It follows
that, almost surely,

M(K) = lim ’; L(Fng) — L(3np)-
From this representation the following three things readily follow:
e If K; and K are compact and Ky C Ky, then |M(Ks) — M(K1)|la = MKz \ K1)=.
e If K is compact, then ||M(K)|lq = A(K)=.

o If Ky...K, are disjoint compact sets then M(K;)... M(K,) are independent and M (U;‘:1 Kj) =
> =y M(Kj) almost surely.

Step 4: Let B € By be an arbitrary Borel measurable set of finite Lebesgue measure. By (inner) regularity
of the Lebesgue measure, there is an increasing sequence of compact sets K,, C B such that A\(K,) — A(B).
Then, from the first property established in step 3, if m > n,
1M (Kom) = M (K)o = MEy \ Kp)s ™5 0.
It follows that (M (K, ))nen converges in probability and we define M (B) as this limit, which is independent
of the chosen sequence (K, ),en. From the second and third properties established in step 3, it follows that
[M(B)|la = A(B)=, M is o-additive and that M is independently scattered.

Finally, we show that the map is injective. So let M and M’ be real valued symmetric a-stable random measures,
and suppose that M ([0,t)) = M'([0,t)) almost surely for all ¢ € R. We will show that M (B) = M’(B) almost
surely for all B € By. Fix s < t and let D denote the class of Borel measurable subsets D C (s,t] such that
M (D) = M'(D) almost surely. Then D is a Dynkin system of subsets of (s, ¢] containing the half open intervals
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(a,b] in (s,t]. By Dynkin’s m — A theorem, it follows that D contains all Borel measurable subsets of (s,t]. Now
let B € By, then, almost surely,

M(B)=M (U BN (n,n+ 1]> =Y M(BN(n,n+1]) = > M'(BN(n,n+1]) = M’ (U BN (n,n+ 1]) = M'(B)

nez newz ne”Z neZ
O

Now that we have connected real valued symmetric a-stable random measures to Lévy processes, it is time to
define stochastic integrals against these objects. We do this in the setting of a general measurable space with
a general control measure. Let M be a symmetric a-stable random measure on (E, &) with control measure
m. We will define the (random) integrals [}, fdM for the deterministic functions f € L*(E,&,m) by taking
the obvious choice for simple functions, showing that this defines a linear isometry and extending by functional
analytical means. For the next part, functions f € L*(E,&,m) will be treated as representatives of their
equivalence class under almost everywhere equality.

Definition 6.3. Let f € L*(E,&,m). Then f is simple if it admits a representation
fla) =) cla, (@),
i=1

with each ¢; € R and A; ... A, a disjoint sequence in &. The space of simple functions is denoted S(E). For
simple functions with a representation as above the stochastic integral is defined as

E i=1

Note that the integral is linear on simple functions. Furthermore, it is well defined. That is, independent of the
chosen representation of the simple function (up to almost sure equality, so well defined in L°((2)).

Lemma 6.4. If f € S(E) is a simple function, then fEfdM s a symmetric a-stable random variable with
scale parameter || [, fdM||o = || fl|lLo(E,,m)-

Proof. Write f = Z?Zl cjla;, with Ay ... A, € & disjoint, then M(A;)... M(A,) are independent and sym-

metric a-stable with scale parameters m(A;)= ...m(A,)= respectively, so
n n n
E [ewafdM] _ HE [eiac_jM(A_j):| _ H em(AnNI0e — o | — Z le;|m(4;) | 6]
j=1 j=1 j=1

We see that [ g [ dM is symmetric a-stable with scale parameter

|

n

— (S fesrm(ay) :(/E |f|adm)“=||f||w,g,m>.

[ j=1

Lemma 6.5. S(€) is dense in LY(E,E,m) (with respect to the norm || - (Lo (z,e,m))-
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Proof. Let f € L*(E,£,m) and define

n?—1

n?—1 . .
2 1
h= 3 () et Z () teson

i=1

Then f,(x) — f(z) whenever |f(z)| < oo, which is almost everywhere because f € L*(FE, £, m). Furthermore,
|frl < |f] so that |f, — f| < 2|f|. Lastly, f, is simple. Indeed: From the fact that f € L¥(E, &, m) it readily
follows that m(f~![R\ (—4,6)]) < oo for any § > 0. Since the sets [£, “t1) and (—“L, — L] are all contained in
R\ (=6, 0) for some § > 0 it follows that f,, is simple. From the dominated convergence theorem it follows that

fo— fin LY(E,E,m). O

Let S, be the image of S(E) under the linear operator [}, -dM : S(E) — L%(£2). Then by Lemma 6.4, S, is a
linear set of symmetric a-stable random variables. Letting S, denote its topological closure in L°(Q2), by the
discussion at the end of Section 4.1 and Lemma 6.4, the operator [, -dM : (S(E), | - [[Lo(s.e,m)) = (Sas || - la)
is a linear isometry into a Banach space if ¢ > 1, and into an a-Banach space if a < 1. Thus, by virtue of
Lemmas 2.5 and 6.5, the operator extends uniquely to a linear isometry

/E M : (LB, €, m), || - e memy) = (Sl - o).

This integral operator provides a natural method for constructing symmetric a-stable random processes. Indeed:
If (fi)ter is a collection of functions in L*(FE, £, m), then (fE ft dM) ter 18 a symmetric a-stable random process.
This follows immediately from the fact that the integral is a linear operator into a linear set of symmetric a-
stable random variables. The following theorem states that, in distribution, all symmetric a-stable random
processes are of this form.

Theorem 6.6. Let (X;)icr be a symmetric a-stable process with 0 < « < 2. Then there is a measure space
(E,E,m), a symmetric a-stable random measure M on (E,E) with control measure m and a collection of
functions (fi)ter in L*(E,E,m) such that

(Xprer 2 ([ franr) .
E teT
Proof. | , Theorem 13.2.2]. O

If a symmetric a-stable process is represented as a collection of integrals against a symmetric a-stable random
measure, then localizability may be related to the collection of kernels through the following lemma, which is a
specification of Theorem 3.2 in | ] to the case where « is constant.

Lemma 6.7. Let M be a real symmetric a-stable random measure and H > 0. Let Y (t) = [, fe dM,t € R with
each f; € L*(R) and fixt € R. Let Y/(r) = [ gf.dM,r € R with each g}. € L*(R). Suppose that for all r € R,

[0 gy (Y[ gt |
R R

i I\ "h
Then, in terms of finite-dimensional distributions, as h | 0,

() s e

feanr(t+h3) — fit+he) " . o
RH—1/a —9r
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Proof. Let ¢1...¢, € Rand ry...7r, € R. By the Cramér-Wold Theorem, it suffices to show that

h ; t - in distributi
Z CZ t+ 7" ( ) w Z Ci}/}’(ri) in distribution.

This will be done by showing that the scale parameters of the left side converge to the scale parameter of the
right side as h | 0. Note that

Y (t+hry) =Y (t
Zci hH

Z Senn, (t 4+ h3) — fi(t + ha) |

dx = hH-1/c

zn: o ft+hn( — fi(2) "

i=1
By the assumption,

(o3

franr, (t+ hE) — fi(t + h)

e —gt.(&)| dz =0

hH-1/a

- i (t+h t+hi)
S e LR Sl ) = e @

a n
di < nO‘Z \ci|0‘/
i=1 R

as h | 0. By continuity of the functional || - || «(®) (Which is a true norm for o > 1 and an a-norm for a < 1),
it follows that
hw /

[e3

zn:c, Seanr, (t+ h2) — fit + hi")

RH—1/a df =

Z

(e

O

6.2 Multifractional Stable Motion with Deterministic Multifractional Parameter

Throughout this section, M will denote a symmetric a-stable random measure on R with a € (0,2). Now
that an It6 calculus against symmetric a-stable random measures has been developed we are in a position to
define the stochastic process that this project is focused on: The fractional stable motion. This process is the
a-stable counterpart to the fractional Brownian motion based on the moving average integral representation,
and is given by

X(ﬁ):/R(t—x)f*é (o) raM(r) teR

Just as in the Gaussian case, this process will be generalized to a multifractional processes where the fractional
parameter H varies such that the local form of the multifractional process is a fractional stable motion. The
most obvious way to achieve this is to let H = H(t) vary with the parameter indexing the stochastic process
(thought of as time). However, the same problems plaguing the multifractional Brownian motion arise in the
stable setting. Namely, the Holder regularity of the resulting process is dependent on the Holder regularity of
H(t), and if we intend to make H(t) random, then the resulting kernel will not be adapted, which means that
an Ité calculus cannot be used to define this process. Thus, we will instead opt to let H = H(x) vary with the
integration variable, and consider a process of the form

H(z

v = [l - O ara),

However, before covering the multifractional stable motion, we will first study the fractional stable motion. This
next lemma shows that the definition from earlier is well-defined.
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Lemma 6.8. Fiz o € (0,2). For anyt € R and H € (0,1) the function R - R : 2 — (t—m)ffl/a - (—x)ffl/a

is in LY(R).
Proof. If t = 0 then the statement is trivial, so assume t # 0. Integrability issues may arrive at —oo, and

possibly at the singularities x =0 and x = ¢ if H < é For the limit to —oo, fix £ < 0 A t. By the mean value
theorem, there is a point & , between 0 and ¢ such that

(1= a8 = (a8 = (B 1) (= a4

It follows that, for all z < 0 At

e

(t—2)"a = (~)"% 1 (O A1) =)D,

a<’H_1
«

Since a(H — 1) — 1 < —1, the integral converges in the limit to —oo. The possible singularities at = 0 and
@ =t are integrable because a(H — ) > —1. O

Definition 6.9. Let ay,a_ € R. The generating field for the fractional stable motion with scaling
coefficients a, and a_ is the stochastic field (F(¢, H))(, m)erx(0,1), given by

(1, H) = /RM (-2 = i) +a (6-0277 = ()27 aM(@).

If H € (0,1) is fixed, then the stochastic process (X(t))icr = (F(t, H))ter is called the fractional stable
motion with fractional parameter H and scaling coefficients a, and a_.

