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Abstract

This thesis is devoted to study some probabilistic topics associated to the fundamental solution of a non
local in-time version of the so-called “telegraph equation”. As an outcome of our work, we obtained one
published paper, entitled “Non-local in time telegraph equation and very slowly growing variances” [4],
and another submitted paper entitled “Non-local in-time telegraph equation and telegraph processes with
random time” [3].

We point out that the fundamental solutions of the non-local in time telegraph equations that we
have considered can be interpreted as the probability density function of a non-markovian stochastic
process. In such a context, by applying some Tauberian theorems, we study the asymptotic behavior of
the variance of this process at large and short times. We construct infinitely many new examples such
that the variance of the process growth as slowly as we want, extending some earlier results. We also
show that our approach can be adapted to define new integro-differential operators which are interesting
in sub-diffusion processes.

The final part of this thesis we further study the features of the process described above. By using
the theory of Volterra integral equations, we obtain an explicit formula for its moments, also we proved
that the Carleman condition is satisfied, which shows that the distribution of the process is uniquely
determined by its moments. We also obtain an explicit formula for the moment generating function
associated to this moments. As a by-product, we proved that the distribution of this process coincides
with the distribution of a compound process of the form T'(|]WW(t)|) where T'(t) is the classical telegraph
process, and |W (t)| is a random time whose distribution is related to a nonlocal in-time version of the
wave equation. To this end, by means the so-called subordination principle in the sense of Priiss, we
construct the probability density function from the distribution of the classic telegraph process. Our
results exhibit a strong interplay between this type of processes and subdiffusion theory.
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Introduction

The main objective of this thesis is to study some probabilistic features of the fundamental solution of a
non-local in time version of the so-called telegraph equation, which has been recently proposed in [94,
Section 4]. In such a work, the authors have established that the fundamental solution of this equation
coincides with the probability density function of a stochastic process denoted by X (t). The interest
on this process lies in the fact that it can be seen as a non-Markovian version of the classical telegraph
process X (t), t > 0.

Roughly speaking, the telegraph process is a one-dimensional random motion performed by a particle
that starts at the time instant ¢ = 0 from the origin z = 0 of the real line R and moves with some
finite constant speed v. The initial direction of the motion (positive or negative) is taken on with equal
probabilities 1/2. The motion is driven by a homogeneous Poisson process of positive rate as follows. As
a Poisson event occurs, the particle instantaneously takes on the opposite direction and keeps moving
with the same speed v until the next Poisson event occurrence; then, it takes on the opposite direction
again independently of its previous motion, and so on. This random motion has first been studied by
Goldstein [37] and Kac [54] and was called the telegraph process by its connection with the so-called
telegraph equation. We will explain these concepts, in detail, in the following sections.

Over the years, the telegraph process has demonstrated to have a deep connection with the theory
of diffusion processes. Thus, since Xy (t) can be considered a non-Markovian version of X (¢), one may
wonder if there is some kind of relationship between X (t) and diffusion theory. Throughout the thesis,
we exhibit that this process is strongly related to the so-called anomalous diffusion theory. To this end, we
analyze various features of Xy (¢). In particular, we analyze the asymptotic behavior of all its moments,
and we show that its distribution coincides with the distribution of some process that are of interest to
the subdiffusion theory.

In the following paragraphs, we will show some aspects that motivate the study of this type of
equations and why they are attractive to the mathematical community.

Why studying non-local in time Partial Differential Equations?

Continuum Local models have described plenty of natural phenomena since they were introduced
centuries ago. However, an important series of processes and phenomena follow different rules, and their
natural description is better explained by non-local effects.

The previous statement, translated to mathematical language, concerns the local or non-local nature
of the involved differential equation in the model. More precisely, a classical Partial Differential Equation
(PDE) is a relation between the values of an unknown function and some of its derivatives. In order
to check whether one of these equations is satisfied at a point, we only need to know the values of the
solution in an arbitrarily small neighborhood of the point, in such a way that all the involved derivatives
can be computed at once. This is essentially the local nature of the model. On the contrary, non-local
models are characterized by PDEs for which, in order to check whether they are satisfied at a particular
point, one needs information about the values of the solution in extensive regions, not small in principle.
Most of the times, this is because the equation involves integral operators in its formulation. Such PDEs
are known in the literature as non-local partial differential equations (NPDEs).

Non-local models appear in many areas of knowledge, and its theoretical study has undergone a rapid
development in recent decades. To a large extent this has been due to its application in problems coming
from mathematical-physics and applied sciences, such as viscoelasticity, weak dispersion, anomalous
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diffusion, economic models involving jumps processes, fluid mechanics, electrodynamics with memory,
among others, see, e.g. [15, 27, 31, 36, 68, 69, 71, 75, 83, 96, 105, 110, 114]. In many situations a
non-local model gives a significantly better description than a local model. Without being exhaustive, in
fluids, the quasigeostrophic equation is a nonlocal model which is used in oceanography to describe the
temperature on the surface of the water, see e.g. [28]. In shallow water waves, the Kadomtsev-Petviashvili
(KP) equation [55] models long and weakly nonlinear waves propagating essentially along the x direction,
with a small dependence in the y variable. In heat diffusion, the Gurtin-Pipkin equation [41] is a non-local
model introduced in order to avoid the so-called “infinite speed of heat propagation paradox’ that the
classical heat-equation originates.

From a mathematical point of view, it is worth saying that the behavior and properties of the solutions
to a NPDE could be completely different from those of the solutions of a classical PDE, even when they
have a similar structure. This occurs for instance in the following equation modeling fractional diffusion

D (u(t,z) —ug(z)) — Au(t,z) =0, xzcRY t>0, (1.1)

where ug plays the role of initial data, a € (0, 1] and the operator D{* denotes the time-fractional derivative
in the sense of Riemann-Liouville, which, for a regular enough function f, is defined by

wpy_ L d [t f(s)

where I'(z) = fooo r*~le~%dx, Re(z) > 0, stands for the Gamma function. Indeed, it has been established

in [56, Section 3] that if o € (0,1) then the fundamental solution of (1.1) belongs to L,(R?) if and only if
1<p< fiw provided that d > 3. Whereas, if & = 1, then the equation (1.1) coincides with the diffusion
equation

owu(t,z) — Au(t,z) =0, zeR% t>0, (1.3)

whose fundamental solution is the so-called heat kernel, which belongs to L,(R?) for any p > 1 without
any restriction on the dimension. Consequently, the non-local character of the model in the zone has a
tremendous influence on the features of the solutions of the corresponding equation.

On the other hand, the time-fractional derivative in the sense of Riemann-Liouville defined in (1.2)
corresponds to one of the most canonical examples of non-local in time operators that appears in the
literature. This is mainly because time-fractional derivatives are closely related to a class of Montroll-
Weiss continuous-time random walk models, see e.g., [106, 111], and they have became one of the standard
physics approaches to model anomalous diffusion processes, see e.g., [62, 63, 104].

Roughly speaking, an anomalous diffusion process is any generalized diffusion process with a non-
linear relationship between the mean squared displacement (MSD) and time ¢ > 0. Depending on such
growth rate of the asymptotic behavior, there are several types of anomalous diffusion processes. For
example, sub-diffusive processes correspond to those processes where the MSD grows slower than a linear
function (at least asymptotically). The most typical behavior of the MSD in subdiffusion processes
follows a power-law of the form ct®, is where ¢ a constant and o € (0,1). The details of this type
of derivation from physics principles and for further applications of such models can be found in [83].
Thenceforth, problems of the form (1.1) (and nonlinear variants) have received a lot of attention, see e.g.,
[60, 61, 67, 83, 92] and the references therein for the physical background.

Anomalous diffusion processes appear in several fields, for example: daily fluctuations in climate
variables as temperature [66], stock price variations [50], worm-like micellar solutions [35], heartbeat
intervals and in DNA sequences [102]. They also appear in the theory of heat conduction with memory
and diffusion in porous media with memory [19, 30, 41, 49, 76]. A different context where anomalous
diffusion processes appear is the theory of stochastic processes. For instance, the fractional Brownian
motion [40, 74], semi-Markov processes [88, 101] and stochastic processes with randomly varying times
[14, 77, 80, 81, 83, 86, 87, 88, 89] can be viewed as anomalous diffusion processes.

One of the most important mathematical settings that gives rise to anomalous diffusion models is the
theory of non-local evolution equations. We refer the reader to [56, 57, 58, 93, 94, 113] for recent works
on this topic. We point out that all these works provide a solid background in the study of non-local
equations of evolution, which motivate us to make a contribution to the theory of this type of equations.

Now we are going to explain, in more detail, the topic of this thesis introducing the so-called telegraph
equation and the telegraph processes.
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1.1 Non-local in time telegraph equation

As we have mentioned before, the one-dimensional telegraph process {X (¢)},>0 is a stochastic process
that describes the motion of a particle that travels at constant speed v > 0 on the real line, and switches
the movement direction at a sequence of random times according to the arrival epochs of a homogeneous
Poisson process {N(t)}+>0 of rate n > 0. This process was introduced to represent a random motion with
finite velocity, in order to overcome the severe limitations of the Brownian motion process in the realistic
representation of real random motions, such as infinite speed with which it travels the trajectories or the
non-differentiability of trajectory (absence of inertia). The telegraph random motion was first studied by
Goldstein [37] and Kac [54], and it received that name due to its connection with the telegraph equation.
Indeed, it can be proved that the probability density function P(¢,x) of X (¢) satisfies the telegraph
equation

O2u(t, x) + 20 Owu(t, x) — v*02u(t,z) =0, t>0,z€R, (1.4)

subject to the initial conditions
u(0,x) = do(z), 8tu(t,x)‘tzo =0,

where g stands for the delta Dirac distribution. In other words, the probability density function of the
telegraph process coincides with the so-called fundamental solution of the equation (1.4). Additionally,
Kac [54] established that if v? /5 — 1 as v,n — oo, then the probability density function P(t,x) converges

to the heat kernel
|z

exp <_2t) 5 t> 0, x e R, (15)

1
H(t,x) =
t.@) V2t
which is the probability density function of the standard Brownian motion. This fact shows that there
is a strong connection between the telegraph process and the diffusion theory, which has been exploited
in different fields, such as statistical physics, financial modeling, transport phenomena, and hydrology,
among others. We refer the reader to [7, 16, 64, 65] for theoretical and applied results.

In an effort to better understand the theory of diffusion processes, over the years, several extensions
of the telegraph process have been proposed. For instance, Cascaval, Eckstein, Frota and Goldstein [23]
have considered the so-called time-fractional telegraph equation

D?u(t,x) + 2n Du(t, z) — v202u(t,x) =0, t>0,z € R, (1.6)

where o € (0,1), and the time-fractional derivatives D?* and D¢ must be understood in the sense of
Caputo, which, for 8 > 0, is defined by

DEf(t) = ﬁ /Ooo(t — )AL (5)ds, i B € (m — 1,m),

FomL), it 8=m,

(1.7)

where m = [f]. We refer the reader to [8, 72] and the monograph [73] for details about fractional
calculus. Cascaval et al. proved that, for regular enough initial conditions, the solutions of (1.6) can be
approximated by the solutions of the so-called time-fractional diffusion equation

2nDv(t, ) — v20%u(t,z) =0, t>0, v €R. (1.8)

This is very interesting since time-fractional equations of the form (1.8) (and nonlinear variants) have
been successfully applied in the theory of anomalous diffusion. For instance, Zaslavsky [116] has used an
evolution equation of the form (1.8) to model Hamiltonian chaos. Metzler and Klafter in [83] also showed
that evolution equations of the form (1.8) describe the transport dynamics in complex systems governed
by anomalous diffusion and non-exponential relaxation patterns. Later, Meerschaert and Scheffler [79]
showed that equation (1.8) governs a time-changed Brownian motion B(FE(t)) where B(t) is a Brownian
motion, and E(t) is an independent inverse stable subordinator of index v € (0,1). All these facts show
that there is a deep interplay between the time-fractional telegraph equation (1.6) and the anomalous
diffusion theory.
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A couple of years later, Orsingher and Beghin [86] have proved that the fundamental solution U, (¢, x)
of the equation (1.6) coincides with the probability density function of a stochastic process, which is
denoted by X,(t), ¢ > 0. This process can be considered a non-markovian version of the telegraph
process and has several interesting properties endowed by the nonlocal nature of the time-fractional
derivatives. For instance, for any a € (0,1) the variance of X, (t) is given by

Var[ X, ()] = 202 Ey ga11(—2M%), >0, (1.9)

where Ey 2441 stands for the Mittag-Leffler function (see [38, Appendix EJ). Later, Vergara [112] exploit-
ing the representation (1.9) proved that Var[X,(t)] behaves asymptotically as follows

VarlXo(t)] = —22 12 ast
ar[ X, (t)] = Tarn as t — oo.
Since « € (0,1), this implies that Var[X,(¢)] grows asymptotically at infinity like a sublinear function,
which provides additional evidence of the connection between the time-fractional telegraph equation (1.6)
and anomalous diffusion. Further, as it has been pointed out in [70, Section 4], for any a € (0,1) the
process X, (t) is an example of the so-called inverse subordinators, which are stochastic processes that
have been successfully applied in of anomalous diffusion, see e.g., [9, 78, 82].