To make plausible the claim that the fractional stable motion is the a-stable counterpart to the fractional
Brownian motion, we will show that it is an H-self-similar a-stable process with stationary increments. However,
unlike in the Gaussian case, it is not in distribution the only process with this property. Indeed, different values
of ay and a_ result in different finite-dimensional distributions for the fractional stable motion [ , Theorem
7.4.5].

Proposition 6.10. The fractional stable motion with fractional parameter H is H-self-similar and has station-
ary increments.

Proof. For simplicity we take ay = 1 and a_ = 0, for general values of a4 and a_ the proof is the same. Let
1 1
X(t) = [p(t— x)f o — (—x)f * dM (x) be the fractional stable motion with fractional parameter H and write

filz) = (¢t — sc)ffl/a - (—x)ffl/o‘ for its kernel. Let a > 0, to show that (a X (t)):er < (X (at))tcr, let
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c1...cp € Rand ty...t, € R. Then, because fR -dM is a linear isometry,

n
Z Ckfatk
k=1

_/R”

[e% [e3%

Z ckX(atk)
k=1

a Lo (R)

> e ((aty — )% = (=) 77)

k=1

n

—ad . _ 1 . _1 "
= aaH/ ch ((tk—x)f « —(—x)f ") dz
R k=1
:aaH chftk
k=1 Lo (R)

Z ckaHX(tk)
k=1

«
o
Because the distribution of a symmetric a-stable random variable is determined by its scale parameter, and

the distribution of a random vector is determined by the distributions of its linear combinations, it follows that

(@ X (t))ier < (X (at))ier. Next, let h € R. To show that (X (t + k) — X (h))eer = (X (£))rer), let ¢1...cn € R

and t;...t, € R. Then

[e3% [e3

n

Z ck(frotn — fn)

S (X (b — h) — X ()
k=1

a k=1 Lo (R)
:/ ch ((tk +hfx)57a - (hfz)fia> dz
R k=1

n [e3

> e (=) = (-))7F)

T=z—h /
R k=1

n
Z Ckftk'
k=1

[e3%

Le(R)

Z CkX(tk)
k=1

«

O

The next objective is to determine the Holder regularity of the fractional stable motion. If H < i then the
paths of any modification of the fractional stable motion are unbounded on all intervals | ]. If H =1 then
the fractional stable motion reduces to a symmetric a-stable Lévy motion (and recall that H = é is necessary
for an H-self-similar symmetric a-stable Lévy process by Proposition 5.10). For this reason, we will restrict
our attention to the case H > 1. Note that this restricts the parameters to a € (1,2) and H € (3,1). To
obtain a modification with Holder continuous sample paths, we will employ the Kolmogorov-Chentsov continuity

theorem, so we need upper bounds on the moments E|X (¢) — X (s)|P. Note that for p > «, these moments are
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infinite, because X (t) — X (s) is a symmetric a-stable random variable, thus we will have to bound moments
of order p < a. Under that restriction, it holds that E| X (¢) — X (s)|? = || X (¢t) — X (s)||EE|¥|?, where ¥ is a
standard symmetric a-stable random variable, so it suffices to bound the scale parameter of X (¢) — X (s) which
we can relate to the kernel through the isometry fR -dM.

Lemma 6.11. Let (X (t))icr be a fractional stable motion with fractional parameter H > 1. Let t € R and
h > 0. Then there are constants Cy and C5, independent of t and h, such that

| X (t+h) — X(t)]|2 < C1h™ + CohHe.

Proof. Decompose

IX(t+h) - X@®)|% = /H [(t fh—a)H (- x)H—ﬂ“ d

D(t,h)
t (e}
+/ [(t Yhoao)H % (- a;)H*%] dz
t—1
E(t,h)

t+h
+/ (t+h—z)" g,
t

F(t,h)

We will bound all three terms. For the first term, we apply the mean value theorem to obtain & 5 , € [0, h]
such that

1 <« t—1
D(t,h) = (H_ > ha/ (t+ & _x)a(H—l)—l dr

@ —00
1\@ t—1
< (H - ) ho‘/ (t — 2)*H=D=1 gy
@ — 00
IRUESVO
ol - H) '
In the second term we substitute x = t + hZ to obtain
0 1 1] 0 1 17
E(t,h) = hH“/ [(1 _p)HE (f@)H*a} i < hH“/ [(1 e (fg:«)H*a] dz.
_p-1 — o

The integral is a finite constant independent of A by Lemma 6.8. Finally, the third term may simply be computed
to be F(s,t) = (aH) 1hH> O

The growth of absolute moments of increments is different for small h than for large h. Thus, to be able to
globalize the constants in the conditions for the Kolmogorov-Chentsov continuity theorem, we will restrict the
fractional stable motion to a bounded interval of the real line.

Corollary 6.12. there is a modification (X (t))ie[s,m) of the fractional stable motion such that almost surely,
its paths are p-Hélder continuous for all 0 < p < H — é
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Proof. Setting K = (Cy + Co) V (C1(T — S)*(=H) 1 Cy) we find that || X () — X(s)|| < K|t — s|*H for all
s,t € [S,T], so E|X(t) — X(s)|P < E|W|PKP/*|t — s|PH for all 1/H < p < a, where ¥ is a standard symmetric
a-stable random variable. By the Kolmogorov-Chentsov continuity theorem, the fractional stable motion has
a modification such that almost surely, its paths are p-Holder continuous for all 0 < p < H — %. The result

follows by letting p 1 «. O

Proposition 6.13. Let (X ()).c[s,1) be the modification of the fractional stable motion from Corollary 6.12
and let t € (S,T). Then, almost surely,

1 ung,
H—~ < pX™(8.T)) < px (1) < H.

Proof. The lower bound H—1 < p40if([S, T1) follows from Corollary 6.12, the intermediate bound p([S, T7]) <
px (t) is generally true for Holder exponents. We prove the upper bound px (t) < H. Let p > 0, then, for A > 0,

[0 1|«

HX(”h)_X(t) :h‘“H_ap/‘(t+h—x)ffé—(t—x)f7§ da
a R

RH+p

t+h
> h‘aH‘“P/ (t+h—2)*" " ds
t

= (aH) 'h= R

By Lemma 4.13, there is a sequence h,, | 0 such that h, 7=?|X (¢t + h,) — X (t)| — oo in probability as n — oco.
So there is a subsequence hy, | 0 such that h, 7 =(X(t + hy,) — X(t)) = oo almost surely as k — co. We

conclude that
[X(t+h) - X(1)

lim su = 00,
oo [T
so that px (t) < H. O
Remark. The bounds in Proposition 6.13 are sharp: From Theorem 6.1 (and Remark 6.1) in | ] it follows

that pf([S,T]) = H — 1 almost surely. From Corollary 5.2 in the same article it follows that for all t € (5,T),
almost surely: px(t) = H.

Thus concludes the examination of the fractional stable motion. The most natural way to generalize the
fractional stable motion by making the fractional parameter time-dependent is by diagonalizing the generating
field from Definition 6.9. That is, by considering the following stochastic process.

Definition 6.14. Let H : R — (0,1) be a function and let ay,a_ € R, then the stochastic process given by

_1 1 1 1
Y () :/a+ (=% = ) 4o (-7 - ()" ) aM(@)  teR,
R
is called the classical multifractional stable motion with multifractional parameter H and scaling
coefficients a4 and a_.

This is the process that Stoev and Taqqu consider in | ]. In this article, Stoev and Taqqu establish stochastic
properties of 0% §(t, H), the derivatives with respect to H of the generating field of the fractional stable motion.
They use these properties to show, among other things, that, under conditions on the Holder regularity of H,

44



this process is H (t)-localizable at ¢ with a fractional stable motion as local form. Indeed: Theorem 5.1 in this
article states that, if H(r) — H(t) is o (Jr — t|/"()) as r — ¢, then, in terms of finite-dimensional distributions:

(Y(t + hr) — Y(t)) hi0
teR

hH(t) - (Y;S/(T))TE]R )

where (Y/(r))rer is a fractional stable motion with fractional parameter H(t) and scaling coefficients ay and
a_. The same authors also published an article on the path properties of this process | ]. Theorem 3.2 in
this article establishes a bound on the uniform Hélder exponents over compact intervals and states the following.

Theorem 6.15. Let (Y (t))ier be the classical multifractional stable motion and let S < T. Suppose the
multifractional parameter H : R — (0,1) is continuous on (S,T), and H(t) > L for all t € (S,T). Finally,
suppose that there are C' > 0 and p > é such that for all t1,t5 € (S,T),

|H(ta) — H(t1)| < Clta — t1]°.

Then (Y (t))ier admits a modification (Y (t))icr whose paths are continuous on (a,b) and such that, for all
[@',b] C (a,b), almost surely,

; 1
qnzf TPy > . -
P ) = (pn i 1) - L

Moreover, Theorem 4.1 in | | provides a bound on the pointwise Holder exponent and reads as follows.

Theorem 6.16. Let (Y (t)):cr be the classical multifractional stable motion. Suppose the multifractional pa-
rameter H : R — (0,1) satisfies H(t) > - and psz(t) > L for allt € R. Then (Y (t))iecr admits a continuous
modification (Y (t))ier such that, with probability one, p;mf(t) > (0 (t) A H(t)) — L for all 0 # t € R.
Moreover, for all0 #t € R, py(t) < pa(t) N H(t) almost surely.

The path properties of the classical multifractional stable motion are later refined by Ayache and Hamonier
using wavelet analysis | ]. These authors focus on the special case where the scaling coefficients are given
by (at,a_) = (1,0). Moreover, they assume that the multifractional parameter H : R — (0, 1) takes values in

a compact subset [H, H] C (1/a,1). From Corollary 5.1 (ii), Theorem 6.1 and Remark 6.1 in this article, it
follows that if p4([S,T]) > 1, then one has almost surely

R[S, T)) = min H(t) -

1
—. 6.1
te[S,T) « ( )

unif

In Theorem 8.1, Ayache and Hamonier use this property to establish that, with probability one, py™'(¢) =
H(t) — L for all t € R satisfying pj(t) > 1. Finally, Corollary 5.2 and Theorem 7.2 imply that if ¢ € R is
such that there is a constant C' > 0 satisfying

[H(t) — H(s)| < CJt — s|"® (1+ [log|t — s|)

for all s € R, then it holds almost surely that py (t) = H(¢).

Remark. Even though we only stated the Holder exponents here, the results in [ ] on the path regularity
of the classical multifractional stable motion determine the modulus of continuity to a finer degree than Holder
exponents (i.e. they include logarithmic terms).

45



Firstly note that, unlike in the Gaussian case, the uniform pointwise Holder exponent piif(t) = H(t) — i
and the pointwise Holder exponent py (t) = H(t) are not equal, and the uniform pointwise Holder exponent is
strictly lower. Intuitively, this difference may be explained by the fact that the driving motion of the classical
multifractional stable motion, which is a symmetric a-stable Lévy motion is a pure jump process, whereas the
driving motion in the Gaussian case is a Brownian motion, which has continuous sample paths. At any fixed
t € R, the probability that the driving Lévy motion has a jump at ¢ is equal to zero, but with probability one it
has infinitely many jumps on any interval containing ¢, which at least intuitively explains the difference between
the uniform pointwise Holder exponent and the pointwise Holder exponent of the classical multifractional stable
motion.

Also note that in all the results obtained in [ | and | |, the Holder regularity of the classical
multifractional stable motion is dependent on the Hoélder regularity of H(-), as was the case for the classical
multifractional Brownian motion. Just as in the Gaussian case, we will overcome this drawback by letting H =
H(z) vary with the integration variable, instead of with the variable indexing the stochastic process. This will
allow us to obtain results on the Holder regularity of the paths of the process without imposing conditions on the
Holder regularity of the function H. Moreover, it will allow us to consider random multifractional parameters.
For integrability reasons, we must restrict the range of the function H to a compact subset of (0,1). Under this
requirement, the arguments from Lemma 6.8 still apply to the function z +— (¢ — ac)f(m)_l/a — (—x)f(x)_l/a.
Lemma 6.17. Fiz o € (0,2), lett € R and let 0 < H < H < 1. Then there is a constant C(a,t, H, H) such
that for all functions H : R — [H, H|,

/‘ )@= ()5 4p < Ot B H).

Proof. Without loss of generality assume t > 0 (otherwise, reverse the roles of 0 and t). Write L = (H —1/a)V
(1/oao — H) so that |H(z) — 1/a| < L for all z € R. For z < —1, apply the mean value theorem to obtain
&2t €10, t] such that

(1 — ) 1)1 ()TN = (H () — 1) & — )Y,
Then

—1 N 1| -1 -5 (Lt)a
/ ‘(t —o)@ s ()@= dr < (Lt)o‘/ (—z)* =DV gy =
oo o a(l—H)

Next,

0 0 0
/ ’(t — )@ s _ (—x)H(””)_é dx < 2¢ (/ (t — ) H@=1 gy +/ (—z)2H@)=1 d:r)
-1

-1

0

(/ — aH ]l{t <1} + (t — .7;) 1]]-{t—r21} dx +/ (—x)aﬁ_l d.’[:)
1 -1

1-— ]1 +(t+1)aﬁfl+i
E {t<l} O{F CYH

Finally,

t t _
/ (t— :v)aH(I)*l dr < / (t— x)aﬁ*l]l{t_xgl} +(t— x)aH*l]l{t_xZH dx
0 0

<t +taﬁ_1]l
T aH ol P
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Definition 6.18. Let H : R — [H, H] C (0,1) be a function. The Ité multifractional stable motion with
multifractional parameter H is the stochastic process (Y (t)):er, given by

H(z)—1 H(z)—1

V() = [ (= — ()l anr(a),

First, we will obtain a continuous modification of the It6 multifractional stable motion (Y'(t)):c(s,r) restricted
to an open subset (S,T) of the real line with a lower bound on the uniform Hélder exponents over compact
subsets of (S,T). This will be done by mimicking the arguments from | ] and employing Theorem 3.10.

It will be assumed that the multifractional parameter H : R — [H, H| C (0, 1) satisfies a continuity condition
which allows us to bound the norms of difference of kernels defining the It6 multifractional stable motion.

Lemma 6.19. Fiz o € @2), S<T,0< H< H<1 and a modulus of continuity w : R>g — Rx>o. There
exists a constant C(a, H, H) such that for all € € (0,1), all functions H : R — [H, H| admitting w as a modulus
of continuity on (S —¢,T), allt € (S,T) and all h € (0,(T —t) A 3),

t—e a o
/ (t+h—a)f@-a _ (t—x)H@)—i’ do < C(o, H, H) e*E-D e (6.2)

— 00

/t
t—e

(t4+h—2)T@O=% _ (¢ = )TO-2|" 4z < C(a, H, H) hHO—0(), (6.3)

t+h
/ (t+h—2) @14y < C(a, H,H) h*H®=—wh), (6.4)
t

Proof. Write L = (H—1/a)V (1/a— H) so that |H(z) —1/a| < L for all z € R. Apply the mean value theorem
to obtain & 5, € [0, k] so that the left hand side of Equation (6.2) equals

t—e
h”‘/

t—e _
<L%*h* / =)D e ey (=) T ey da

—0o0

t—e t—1 o
< LYh* (/ (t — z)eH-D-1 dac—l—/ (t — x)>H-1=1 dm)

— 0o —00

[e%

1 (t+ Eopw — x)a(H(ac)—l)—l dx

H(z)— o

<C(a, H, H)e* = p,

For the second term, substitute @ = ¢t + hi and use the fact that H(t + hi) > H(t) — w(e) whenever ¢t + hi €
[t —€,t] C(S—¢T) to find that the left hand side of (6.3) equals

0 «
/ poH (t+h) (1- i,)H(t-‘rhfc)—% _ (_;%)H(Hhi)—% da
—eh—1

< polHB-w() /

— 00

0 «

‘(1 _g)HEh) =% gyH+h)-2 |7 gg

< (o, £, H)po 0=,
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where we use Lemma 6.17 for the final inequality. Finally,
t+h t+h 1
/ (t+h—a) @1 gy < / (t4 h — ) eren=! dp < — peHB—w(R)
t —Je T af

O

Corollary 6.20. Let (Y (t))ie(s,m) be the Ité multifractional stable motion with multifractional parameter H :
R — [H,H| C (0,1). Assume that H admits a modulus of continuity w : R>g — Rxq on (S',T) for some
S" < S and that H g1y > L. Then (Y(t))ie(sr) has a modification (Y(t))te(S,T) such that, with probability
one, for ally >0 and all S <a<b< T,

V(1) — Y (s)]
t— Slﬂ[a,b]*l/a*"/

sup < 00

s,t€la,b] |
s#£t
Proof. Choose € € (0, 1) small enough such that (S —¢,T) C (5',T) and w(e) < Hgr— 1. Then, by Lemma
6.19, there is a constant C' = C(a, H, H, €) such that, for all s,t € (S, T) obeying |t — s| < ¢,
[Y(5) = Y (s)lla < CJt = s[TNI7) < Ot — s Foneva (),

1
Now take o)~

g <p<a and let ¥ be standard symmetric a-stable, then for all s,¢ € (S, T) with |[t—s| <,

Y(t) - Y(s) T ERPY @) - Y

|t — S|ﬁ[s/\t,svt]—w(e)—1/17 - |t — 8|P(ﬁ[s/\t,svt]—w(e))—1

< E[¥PCP|t — s|.

By Theorem 3.10, (Y (t)):e(s,r) admits a modification (KW(t))te(S,T) such that, with probability one, for all
v>0andal S<a<b<T, ~ )
Yep(t) = Yep(5)]
S 7 - < 00.
s,te[g,b] |t — s[Hen—w(=1/p=y
s#t

The result follows by letting € | 0 and p 1 «. O

Now that the existence of a continuous modification has been established, we will show the property that
legitimizes the naming of the It6 multifractional stable motion. Namely, that this process is H (¢)-localizable at
t with a fractional stable motion as its local form. This will be shown by using Lemma 6.7, and to bound the
appropriate integrals we will need the following lemma, which corresponds to Lemma 4.2 in | ].

Lemma 6.21. Let o € (0,2) and 0 < ¢ < ¢ < 1. Then there is a constant C(«, ¢,¢) such that for all functions
a:R—[c,¢ and b: R — [c, ¢ satisfying |a(x) — b(x)] < A for all x € R, and for all h € (0,1/e),

/R (=27 = 70 ) = (- 7F ()

where a A b = infer(a(x) A b(z)).

dz < C(a, ¢, ©) Ah*228 | log h|*,
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Proof. Split up the integral into

/O ‘((h _gye@—% _ (,z)a(r)f%) _ ((h _p)h@-% (,z)b(m)fé) ® dr (6.5)
o )
+ /O (= ) @=% — (=2 (6.6)

To bound (6.5), substitute x = hZ and apply the mean value theorem to obtain &, between a(ht) and b(hi)
such that

/O ‘((h - x)a(w)*i _ (7l.)a(z)*i> _ ((h _ x)b(m)fé _ (71‘)1,(95),%)

—o0
/O
—00

0
:/ [b(ha) — a(ha) € [log b ((1 - &)~ — (—@)%—7)

— 00

adz

[e%

dz

pathi) ((1 _ i,)a(hi)fé _ (_i,)a(haﬁ)fé) _ pblhd) ((1 _ i)b(hi)fé _ (_f)b(hi)fé)

e

+ ((1 _ i.)fac,h—é log(1 — &) — (_5@)5@,’”% log(—fc)) dz

0 o 0
< 2¥ACRYALL | Jog | [/ ‘(1 — @) — (—g)SrTw | di +/ ‘(1 — @) a log(l — &) — (—2)% = log(—2)

— 00 — 00

Both of the integrals between the square brackets are bounded above, independently from h and the functions

a and b: For the first integral, this follows from Lemma 6.17. Similarly, applying the mean value theorem for
r < -1,

0 «
/_ ’(1 _ )eenF log(1 — 7) — (—@)Ser % log(—¢)| di
1 0
<2 [ o= ) =)D e+ 2 [ (1= 97 log(1 = )] + (=) log(—0)|" di

< 00.