One of our main purposes is to further analyze the interplay between this type of processes and the
anomalous diffusion theory. To this end, we study a family of stochastic processes X (t), t > 0, which
includes the processes X, (t) as a particular case. Specifically, for a given function k € Lj 10c(R4+) we
consider a process X (t) whose probability density function Ug(¢,x) coincides with the solution of the
following non-local in time evolution equation

07 (k k= (u(-,2) — 8o(2))) (t) + 20 9y (k * (u(-, ) — o(2)) (t) — V*OJu(t,x) =0, t>0,z€R, (1.10)

where §g stands for the delta Dirac distribution and the symbol “x” denotes the convolution on the
positive half-line R, := [0,00). It is worthwhile to mention that equation (1.10) must be supplemented
with the initial condition dyu(t, a:)| +—o = 0, whenever such condition exists. In other words, we consider
a process X (t) whose distribution coincides with the fundamental solution of the equation (1.10).
This equation has been recently [94, Section 4] proposed as a version of a non-local in time telegraph
equation. For more details about this nonlocal in time equation and its physical foundations, see Chapter
3. Precisely in this article, [94], the authors proved that the fundamental solution Uy of (1.10) exhibits
interesting properties, one of them being that for a pair of functions (k,¢) € (PC), see Definition 2.12
below, Uy can be viewed as the probability density function whose distribution process, denoted by
Xi(t), coincides with Uy at time ¢, recovering the results obtained in [86, 112]. The function ¢ plays a
fundamental role in the techniques used to prove this fact, as we will explain later.

The condition (PC) covers several interesting integrodifferential operators with respect to time that
appear in the context of subdiffusion equations, cf. [4, 56, 93, 94, 113]. For instance, note that if we
consider k = g;_, where gg is the standard notation for function

t>0, B>0, (1.11)

then the equation (1.10) becomes the time-fractional telegraph equation (1.6). On the other hand, the
authors also give an explicit formula for the variance of the process Xy (¢). However, despite having the
form of the variance explicitly, knowing more information about the solution is complicated. One of the
ways to get this is to know its asymptotic behavior, thus, one of the interesting questions present in
the literature is how slow the behavior of the variance can be?. Supported by Karamata-Feller Theorem,
see Theorem 2.3 below, and consider the kernel k(t) = fol ga(t)da, it can be proved that the variance
associated to the fundamental solution of equation (1.10) increases like clog(t) for some ¢ > 0 and this is
the slowest behavior known so far. Then a natural question arises:

(Q1) Is there a pair (k,0) € (PC) such that the variance grows slower than a logarithmic function at
infinity?.
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In this thesis, we have developed a method to construct infinitely many examples of functions that
allows solving affirmatively this and other questions that arise along the way, see [4]. This method was
not presented in the literature until now and it has led to the publication of my first research work. It
exploits some specific properties of the pairs (k,¢) € (PC), and it extends what was known up to this
point regarding the asymptotic behavior of the variance of the process Xy (t), and it allows to create new
examples of functions whose variance has an asymptotic behavior at infinity, as slow as desired.

On the other hand, in the time-fractional case X, (t), and for some particular values of o € (0,1), we
know more specific features of the associated process. For instance, Orsingher and Beghin [86, Section 4]
established that the probability density function of X 1 (t) coincides with the distribution of the telegraph
process T'(t) with a Brownian time, that is

) 2 T(B®)), t> 0.

This means that for o = 3, the fundamental solution of (1.6) can be interpreted as the distribution of
stochastic process that describes the motion of a particle moving back and forth on the real line with
velocities +v (switching at Poisson-paced times) for a random time interval of length |B(¢)|. In other
words, the particle is located at time ¢ in the random space interval (—v|B(t)|, v|B(t)|). This shows that
the distribution related to equation

Opu(t, z) + 2n 83/2u(t, x) — v 0%u(t,z) = 0,

covers the whole real line and differs substantially from the case of the telegraph process, where the
distribution is concentrated on a finite interval (spreading as time elapses) because of the finite velocity
of motion.

A few years later, Orsingher and Beghin [87, Section 3] extended the preceding result for o = 2% with
n > 2. More precisely, they established that if & = 5~ then the probability density function of X, ()

coincides with the distribution of the following process

T(|By(|Ba(] - - (1Bn(®)]) -+ DI), ¢ >0,

where T is the telegraph process and By,---, B, are n independent Brownian motions. Moreover, in
the limit case n — oo, this distribution is the characteristic function of a bilateral random variable with

density
V142 VI
flz) = #e*'x‘ 2" zeR.

To the best of our knowledge, this type of result has only been established for the values described
above. Therefore, we want to address the following natural question.

(Q2) Can a similar result be obtained for any o € (0,1)%.

In Chapter 5, we show that the answer of the question (Q2) is affirmative. More precisely, we show
that this type of result is valid for any pair (k,¢) € (PC) provided that the function ¢ is 1-regular and
f-sectorial with 0 < 7 (see Definitions 2.14 and 2.13 below). Indeed, assuming these two conditions, we
prove that the distribution of Xj(t) can be constructed via subordination from the distribution of the
telegraph process. This can be used to prove that the distribution of X (¢) coincides with the distribution
of a compound process of the form T'(|Way(t)|) where T'(t) is the classic telegraph process, and Way(t)
is a random time whose distribution is the folded fundamental solution of the time-fractional evolution
equation

3f(k * ko (u(, @) — do(2))(t) = o’ 55“(15739), t>0, zeR,

where o is a fixed positive constant.
As a by-product, we prove that the fundamental solution Uy (t,x) of (1.10) converges to the funda-
mental solution Z(t,x) of the so-called generalized sub-diffusion equation

Ok + (u(-, ) — uo(x)) — % Q2u(t,z) = 0,
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as n,v — oo in such a way that ”7]2 — 1, extending the result obtained by Kac [54] to the nonlocal
framework.

In the last part of the thesis, we consider a specific pair of functions (ks,¢s) € (PC), which is defined
via Laplace transform as follows

Es(\) = % (gg—(;))é and, 05(\) = (lzg(i)f, A> 0,

where § € (0,1). In the special case § = %, we prove that the distribution of Xy, (¢) coincides with the
density of the telegraph process with distributed-order Poisson time P(t), t > 0. which is strongly related
to the so-called ultra-slow diffusion theory, see e.g. [60, 78]. In addition, we give some results associated

with subdiffusion.

1.2 The Moment-Problem and Carleman Condition

In the classical case, it is known that the problem of moments is completely determined by the classical
telegraph process. Hence one might wonder if the same is true for X (t) or if there is some analytic clog
due to its non-local nature. To contextualize this problem, we will first explain some facts about the
so-called moment problem.

The term Moment-Problem appears for the first time in the work of T. Stieltjes of 1894-1895,
Recherches sur les fractions continues, see [108, 109], containing a wealth of new ideas, among other,
a new concept of integral, the Stieltjes Integral. In this paper, he proposes and solves completely the
following problem, which he calls: Problem of Moments or Moment-Problem: Find a bounded
non-decreasing function ¢ (z) in the interval [0, 00) such that its moments fooo x"dyp(x), n = 0,1,2, ...,
have a prescribed set of values

/OO 2" dy(z) = ay,. (1.12)
0

The problem of moments (1.12), as its generalizations, is an important mathematical problem which
has attracted much attention for more than a century. In 1939 Boas, see [12, 13], showed that given an
arbitrary sequence {a,},, there is always a function of bounded variation t such that (1.12) is satisfied
for all n € N.

Note that if we consider di)(z) as a mass distributed over [z, x + Az], then [ di)(x) represents the
mass distributed over the segment [0, z]. Stieltjes calls fooo x"dyp(x) the n-th moment, with respect to 0,
of the given mass distribution characterized by the function ¢ (z). For more details about the Stieltjes
Moment-Problem, see [2, 10, 12, 13, 29, 32, 51, 59] and references therein.

An important approach to, and extension of, the work of Stieltjes to the whole real axis (—o0, 00) was
achieved by H. Hamburger, see [42, 43, 44], namely

/_00 z"d(x) = ay,. (1.13)

This extension is by no means trivial. The consideration of negative values of x introduces new factors
in the situation. Hamburger makes extensive use of Helly theorem of choice. He fully discusses the
convergence in the complex plane of the associated (if it exists) continued fractions. He shows that a
necessary and sufficient condition for the existence of a solution of the Moment-Problem (1.13) is the
positiveness of all determinants of A,,, where

ap aj Qp
aq as e Qp41
an as e Apy2

ap  Ap41 .. a2q,
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and also gives criteria for the Moment-Problem (1.13) to be determined or indeterminate. R. Nevanlinna,
in 1922 exhibits the solution of the Moment-Problem (1.13) and their properties in terms of the functions

o0
I(z;9) = / Ci?/J(yy)’ z € C. To him is due the important notion of extremal solutions.
— 00

About the same time, M. Riesz (1923) solved the Moment-Problem on the basis of quasi-orthogonal
polynomials, see [97]. T. Carleman (1923) shows the connection between the Moment-Problem and the
theories of quasi-analytic functions and quadratic forms, see [20]. Hausdorff (1923) gives criteria for the
Moment-Problem (1.13) to possess a solution in a finite interval, see [45]. Several works revealed important
connections between the Moment-problem and many branches of analysis. Of particular importance are
the connections with functional analysis, the theories of functions and the spectral theory of operators.

In 1926, Carleman in [21, Chapter VIII] developed a rather complete treatment of the Moment-
Problem and established a condition for (1.13).

Theorem 1.1. (Carleman Condition). The Moment-Problem (1.13) is determinate if

oo

—1
Z [a2n] 2n — OO,
n=0
Remark 1.1. A Moment-Problem (1.13) is said to be determinate if it has at most one solution 1. Oth-

erwise, it is indeterminate. It is worth mentioning that the Carleman condition gave sufficient conditions
for determinacy of the Stieltjes (1.12) and Hamburger (1.13) Moment-Problems.

We refer the reader to [21, Chapter VIII, Theorem I] and [2, Chapter 1, Section Addenda and Prob-
lems] for the proof of this result and several applications.

It is well-known that moments of any stochastic process are one of the most interesting and useful
objects both from theoretical and practical points of view. This especially concerns the telegraph process
X(t). For example, the knowledge of moments enables to construct various moment-type estimators in
statistics, see [48].

Goldstein [37], and Kac [54] stated that the density U(x,t) with € [—vt,vt] and ¢ > 0, of the
distribution Pr{X (t) € dx}, satisfies the classical telegraph equation (1.4). In 2012, A. Kolesnik in [64],
showed a detailed moment analysis of the Goldstein-Kac Telegraph process, see e.g., [37, 54]. He studied
the asymptotic behavior of the moment functions and gave a complete solution of the Moment-Problem
(1.13) for the classic telegraph process X (t). He showed that, for an arbitrary ¢ > 0, the moment X (¥)
satisfies the Carleman condition and, therefore, the distribution of X (¢) is completely determined by its
moments. Also, Kolesnik obtains an explicit formula for the generating function of the moments pig,,
n > 1. This explicit form of the moment generating function, see Definition 2.26 below, is given by the
following Theorem.

Theorem 1.2. For any t > 0 the moment generating function of the process X (t) has the form:
i}
2

7\ 2
: sinh | ¢ (5) + 1222
(ﬂ) +V2Z2
2

The results obtained in Kolesnik, see [64], have served us as main motivation to address the following
questions.

e 2
M(z,t) =e™2 |cosh |t (5) +v222 ) +

(Q3) Can we obtain a general formula for all the higher-order moments of Xy (t)?.

(Q4) In the case that such a formula exists, can we use it to obtain more information about Xy (t)?.

To the best of our knowledge, no works have studied representations nor asymptotic behavior of the
higher-order moments of the process Xj(¢). In this thesis, we give a simple answer to these questions,
generalizing the results obtained in [4, 64, 94]. As a by-product, we prove that the moments Ma, (t) for
an arbitrary fixed ¢t > 0 satisfy the Carleman condition and, therefore, the Hamburger Moment-Problem
(1.13) is entirely solved for the process Xj(t). In other words, the distribution of Xj(¢) is entirely
determined by its moments.
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1.3 Summary of main results

In this section, we will mention the main results obtained in this thesis that answer the questions (Q1),
(Q2), (Q3), and (Q4) posed above. It is worth mentioning that the enumeration of the following
theorems, lemmas, corollaries and examples, respect the enumeration of the section and chapter in which
they are found. These results are divided into Chapters 4 and 5, each of which corresponds to a paper
or a preprint, as follows.

1.3.1 Main results of Chapter 4

This subsection presents the results obtained in the paper non-local in time telegraph equation and very
slowly growing variance, see [4]. We recall that such a work is related to the following non-local in time
telegraph equation, described in (1.10),

O (ke k* (u(-,z) — 8o(2))) (t) + 20 0y (k * (u(-, ) — o (2)) (t) — v*OZu(t,x) =0, t>0,z€ER,
where dg stands for the delta Dirac distribution and the symbol “x” denotes the convolution on the
positive half-line R := [0, 00), and initial condition d;u(t, x)| +—o = 0, whenever such condition exists.

The following result shows the asymptotic behavior of the variance of the stochastic process associated
to fundamental solution of (1.10) at large and short times.

Theorem (4.2). Let (k,f) € (PC), see Definition 2.12 below. If the Laplace transform Uisa reqularly
varying function of index o1 < %, see Definition 2.3 below, then

2
202
I'(1—201)

Further, if the function t — Z(t_l) s a reqularly varying function of index oo > —1, then

Var[ X (t)] ~ (Z(t_l))z, ast— 07",

v? ~1
Var[ X, (t)] ~ ———0(=), t = 0.
ar[ k?( )] nr(1+92) (t> as oo

In order to answer the question presented above, is there a pair (k,£) € (PC) such that the variance
grows slower than a logarithmic function at infinity?, we prove the following Lemma.

Lemma (4.1). Let f,g € L110c(Ry). Assume that f,g € (CM), see Definition 2.2 below, then there
exists h € (CM) such that

RN = ) §(F(), A>o.
Consequently, we present the corollary that allows us to construct the examples that answer the

question posed in the affirmative. We develop a method to construct new examples such that the variance
has a slow growth.

Corollary (4.2). For alln € N there exists a pair (¢n,,) € (PC) such that ¢, € (CM) and
@(t—l) ~1log"\(t), ast— oo,

and .
Ut ~t (log(t™))" ast — 0T,

where log™ = logologo- - olog.

n—times

And, with this previous result, we found an example that answers the question affirmatively.
Example (4.7). Let n € {2,3,---}. Consider pair (k,0) = (¢n,¥n) given in Corollary 4.2, then
2

Var[ Xy (t)] ~ % log[”] (t), as t— o0,

and )
Var( Xy, (t)] ~ 2% (log(t™ )™, as t— 07,

where log™ =logologo-- - olog.

n—times
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1.3.2 Main results of Chapter 5

This subsection presents the results obtained in the pre-print entitled non-local in time telegraph equation
and telegraph processes with random time, [3].