To bound (6.6), the mean value theorem implies that

h o h
/ ‘(h—gc)a(”“')_é - (h—gc)b(‘”)_é dx < Aa/ (h — )220~ log(h — x)|® dz
0 0

e=h—h& s [ )
< Ao‘haﬂ/ ¢ log & + log h|* dZ
0

1
< 29 ACpesb| g h|a/ 391 (| log & + 1) di.
0
O

Proposition 6.22. Let (Y (t))ie(s,m) be the continuous modification of the It6 multifractional stable motion
from Corollary 6.20. Moreover, assume that w(h)log(h) — 0 as h | 0. Fizt € (S,T) and a <0 < b. Then, as
hlO0,

Y (t+ hr) — Y (t) ,
( LH®) re(ad) = (Y} (T))re(a,b) )
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where (Y{(7))re(ap) 95 a continuous fractional stable motion with fractional parameter H(t). The convergence
here is distributional in the space C((a,b)).

Proof. By Lemma 6.7, for convergence in finite-dimensionl distribution, it suffices to show that for all r € (a, b),

H(z)—

1 1 1 1 [0
A(R) :h*O‘H(“/ ](Hhrfx)f(“*a — (- ((t+hrfz)f(t)73 - (tfx)f“*a) dz "% 0.
R

Let g € (0,1) and split up the integral

t—hd

Aty = e

—00

t+hr 1 1 1 1
+ heH® / ((t + hr — x)f(x) > —(t— x)f(x) “) — ((t + hr — x)f(t) > —(t— x)f(t) “)
t—ha

t—hA e

[t pr =) 07% — (= )2 ) — (b =) 0% — (=) O 3) [ o

[0

dz

< 2ah7°‘H(t)/ ’(t—|—h7‘—ars)H(9”)7é —(t—2)f@=3| dz
t—h? . L
+2ah*°‘H(t)/ ‘(t—i—hr—m)H(t)*E —(t—2)fO=5| da
Camy [T H(z)—1 H(w)— 1 H()—1 H()—1\ |
+h (t+hr—a), " = = (t—x)} “—((t+hr—x)+ C—(t—x), “) dz.
t—ha

We show that, for ¢ € (0,1) sufficiently small, each of the three addends converge to 0 as h | 0. For the first
term, assuming r > 0 and taking € = h? in (6.2) in Lemma 6.19, it follows that

t—h? ) Lo o
pmoH®) / ‘(t +hr —a)H@=5 (¢ —)H@=3 | de < C(a, H, H) h=*H O paoll@=D ()

— 00

< C(o, H, H,r) - H ") —a(1-H)]

which does converge to 0 for ¢ < 117_71{15) If r < 0 then take € = hr 4+ h? (which is positive for ~ small enough)

t
in (6.2) in Lemma 6.19 to conclude that

t+hr—e o

t—h? o
h_"‘H(t)/ ‘(t—l—hr—ac)H(’”)_é —(t—a)@-= dx:h_"‘H(t)/ (t—2)7@ =% — (t4+hr —2)T@-3 | da

—0Q0 —0Q0

< Cla, H, H)h=“HO (pp 4 pa)>H=1) (pp)e
< C(o, H, H, r) poll—H(#)—q(1—H)] (1+ ,rhlfq)a(ﬂfl)_

Again we see that the first term converges to zero for g < %Hf(lt) For the second term, note that

t—h o . p—h?? o
pmeH () / ‘(t +hr— )05 — (¢ — ) HO—& | gy "N / (r—#)HO-% _ (p)HO-3|" g3 "W 0.

— 00

— 00
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For the final term, by Lemma 6.21, for A sufficiently small,

(t+hr)Vt
O /
t—ha

hrvo a
— peH(®) / ((hr = )15 97% — ()Y (o = )70 ()"0 o
—ha

<h "0 (o, H,H) sup [H () — H(t)|* (hr)*H O] log (h|r[)|
TE[t—ha,(t+hr)Vi]

<C(a, H,H,r)w(h Vv hr)® h=owhVhr) | 150 |
=C(a, H, H,r)|w(h?)log h|*h~ow "),

H(z)—1 H(z)—+ H(t)—L H(t)—L1
((t+hr—x)+() R a)—((t+hr—m)+“ R )

Now, from the assumption that w(h)logh — 0 as h | 0 it follows that w(h?)logh — 0 and therefore that
h=ew(?) 5 1 as h | 0. Thus, the final addend converges to 0 as h | 0 as well.

To show that the convergence is functional, by Proposition 2.17, it suffices to show that for % < % < 1% <Her
there are constants C' > 0 and p > 1, independent of h, s and r, such that for all s,r € (a,b),

p

Y(t+ hr) =Y (t+ hs) e

hH(t)|,r _ S|Q(S,T)—1/p’

Note that, assuming without loss of generality that 0 <r —s <1,

Y(t+hr)—Y(t+hs)|

RHE®) |p — s|£(S,T) —1/p'

< |r — P/ ppHO—HE+ho)) | pg|~PHEROR Y (£ 4 hr) — Y (t + hs)[P

By applying Lemma 6.19 again with e = h9, g € (0, 1), we see that
Y (t+ hr) =Y (t+ hs)|la < C(a, H,H) [hq@—lnhr — hs| 4 |hr — hs|HEHR)=w ") L pye hs|H<t+’w>—w<lh7'—hsD} .

Applying this to the inequality from before, it follows that

Y(t+ hr)=Y(t+ hs) :

RH®) | — s|Hsz)=1/P

+ h—pw(hq)|r _ S|—pw(hq)
phPehe-a) | _ 5|fpw(h<bfa>>}
Now take ¢ small enough such that praEH-D+1-H) _5 ( a5 h } 0. Due to the asymptotic assumption placed

on the modulus of continuity w, it follows that h=?w((t=a)) _5 1 and h=P»("*) — 1. Thus, in a neighborhood
h € (0,0), with § > 0 small enough so that pw(d?) V pw(d(b —a)) < p/p’ — 1 it holds that, for all s,t € (a,b),

P
YU hr) = YU 13) | o, 1, B, 6)|r — oo/ ~@uvpulo(e-a),
RH @) | — 8|ﬂ(s,T)*1/p
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Theorem 6.23. Let (Y (t))ie(s,1) be the continuous modification of the Ité multifractional stable motion from

Corollary 6.20. Then, with probability one, pgb/mf(t) > H(t)— L1 for all t € (S,T). Moreover, if the modulus of
continuity satisfies w(h)logh — 0 as h | 0, then for allt € (S,T), py(t) < H(t) almost surely.

Proof. For the lower bound, note that by Corollary 6.20 we have with probability one, forall S <a <t <b< T,

uni uni 1
Py () > o3 ([0, B]) > Hg ) — o
From continuity of H it follows that p{if(t) > H(t) — 1. Now fix t € (S, T), from Proposition 6.22, it follows
that
Y({t+h)—Y(t) no
Yl+h) - Y mo oy, o)

hH(t)

in distribution, where (X (4)(r))re(a,p) is a fractional stable motion with fractional parameter H(t). So, when-
ever p > 0 there is a sequence h,, | 0 such that

Yt +hn) =Y (B

G e

in probability and we can find a subsequence that diverges almost surely. Thus, almost surely,

oy YD) =Y @]
e

and py (t) < H(t) almost surely. O

6.3 Stable Ito Calculus: Random Integrands

As mentioned, one of the advantages of considering a multifractional stable motion where the multifractional
parameter depends on the integration variable, instead of the variable indexing the process, is that the resulting
kernel is adapted if the multifractional parameter is made random. To exploit this advantage, this section is
dedicated to constructing an It6 calculus against symmetric an a-stable Lévy motion. That is, we will define
the stochastic integrals

/R FdL, (6.7)

where (L(x))zer is a standard symmetric a-stable Lévy motion, and F : @ x R — R is a jointly measurable
stochastic process, adapted to the natural filtration generated by (L(x))ser, and such that

E/ |F(x)|*dz < co.
R

Throughout this section we will fix & € (0,2) and a standard symmetric a-stable Lévy motion (L(z))zer on
a probability space (92, F,P) and write (F,)zcr for the natural filtration generated by (L(z)),cr, i.e. Fr =
o(L(y) : y < z). In order to define the stochastic integrals (6.7), we will first define stochastic integrals over
a bounded interval [a,b] C R. Then, the stochastic integral over the entire real line will be obtained as a
limit by letting a — —oo and b — oo. The It6 calculus over bounded intervals is a simplified variant of the
one developed in | | and | ]. These authors envision the stochastic integral as an operator mapping
stochastic processes to stochastic processes, but for our purposes it suffices to consider only the random variable

f; F dL, simplifying the analysis.

52



Definition 6.24. If I C R is a (possibly unbounded) interval, let L*(2 x I; (F,)zer) denote the space of jointly
measurable stochastic processes F': 0 x I — R adapted to the filtration (F,).er, such that

1
[ llLe@xn = (E/|F(a:)|“dx> < 0.
I

Of course, the integral will be defined first for simple processes.

Definition 6.25. Let a < b. A process F' € LY(Q x [a, b]; (F)ze[a,5)) i3 simple if there is a partition a = zg <
. < &, = b and random variables &; . ..¢&, € L%(Q) such that § is F,, _,-measurable, and

LE) = ka(w):ﬂ‘(xk—lﬂ;k](x)'
k=1
The space of simple functions is denoted S([a,b]). For simple functions with a representation as above the

stochastic integral is defined as
/ FdL = Z & (L L(wp-1))-

This definition yields a linear operator f: -dL : S([a,b]) — L°(Q). However, unlike the case of deterministic
integrands, this operator does not map into a linear set of symmetric a-stable random variables. Instead, the
operator maps into the weak Lebesgue space A%(€2). Moreover, the operators are uniformly bounded in a and
b. This next lemma corresponds to Lemma 3.3 in | ]

Lemma 6.26. The linear operators fab-dL 1 S8([a, b)) = AX(Q) with a < b are uniformly bounded. That is,
there is a constant C, not depending on a and b, such that for all a < b and all simple processes F € S([a, b)),

1t holds that
b
‘ [ rir

Proof. Let ¥ be a standard symmetric a-stable random variable. Let F = >"/'_; Sk l(an_ 1 an)
simple process. Write Axy, = x — x,—1 and ALy = L(zy) — L(zk—1). Then, for A\ > 0,

]P’(/:FdL >)\>:]P’<:L >)\>

> &AL
k=1
> AN (Fk)[EALg| > )\) +P (

(2

ZﬁkALk
=1

S ClF Lo @xfan) -
Ae(Q)

€ S([a,b]) be a

Z ALy

k=1

>A).

For k =1...n, letting &, | denote the law of ||, by independence we have

> AN (VE)|ERALk| < A)

n

<D P(ERALL > M) +P <
k=1

n

D AL (g AL <x)
k=1

oo
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It follows that

n

n
ZP(|§kALk| > A) S AT Ra o ZE\§k|ank = A7) Re ) 1FIEe (x[a,b))-
k=1 k=1

Moreover, using independence to reason that the cross terms are zero,

n 2
P ( > A) <AT’E (Z §kALk1{|skALk9}>

k=1
For k= 1...n also write #|ar,| for the law |ALy|, by independence it holds that

D ALk L{e AL, <x)
k=1

n

=A2) E[GALILe,an<n)-
k=1

E[GEALLL (e, ALy <x] :/ / T Lizy<ny d2\ar, () dPlg, ()
Ooo ’ Az
:/o x2/0 Y2 dP\ary (y) AP, (x)
o) Az
g/o 932/0 2yP(|ALk| > y) dy d P, (2)

o0 /\/3:
ngALkHXa(Q)/O x2/0 y' T dy d P, (x)

« > 1
=280 ¥Reey [ 5=

2 (0% - (07
:mAka\IIHAO‘(Q)/\2 E[&x|*.

ax2 ()\/x)Q_a dPe,|(x)

Thus,

&

In conclusion, for all A > 0, the following inequality holds,

b
ACP (/ FdL

The statement of the lemma follows by taking supremum over A > 0 and taking a’th root. O

Y GALEL (e L <a)

k=1 k=1

— 2 « = [e% —Q 2 « «@
>A <A 7"\:[/“/\&(&2) E E[§|* Az = A 5 _ - ||‘I’||Aa(sz) ||F||La(szx[a,b})~
2 -« 2—«

2 (o7 «
> A) < (14 525 ) 10050 1P iy

Lemma 6.27. S([a,b]) is dense in L¥(Q X [a, b]; (Fz)ze[a,p)) with respect to the norm || - ||Le(Qx[a,b))-
Proof. | , Remark 3.2] O

Combining Lemmas 6.26 and 6.27 with Lemma 2.6 extends the integral operators defined in Definition 6.25 into
a uniformly bounded set of linear operators

b
/ AdL L % [a,b]; (Fa)wefan) — A%(Q) a<b.
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Some elementary properties of these integral operators will be proven before defining the integrals (6.7) over
the entire real line.

Lemma 6.28 (Additivity of the integral). Let a < b < ¢ and let F € LY(Q x [a,c]; (Fz)eea,q). Then
Fiaxan € L*(Q x [a,0]; (Fo)uefa,p) Fraxp,e € L*(Q X [b,c); (Fo)zep,q) and

c b c
/ FdL = / FdL —|—/ FdL almost surely.
a a b

Proof. The first part of the claim is obvious. If F'=37' | &1, | 2 € S([a,¢]) is a simple process, then the
identity is a simple computation. By adding b to the partition we may assume that z,, = b. Then

c n b c
[ FaL=Y (k@) - L) ng Lav) 4+ S &(Lie) - Lizp) = [ Pars [ Far
@ k=1 k=m+1 a b

Now suppose F' € L*(Q2 x [a, c|; (Fz)ze[a,q) and take a sequence of simple processes F,, € S([a,c]) such that
| Fr — FllLe(@xa,) — 0 as n — oo. Then the same holds for on the subintervals || F}, — F||Le@x[q,5)) — 0 and

| Fn = FllLe(@xap)) — 0. Thus, fab F,dL — f: FdL and [, F,dL — [, FdL in A®(Q). Because the addition
operator in the topological vector space A%({2) is continuous, it follows that

c b c b c
/ FndL:/ FndL-i-/ F,dL — FdL+/ FdL.
a a b a b

The claimed identity now follows from uniqueness of limits. O

Lemma 6.29. Let a < b, suppose that F' € L*(Q2 X [a,b]; (Fz)zelap) ond that ¢ is a real-valued bounded
Fa-measurable random variable on Q. Then (F € L*(Q x [a,b]; (Fz)we[a,)), and

b b
C/ FdL = / CFdL almost surely.
a a

Proof. Again, the measurability claim is clear. First suppose F' = ' | &1y, | 2, € S([a,b]) is a simple
process. Then once again the identity is a matter of computation:

b n
¢ [ FdL=¢Y (i) - L) chk Lizi)) /CFdL
@ k=1

Of course, in that last equality we use that (F = >"}_; C&k (s, o, and that (&, € L¥(Q) is F,_,-measurable
because ¢ is F,-measurable, making (F' a simple process. Now let F' € L*(2 x [a,b]; (Fz)ze[q,5)) and choose
a sequence of simple processes (F,)nen such that ||[F, — FllLa(qx(a,p)) — 0 as n — oo. Take K > 0 such that
|¢(w)| < K for all w € . Then

b = b =
ICE—CF L (@x[ap)) = <E/ |CFn(x) — CF ()] dfﬂ) <K (E/ | Fn () — F($)|ad$> = K||Fy—F||Le @x[a,p)) — 0

b b b
g/ FndL:/ CFndL%/ CFdL
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in A*(€2). Now let A > 0, then

b b b b
P@/n@%/pﬂ>gg%K/nﬂ3/ML

Thus,
b b A @
AP (/ FndL—(/ FdL| > A SKQ(K) P

Taking supremum over A > 0 and o’th root reveals that

b b b b
W/HM%/FM [ o~ [ ra

We conclude that ¢ fab F,dL — ¢ f; FdL in A*(Q) and from uniqueness of limits it now follows that

b b
/FndL—/ FdL

)
% |

>A>:p<
b b
/FndL—/ FdL

A
— | < K“
2

— 0.
A (Q)

<x|

A (Q)

b b
¢ / FdL = / CFdL almost surely.
a a

O

Finally, the stochastic integral (6.7) over the entire real line will be obtained as a limit. Let Z denote the
directed set of non-empty compact intervals [a,b] C R, partially ordered by set-inclusion. Whenever F' €
Lo (Q x R; (Fz)zer) it holds that Fioxpes € LY(Q2 X [a,b]; (Fz)zela,p)) for all [a,b] € Z. We will define the
integral (6.7) as the limit in A*(2) of the Cauchy net

b

( / FdL) . (6.8)
@ la,b]eT

Lemma 6.30. Let F € L*(Q X R; (Fo.)zer)- Then the net from (6.8) is Cauchy in A“(Q).

Proof. Let K > 1 be a constant such that [|X + Y|[r«) < K(||X|lae) + [Y]lAe(o)) and let C > 0 be
a constant making the integral operators uniformly bounded. That is, for all [a,b] € Z and for all F €

LQ(Q X [av b], (-Fm)xe[a,b])v we have
b
/ FdL

Let € > 0 be arbitrary, choose [ag, by] € Z such that

S CF Lo @xian) -
A~ ()

E/ao |F(x)|adx+E/oo|F(x)|“dx < (KO)™ e

— o0 bo
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Suppose [ag,bp] C [a,b] and [ag,by] C [a’,b']. Then, using additivity of the integral and the fact that
aVa <ag<by <bAUl, it follows that

b v
/ FdL—/ FdL

ava' bV’
- (_1)1,,,>a// FdL+(—1)]lb<b'/ FdL

Aa' bAb’

Ax(Q) A*(Q)

< KC ([|IF Lo @x[ana’,avar]) + I1FlLe @xpav pve))
ao o0
<KC (E/ |F(x)|o‘dx+E/ |F(ac)|adx)

— 00 bo

< €.

Definition 6.31. Let F € L¥(Q X R; (F)zer, then the stochastic integral

/FdL
R
Similarly, if a € R is fixed and F' € L*(2 % [a,00); (F2)ze[a,00)), then the following net is Cauchy in A%(Q),

(7]

Dually, if b € R is fixed and G € L*(2 x (=00, b]; (Fz)ze(—o0,p]), then the net

(o)

is Cauchy in A%*(2) (with respect to the dual order > on (—o0,b]). Taking limit in A*(2) defines the integrals
[° FdL and f_boo GdL for F € L*(Q x [a,00); (Fz)ze[a,o0)) and G € L*(Q X (—00,b]; (Fi)pe(—oop))- From
these definitions and Lemma 6.28, it becomes clear that for all F' € L*(Q X R; (F,)zecr) and all a < b, we have

is defined as the limit in A*(§2) of the net in (6.8).
bela,00)

a€(—o0,b]

a b oo
/ FdL = / FdL +/ FdL +/ FdL almost surely. (6.9)
R a b

— 00

Finally, the uniformly bounded nature of the stochastic integral operators extends to the case of unbounded
integrals.