In order to answer the question presented above, can we obtain a general formula for all the higher-
order moments of Xy (t) ¢, we prove the following Lemma.

Lemma (5.1). Let (k,¢) € (PC), see Definition 2.12 below, and n € No. Then M,(t) is given by the
formula
0, ifn=2m+1, for some m € Ny,
Mn(t) = *(m) .
@em)*™ (1« ¢, )(t), ifn=2m, for somem €N,

where ¢p = rox * £, and gbz(m) 1s defined recursively as follows

*(m) _ (bb m = ]-7
¢ Qbé * Z(m_l), m Z 2.

In order to learn more about the distribution and answer the question, in the case that such a formula
exists, can we use it to obtain more information about Xy (t) ¢, we prove that the moments of the process
X (t) satisfy the Carleman condition.

Theorem (5.1). For any fixed t > 0, the moments of Xy(t) satisfy the Carleman condition

= 1
Y ——— =
m=1 MQm (t)

Once the distribution of a stochastic process is proved to be uniquely determined by the moments,
one may wonder if a formula of the corresponding moment generating function can be obtained in an
explicit form.

Theorem (5.2). Let (k,¢) € (PC), see Definition 2.12 below. For any t > 0 and |z| < Ry, the moment
generating function, see Equation (5.11) below, of the process Xi(t) has the form

1 U U
Mt,z)=- || ——m———=+1 s(t, -/ 2—|—z2u2>—|— 1— ———— | s(t,n+ 2+Z2V2) ,
( ) 2 l( /n2+221/2 > N n /772+22V2 ( N N

where s(t,-) is the scalar resolvent defined in (2.6) below.

The following theorem extends the results presented by Alegria and Pozo in [4, Theorem 3.2], which
are also presented in Chapter 4, Theorem 4.2, and give us a precise description of the asymptotic behavior
of the moments when the function ¢ satisfies an additional regularity condition.

Theorem (5.3). Let (k,¢) € (PC), see Definition 2.12 below, and n € N. Ifl e RV for some o1 < 7,
see Definition 2.3 below, then

2n)v2n

Maa®) ~ 5T g (€)™, ast— 0"

Further, if £ ¢ L1(Ry) and le RVE* for some o3 > f%, see Definition 2.3, then

n)! v\~ n
Mo (t) ~ I‘(l(Q—Fzzgg)(n) (t=")", ast— .

Ift € L1(Ry), then
el

n
—F ] , ast — o0.
1+n||f||1>

Mo, (t) ~ (2n)! %" (



1.3. SUMMARY OF MAIN RESULTS 16

Also, we prove that the fundamental solution of the equation (1.10) can be constructed via subordi-
nation from the distribution of the classical telegraph process, answering question (Q2). To this end, we
prove the following results.

Proposition (5.3). Let o > 0 and (k,{) € (PC), see Definition 2.12 below. Suppose € is 1-regular and

0-sectorial with 6 < 5, see Definitions 2.1/ and 2.13 below. Then we have

0-(—Weo(t, 7)) =2Var(t,7), t>0,7>0,

where Wy (-, ) is the propagation associated to { and o, see Definition 2.16 below, and Vay(-,-) denotes
the solution of the following evolution equation

02 (k*k* (v(-,x) — do(x))(t) = 020%v(t,x), t>0, x€R,

subject the initial conditions v(0,x) = do(x) and Jw(t,x
particular, 0. Wi »(t,7) > 0 for allt >0 and 7 > 0, and

)|t:0 = 0, whenever the last one exists. In

/ O-(—Wio(t,7))dr =1,
0

for allt > 0.
Now, we are in position to prove our main result.

Theorem (5.4). Let (k,¢) € (PC), see Definition 2.12 below, such that £ is 1-regular and 0-sectorial
with 0 < %, see Definition 2.1/ and 2.13 below. Then, the fundamental solution Ux(t,z) of (1.10) can be
represented as follows

o0
Us(t,z) = — / P(r,2)0. Wiy (t,7)dr, >0, @ € R,
0

where P(t,x) is the probability density function of the classical telegraph process, o is an arbitrary positive
constant, and W, , is the propagation function associated to the function { and o, see Definition 2.16
below.

Using the previous Theorem, we will show, by means of several examples, that the distribution of
some concrete stochastic processes appears in the context of subdiffusion theory. To this end, we prove
the following proposition.

Proposition (5.4). Let (k,¢) € (PC), see Definition 2.12 below. The fundamental solution of (1.10) can
be interpreted as the distribution of a process of the form T(|W(t)]), t > 0, where T(t) is the telegraph
process and |W(t)| is a random time whose law is 2Voy(t,7) with t > 0 and 7 > 0, where Voi(+,+) is the
solution to the nonlocal equation

02 (kxk* (u(-, ) — do(x))(t) = 020%u(t,z), t>0, xR,
subject to the initial conditions
u(0,2) = do(z), and 3tu(t,x)|t:0 =0,
where the condition imposed in the first derivative must be considered only when exists.

Finally, we present some relevant examples that appear in that chapter.

Example (5.10). Letn € N. If a = 2”% and 02 = 2272 then distribution of Xu(t) coincides with the
distribution of the process

T(IBr(IBao(] - [Bu(|Bngr (D) - DI), >0,

where T'(t) is the classical telegraph process and By, By - - - By, 11 are (n+1) independent Brownian motions.
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Example (5.11). If o = & and o = 1, then the distribution of Xo(t) coincides with the distribution of
the process T(|A(t)]), t > 0, where T(t) is the classical telegraph process and A(t) is a stochastic process
whose law is given by %V(t, 7), for t > 0 and 7 > 0, where V(-,-) is the fundamental solution of the
following evolution equation

ow(t,r) = ddv(t,x), t>0, 2 €R.

Example (5.13). Letn € N. If a = 35 and 02 = 2271 then distribution of Xo(t) coincides with the
distribution of the process

T(|By(|B(] - - | Bu-a (AN - D), £ >0,

where T(t) is the classical telegraph process, By, Ba -+ B,_1 are n — 1 independent Brownian motions
and A(t) is the stochastic process described in Example 5.11.
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Organization of the Thesis

In the following chapter, we give some preliminary concepts. In Chapter 3, we give physical foundations
for our research. We explain that in order to account for dispersion in a rigid linear isotropic medium,
in [95, Chapter II, Section 9.5] the author proposed to modify the classical constitutive relations and
generated a new model for the classical telegraph equation. Also, we will give an explanation of the
concepts and the subsequent formulation of this general telegraph equation and its relationship with the
classical telegraph equation and its non-local version. Finally, we will give a description of the different
models that can be obtained from the proposed general equation. In Chapter 4, we will answer question
(Q1). In this chapter, we are going to study the asymptotic behavior of the variance of the process
associated to the fundamental solution of (1.10), and then, we will explain a method to construct new
examples such that the variance has an ultra-slow growth behavior. In Chapter 5, we will answer questions
(Q2), (Q3) and (Q4). We will study, in detail, the moments of the process Xj(t). In particular, we
will show that the moments satisfy the so-called Carleman condition, and consequently, the distribution
of the process is uniquely determined by them. Moreover, we will find a representation of the moment
generating function of the distribution. In addition, we will prove that the probability density function
can be constructed via subordination from the distribution of the classic telegraph process.



Preliminaries

In this chapter, we collect some preliminary material that we need later on in order to develop this thesis
and other classic results for a greater completeness of this chapter.

2.1 Completely Monotonic Functions

2.1.1 Definitions and Basic Properties
Definition 2.1. (Laplace transform). Let f € L1 ,.(Ry) and z € C. If the improper integral
2N =FW = [ e Mo,
0

exists in the sense of Bochner, we call it the Laplace integral or the Laplace transform of the function f
at the point X\. On the other hand, given a measure p on the half-line [0,00), the Laplace transform for
1 is defined by

LX) =) = [ @),
0,00
as long as it exists.

Remark 2.1. In the previous definition Z(f, ) = L (u, A) if u(dt) denotes the measure f(t)dt.

The following definition presents a class of functions with a particular interest for us since their Laplace
transform is very well understood.

Definition 2.2. (Completely Monotonic). A function f : (0,4+00) — R is a completely monotonic
function if f is of class C*> and

(_l)nf(n)(z) >0, YneNg, and z>0.

The family of all completely monotonic functions will be denoted by (CM). The following theorem is
known as Bernstein’s Theorem, this theorem gives the characterization of completely monotonic functions.
We can find a brief proof in [33].

Theorem 2.1. (Bernstein’s Theorem). A C*°-function f : (0,00) — R is completely monotonic if,
and only if, there is a non-decreasing function b: Ry — R4, such that

f(2) :/ e 7tdb(t), z>0.
0
Normalizing b(t) by b(0) = 0 and b(t) left-continuous, b(t) is uniquely determined by f. Moreover,
(o)
(—1)" ™ (2) = / e #tdb(t), z>0,n € No,
0

and

(=)o) = /OO t"db(t), n € Ny.

0

19
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Summarizing completely monotonic functions are Laplace transforms of positive measures supported
on R,. In particular, Bernstein’s Theorem shows that every f € (CM) admits a holomorphic extension
to C+.

The next two corollaries of Bernstein’s Theorem are taken from [103, Corollary 1.6 and Corollary 1.7
resp.]

Corollary 2.1. The set (CM) of completely monotonic functions is a convex cone, i.e.
sfi+tfo € (CM), forall s,t>0 and f1,fs€ (CM),
which is closed under multiplication, i.e.
z = fi(2)fa(z) isin (CM), forall fi,fs € (CM),

and under pointwise convergence:

(CM) ={Lu: p is a finite measure on [0, +00)}
(The closure is taken with respect to pointwise convergence).

Corollary 2.2. Let (fn)nen be a sequence of completely monotonic functions such that lim, . frn(x) =
f(x) exists for all x € (0,00). Then f € (CM) and lim, fﬁk)(x) = f®)(x) for all k € Ny locally

uniformly in x € (0, 00).
Proposition 2.1. Suppose f(z) is completely monotonic function with measure . Then

lim 2" f™(z) =0, Vn>1.

Tr— 00

Proof. First of all, we notice that u”e~" < (n 4 1)"e "e~*/("*1 for all n > 1 and u > 0, this is because
the function fi(x) = 2Fe~*#/(*+1) is hounded from above by (k + 1)*e* on (0,00) for all k > 1. And
by the Bernstein’s Theorem 2.1, we obtain

") )| =" |

[0,00)

< /( Om)(n + 1)"e e D y(dt) = (n+ 1)"e ™ (f <n i 1) - u({O})) :

e " u(dt) = / et (wt)" u(dt)
(0,00)

As limy, oo f(z)) = p({0}), letting x to approaches infinity, we get the conclusion for all n > 1. O

We refer to Gripenberg, Londen and Staffans [39, Theorem 5.2.6] for the following theorem, which
summarises properties of the Laplace transform of completely monotonic and locally integrable kernels.

Theorem 2.2. Let a € Ly 1,.(R4) be completely monotonic. The Laplace transform @ has the following
properties:

1. The Laplace transform @ has a holomorphic extension to C\(—o00,0) via

oy [ a8
=[5

where B is the uniquely determined function from Bernstein’s Theorem.
2. The Laplace transform a(x) is real and non-negative for x > 0.
3. We have lim,_, o a(x) = 0.
4. Im a(\) <0 for all Im X > 0.
Moreover, a € L1(Ry) if and only if lim,_,o |a(x)] < co.

Now we introduce a version of Karamata-Feller Tauberian theorem. The proof can be found in [11,
Section 1.7, Chapter I] or [34, Chapter XIII].
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Definition 2.3. Let o € R. We say that a function L : (0,00) — (0,00) is a reqularly varying function
at infinity of index o if for every fixred x > 0 we have that

L(tx)
= 70)

— 20

This class of functions will be denoted by RV?,. The class of regularly varying at infinity functions of
index 0 = 0 is also known as slowly varying functions and it will be denoted by SV .

The function L is called regularly varying at zero if the function t — L(t') belongs to the class
RVY,. In such a case, we write L € RVE. The class RVg is known as slowly varying at zero functions
and it will be denoted by SVy.

Remark 2.2. Let o € R and F € RV,. It follows from [11, Theorem 1.4.1] that there exists L € SV
such that F(z) = x°L(x) for x > 0.

Remark 2.3. Let F: (0,00) — (0,00) be a reqularly varying function at infinity of index o. It follows
from [11, Theorem 1.4.1] that there is a slowly varying function L: (0,00) — (0,00) such that F(x) =
2?L(x) for x > 0.

Theorem 2.3. (Karamata-Feller’s theorem). Let Ly, Ls: (0,00) — (0,00) be slowly varying func-
tions. Let 8 > 0 and w : (0,00) — R be a monotone function whose Laplace transform w(\) exists for
all \ € C4. Then

1 A1 1
1 ~ — ; ; ~N — —
wW(A) G Li(N), as A — oo, if and only if w(t) T( 3)L1 (t) , ast— 07,

and
o1

L(5)

where T'(a) = fooo 1% te~*dx, Re(a) > 0. Here the limits for X are on the positive real axis and the
notation f(t) ~ g(t) ast — t. means that lim;—¢, f(t)/g(t) = 1.

1

1
wW(A) ~ i Loy (A) , as A — 0%, if and only if w(t) ~ Lo(t), ast — oo,

The following is an essential definition for the development of this thesis.

Definition 2.4. (Convolution). For k € L1 ,.(Ry) and f € L1 0c(Ry; X), with X a Banach space,
then we define the convolution between k and f fort € Ry by

(k+ f)(t) = / Kt — 3)f(s)ds,

and the integral is understood in the sense of Bochner.