Proposition 6.32. There is a constant C' > 0 such that
1. For all a < b and all F € L*(Q x [a,b]; (Fz)zela,b]);

b
/FdL

<C|F
A (Q)

Lo (Q2x[a,b])-
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2. For alla € R and all F € L*(Q x [a,00); (Fz)zcla,00))s

‘/ FdL

3. For allbe R and all F € LY(Q x (=00, b]; (Fi)re(=oc0,b])s

H/ FdL
/FdL
R

Proof. Tt has already been established that there is a consant C’ > 0 such that 1 holds. However, we cannot
simply take limit b — oo to obtain 2, a — —oo to obtain 3 and limit along Z to obtain 4: This would require
continuity of the quasinorm || - [|ya(q) which is not guaranteed. Instead we apply the Aoki-Rolewicz to pass
through a p-norm [-]ya(q) on A%(2) such that there are constants k& > 0 and K > 0 satisfying k[X]ja(q) <
| X|lAe () < K[X]pa(q) for all X € A%(Q). Then, for all @ < b and all F' € LY(Q x [a, b]; (Fz)ze[ap)) it holds

that
b
/ FdL
a

Because the p-norm [-]y«(q) is continuous with respect to the topology it gerenates, taking limits and using that
[ X llae (o) < K[X]pa(q) reveals that the statement holds with C' = C'Kk™!. O

< Ol F e @xfa,00)-
Ao ()

< O F Lo (@x (—o0,b]) -

4. For all F € L*(Q x R; (F)zer),

< O||F||lLeaxr)-
A ()

< C'E I F e @xab)-
A~ (Q)

6.4 Multifractional Stable Motion with Random Multifractional Parameter

In this section, an It6 multifractional stable motion with random multifractional parameter will be considered.
Fix a probability space (Q,F,P), a standard symmetric a-stable Lévy process (L(x))zer on (£, F,P) and
we denote (F,)zer for the natural filtration generated by (L(z))zcr. Of the multifractional parameter H :
QxR — (0,1) we demand that it is jointly measurable, adapted to (F,).cr and that it takes values in a
compact subset [H, H| C (0,1), where H and H are deterministic bounds, i.e. for all w € Q and all z € R we
have H < H(w,z) < H. Then, due to measurability of the map R x R — R : (u,a) — (u)?, it follows that the
kernels (w,z) — (t —x)} H(o.0)=1/a - (—x)f(w’x)fl/a are jointly measurable and (F,).cr-adapted for any ¢ € R.
Moreover, since the bound from Lemma 6.17 is uniform in the functions H : R — [H, H|, we find that for all

w €,
[ =t s - ot e < a0,

)f(w,r)—l/a - (_x)f(w,z)—la is in

Taking expectation reveals that, for any ¢ € R the kernel (w,z) — (t — x
L*(Q x R; (Fz)zer)-

Definition 6.33. Let H : Q x R — [H, H| C (0,1) be jointly measurable and (F,),cr-adapted. The Itd
multifractional stable motion with random multifractional parameter H is the stochastic process

(Y(t))ter, given by
H(z)— H(z)—1

Y(t):/R(t—x)+ “ — (—a)7F gL (),
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Just as in the case of a deterministic multifractional parameter, the two main goals are to show that the Ito
multifractional stable motion is localizable, and to find lower and upper bounds for the (pointwise) Holder
exponent. The structure of this section will be similar to Section 6.2: First, we obtain a lower bound for the
uniform Holder exponent over compacts by bounding difference moments and employing Theorem 3.10. Then,
we wil prove that the Itd6 multifractional stable motion with random multifractional parameter is localizable
and use this to find an upper bound for the pointwise Holder exponent. Just as in the deterministic case, we

will place an assumption of continuity on the random multifractional parameter H : Q x R — [H, H]: Tt will be
required that the modulus of continuity is deterministic and admitted uniformly in w € €.

Definition 6.34. Let X : QxR — R be a stochastic process and let w : R>g — R>g be a modulus of continuity.
It will be said that X deterministically admits w as a modulus of continuity on I C R if, for all s,t € I
and all w € Q,
| X (w,t) — X(w, s)] <w(|t—s|).

Theorem 6.35. Fizr S < T and let (Y (t))ie(s,r) be the It6 multifractional stable motion with random multi-
fractional parameter H : Q x R — [H, H| C (0,1). Suppose that H deterministically admits w : R>q — R>q as
a modulus of continuity on (S’,T) for some S’ < S. Moreover, suppose that there is a deterministic constant
ENEKS’T) > L such that H(w,t) > Higr) for allw € Q and t € (S,T). Then (Y (t))ie(s,r) has a modification

(Y'(t))ee(s,r) such that, with probability one, for all v >0 and all S <a <b<T,

Y (t) — Y (s)|
|t _ $|E[a,b] —1/a—vy

sup < Q.

s,t€la,b]
s#£t

Proof. Choose € € (0, %) small enough such that (S —€,7) C (5,T) and 3w(e) < Higr) — L and choose

m < p < . The goal will be to show that for all s,t € (S5, T) satisfying |t — s| < ¢, we have
(s
P
Y(t) = Y(s) 3 Y()-Y(s) | 7
=t—sPreOttg | 2 "V | < CO(a, H,H,p,e)|t — 6.10
|t — S|£[s/\t,s\/t]73w(6)7% | 8‘ |t - S‘E[S/\f-ﬁw] - (Oé =P 6)‘ S|’ ( )

so that Theorem 3.10 applies. Note that the denominator is actually random now, meaning that we cannot
simply take it out of the expectation like we did in the proof of Corollary 6.20. To account for this, we will use
Equation (6.9) to decompose the difference process Y (¢t) — Y (s) directly, instead of decomposing the norm of
difference kernels. For s,t € (S,T) such that s < ¢ and ¢t — s < ¢, decompose

Y@yJXQ:i/ (t—@Hm%i_(&—@Hm%idL@)+/i(t—@H@%i_(&—@Hm%idL@y+/%t—@Hm%idL@y

D. E. F
Note that
Y(t)-Y(s)| Y(t)-Y(s)| D, P E. P F P
El——— <E|—————~F| <3P |(E|———F+ E|l———m—s El———m— . (6.11
‘ (- | “F—are | =T Bl yme| T i—sre| ) 61

Thus, it suffices to bound the three terms separately. Write C; > 0 for the constant from Proposition 6.32 show-
ing the integral operators against symmetric a-stable Lévy motion are uniformly bounded, and let Cy(a, p) > 0
denote the constant from Lemma 2.18, so that || X||Lrq) < Ca2(a, p)[| X||ae (o) for all X € A%(Q2). We have

D p _ _ s—e€ N Lo p/a
’(t)ﬁH() < (t—s)PHE|D P < (C1Cy(a, p))P (t—s)~PH (E/ ‘(t —o)H@-5 (s —p)H@-% dx) .
— S S

—00

59



By applying (6.2) from Lemma 6.19, using that this bound is uniform in the functions H : R — [H, H], it
follows that for all w € €2,

/S*E
— 00

Taking expectation and combining with the previous bound yields that

(t— 2)H@D) =% _ (s 2)H@a) =" gz < O(a, H, H)e @V (¢ — s)°.

D p

7T NH(s) < C(O{,ﬂ, F7p)€p(ﬂil)(t - S)p(liﬁ) < C(aaﬂ7 F7p? 6)(t - 8)*31011)(6). (612)
(t—s)H(s)

7

For the second term, the term (£ —s)”(*) in the denominator will be replaced by (t —s)#(5=¢) making the factor

measurable with respect to the lower integration bound so that the factor can be pulled inside of the integral.
Use that H(w,s) < H(w,s —¢€) + w(e) for all w € Q to conclude that

p
gl Fe
(t—s)H()

< (t— s)—pw(f)E ’

(t _ S)H(sfe)

Now, using Lemma 6.29 and the fact that H is adapted,

Ee ’ - s —€ _1 1
(t—s)H(Sd:/ (t—s) H(s—e) [(t_$>H(x) 1 _(S_x)H(ac) a} dL(z).
Thus,
EE p » 7&H(576) s H(m)fi H(m)fi a P/a
Bl aema| < (OC(ap) (E-s) (t—2)H@O % _ (s pH@-2]" g )

Applying (6.3) from Lemma 6.19 shows that for all w € Q,
(t— S)faH(w,sfe)/

The upper bound is now determinstic so that we can take expectation. In conclusion,

1

(t _ JE)H(w,ac)fg . (5 _ x)H(w,m)fé’a dz < C(a,ﬂ,ﬁ)(t _ S)a(H(w,s)7H(w,sfe)7w(e))

< Cla, HH)(t — 5) 720,

p

< C(a, H,H,p)(t — s)~3Pw(©), (6.13)

E.
(t — s)H(s)

Finally, from Lemma 6.29 it follows that

p p

F
=E

E‘“_S)H(s) /st(t—S)H(S) (t_x)H(m)—édL(x)

t p/a
< @Ca(ap) (Bl -9 [ apmetar)
Applying Lemma 6.19 one more time shows that for all w € §,

t
(t . 5)704H(w,s)/ (t B l,)aH(w,z)fl dr < C(Ox,ﬂ,ﬁ)(t _ S)*aw(t*5)7
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and from this it follows that

F
El—
‘ (t— )7

p —

< Cla, H,H,p)(t —s) ") < C(a, H, H, p)(t — 5)~3P0(). (6.14)

Combining (6.11) with (6.12), (6.13) and (6.14) and using symmetry in s and ¢ shows that (6.10) does in fact
hold. Thus applying Theorem 3.10 shows that there are modifications (Ye ,(%)):e(s,1) such that, with probability
one, forally>0andall S<a<b<T,

‘f/e,p(t) - f/e,p(sﬂ

Hy, ) —3w(e)—1/p—ry < 00

sup
s,t€(a,b] |t — S‘
s#£t

The result follows by letting € | 0 and p 1 «. O

Proposition 6.36. Let (Y (t))ic(s,m) be the continuous modification of the Ité multifractional stable motion
from the previous proposition. Moreover, assume that w(h)log(h) — 0 as h | 0. Fizt € (S,T) and a <0 < b.
Then there is a standard symmetric a-stable Lévy motion (L(x))zecr, independent of Fy—, such that, as h ] 0:

(Y(t +:£2t)_ Y(t))re(a’b) - (/R(r — x)f(t%é - (—x)f(gc%é di(@)

The convergence is distributional in the space C((a,b)).

re(a,b)

Proof. To show finite-dimensional convergence, let r € (a,b). First it will be established that, for ¢ € (0,1)
small enough,

hHOY (¢ + hr) — Y (1) = hHE=0D / (t+ hr — )7 g )OS L)+ op(1). (6.15)
t—hd
The first step to establishing (6.15) is to show that
tth 1 1
hH® / (t+hr —z)H@=5 — (t —2)HP@~% dL(x) - 0  in probability as h | 0. (6.16)

Firstly note that

t—h9
B / (t+hr =) O7% — (¢ — )" dL(2)

Ax(Q)

@

—0o0

o t—h? «
<ch™ (E/ ’(tJrhrfx)H(g”)*é - (tfx)H(x)fé’ dx)
Assume that r > 0. Then, using € = h? in (6.2) from Lemma 6.19 shows that for all w € Q,

t—h? o o o
/ ‘(t + hr — )@ (p— )@ de < Clo, H, H)RIED (b)) < C(a, H, H, r)h*aE-D+1],

— 0o
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The upper bound here is deterministic, allowing us to take expectation and combine with the previous bound
to conclude that

<C(a,H,H, r)hl_ﬁ_q“_ﬂ) "0

t—hd
A (Q)