Proposition 2.2. Let k,h € L joc(R+) and f € Li(Ry; X). Then
1. (kx* f)(t) exists for almost allt € Ry and k* f € Ly 1o.(R4+; X).
2. hx(kxf)=(hxk)* [ a.e.

Proof. These results may be deduced from the vector-valued version of Fubini Theorem, see [5, Theorem
1.1.9]. O

Theorem 2.4. (Young Convolution Inequality). Suppose f € LP (Rd) and g € L" (Rd) and p,q,r €

[1,00] and p,q < r such that
1

1 1
-+ -=-41,
p q T
we have that
L = gllr < [ fllpll9llq-

For more details about Young convolution inequality, see [115, Chapitre III] or [53, 98] and references
therein.
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Definition 2.5. (Abscissa of convergence). Let f be a function and f be its Laplace transform. The
abscissa of convergence is defined by

abs(f) :=inf {Rez : f(z) exists} .

Prop051t10n 2.3. Letk € Ly loc(RQ f e Li(Ry; X), A € C, and suppose that Re A > max(abs(|k|, abs|f]).
Then (k x f)(N\) exists and (k* HN) =ENFN).

2.1.2 Existence and Operational Properties of the Laplace Integral

The importance of Laplace integral in applications to differential equations lies in that it transforms the
analytic operations of differentiation, integration, and convolution into algebraic operations of multipli-
cation. In the first place, we give a condition for the existence of the Laplace transform of a function

f.
The proof of the following proposition is taken from [5, Proposition 1.4.1].

Proposition 2.4. Let f € L ,.(Ry). Then the Laplace integral f converges if ReA > abs(f) and
diverges if Re A < abs(f).

Proof. Clearly, f does not exist if Re A < abs(f). For Ay € C define Gy(t) := fot e~os f(s)ds (t > 0).
Then, for all A € C and t > 0, integration by parts gives

t t
/ e_ASf(s)ds :/ e_(A_’\U)Se_)‘OSf(S)ds
0 0

t
=~ A2tGo (1) + (N — )\0)/ e~ (A20)3G (s5)ds
0

If f(/\o) exists, then Gy is bounded. Moreover, it follows from the previous equality that f(/\) exists if
Re XA > Re \g and

N =0 — /\0)/ e~ (A5G (s)ds, (ReX > Re ).
0
This shows that f()\) exists if Re A > abs(f). O

Remark 2.4. Iff converges for all A € C, then abs(f) = —oo. If the domain of convergence is empty,
then abs(f) = oco. A function f is called Laplace transformable if abs(f) < oo.

Theorem 2.5. (Uniqueness theorem). Let f,g € L1 10.(R4; X) with abs(f) < oo and abs(g) < oo,
and let Ao > max(abs(f),abs(g)). Suppose that f(X) = G(\) whenever X\ > \g. Then f(t) = g(t) a.e.

Proposition 2.5. Eet f € L11oc(Ry) and let F(t fo s)ds. If ReA >0 and f( ) exists, then F())
exists and F(\) = @

Proof. This is immediate from [5, Proposition 1.3.1] with k(¢) = 1. O
Corollary 2A.3. Let f : R, - X be aﬁsolutely continuous and differentiable a.e.. If Re A > 0 and f’()\)
exists, then f(\) exists and f'(\) = Af(A\) — f(0T).

2.2 Bernstein and Stieltjes Functions

The class of Bernstein functions is closely related to that of completely monotonic functions.
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2.2.1 Bernstein Functions

Definition 2.6. (Bernstein function). A function f : (0,00) — R is called a Bernstein function if
c € C®(0,00), f(t) >0 for all t > 0 and f' is completely monotonic. The class of Bernstein functions
will be denoted by (BF).

Theorem 2.6. A function f: (0,00) — R is a Bernstein function if, and only if, it admits the represen-
tation

fe) =arbes [ (1= e ula), (2.1)

(0,00)
where a,b > 0 and p is a measure on (0,00) satisfying f(o OO)(1 At)p(dt) < oo.

For a proof of the following structural characterization of Bernstein functions, we refer to [103, The-
orem 3.6]

Theorem 2.7. Let f be a positive function on (0,00). Then the following assertions are equivalent.
1. fe(BF).
2. go f € (CM) for every g € (CM).
3. e~ € (CM) for every u > 0.

Corollary 2.4. 1. The set (BF) is a convex cone, closed under pointwise limits and under composi-
tion.

2. For all f € (BF), the function A\ — @ is in (CM).

3. Let f1,fo € (BF) and a, B € (0,1) be such that a + 3 < 1. Then A — f1(AY)f2(\?) is again a

Bernstein function.

By virtue of the representation of Bernstein function obtained in Equation (2.1), it is convenient to
introduce the following definition.

Definition 2.7. (Creep function). A function k : (0,00) — R is called a creep function if k(t) is
non-negative, non-decreasing and concave. A creep function k(t) has the standard form

t
k(t) = ko + koot + / k1(7’)d7’, t >0, (22)
0

where ko = k(04) > 0, koo = limy_,o0 k(t)/t and ki(t) = k(t) — kso is non-negative and non-increasing
with limg_, o0 k1(t) = 0. The class of creep functions will be denoted by (CF).

The next class of function has been used throughout the literature in many branches of mathemat-
ics but under various names such as Nervanlinna functions in complex interpolation theory, operator
monotone functions in functional analysis, or class (S) in the Russian literature on complex functions
theory.

Definition 2.8. (Completely Bernstein Function). A Bernstein function f is said to be a completely
Bernstein Function if its Lévy measure p in 2.1 has a completely monotonic density m(t) with respect to
Lebesgue measure,

OV :a+b/\+/ (1= e Ym(b)dt. (2.3)

(0,00)
We will use (CBF) to denote the collection of all completely Bernstein functions.

Remark 2.5. Thus Theorem 2.6 and the Equation (2.2) state that ¢ € (BF) iff o(A) = )\Zl%()\) for some

k € (CF). Further, the complete Bernstein functions ¢ are represented as @(A) = Adk(X\) with some
k € (BF). We have the inclusions (CBF) C (BF) C (CF).

The following Theorem establishes these statements and another equivalence, see [103, Theorem 6.2].
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Theorem 2.8. Suppose that [ is a non-negative function on (0,00). Then the following conditions are
equivalent.

1. f e (CBF).
2. The function A — f(N)/X is in (S), see definition 2.9.
3. There exists a Bernstein function g such that
fO)=X2(g;N), A>0.
4. f has an analytic continuation to H' such that Im f(z) > 0 for all z € H' and such that the limit
F(0F) = lim(g,00)50—0 f(N) exists and is real.

5. f has an analytic continuation to the cut complex plane C\(—o00,0] such that Im z-Im f(z) >0
and such that the limit f(07) = lim(o,00)5x—0 f(A) exists and is real.

6. f has an analytic continuation to H' which is given by

f(z):a+bz+/ (dt),

o
(0,00) # T 1

where a,b > 0 are non-negative constants and o is a measure on (0,00) such that
/ (1—t)"to(dt) < oo.
(0,00)

2.2.2 Stieltjes Functions

The next type of functions is a very important subclass of completely monotonic functions. These play
a central role in the study of completely Bernstein functions.

Definition 2.9. (Stieltjes funtion). A (non-negative) Stieltjes function is a function f : (0,00) —

[0, 00) which can be written in the form

a 1
A)=—+b —o(dt
e )‘+ +/(0,oo))‘+ta( &

where a,b > 0 are non-negative constants and o is a measure on (0, 00) such that f(o C)(})(1-1-15)—10(dt) < 00.
We denote the family of all Stieltjes Functions by (S).

For a proof of the following Theorem, we refer to [103, Theorem 2.2].
Theorem 2.9. 1. Every f € (S) is of the form
fON) =ZL(a-dt; \) + L do(dt); N) + L(L(o;t)dt; N)

for the measure appearing in Definition 2.9. In particular, (S) C (CM) consists of all completely
monotonic functions having a representation measure with completely monotonic density on (0, 00).

2. The set (S) is a convex cone and closed under pointwise limits.
Proposition 2.6. f € (CBF), f #0, if, and only if, the function f*(\):= X/ f(X) is in (CBF).

Proof. If f € (CBF) we may use the representation, see [103, Remark 6.4], and write

fe) _a +/ o(dt), (2.4)
z z (0,00) 2 T 1
where a,b and o are defined as in Definition 2.9. Since
1 —I —(Imz)?
Imz-Im—— =Imz- . (fmz) <0,
z+t |z 4+ t]2 |z 4+ t]2
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we see that f(z)/z maps H' into H*. As 1/z switches the upper and lower half-planes, z/f(z) =
(271f(2))~! maps H' into itself. Further, \/f()\) € (0,00) for A > 0, and since a = limy_,o+ f(\), we
have

- = - € [0, ifa=0.
lim, o+ f(x/\) bJrf(O,oo) (ft) [ ’ ),

8 ) :

A {0, ifa#0,

Theorem 2.8 shows that A/f(\) is in (CBF). Conversely, if g(A) = A/f(A), A € (0,00), is a completely
Bernstein function, we can apply the just established result to this function and get

A A
O

The following Theorem is a characterization of Stieltjes functions. Note that this theorem enables us
to transfer all statements for completely Bernstein functions to Stieltjes functions.

Theorem 2.10. A function f # 0 is a completely Bernstein function if, and only if, 1/f # 0 is an
Stieltjes function. In other words

CBF) ={f:1/f€(8)"} and (8)" ={g:1/g€ (CBF)"}.
((CBF)*,(8)* refer to the not identically vanishing elements of (CBF) and (S) resp.)

Proof. If f € (CBF)* Proposition 2.6 shows that A — A\/f(\) is also a completely Bernstein function.
As such, z/f(z), z € C\(—0o0,0], has a representation of the form 2.1 dividing by z we see that 1/f(z) is
an Stieltjes function. Conversely, it is obvious from the definition of Stieltjes functions and Proposition
2.6. O

The following Corollary is an immediate consequence of Theorem 2.10 combined with Theorem 2.8.

Corollary 2.5. Let g be a positive function on (0,00). Then g is a Stieltjes function if, and only if,
g(0%) ezists in [0,00] and g extends analytically to C\(—o0,0] such that Im z-Im g(z) <0, i.e. g maps
H' to H¥ and vice versa.

The set (S) plays pretty much the same role for (CBF) as do the set (CM) for the set (BF). The
following theorem is the (CBF)-analogue of Theorem 2.7. For proof, we refer to [103, Theorem 7.5].

Theorem 2.11. Let f be a positive function on (0,00). Then the following assertions are equivalent.
1. fe(CBF).
2. go f €(S) for every g € (S).

1

3.
u+ f

€ (S) for every u > 0.

The next two Corollaries show how these classes of functions, (S) and (CBF), operate on each other.
For a proof, we refer to [103, Corollary 7.6 and Corollary 7.9].

Corollary 2.6. The set (CBF) is a convex cone, closed under pointwise limits and under composition.

Corollary 2.7. Let f,g € (CBF) be a completely Bernstein functions and let s,t € (S) be Stieltjes
functions. Then

1. fos€e(S),
2. sofe(S),
3. fog e (CBF),
4. sot € (CBF).
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The following theorem is helpful for the development of our theory. For proof, we refer to [103,
Theorem 7.10].

Theorem 2.12. The sets (CBF) and (S) are both logarithmically convez, i.e.
for all f1, fo € (CBF) and for all o € (0,1) then ffy~“ € (CBF),
for all f1, f2 € (S) and for all a € (0,1) then f{fa~* € (S).

2.3 Scalar Volterra Equations and Kernels

We want to summarise basic definitions and properties concerning scalar Volterra equations and the
associated kernels. We will introduce the concept of scalar and integral resolvent for linear scalar Volterra
equations and their representations of solutions. A linear scalar Volterra equation is an equation of the

type
u(t) +nlux €)(t) = f(t), t>0, (2.5)

where n € C, £ € L1 1oc(R4+,R) and f : Ry — C is a given function. These types of equations have been
deeply studied, see [25, 26, 39], and are essential for the treatment of linear Volterra equations.

Definition 2.10. (Scalar and Integral Resolvent). Let n € C and { € L1 1,.(Ry). The solution
sy: Ry — C of the scalar Volterra equation

sp(t) +n(syx0)(t) =1, t>0, (2.6)
is called scalar resolvent associated to £. The solution r,: Ry — C of the scalar Volterra equation
ry(t) +n(ry * 0)(t) = £(t), t>0, (2.7)
18 called integral scalar resolvent associated to £.

We point out that for every n € C there exists A, > 0 such that the Laplace transforms of s(¢,7) and
r(t,n) are given by
~ k(A 1
s(\,n) = —= () = ——, A> A, (2.8)
AN +n AL +nl(N)

and

B 1 e
IV 0N

Remark 2.6. It follows from [95, Proposition 4.5] that the condition (PC) implies that p(\) = Nk()) is
a Bernstein function. Thus, it follows that if n € R, then A\, = 0.

7O n) A> A, (2.9)

We know from [39, Chapter 2, Theorem 3.1] that for each locally integrable kernel ¢ € Ly j,.(R4) there
is a unique and locally integrable scalar integral resolvent r, € Ly jo.(R+) solution of (2.7). Moreover, it
follows from [39, Chapter 2, Theorem 3.5] that the solution of (2.5) is given by

u(t) = f(t) =n(ry« f)(E), >0

In particular, this implies the existence and uniqueness of the scalar resolvent s,, € L1 ,10c(R4) whenever
€ € Ly 10c(R4) and the following relation between the scalar resolvent and integral resolvent:

sp(t) =1 —n(ry* 1)(t), t>0. (2.10)

Both 7, and s,, have been successfully applied in the study of asymptotic decay rates of some non-local
in time differential equations, see [56, 93, 113].

Definition 2.11. (Completely positive). A kernel £ € Ly ,.(Ry) is called completely positive if for
all n € Ry the functions v, and s, are non-negative on Ry. The class of completely positive functions
will be denoted by (CP).
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There is another equivalent definition of completely positive functions, for example it is known from
Clemént and Nohel [26] that the kernel £ € Lq ;o.(R4) is completely positive if £ is non-negative, non-
increasing and log /¢ is convex on R,. Moreover, in [95], the definition extends to completely positive
measures.

An essential class of completely positive functions is the pair (k,¢) € (PC), which means that the
following condition is satisfied.

Definition 2.12. (Condition (PC)). That the function k € Li0.(R4) is non-negative and non-
increasing, and there exists a kernel ¢ € Lq 1o.(Ry) such that k¢ =1 in (0,00). In this case we write

(k,0) € (PC).

These kernels are also called Sonine kernels, see [100], and they have been successfully used to study
integral equations of first kind in the space of Holder continuous, Lebesgue and Sobolev functions, see
[22]. Further, the condition k x ¢ = 1 is also called the Sonine condition and based on this, it is possible
to deduce some general properties of the kernels, see [99]. Note that these properties are satisfied for any
pair of completely positive kernels.

Remark 2.7. Using the fact that (k,¢) € (PC), we note that convolving (2.7) with k, we have that
(kxry))(t)+n(lxry)(t)=1, t>0.
This shows that the pair (ry,nl + 1) is a Sonine pair of functions, see [99].
Lemma 2.1. Let (k,£) be a pair of type (PC). Then the following relations hold for all t > 0:
1. th(t)e(t) <1,
2. k(t) [T U(r)dr <1, L(t) [5 k(r)dr <1,

o

- k() [y 0(r)dr 4+ 0(t) [ k(r)dr > 1,

4o [y k() [y e(r)dr > t,
5. limy_y o+ k(t) = limy_, o+ £(t) = +00,
6. hmt_>0+ tk(t) = limt_,0+ tf(t) = 0

A very important example of (k,£) € (PC) is given by the pair (g1—q, go) With a € (0,1), where gz is
the standard notation of the Equation (1.11).

The following proposition contains several different characterizations of completely positives measures;
for the proof, we refer to [95, Proposition 4.5].

Proposition 2.7. Suppose ¢ € BVj,.(Ry.) is Laplace transformable and such that dAc()\) > 0 for all X > 0.
Then the following assertions are equivalent:

1. dc € (CP).

3. Y- (A) = exp (@) € (CM) for every T > 0.
4 o= dc(N)

=———=— € (CM), for every u > 0.
5 pdey <M :

5. s(t,p) is positive and non-increasing w.r.t. t > 0, for every p > 0, where s is the solution of
s(tip) + p fy s(t —myp)de(r) =1, tpu> 0.

Corollary 2.8. Let dc be a completely positive measure, and let ¢, (N) = As(A; ) = @(N)/ (1 + ©(N)),
with A, jp > 0. Then ¢, € (BF).
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Remark 2.8. Let (k,{) € (PC). If we set also k € (CM), then the application @ : A — Mk()\) is
a completely Bernstein function. Indeed, it is easy to see that )\E()\) = )\2@ = N2Z2(1 % k; \), and
since k € (CM), then 1 xk € (BF). Then by Theorem 2.8 ¢ is a completely Bernstein function. On
the other hand, if (ki,41),(ke,l2) € (PC) and ki,ka € (CM) according Theorem 2.12, the function

A =4/ Ny ()\)Z@()\) is a completely Bernstein function.
We introduce the following notation.

Notation 2.1. If the functions k and £ satisfy the conditions (k,£) € (PC) and k € (CM), we write
(k,0) € (PCM).

2.4 The Subordination Principle in the sense of Priiss

The class of completely positive kernels plays a prominent role in the theory of vector-valued Volterra
equations, see Definition 2.15, and appears in applications quite naturally. This class of kernels, its
properties, and associated creep functions appear in our work through the so-called subordination. By
means of the principle of subordination, it is possible to construct a new resolvent from a given one,
e.g., from a Cy-semigroup or from a cosine family. The new resolvent can be explicitly represented in
terms of the given one and of the propagation function associated with a completely positive kernel. This
representation is particularly useful for the understanding of the regularity and the asymptotic behavior
of the resolvent.
Let us first state some definitions that will be used in Chapter 5.

Definition 2.13. (Sectorial). Let k € Ly,loc(Ry) be of subexponential growth and suppose E()\) #0
for all Re A > 0. Then, k is called sectorial with angle 8 > 0 (or merely 0-sectorial) if

larg k(A\)| <0  for all Re X > 0.

Here arg E()\) is defined as the imaginary part of a fixed branch of log @()\), and 0 need not be less
than 7. If a is sectorial, we always choose that branch of log k()), which gives the smallest angle 6; in
particular, in case k(A) is real for A, we choose the principal branch.

Definition 2.14. (Regular). Let k € Ly,loc(Ry) be of subexponential growth, and n € N. k(t) is called
n-regular if there is a constant ¢ > 0 such that

IR < elk(N)| forall ReA>0, 0<m<n.

Observe that any n-regular kernel k(t), n > 1 has the property that @()\) has no zeros in the open right
halfplane.

Remark 2.9. We know from [95, Pag. 69] that for a n-regular kernel k, n € N arbitrary, its Laplace

transform k has no zeros in the open right half-plane. Futhermore, each completely monotonic kernel
is n-regular for all m € N, see [95, Proposition 3.3]. On the other hand, according to [95, Pag. 70], if
k(t) is real-valued and 1-regular then k(t) is 5 -sectorial, with ¢ as in Definition 2.14. Moreover, we can
conclude that

(k,0) € (PC) and £ log-convex = { is 1-reqular and %—sectorz’al.

The theorem of Bernstein on completely monotonic functions will play a fundamental role in this
subsection. Let b € BVjo.(Ry) be non-decreasing such that [~ db(t)e ™ < oo for each A > 0, and let

~ 1
dc be a completely positive measure. Then f(A) = db()) is completely monotonic, and p(\) = = is

dc(N)
a Bernstein function. By Proposition 2.7, f o ¢ is completely monotonic. Hence there is a € BVj,.(R4.)
non-decreasing such that

de(N)

This is the so-called subordination principle for completely positive measures.

da(X) = f(p(\) = db <1> L A0, (2.11)
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Definition 2.15. (Volterra equation). Let X be a complex Banach space, A a closed linear unbounded
operator in X with dense domain D(A), up : R* = R, g:[0,00) x RY - R and b € L1 1,.(Ry) a scalar
kernel £ 0. A Volterra equation is an equation of the form

u(t,z) + (b* Au(-,2))(t) = uo(x) + g(t,x), t> 0,z R
Consider now the Volterra equation
t
u(t) = £(t) + / bt — 1) Au(r)dr, t >0, (2.12)
0
where A is closed, linear and densely defined, the kernel b € Ly jo.(R.) is such that [ [b(t)|e#*dt < oo,
and let ¢(t) € (CP). Define
/1
a\) =b (| =—= A . 2.1
i =3 (z5) A>0 (2.13)
The Volterra equation
t
v(t) = g(t) +/ a(t — 7)Av(r)dr, t >0, (2.14)
0

is then called subordinate to (2.12) via ¢(t). According to [95, Theorem 4.1], Equation (2.14) admits
a resolvent whenever (2.12) does; this is the general subordination principle for the resolvent. The
next lemma presents a composition rule involving three Bernstein functions, and this is very useful
in applications, see [95, Lemma 4.3]

Lemma 2.2. Suppose a,b,c € (BF). Then there is a Bernstein function e such that
~ [a(\
e(A) =a(N)de Q , A>0.
b(A)
Moreover, eg = ag(co + ¢(ag/bo)) for ag > 0, eg = 0 otherwise.

Remark 2.10. As an application of this above Lemma, note that a(A)H@(A)a is the Laplace transform
of a Bernstein function, whenever a,b € (BF) and o € [0, 1].

For the following proposition, we need to introduce the notion of propagation function. Let dc be a

1
completely positive measure, ¢(\) = —— its associated Bernstein function, and let k& € BV,.(R+) be

the creep function such that ¢(\) = )\3%()\), A > 0, see Definition 2.7. By Proposition 2.7, the functions
¥ (N\) = exp(—79(X)) are completely monotonic with respect to A > 0, for each fixed 7 > 0, and bounded
e~m?(0") = ¢=7ko  From Bernstein’s Theorem, see 2.1, it follows that there are unique non-decreasing
functions w(-;7) € BV(R,), normalized by w(0;7) = 0, and left-continuous, such that

(J(/\;T)szT(/\), A>0,7 e Ry, (2.15)

Note that w(-;7) enjoys the semigroup property

¢
/ w(t —s;m)dw(s; 1) =w(t; 7 + 12), 71,72 >0,
0
w(t; 0) =ep(t), t>0. (2.16)
where eg(t) denotes the Heaviside function.

Definition 2.16. (Propagation function). The function w(t; ) defined above is called the propagation
function associated with the completely positive measure dc.

For the proof of the following proposition, we refer to [95, Proposition 4.9 and Corollary 4.5].
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Proposition 2.8. Let A be a closed linear densely defined operator in a Banach space X, and b,c €
L1 toc(Ry), with c(t) € (CP), such that [;°|b(t)leP'dt < oo for some B € R and let w(t;7) be the
propagation function associated with ¢ € Ly j,.(R4). Then the resolvents Sq(t) and Sp(t) of (2.14) and
(2.12), respectively, are related by

Sa(t) = 7/ Sp(r)d;w(t:7), t>0. (2.17)
0
Remark 2.11. Given the equations
u(t,z) + (£ x (—A)u(-, z))(t) = uo, u(t, ) + (1* (=A)u(-,2))(t) =uo .
Volterra equation Heat equation
1 -~ 1 . N 1 . . .
Note that L(1; ) = 3 and L(\) = ——. Then if £ € (CP) we have c(\) = ﬁ is a Bernstein function,
ey

and by Bernstein’s Theorem, see 2.1, we know that the solution s,, from s, + p(c* s,)(t) = 1, is
completely monotonic w.r.t. u, where s, (t ﬁ) e~ Trw(t;T)dr. Then by Proposition 2.8, using the

equation (2.17), we have
SVolterra t, $ / SHeat T (E (t 7)d7'7 t>0,x € Rd.

So we point out that a Volterra equation with a completely positive kernel is subordinate to the heat
equation.

2.5 Probability and Random Variables

In this section we refer to [18, 24, 91] for the definitions and properties mentioned.

Remember that a random experiment is a process by which we observe something uncertain. After
the experiment, the result of the random experiment is known. An Outcome is a result of a random
experiment, and the set of all possible outcomes is called the sample space. We assign a probability
measure P(A) to an event A. This is a value between 0 and 1 that shows how likely the event is.
Probability theory is based on some axioms that act as the foundation for the theory.

Definition 2.17. Azioms of Probability
Axiom 1: For any event A, P(A) > 0.
Axiom 2: Probability of the sample space S is P(S) =
Axiom 3: If Ay, Ag, As, ... are disjoint events, then P(A1UA2UA;...) = P(A1)+P(As)+P(As)+

Definition 2.18. (Random Variables). A random variable X is a function from the sample space

to the real number
X:5—R.

The range of a random variable X is the set of possible values of X. We will say that X is a discrete
random variable if its range is countable.

Note that if X is a discrete random variable with range Ry, we can list the elements in Rx. In other
words we can write
RX = {1’1, T2,X3, } .

Definition 2.19. Let X be a discrete random variable with range Rx . The function
Px(zg) = P(X =x), fork=1,23, ..,

is called the probability mass function (PMF) of X.
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Remark 2.12. The PMF is a probability measure that gives us probabilities of the possible values for a
random variable.

Definition 2.20. (Cumulative distribution function). The cumulative distribution function (CDF)
of random variable X is defined as

Fx(z)=P(X <z), forallzeR.

Definition 2.21. (Continuous random variables). A random variable X with CDF Fx(x) is said
to be continuous if Fx(x) is a continuous function for all € R.

We will also assume that the CDF of a continuous random variable is differentiable almost everywhere
in R. Note that to determine the distribution of a discrete random variable we can either provide its
PMF or CDF. For a continuous random variable, the CDF is well-defined so we can provide the CDF.
However, the PMF does not work for continuous random variables because, for a continuous random
variable, P(X = z) =0 for all z € R.

Definition 2.22. (Probability density function). Consider a continuous random variable X with an
absolutely continuous CDF Fx(z). The function fx(x) defined by

o dFX ($)
 dx

is called the probability density function (PDF) of X.

fx (@)

= Fi(z), if Fx(x) is differentiable at x,

Let us summarize some properties of the PDF.
Proposition 2.9. Consider a continuous random variable X with PDF fx(x). We have that
1. fx(z) >0 for all x € R.
2. [ fx(u)du=1.
3. Pla<a <b)=Fx(b) - Fx(a) = [ fx(u)du.
4. More generally, for a set A, P(X € A) = [, fx(u)du.

Definition 2.23. (Ezxpectation). Let X be a continuous random variable. The expected value E, or
the expectation, of X is defined as

E(X)= /00 xfx(z)dz.

— 00

Theorem 2.13. (Law of the unconscious statistician). Let X be a continuous random variable,
g a function with domain D and X C D. The Law of the unconscious statistician (LOTUS) for X
establishes that

Eg(X)] = /OO g(x) fx (z)dx.

— 00

Definition 2.24. (Variance). The Variance of the random variable X is defined as
Var(X)=E [(X — E(X))*].

Definition 2.25. (Moments). The nth moment of a random variable X is defined to be E[X"™]. The
nth central moment of X is defined to be E [(X — EX)"].

Definition 2.26. (Moment generating function). The Moment generating function (MGF) of a
random variable X is a function Mx (z) defined as

Mx(z)=F [eZX] .