— 0

whenever g < g If r < 0 then we take ¢ = hr + h? (under the assumption that h is close enough to zero so
that this is positive) to conclude that for all w € €,

t—hi o t+hr—e o
/ ‘(t—l—hr—a:)H(“”“:)_é —(t—z)Hn) - da:z/ (t—2)T@=% — (t+hr — )@= dz

— 00 — 00

< C(a, H, H)(hr + h9)*E =D ()
< C<avﬁ7 ﬁ, T)ha[q(ﬂ_l)“'l](l + ’I”hl_q)a(ﬂ_l)_

Again, under the assumption that ¢ < %, it follows that

< C(a, H, H,r)p " H-00-H) (1 pppl-ayed-1) 1 g

t—hd
PO [ e )1 () L) H
A (Q)

— 0o

Since convergence in a weak Lebesgue space implies convergence in probability (see Lemma 4.12), (6.16) follows,
thus -
hHO(Y (t+ hr) — Y (t)) = h=H® / (t+hr—2)TO7 % — = )75 ar(@) + op(1).
t—ha
The second step is replacing H(t) in the prefactor h~#® by H(t — h9). By the mean value theorem, for all
w € Q there is some &, ; between H(w,t) and H(w,t — h?), such that

|pH @) _ p=H@t =0 — | (w,t) — H(w,t — h9)|h™E " | log h| < hH@t=h) gy (h9) | log h|h =),
Thus,

H (h—H(t) _ h—H(t—hq)) / (t + hr— x)f(l)—é _ (t i (E)f(w)_é dL(x)
t—ha

< w(h9)|log h|h~*"")

‘hH(thq) / (t+ hr — x)f(z)ii —(t - m)f(m)ié dL(z)
t—ha

Now, by (6.3) and (6.4) in Lemma 6.19, we have for all w € Q,
h—ocH(w,t—hq) /OO
t—ha

Taking expectation and a’th root, and using Lemma 6.29 and Proposition 6.32, it follows that

(t + hr — x)f(w,af)—é . x)f(w,z)—é « dz < C(a’ﬂ,ﬁ)h—aH(w,t—hq)(hr)a(H(t/\(t—i-hr))—w(hq+h|r|))

< o, BT, r)h= 2w b,

o0

H (h*H(t) - h*H(t*hq)) / (t+ hr — :zz)f(m%% —(t— x)f(IFé dL(x)
t—hd

A (Q)

<C(a, H,H,r)w(h?)|log h| h~wh)=2w(h?+hir) 20
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We conclude that
h=HO (Y (t 4+ hr) — Y (t)) = h~HERD / (t+hr — )77 (= )OS GL () + op(1).

t—ha

The third and final step is approximating H () in the integrand by H (¢t —h9), making the integrand measurable
with respect to F;_pa. This will be done using Lemma 6.21, which shows that, for all w € €,

(t+hr)Vi
h—ozH(w,t—hq) /
t

w,x)—+ w,x)—+
(R R (O Wt

—ha
((t +hr— x)f(wvt*hq)*é —(t— x)f(w,tth)*é) de
hrvO0
—aH(w,t— H(w,z+t)—1 H(w,z+t)—1
el B (e C e B
—h4a
(- a2 gt )
e
<C(a, H, H)h~oH =1 sup |H(w,x) = H(w,t = hY)| | (hr)@ Wt =hD=w @D og (||
z€[t—h,(t+hr)Vi]

<C(a, H,H,r) |w(h? + h|r|) log h|* h=ow(h +hir])

The upper bound is deterministic, so taking expectation and a’th root, using Lemma 6.29 and Proposition 6.32,
we find that

Hhmth‘w </ (t+hr — )75 ()77 L)~
t—ha

/ O e R T dL(a:))
t

~ha A= (@)
< C(a, H,H, ryw(h? + h|r|)|log h|h (" +hir) M7 o,
so that (6.15) holds. It follows that for ry...7, € (a,b),
Y+ hry) —Y(t ao [ _ 1 _pay—1
(t + hr) — Y(?) _ (pmn >/ (¢4 hr — )20 L T3 g +op(1).
hH® k=1..n t—ha @ k=1...n

Since the integrand on the right hand side is independent of (L(z) — L(t — h?))z>¢—re, We may introduce a

standard symmetric a-stable Lévy process (L(z)).er, independent of the processes L and H, such that

q o _pa 1 _pay_1
<hH<th >/ (t+ hrg — 2) D 2 g OO dL(x))
t—ha o k=1..n

> N 1 _hay_ 1 ~
4 (h_H(t_hq)/ (t+ hrg — 2) T 2 g gD dL(x))
t—ha o k=1..n
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By applying the same steps as before, we find that

(Y(t + ch(z)— Y (¢) ) .

4 (hH<th"> / (t+ hrg — )M 7E - DS di(x)) +op(1)
t—hd k=

1..n
_ (hH(thq) /(t + g — o) TOTMOTE gy MRS di(z)> +op(1)
R k=1..n

4 (/ (Tk o x)f(tth)*é _ (_x)f(tfh")*é di(x)) +0P(1)

R k=1..n

it 1

= (/ (rp — x)f(t) o — (—m)f(t) “ dL(x)) +op(1).

R k=1..n

In the third step we use that the a-stable Lévy motion is é—self—similar and has stationary increments. This
shows convergence in finite-dimensional distribution. To show that the convergence is functional, by Proposition
2.17, it suffices to show that for é < % < 1% < QE‘S’T) there are constants C' > 0 and p > 1, independent of h,

s and r, such that for all s,r € (a,b),

p

Y(t+ hr) =Y (t+ hs) < Clr— 3P,

hH () |T _ 8|£?S,T)71/p/

Assume that 0 < r — s <1, then

Y (t+hr)—Y(t+ hs)
hH(t)‘T _ s|£?S,T)71/p’

P
po _ Y(t+hr)=Y(t+hs)|"
_ g|p/P" p—pw(h(b—a))
<|r—s|?Ph ]E’ o — his] ¥R :

Applying (6.12), (6.13) and (6.14) with e = h? for ¢ € (0,1) reveals that

Y(t+ hr) =Y (t+ hs)
|h7“ _ hS|H(t+hs)

< C(on, H,H,p) | hE=D by — hs|POCH) 4 by — hs| 73700 4 | by — hg|~Peh(b=a))

i

hp(=F—a(1=H)) |p—s|p(1—H)

Now, for ¢ < %, pp-H—-q(1=H)) _ () a5 h 1 0. Moreover, h~Pw(h(b=a)) _ 1 and A—3Pw("") 5 1. Thus, for
h € (0,9) in a small enough neighborhood so that 3pw(6?) V pw(é(b —a)) < p/p’ — 1, for all r, s € (a,b),

p

Y(t+ hr)=Y(t + hs)
RH®) |y — g| s —1/

< C(a, H,H,p,0)|r — s[p/?'~Brw@)vpwb—a))

O

Theorem 6.37. Let (Y (t))ic(s,1) be the continuous modification of the Ité multifractional stable motion with
random multifractional parameter from Theorem 6.35. Then, with probability one, pgﬂmf(t) > H(t) — é for all
t € (S,T). Moreover, if the deterministic modulus of continuity satisfies w(h)logh — 0 as h | 0, then for all

te (S,T), py(t) < H(t) almost surely.
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Proof. These bounds for the pointwise Holder exponents follow from Theorem 6.35 and Proposition 6.36 by
following the same reasoning as in Theorem 6.23. O

We will compare these results to results on the classical multifractional stable motion first by Stoev and Taqqu
[ ] and later by Ayache and Hamonier | ]. Let Y denote (a continuous modification of) the classical
multifractional stable motion and let Z denote (a continuous modification of) the Ité6 multifractional stable
motion. Stoev and Taqqu had shown that

(o828 (t) A H () — i <oy () < py (1) < pu(t) NH(),

under a Hélder condition on H (and of course H(t) > 1)). Compare this result to Theorem 6.37, which finds
that

H(E) ~ ~ < (1) < palr) < H(1),

under a weaker condition on the modulus of continuity of H (which is only needed for the upper bound). It
should be noted that (perhaps unsurprisingly), these inequalities are quite similar. Moreover, both inequalities
have a discrepancy of é between the lower bound and the upper bound, leaving both the pointwise Holder
exponent and the uniform pointwise Holder exponent not completely specified. For the classical multifractional
stable motion, this discrepancy is removed in | ]. Indeed: There it is shown that, under a Holder condition
on H, we have
W = H() — ()= (D).

This leads to the suspicion that p*(t) = H(t) — £ and pz(t) = H(t) for the It6 multifractional stable motion
too, under a reasonable assumption on H. Of course it would be preferable to avoid placing assumptions on
the Holder regularity of H, since this was one of the main reasons that the It6 multifractional stable motion
was introduced. Regretfully, we have not managed to obtain equality for the (uniform) pointwise Holder
exponent of the It6 multifractional stable motion. Ayache and Hamonier obtain the fine path properties of
the classical multifractional stable motion by employing analytical wavelet techniques. In the Gaussian case,
wavelet techniques have already been applied in the 'It6’ regime (where the multifractional parameter depends
on the integration variable) | ]. Wavelet methods may therefore be able to aid in finding equality for the
(uniform) pointwise Holder exponent of the Itd6 multifractional stable motion.
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7 Conclusion

The aim of this thesis was to define a new (It6) multifractional stable motion and to determine its pointwise
Holder regularity. This process is defined as

X&>=Agr—mf“*é—«—mf“‘%wxw,

where L is a standard symmetric a-stable Lévy process, and H : RxQ — [H, H] C (0, 1) is a jointly measurable
stochastic process adapted to the natural filtration generated by L. Previously, researchers had considered a
(classical) multifractional stable motion of the form

H(t)— H(t)—

ww:A@f@+ ()07 ar ),

where H : R — (0,1) is a deterministic function. The two advantages of this new process over the previously
defined multifractional stable process are:

e The kernels of the Itd multifractional stable motion are adapted to the natural filtration generated by L,
so the process can be defined as an [t0 integral. This is not the case for the classical multifractional stable
motion.

e The Holder regularity of the Itd6 multifractional stable motion is independent of the Hélder regularity of
its fractional parameter. This is not the case for the classical multifractional stable motion.