We say that MGF of X exists, if there exists a positive constant Ry such that Mx(z) is finite for all
A (—Ro, Ro)
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Theorem 2.14. Suppose that the MGF, Mx (z), is well-defined on a neighbourhood of the origin, say
(=Ro, Ry). Then X has finite absolute moments of all orders. Moreover, Mx(z) admits an absolutely
convergent Taylor expansion

X ME[X"
Mit,z) = Z # |z| < Ro. (2.18)
n=0 :

Remark 2.13. Note that we can obtain all moments of X™ from its MGF:

dn
n] _—
Also, it is well-known that the cumulative distribution function and the probability density function can
often be found by applying the inverse Laplace transform to the moment generating function, provided
that this function converges.

Definition 2.27. (Stochastic process). A random process or a stochastic process is a collection of
random variables usually indexed by time. Also we say that a random process is a random function of
time.

Remark 2.14. Note that for a random process {X (t),t € J}, for some index J, the mean function is
defined as E [X (t)] from J to R.

Definition 2.28. Two random processes are equivalent in distribution if they have the same finite di-
mensional distribution.

Definition 2.29. (Markov process). The stochastic process X (t) is said to be a Markov process
provide that for any t,s >0 and j € R

P{XH»s:j‘Xu;ugt}:P{Xt+S:j|Xt}'



Chapter 3

Physics model

To understand the complexity of the model, we start this chapter with a historical review about difficulties
to achieve transoceanic communication in its beginnings, for more details we refer the readers to [6, Page
121] and the references therein.

3.1 Historical review

At the dawn of 20t" century, Sir William Thomson, known as Lord Kelvin, was the first person to explain
the electrical theory behind the operation of land based telegraph lines allowing him to conceive a new
system for successful undersea telegraphy. This cable established the first electrical communications link
between, the so-called, old (Great Britain) and new worlds (United States). The American entrepreneur,
Cyrus Field, spearheaded efforts which spanned more than 14 years and ultimately cost over US$12
million, approximately U/ S$150 million currently. Key scientific and engineering contributions were made
by Sir William Cooke, Sir Charles Wheatstone, Michael Faraday and Professor James Clerk Maxwell.
Samuel F.B. Morse and William Thomson each spent significant time working onboard the ships to
address the major engineering problems facing the project.

The attempts in 1857 and 1858 involved the two largest warships in the world, the USS Niagara and
the HMS Agamemnon. The 1857 expedition ended in failure when the cable snapped as it was being
released from onboard the ship. A second attempt in 1858 also failed. In a third attempt during July and
August 1858, the Niagara and the Agamemmnon successfully laid the first operable transatlantic cable.
Unfortunately, the cable failed after only three weeks. The failure was ultimately attributed to high
signaling voltages which “burned out” the line. A fourth attempt was made in 1865. The new cable
was nearly four times as bulky and almost twice as heavy as the 1858 cable based on design changes
recommended by Professor Thomson and the Chief Engineer Charles Bright. The 1865 cable again broke
in mid-ocean, leaving the expedition with another failure. A fifth attempt in 1866 finally brought success.
The expedition that year not only succeeded in laying a fresh cable, but also recovered the broken 1865
section from the ocean floor and attached it to a new portion laid in 1866, completing a second line. The
1866 cable operated successfully until 1872, and the restored 1865 cable operated until 1877. By then,
both cables had been rendered obsolete. They were functionally replaced by a new 1873 Anglo-American
Telegraph Company cable made by Telcon and the 1874 Direct United States Cable Company cables
made by Siemens Brothers. The cable project demanded new technologies and new science to overcome
unforeseen obstacles and the rigors of the north Atlantic.

As early as 1848, Thomson recognized the enormous possibilities for electrical science and its potential
use of applied mathematical reasoning. The key lay in Thomson’s unique combination of Fourier’s
mathematical methods and his analogies between the theories of heat transfer and electrical impulses.
The scientists involved with the cable project soon realized that submarine cables behaved differently
than land lines. Defining, measuring and accounting for differences in electrical resistance in underwater
cables became the chief obstacle to successful long distance submarine telegraphy.

In 1823, Sir Francis Ronalds first found that electrical signals were retarded when passing through
an insulated wire, or core, laid under ground. The same effect was observed in wire immersed in water.
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Michael Faraday concluded that the retardation was caused by induction between the electricity in the
wire and the earth or water surrounding it. As the cable’s core receives a charge from a battery, the
electricity induces an opposite charge in the water as it travels along; and, as the two charges attract
each other, the “exciting” charge is restrained. The resulting speed of a signal through the conductor is
“thereby retarded by its own making”.

In overland lines the current traverses the wire suddenly, like a bullet, and at its full strength, so
that if the current be sufficiently strong these instruments will be worked at once, and no time will be
lost. But it is quite different on submarine cables. There the current is slow and varying. It travels
along the copper wire in the form of a wave or undulation, and is received feebly at first, then gradually
rising to its maximum strength, and finally dying away again as slowly as it rose. This is owing to the
phenomenon of induction, very important in submarine cables, but almost entirely absent in land lines.
Now the electricity sent into this wire induce electricity of an opposite kind to itself in the sea-water
outside, and the attraction set up between these two kinds “holds back” the current in the wire, and
retards its passage to the receiving station.

Thomson recognized that the speed of a telegraph signal was limited by both its capacity and resis-
tance. He calculated that the speed decreased as the square of the cable length increased for any given
diameter of the core conductor. His computations confirmed the “capacitance” (the amount of stored
electric charge for a given electric potential) of a cable. He found that a cable surrounded by an insulator
residing in a conducting medium (salt water) acted as a form of condenser; interacting and exchanging
electrical potential with the surrounding medium. Thomson devised his “doctrine of squares” to define
the relationship. His concept soon came to be known as Thomson’s “Law of Squares”.

According to the Law of Squares, a cable two miles long would have four times the retardation in
signal strength of a cable that was one mile long, and the strength of the signal would therefore be only i
as strong. Consequently, for any given cable, signaling speed is inversely proportional to the square of the
cable length, when holding the capacitance and resistance constant. Thomson used these relationships
to define signal arrival curves in which he could compute the arriving signal current after any interval
of time following the signal transmission based on the battery voltage, the cable resistance, the cable
capacity, and length of the cable. Thomson had succeeded in mathematically proving Faraday’s initial
theory.

The diameter of the 1865 and 1866 copper cores and the surrounding insulation were increased almost
three-fold over the original 1858 cable design to allow the weak currents to flow more easily. Thomson
analyzed electro-magnets and concluded that similar iron cores with winding lengths proportional to the
squares of their linear dimensions produced equal intensities of magnetic fields when they were supplied
with equal currents. Thomson’s conclusion successfully identified the relationship between iron cores and
copper conducting windings. Knowledge of this relationship enabled the production of electromagnets
which could yield similar magnetic intensity despite using different sizes of iron cores and different lengths
of windings. Thomson had defined the parameters under which all future electromagnets would be
manufactured.
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3.2 Physics foundations of the model

In this section, we will present an excerpt from article [94] where the physical and mathematical foun-
dations for the formulation of the general equation of the non-local telegraph in time are presented.
Although this part is not used directly in the development of the following chapters, it gives physical
support to our work, so it is important to mention it.

It is well-known, see e.g., [52, Chapter 6], that the macroscopic electrodynamic fields in a medium at
rest in the considered inertial system, are governed by Mazwell 's equations

Bi+VxE=0, V-B=0 (3.1)
D, —VxH+T =0, V-D=p (3.2)

where £ denotes the electric field, H the magnetic field, B the magnetic induction, D the electric induction,
J the free current and p the free charge, see [107, Chapter 2]. Clearly, (3.1) and (3.2) are indeterminate
and constitutive equations have to be supplemented, which specify the electrodynamic properties of the
medium in question. For the simplest medium- the vacuum. the relations are given by

B= /io?‘[, D= 605, j =S 0, (33)

where €q, g > 0 are well-known fundamental physical constants which are connected with the speed of
light in vacuum cy by the relation

-2
Eoo = €y -

The next simplest medium is the rigid linear isotropic dielectric, where the constitutive relations are
defined by
B=uyH, D=ec£, J=0, (3.4)

where € and p are material constants with € > ¢g and p > 0. These constitutive relations do not account
for the dielectric losses observed, when the medium is placed in a rapidly varying electromagnetic field.
This defect cannot be removed by the introduction of a conductivity o > 0 and replacing the last equation
in (3.4) by a relation of the form J = ¢€ (Ohm law), i.e.

B=uH, D=cf, J=ok, (3.5)

More precisely, if one considers periodic fields £(t) = Ee™! and D(t) = Dye'“?, one still observes
relations of the form Dy = &y€ for each frequency w. However, £ will be complex in general and will
depend of w. This phenomenon is known as electromagnetic dispersion in the physical literature.

To account for dispersion in a rigid linear isotropic medium the following constitutive relations have been
proposed in [95, Capter II, Section 9.5]

B=du*xH (3.6)
D=de+ € (3.7)
T =do*& (3.8)

where p,e,0 € BV (R,) are given material functions. Not much seems to be known about general
material functions. However, following [95, Capter II, Section 9.5] one can guess that £(t) should be a
bounded creep function. It is also reasonable to expect that o(t) is a bounded creep function as well. In
the paramagnetic case, we have that p(co) > g, while g > p(oco) holds for diamagnetic media. Hence,
in the former case p(t) can be considered a bounded creep function, while in the latter case uo — u(t)
should be such.
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3.2.1 Circuit model of a transmission line

A transmission line is a one-dimensional system, in which voltage and currents depend on time ¢ and on
a longitudinal coordinate that always be indicated by z. The state variables of a system are then v(t, z)
and i(t,z). The standard circuit model in a infinitesimal segment of line z is shown in the following
figure:
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Figure 3.1: Circuit Model.
Our aim is to obtain the relations between the current ¢ and voltage v into the different devices

resistors R and G, inductor L, and the capacitor C. To this end, we use the presentation (for the classic
case) in [107, Chapter 3]. To follow our analysis, we considered the following figure:

/

Figure 3.2: Resistor

The resistor illustrated in Figure 3.2 is comprised of two parallel perfectly conducting end-plates
between which is placed a medium of conductivity o, permittivity €, permeability p and thickness h; the
two end plates and the medium all have a constant cross-sectional area A [m2] in the xy-plane. Let us
assume a static voltage v exists across the resistor R, and current ¢ flows through it.

Resistors. Since the conductivity o is uniform within walls parallel to z, these constraints are satisfied
by a static uniform electric field £ = z&, everywhere within the conducting medium, which would be
charge-free since weare assuming that £ is non-divergent. Therefore, following [107, Chapter 3, formula
3.1.2], we note that the voltage v is given by the product of the distance h and the z-coordinate of the
electric field &, that is

h
v(t):/ E-Zdz = h&(t), t>0.
0

The total current i flowing is the integral of J - Z over the device cross-section A, see [107, Chapter
3, formula 3.1.4]. Using (3.8) we have

i(t):/AJ-Edmdy://Ado—*S-Eda:dy:i(da*v)(t). (3.9)
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We point out that considering do = o¢ddy (Dirac measure) we recover the Ohm law, this is, v = Ri,

h
with R = ——, see [107, Chapter 3.1.1].
AO’O

Capacitors. Following [107, Chapter 3, formula 3.1.9], we have that the local charge @ on the
positive end plate of area A at time ¢ is given by

Q(t) = Ap(t) = AV -D = Ade % & = %(ds * ) (),

by (3.2) and (3.7). On the other hand, since the charge @ of the positive plate is the time integral of the
current i into it, we have

S = QW = [ its)s

and consequently

i(t) = %&(ds xv)(t). (3.10)

Inductors. To continue our analysis, we consider [107, Figure 3.2.1 and Figure 3.3.2, pages 72-73]

Contour C
2 C) Contour Cq

i(t) —

a)
Contour C7

. b= N
i(t) h A @ e, .0
© O
i(t) @ — .
I 1 IX
X z  z=0

Figure 3.3: Inductors

According to the left-hand law, we have for the magnetic field H that H(¢) = Hy - y. The voltage
v(t) across the terminals of the inductor illustrated in Figure 3.3 can be found using the integral form of

i(t)

(3.1), the constitutive equation (3.6) and H = Hy -y = W that is

f Eds = 7(’9,5/ dp x Hda = 7(’9,5/ du* Hy - yda = f@at(du x1)(t) = —v(t)
C A A w

where z = D, at the inductor terminals. Hence

u(t) = %&(du 3)(t). (3.11)

Now, we are in position to derive a non-local in time telegraph equation. To this end, we considered a
circuit for transmission line model, see Figure 3.1. Since we have two resistors R and G, we define dog for
R and dog. If we assume that dog is invertible in the convolution sense, that is, there exists a measure
do g such that dog *x dog = 1, then (3.9) can be written as

h
u(t) = Zﬁt(dﬁR x1)(t). (3.12)
It is worthwhile to note the condition of invertibility of dog in the convolution sense is not too restrictive

and there are several example where it is fulfilled. Further, this condition is fundamental to apply the
Kirchhoff “s circuit law. So, the total tension on the circuit is

A,v(t, z) + DWh@t(du * 1) (t) + %(dﬁR x1)(t) =0 (3.13)
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and the total current 4 4
0,i(t, z) + Eat(de *v)(t) + E(dag xv)(t) = 0. (3.14)

We point out that (3.13) and (3.14) are the non-local in time versions of (3.16) and (3.17) respectively.
Following the same ideas of [90, Chapter 3, Section 3.3] and without any considerations about regularity
of the functions v and 4, the equations (3.16) and (3.17) can be combined to obtain the following equation

k02 (de * dp * u) + 0,([do g * de + rdp * dog] * u) + do g * dog *u — 0?u =0 (3.15)

AD
where x := —— and u could be defined as v or 4, since it is the same equation for both.

w

3.2.2 Different models

Since (3.15) is given by means of measures, we can obtain several telegraphic models choosing these
measures appropriately. Next, we give some examples that illustrate the different kind of telegraph
models that we can deduce from (3.15).