Indeed: We have found that the uniform pointwise Holder exponent of the It6 multifractional stable motion is
at least H(t) — L if H admits any modulus of continuity w. If it holds that w(h)log(h) — 0 as h | 0, then
it is also true that the pointwise Holder exponent is at most H(t). Sadly we have not managed to prove an
equality for these quantities, like for the classical multifractional stable motion under a Holder condition on the
multifractional parameter | ]. The wavelet analysis that these authors employ may be of use in proving an
equality for the Holder exponents of the It6 multifractional stable motion.

A topic that has been left outside of consideration in this thesis is the topic of multistable process, where the
stability index « is also allowed to vary. Several formulations for multistable processes have been introduced
[ ; ; ]. Multistable processes had been considered as a potential research direction for this
project, but have been left out due to time constraints. However, using the framework of Falconer and Liu | 1,
it is possible to define an It6 multifractional multistable process with deterministic parameters. Using the norm
inequalities proven by these authors it should be possible to formulate conditions on the multifractional and
multistability parameters such that similar bounds on the pointwise Holder exponents can be obtained. Modeling
the multifractional and multistability parameters as random functions requires more machinery though. These
could be potential avenues to explore for further research.

66



References

[Aok42]
[App09)
[AEH18]
[AH14]
[AT05)]
[Bil99)]
[DOT02]
[FL12]

[FGV09)

[FelT1]
[GMS3]
[Gral4]

[GV12]

[Kal21]

[Kal03]

[Lév22]
Lévas]

[Lév24]

T. Aoki. “Locally bounded linear topological spaces”. In: Proceedings of the Imperial Academy 18.10
(1942), pp. 588-594.

D. Applebaum. Lévy Processes and Stochastic Calculus. 2nd ed. Cambridge University Press, 2009.
ISBN: 9780511809781. por1: 10.1017/CB09780511809781.

A. Ayache, C. Esser, and J. Hamonier. “A new Multifractional Process with Random Exponent”.
In: Risk and Decision Analysis 7.1-2 (2018), pp. 5-29. DOIL: 10.3233/RDA-180135.

A. Ayache and J. Hamonier. “Linear multifractional stable motion: fine path properties”. In: Revista
Matemdtica Iberoamericana 30.4 (2014), pp. 1301-1354. po1: 10.4171/RMI/816.

A. Ayache and M.S. Taqqu. “Multifractional processes with random exponent.” In: Publicacions
Matematiques 49.2 (2005), pp. 459-486. DOI: 10.5565/PUBLMAT_49205_11.

P. Billingsley. Convergence of Probability Measures. 2nd ed. Wiley, 1999. 1SBN: 9780471197454. DOI:
0.1002/9780470316962.

P. Doukhan, G. Oppenheim, and M. S. Taqqu. Theory and Applications of Long-Range Dependence.
1st ed. Birkhauser, 2002. 1SBN: 978-0-8176-4168-9.

K. Falconer and L. Liu. “Multistable Processes and Localizability”. In: Stochastic Models 28.3 (2012),
pp- 503-526. DOIL: 10.1080/15326349.2012.699766.

K. J. Falconer, R. Le Guével, and J. Lévy Véhel. “Localizable Moving Average Symmetric Sta-
ble and Multistable Processes”. In: Stochastic Models 25.4 (2009), pp. 648-672. poI: 10 . 1080/
15326340903291321.

W. Feller. An Introduction to Probability Theory and Its Applications, Volume 2. 2nd ed. New York:
Wiley, 1971.

E. Giné and M. B. Marcus. “The Central Limit Theorem for Stochastic Integrals with Respect to Levy
Processes”. In: The Annals of Probability 11.1 (1983), pp. 58-77. DOI: 10.1214/a0p/1176993660.

L. Grafakos. Classical Fourier Analysis. 3rd ed. Graduate Texts in Mathematics. Springer New York,
2014. 1SBN: 978-1-4939-1193-6. DOI: 10.1007/978-1-4939-1194-3.

R. Le Guével and J. Lévy Véhel. “A Ferguson—Klass-LePage series representation of multistable
multifractional motions and related processes”. In: Bernoulli 18.4 (2012), pp. 1099-1127. por: 10.
3150/11-BEJ372.

O. Kallenberg. Foundations of Modern Probability. 3rd ed. Probability Theory and Stochastic Mod-
elling. Springer Cham, 2021. 1SBN: 978-3-030-61870-4. DOI: 10.1007/978-3-030-61871-1.

N. Kalton. “Quasi-Banach Spaces”. In: Handbook of the Geometry of Banach Spaces. Ed. by W.B.
Johnson and J. Lindenstrauss. Vol. 2. Elsevier, 2003. Chap. 25, pp. 1099-1130. por: 10.1016/51874~
5849(03)80032-3.

P. Lévy. “Sur la role de la loi de Gauss dans la théorie des erreurs”. In: Comptes rendus hebdomadaires
de I’Académie des Sciences 174 (1922), pp. 855-857.

P. Lévy. “Sur les lois stables en calcul des probabilités”. In: Comptes rendus hebdomadaires de
I’Académie des Sciences 176 (1923), pp. 1284-1286.

P. Lévy. “Théorie des erreurs. La loi de Gauss et les lois exceptionnelles”. In: Bulletin de la Société
Mathématique de France 52 (1924), pp. 49-85.

67


https://doi.org/10.1017/CBO9780511809781
https://doi.org/10.3233/RDA-180135
https://doi.org/10.4171/RMI/816
https://doi.org/10.5565/PUBLMAT_49205_11
https://doi.org/0.1002/9780470316962
https://doi.org/10.1080/15326349.2012.699766
https://doi.org/10.1080/15326340903291321
https://doi.org/10.1080/15326340903291321
https://doi.org/10.1214/aop/1176993660
https://doi.org/10.1007/978-1-4939-1194-3
https://doi.org/10.3150/11-BEJ372
https://doi.org/10.3150/11-BEJ372
https://doi.org/10.1007/978-3-030-61871-1
https://doi.org/10.1016/S1874-5849(03)80032-3
https://doi.org/10.1016/S1874-5849(03)80032-3

[Lév25]
[Lin22]

[LMS21]

[Lya01]
[MNG68]
[Nol20]
[PV95]
[Rol57]

[RWS6]

[ST94]
[Sat99]
[Sat04]
[ST04]
[STO05]

[TW83]

P. Lévy. Calcul des Probabilités. Paris: Gauthier-Villars, 1925.

J. W. Lindeberg. “Eine neue Herleitung des Exponentialgesetzes in der Wahrscheinlichkeitsrech-
nung”. In: Mathematische Zeitschrift 15 (1922), pp. 211-225.

D. Loboda, F. Mies, and A. Steland. “Regularity of multifractional moving average processes with
random Hurst exponent”. In: Stochastic Processes and their Applications 140 (2021), pp. 21-48. DOL:
10.1016/j.spa.2021.05.008.

A.M. Lyapunov. “Sur un théoréme du calcul des probabilités”. In: Comptes rendus hebdomadaires
de I’Académie des Sciences 132 (1901), pp. 814-815.

B. B. Mandelbrot and J. W. Van Ness. “Fractional Brownian Motions, Fractional Noises and Appli-
cations”. In: STAM Review 10.4 (1968), pp. 422-437.

J.P. Nolan. Univariate Stable Distributions. Cham: Springer Cham, 2020. 1SBN: 978-3-030-52914-7.
DOI: 10.1007/978-3-030-52915-4.

R.F. Peltier and J. Lévy Véhel. Multifractional Brownian Motion: Definition and Preliminary Results.
Research Report RR-2645. INRIA, 1995.

S. Rolewicz. “On a certain class of linear metric spaces”. In: Bulletin de [’Académie Polonaise des
Sciences, Classe 8 5 (1957), pp. 471-473.

J. Rosinski and W. A. Woyczyniski. “On It6 Stochastic Integration with Respect to p-Stable Mo-
tion: Inner Clock, Integrability of Sample Paths, Double and Multiple Integrals”. In: The Annals of
Probability 14.1 (1986), pp. 271-286. DOIL: 10.1214/a0p/1176992627.

G. Samorodnitsky and M.S Taqqu. Stable Non-Gaussian Random Processes. Stochastic Models with
Infinite Variane. New York: Chapman and Hall, 1994. 1SBN: 0-412-05171-0.

K. Sato. Lévy Processes and Infinitely Divisible Distributions. Cambridge University Press, 1999.
ISBN: 9780521553025.

K. Sato. “Stochastic integrals in additive processes and application to semi-Lévy processes”. In:
Osaka Journal of Mathematics 41.1 (2004), pp. 211-236.

S. Stoev and M. S. Taqqu. “Stochastic Properties of the Linear Multifractional Stable Motion”. In:
Advances in Applied Probability 36.4 (2004), pp. 1085-1115. DOI: 10.1239/aap/1103662959.

S. Stoev and M. S. Taqqu. “Path Properties of the Linear Multifractional Stable Motion”. In: Fractals
13.2 (2005), pp. 157-178. DOI: 10.1142/S0218348X05002775.

M.S. Taqqu and R.L. Wolpert. “Infinite Variance Self-Similar Processes Subordinate to a Poisson
Measure”. In: Zeitschrift fiir Wahrscheinlichkeitstheorie und Verwandte Gebiete 6 (1983), pp. 53—-72.
DOI: 10.1007/BF00532163.

68


https://doi.org/10.1016/j.spa.2021.05.008
https://doi.org/10.1007/978-3-030-52915-4
https://doi.org/10.1214/aop/1176992627
https://doi.org/10.1239/aap/1103662959
https://doi.org/10.1142/S0218348X05002775
https://doi.org/10.1007/BF00532163

	Introduction
	Preliminaries
	Hölder exponents
	Quasinormed spaces
	Stochastics

	Multifractional Brownian Motion
	The Fractional Brownian Motion
	Moving Average Representation of the Fractional Brownian Motion
	Multifractional Brownian Motion

	Stable Distributions
	Symmetric -stable Random Variables

	Infinitely Divisible Distributions and Lévy Processes
	Multifractional Stable Motion
	Stable Itô Calculus: Deterministic Integrands
	Multifractional Stable Motion with Deterministic Multifractional Parameter
	Stable Itô Calculus: Random Integrands
	Multifractional Stable Motion with Random Multifractional Parameter

	Conclusion