(1) The telegraph equation. To show this model, at first we considered v(t, z) and i(t, z) respectively
to be the voltage and the current at the point of the cable with coordinate z at instant ¢ in a long
cable consisting of two parallel wires stretched along the z-axis. In 1893, Heaviside in [46, Section
201] established that the relation between v(t,z) and i(t,z) can be described by the following
differential equations

Ov(t,x) + Loyi(t,z) + Ri(t,xz) =0, t>0,z€R (3.16)
Oyi(t,x) + CO(t,z) + Gu(t,x) =0, t>0,x€R (3.17)

where R denotes resistance, L self-inductance, G the leak-conductance and C' capacitance; these
quantities are measured per unit length of the cable. Following [90, Chapter 3, Section 3.3], we
point out that these two equations can combined to obtain an equation of the form

LC 0fu+ (RC+GL) du+GRu—9?u=0, t>0, x€R, (3.18)
where the function u could be defined as the voltage v or the current i.

Let us notice now that if we set
1 1
d/L = ,U,()d(S(), de = 50d5, dER = 7d507 dO'G = 7d§0,
g0 g1

in (3.15) and define

‘LL()Dh A€0 h A
= c=="-2 R=—, G=-—
W ’ h ’ AU(), 0’1h

where A, D, W, h, ug, €0, 00 and o1, are defined above, the equation (3.15) takes the form

L

LC 0?u+ (RC+GL) Ou+GRu—0*u=0, t>0, v <€R,
which is exactly the equation (3.18).

We recall that if we assume high frequency in the model, then the effect of the resistor is negligible
and consequently we can take dog = 0. This consideration leads to

LCO?u+ RCOwu — 0?u =0, t>0,xcR,

which is the equation (1.4). This shows that from (3.15) it can be obtained a very interesting
equation even when the effect of the resistor is negligible.
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(2)

(3)

(4)

(5)

Hyperbolic telegraph equation with memory. Let k € L; ;o.(Ry) and set
_ 1
du = poddy, de =¢eodd, dop= —k(s)ds, dog=0,
o0

in (3.15), where g, o and og are positive constants. Then the general non-local telegraph equation
takes the form

O2u(t, x) + 0o (k * u(-, 2))(t) — vd2u(t,x) =0, t>0,z€R, (3.19)
w w .
where n = ———— and v = ———— where A, D and W, are defined in the same manner of the
aopo DA pogo DA

model (3.15).

The equation (3.19) has been successfully used to model anomalous diffusion in some viscoelas-
tic materials such as polymers, porous materials, among others, see [17] and references therein.
However, this equation never has been considered as a telegraph processes until [94].

The telegraph equation with one dynamic. Let k € Ly j,.(Ry) and set

1
du = /,Lok(t)dt, de = €0k(t)dt, dor = —dby, dog =0,
a0

in (3.15), where po, g9 and o are positive constants. Then the general non-local telegraph equation
takes the form

O (k * k xu(-, 2))(t) + 10 (k x u(-,z))(t) — v?02u(t,r) =0, t>0,x€R,

1
where 7 = > 0 and v? =
Tofok MHoEok

same manner of the model (3.15), which is the equation (1.10).

In this case, we note that the measures du and de are induced by the same function k, up the
multiplication by a constant. Therefore, it clear that (1.10) depends only on one function k. To
due this, we say that the equation is a one dynamic non-local telegraph equation.

>0, and kK = DWA where A, D and W, are defined in the

The telegraph equation combining two dynamics. Let k1 € Ly jo.(Ry) and k2 € Ly joc(R4)
and set

1
du = poky (t)dt, de = E()kg(t)dt, dor = —dby, dog =0,
g0

in (3.15), where pg, 9 and o are positive constants. Then the general non-local telegraph equation
takes the form

02 (ky * kg % u(-,2))(t) + 00y (ko % u(-, x))(t) — vO*u(t,x) =0, t>0,2 € R, (3.20)
where v and 7 are defined as in the equation (1.10).

In this case, we note that the measures du and de are induced by different functions k; and ko,
respectively. Therefore, it is clear that (3.20) depends on two functions k; and ko. To due this, we
say that (3.20) is non-local telegraph equation combining two dynamics. In the first instance it is
not clear whether it is the dynamic of k; or of ks the governing dynamic of (3.20). Moreover, since
this model has never been studied as a telegraph model, we do not know yet what is the relation
with stochastic processes, but it is considered as a future work.

The telegraph equation combining three dynamics. Let k1 € L1 0c(R4), k2 € Ly 10c(R4)
and k3 € L jo.(R+) and set

1
du = poka (t)dt7 de = Eok‘g(f)dt, dor = fkg(t)dt, dog =0,

0o
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in (3.15), where pg, 0 and ¢ are positive constants. Then the general non-local telegraph equation
takes the form

02 (ky * kg xu(-,2))(t) + 00 (ko * ks x u(-,2))(t) — v0?u(t,z) =0, t>0,z€R, (3.21)

where v and 7 are defined as in the equation (1.10).

Remark 3.1. All models not considered in this thesis are topics considered for future research.



Chapter 4

Non-local in time telegraph equation
and very slowly growing variance

This Chapter is based on the article “Non-local in time telegraph equation and very slowly
growing variance”, see [4], in collaboration with Juan Carlos Pozo (Universidad de Chile).

In this Chapter, we want to study the asymptotic behavior of the variance of the stochastic process
associated with the fundamental solution of the equation (1.10) at large and short times. In this context,
we developed a method to construct new examples of kernels such that its variance has a slow growth,
extending the result by Pozo and Vergara in [94], which is the basis of this chapter. Also, we show that
our approach can be adapted to sub-diffusion process.

4.1 Very slowly growing variance.

We start by recalling the result established in [94, Theorem 1.1].

Theorem 4.1. Let n,v be positive constants and (k,¢) € (PC). The variance Var[X (t)] of the process
X (t), whose density function coincides with the fundamental solution of (1.10), satisfies the following

Volterra equation
Var[X (t)] 4 2n(£ x Var[X ()])(t) = 2021 x £+ £)(t), t>0. (4.1)

Further, Var[X (t)] is positive and increasing on (0,00) and it satisfies the formula
VarlX (t)] = 202 (1 % £ xro,,)(t), t>0. (4.2)

Since (4.2) is given by means of convolutions, we can use Theorem 2.3, Karamata-Feller, to study the
behavior of Var[X (¢)] at large times and short times. The following theorem is the main result of this
section.

Theorem 4.2. Let (k,¢) € (PC). If the Laplace transform Uisa reqularly varying function of index
01 < %, then

Var[ X, ()] ~ 2 )(Z(tl))Q, ast — 0%, (4.3)

I'(1 =20
Further, if the function t — Z(til) s a reqularly varying function of index oo > —1, then
Var[ X5, (t)] ”72?(1) as t— oo (4.4)
¥ nT(1+02) \t/’ ' ‘

Proof. Set V(t) = Var[X(t)] for ¢ > 0. Tt follows from (4.2) that the Laplace transform of V is given by

2 1l ~
Py =2 Y qny Ao
A T+2pl(N)

41
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o~

Since £(A) — 0 as A — oo, we have that

~ 22

V()\) ~ m[/l()\), as A\ — o0,

where Ly (t) = t—2 (EA(t))2 Since 7 is a regularly varying function of index g1, by Remark 2.3, we have
that L; is a slowly varying function. Since % > p1, it follows from Theorem 2.3 that

202

Var[ X (t)] ~ 7“1 ~501)

N 2
(E(t_l)) ,ast— 0F.
On the other hand, we note that
~ 202 1
where La: (0,00) — (0,00) is defined by
e

Lo(t) = = : , for t>0.
1+42nl(t—1)  te

Since t — Z(tfl) is a regularly varying function of index g2, by Remark 2.3 we have that Lo is a slowly
varying function. Furthermore,

Loy +
~2n>\92£()\ ) as A—0".

Loy(A™h

Since g > —1, it follows from Theorem 2.3 that
2 o2 v? ~1
Var[X(t)] ~ — - ——L twié(f), as t— oc.

O

We remark that the conditions of Theorem 4.2 are satisfied for many pairs of functions (k,¢) € (PC). For
instance, all the examples presented in [94, Section 5] satisfy these conditions.

Example 4.1. (Time fractional telegraph equation). If k = g1 with a € (0,1), then

V2 +e
Var| Xy (t)] ~ T TATa) as t— oo,
and 20
Var[ Xy (t)] ~ 202 T +20) as t—07".

Example 4.2. (Sum of two time fractional derivatives). If k = g1_o + g1—p with 0 < a < 8 < 1, then

V2 t
Varl Xg(t)] ~ ——=———, as t — o0,
and
Var[ Xy (t)] ~ 202 ﬂ as t— 0"
b T(1+26)’ '

Example 4.3. (Time fractional telegraph equation with Mittag-Leffler weight). If k(t) = t*~1E, s(—wt®)
with 0 < a, B < 1 and w > 0, then

V2 wioetli=6

———  as t— o0,
nT2+a—p)

Var| Xy (t)] ~

and
t2_2B

—————— as t—0".
F'2+a-p)

Var[ Xy (t)] ~ 202
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b
Example 4.4. (Time distributed order telegraph equation). If k(t) = / Jo(t)do, with 0 <a <b <1,
then ‘

v2 1= log(t)

Var{ Xy (t)] ~ ?m,

as t— oo,

and )
tl+b—2a (log(t))

I'(2-b) ’
Remark 4.1. We note that if b =1 and a € (0,1) in Example 4.4 then we have an infinity family of
processes whose variance behaves like a logarithmic function at infinity.

Var[ Xy (t)] ~ 202 as t—0%.

The following example was not available in the literature before. De define recursively the functions
©,, as follows

©1(t, ) :/ Jo(t)da and ©p4q(t, ) :/ O,(t,y)dy, t>0, z>0. (4.5)
0 0

Further, for n € N we define the functions 6,,: (0,00) — (0,00) by
0, (t) = ©,(t, 1), for t > 0. (4.6)

Example 4.5. Let n € N. Consider k = 0,, where 0,, has been defined in (4.6), then

Var{ X (t)] ~ %(log(t))n, as t— 00,

and
Varl X (t)] ~ v*((n — 1)!)2(t . log(t))Q, as t— 0%,

Proof. Let n € N. We note that 6, is positive and locally integrable on R;. Since o € (0,1) we have
that g, € (CM). We recall that the class of completely monotonic functions is closed under addition and
pointwise limits, see [103, Corollary 1.6 and Corollary 1.7]. Therefore, we have that 6,, € (CM) as well.
It follows from [39, Theorem 5.4 and Theorem 5.5] that there exists ¢, € (CM) such that

On % Cp = 1. (4.7

Consequently, we have that (6,,(,) € (PC). Further, for z > 0 and z > 0 we note that ©,(z,z) =

-1
= Hence, it follows from (4.5) that
2% log(2)

2= (log(z))" Pt (n—Ek)!

This in turn implies that

=L <(_1)n s (1>k1<1og<x>>"k> e

@n(z,x) SR ((—1)" + 27 E": (_1)k_1$n_k(10g(2))n_k> , 2>0, x> 0.

A(log(N)" P (n—k)!

and ( )n

~ log(A)

Cn(/\) = n (_1)k—1(10g(/\))n—k , A>0.

1"
D" EAY
k=1

By properties of logarithmic functions, we have that (?n(t) is a regularly varying function of index p = —1

and Zn(tfl) is a slowly varying function. Therefore, by a direct calculation and using Theorem 4.2, we

have that

2
~ —

Var[ X (¢)] ; (log(t))", as t— oo,

and
Var[X;, ()] ~ 12 ((n — 1)) ?((t - log(t))?, as t— 0.
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We have mentioned at the beginning of this section, we are interested into find examples of (k, ¢) € (PC)
such that Var[X (¢)] grows slower than a logarithmic function at infinity. To this end, we prove the
following result.

Lemma 4.1. Let f,g € L1,10c(Ry). Assume that f,g € (CM), then there exists h € (CM) such that

h(z) = F(z) 3(F(2)), A>o0.

Proof. Consider a =1x% f,b=1, ¢ =1xg. It is clear that a,b and ¢ are Bernstein functions. According
to Lemma 2.2, there exists a Bernstein function e: (0,00) — (0, 00) such that e(0") = 0 and

In consequence, defining h(t) = e(t) we have that h € (CM) and

~ o~ -~

h(A) = Xe(A) — e(0F) = F(N) G(FN), A>o0.

O
Corollary 4.1. For all § € (0,1] there exists a pair (¢3,1?) € (PC) such that
{/;‘f(t*l) ~ (log(t))é, as t— oo,
and — s
YI(tY) ~ (t-log(t™)" as t— 0T
If § = 1, we will simply write (¢1,¢1) € (PC).
Proof. Let § € (0,1]. Consider the pair (6,¢) € (PC) given by
1 -1 00 ,—st
0(t) = —d d t) = d t . 4.
(t) /0 o) a, and ((¢) /0 L >0 (4.8)

It is a well-known fact that both 6 and { are completely monotonic functions. So, applying Lemma 4.1
with f =6 and g = g1_s, we conclude that there exists hi5 € (CM) such that

his(N) = <)\)iog(1)\)>6’ A > 0.

Applying again Lemma 4.1 with f = ¢ and g = g1_s, we note that there exists haos € (CM) such that

has(\) = (fg_@l))é, x> 0.

Now define the kernels
@) =g1-5has, and YY) = hys.

Applying directly the Laplace transform, we have

#(N) = (log A1)>6 and  9i(A) = (lig_(ﬁ)y, A> 0. (4.9)

We note that by construction 1/)1 ( M). Hence, it follows from [39, Theorem 5.4 and Theorem 5.5]
that ¢ € (CM). In consequence (¢9,1?) € (PC). Furthermore, it clear that

ateh = ( 1°g“_)1)5, >0,

1-t¢
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which in turn implies that
POt ~ (log(t))[s, as t— oo.

To compute the behavior 1 (¢t~!) as t — 0%, we rewrite this function as follows

Ds(t) = (t 1°g<t>>6, L0,

t—1

which implies that
Do (1) ~ (~t-log(t))’ as t— 0T
O

Remark 4.2. Let § € (0,1] and (¢s,1s) € (PC) given in Corollary J.1. If 6 = 1, then (¢1,1) is the

same pair of functions defined by Kochubei in [60]. On the other hand, since ¥$(t~') ~ (log(t))° as
t — oo we have that ¥ ¢ L1(R,).

Example 4.6. Let § € (0,1]. Consider the pair (k,¢) = (¢3,%?9) given in Corollary 4.1, then

1/2
Var[Xk.(t)]N;(log(t))E, as t— oo,

and 05
t-log(t™1))
Xi(t)] ~2 2(— t +.
Var[ X (t)] v T1+20) as t—0
Proof. Tt follows from (4.9) that 7 is a regularly varying function of index o = —§. Further, since

0t ~ (log(t))?, as t — oo,

it follows that Z(t‘l) is a slowly varying function. Therefore, Theorem 4.2 implies that

Var[X(t)] ~ V;(log(t))&, as t— o0,

and
5

) (t . log(t_l))2

s t— 0T,
ra+2) @ = '7

Var[ X (t)] ~ 2v
Corollary 4.2. For all n € N there exists a pair (¢n,¥,) € (PC) such that ¢, € (CM) and
%(t_l) ~logl™(t), ast — oo,

and .
Yt ~t (log(t™))" ast — 0T,

where log™ =logologo-- - olog.

n—times

Proof. The proof will be done by induction. For n = 1, we consider the pair (¢1,11) € (PC) given by
Corollary 4.1 with § = 1.
Let n > 1. Assume that there exists a pair (¢n, ) € (PC) such that ¢, € (CM) satisfying

{Z)\n(fl) ~logl"(t), as t — oc.

and .
Yo (t™) ~t (log(t™))", ast — 0T
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Since ¢, € (CM) and ¢, * ¢, = 1, it follows from Lemma 4.1 that for all 6 € (0,1) there exists a
completely monotonic function, denoted by ¢? , such that

AN =5 @) A0,
Now define L
G (f) = / S()ds, > 0. (4.10)
0

Since the class of completely monotonic functions is closed under addition and pointwise limits, we
conclude that ¢,41 € (CM). In consequence, it follows from [39, Theorem 5.4 and Theorem 5.5] that
there exists 9,+1 € (CM) such that

wn+1 * Ppt1 = 1. (411)
Furthermore, we have that
— L "l N0 Un(N) = 1
Goni ) = [ A= [ (5 s = N )
0 0 )‘( ) An(N) log(¥n(N))
Since (¢n+t1,¥n+1) € (PC), this in turn implies that
_ b (X) Tog (1, (A
o) = o8(UnN) \ o (4.12)
'l/}n(A) -1
Therefore, we have that
_ b (1) log (0, (t1
P (t1) = Yt ) og(¥n )), t>0.

Pn(t=1) -1
We note that the inductive hypothesis implies that

Gn (™) N log™ (¢)
V(=) =1 logM(t) —1

~ 1, ast — oo.

In consequence we have
1/1/7,,:1(15*1) ~ log({/;n(t*l)) ~log"(t), as t — oo.
On the other hand, since @(t‘l) — 0 ast — 0%, we have that
@(til) ~ in(tfl)log(in(fl)), as t— 0T,
which by the inductive hypothesis is equivalent to
@(til) ~ (t (log(fl))n)(log(t) + log(log(tfl)”)>, ast — 0T,

We recall that
log(log(t~")")

li =0
150t log(t) ’
for all n € N. Hence o .
Y1 (1) ~ t (log(t™1)"", as t — 07,
and the proof is complete. O

Remark 4.3. Let n € N and (¢n,¢¥n) € (PC) given in Corollary 4.2. Since Z/b;(t_l) ~ logl"(t) as
t — oo, we have that for all n € N the functions ¥y, ¢ L1(R4).
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Example 4.7. Let n € {2,3,---}. Consider the pair (k,£) = (¢n,¥n) given in Corollary /.2, then

2
Var[ X (t)] ~ v log"\(t), as t— oo,
n

and )
Var(X (t)] ~ v*#* (log(t™))™, as t— 0T,

where log™ =logologo- - olog.

n—times

Proof. We note that for every n € N the function @ is a regularly varying function of index ¢ = —1.
Indeed, recall that 1, is defined by

~ log(t

By =20 o

t—1
Hence, it clear that 7;1 is a regularly varying function of index o = —1. Assume now that 7;” is a regularly
varying function of index p = —1 for some positive integer n > 2. Since 9, (t) — 0 as t — oo, we have
that ~
t
t— M, t>0,
Y, (t) — 1

is a regularly varying function of index ¢ = —1. Moreover, by properties of the logarithmic function, we
have that

t = log(Pn(t)), ¢ >0,

is a slowly varying function. Therefore, it follows from (4.12) that &n—i—l is a regularly varying function
of index g = —1. On the other hand, it follows from Corollary 4.2 that

U (t71) ~ logl™ (1), as t — . (4.13)

Therefore, Z(t_l) is a slowly varying function and Theorem 4.2 implies that
V2
Var[X (t)] ~ — logl™(t), as t— oo,
n

and )
Var[X (t)] ~ %% (log(t™1))™", as t—07.
O

Example 4.8. Let us going to construct the previous kernel for n = 2. For that, let us consider the pair
(0,¢) € (PC) given by

1ta—1 OOe—St
0(t) = —da, d t) = ds, t>0.
(1) /Or(a)a and  C(t) / s

Then we construct @ by applying the Lemma 4.1 as follows

— S ()
PYa(A) = W
Thus, we have that
log ()
. log —
-G
~ log(\)

It is easy to see that the function t — fp;(t—l) is a slowly varying function and 1//15(75_1) ~ log(log(t)) as
t — oo. Finally, according to Theorem /.2 we have that

2
Var [ X (t)] ~ n log(log(t)), ast— oc.
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Corollary 4.3. For alln € N and 6§ € (0,1) there exists a pair (¢5,¢5) € (PC) such that ¢} € (CM)
and
P (1) ~ (log[”] (ﬁ))é7 as t — oo,

and - s
U (t™1) ~ 10 (log(t™)) "ast— 0",

Proof. Let n € N and 6 € (0,1). Consider the pair (¢,,1¥,) € (PC) given in Corollary 4.2. According to
Lemma 4.1 there are completely monotonic functions h¢,, and h3,, such that

() = (6a(V)°, A>0,

and - L s
hs,(N) = (¥a(N)”, A>0.

Now define the kernels
¢ =gi1_s*hS,, and 3 =h3 . (4.14)

Applying directly the Laplace transform, we have

)

AW =1 () ad FX=(mW) A0

We note that by construction 90 € (CM). Hence, it follows from [39, Theorem 5.4 and Theorem
5.5] that ¢? € (CM). In consequence (¢?,12) € (PC). The rest of the proof follows the same ideas of
Corollary 4.2. 0

Example 4.9. Letn € {2,3,---} and § € (0,1). Consider the pair (k,€) = (¢n,n) given in Corollary

4.3, then
2

vwnmw%mwmﬂ as t— oo,

and 5
120 (log(t™1)) an

t +
1120 as t— 07,

Var[ X, (t)] ~ 2v°

where log™ =logologo- - olog.

n—times

Proof. Following the same ideas of Corollary 4.2 we note that for all n € N the functions @ are regularly

varying functions of index o = —¢ and 9 (t71) is a slowly varying function. The rest of the proof is
similar to the proof of Example 4.7. O

4.2 Application to ultra slow diffusion equations

There are another contexts where the pairs (k, ) € (PC) play a fundamental role. For example, this type
of functions has been successfully exploited to study the so-called sub-diffusion processes, see [56, 93, 113]
and references therein. In order to fix some ideas and explain why the results developed in this work
could be interesting in the theory of subdiffusion processes, we consider the following equation

Oyl (u(,) — uo(@)))(t) — Aut,z) =0, >0,z € RY, (
u(0,z) = ug(z), =eRY, (

5)

4.1
4.16)
where k is a kernel of type (PC) and ug is a given function. It has been proved in [56, Section 2] that
the fundamental solution of (5.49) coincides with the probability density function of a stochastic process
X (t). Moreover, in [56, Lemma 2.1] it has been proved that the mean square displacement M (t) of such

process is given by
M(t) =2d(1 = £)(t), t>0. (4.17)
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The function M (t) allows to measure how fast or slow is the diffusion of the equation (5.49). It is
worthwhile to mention that the slowest known rate of growth of M (t) follows a logarithmic law, for
instance see [60] and references therein. In such work Kochubei considered functions of the form

k:(t):/o ga(t)o(a)da, t>0,

where o(t) with ¢ € [0, 1] is a continuous, non-negative function different from zero on a set of positive
measure.

Those equations of the form (5.49) whose mean square displacement follows a logarithmic rate (or
even slower) are known in the specialized literature as ultra slow diffusion equations and they are strongly
related with ultraslow inverse subordinators, see [80)].

Our work allows to study some ultra-slow diffusion equations which had not been considered before.
For instance, the equation (5.49) with (k,¢) = (¢n,¥y) for some n € N, where (¢, 1y,) has been defined
in Corollary 4.2. According to (4.17) we have that the Laplace transform of M is given by

=210, Ao,

which by Karamata-Feller’'s Theorem 2.3 and the asymptotic behavior of L/ZJ; given in (4.13) imply that
M(t) ~ 2d log™(t), as t— oo.

In consequence, the mean square displacement M (t) grows (at infinity) slower than a logarithmic function.

This procedure can be applied to all the pairs of functions in (PC) defined in the Corollary 4.1 and
Corollary 4.3. As far we know, this implies that there are an infinite number of ultra-slow diffusion
equations which have not been analyzed before.



Chapter 5

Non-local in time telegraph equation
and telegraph processes with random
time

The results obtained in this Chapter are based on the submitted article “Non-local in time telegraph
equation and telegraph processes with random time”, [3], in collaboration with Verénica Poblete
(Universidad de Chile) and Juan Carlos Pozo (Universidad de Chile).

In this chapter we study the properties of a non-markovian version of the telegraph process, whose non-
markovian character comes from a non-local in-time evolution equation that is satisfied by its probability
density function. In the first part of the Chapter, using the theory of Volterra integral equations, we obtain
an explicit formula for its moments, and we prove that the Carleman condition is satisfied. This shows
that the distribution of the process is uniquely determined by its moments. We also obtain an explicit
formula for the moment generating function. In addition, we prove that the distribution of this process
coincides with the distribution of a process of the form T'(|Way(t)|) where T'(¢) is the classical telegraph
process, and [Wh(t)| is a random time whose distribution is related to a non-local in-time version of
the wave equation. To this end, we prove that the probability density function can be constructed via
subordination from the distribution of the classic telegraph process.

We recall that from [94, Section 4] we have that the fundamental solution of (1.10), Uy, satisfies

S O 1 L) IO N (O CC) I

2\ v2 v? ’

A>0,zeR, (5.1)

where Uy, is the Laplace transform of Uy. Then, by taking the Fourier transform to (5.1) we obtain

(A%(A))Q 2R\

U1, €) = (5.2)

1
NN o '
(NE() ™+ 200k () + 22
where U 1 represents the Fourier Laplace transform of the fundamental solution Uy.

5.1 Moments of the process Xj(t)

In order to learn more about the behavior of the stochastic process associated to the fundamental solution
of equation (1.10), we want to extend the work done in [94] and [4], about the explicit form of its Variance
and the asymptotic behavior of the same.

50
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Let n € Ng. The n-th moment of the process Xj(t) will be denoted by M, (¢) and it is defined by
M, (t) = / Ui (t )z, ¢ > 0. (5.3)
R

Now, we find an explicit formula for M, (t) and we prove that they satisfy the so-called Carleman
condition, see Theorem 1.1. Such condition implies that the distribution of the process X (t) is uniquely
determined by the moments. Thus, analogously to what happens with the telegraph process in the
classical case, the Moment-Problem is completely solved for X} (t), see Section 1.2. Subsequently, we find
an explicit formula for the moment generating function (see Theorem 5.11 below). Such a formula includes
as particular case the formula of the moment generating function of the classical telegraph process.

Lemma 5.1. Let (k,¢) € (PC) and n € Ng. Then M, (t) is given by the formula

{0’ if n=2m+ 1, for some m € Ny, (5.4)

(2m)! 2™ (1 « (bz(m))(t), if n = 2m, for some m € N,

where ¢p = rox * £, and qbz(m) s defined recursively as follows

First, let us look at the following calculation, which is simple but necessary to prove the previous
lemma. Let f be the function f(z) = arctan(z). We note that the first two derivatives of f are given
respectively by

1
Hp) —
and )
11 _ z
f (SL’) - (1+I2)2
and they satisfy
(1+2?) f" 4+ 2xf =0. (5.5)

Applying the Leibnitz formula for n — 2 derivatives, in both terms of (5.5), we obtain

n— -2 -2
((1 + x2)f//)( 2) _ (1 + x2)(fll)(n—2) + (n | )(2$)(f/l)(n—3) + (TL 5 )2(f//)(n—4)
and
N(n—2) _ Nn—2) , [n—2 N (n—3)

()2 = 207D+ ()2,

Thus, we can rewrite (5.5) as
(1422 f™ 4+ 22(n—2)f" D 4+ (n—2)(n —3)f" 2 + 20D 4 2(n — 2)f*2 =0. (5.6)
Then, we can calculate the nth derivative of arctan(z) in xg = 0 with the following recurrence formula
F(0) = —(n = 2)(n — 1) f"=2(0).

Finally, we have that f(©)(0) =0, f(*)(0) = 1 and we can conclude that

(™) () = 0, ifn=2k keN,
F0) = { (—=Dk(2k)!, ifn=2k+1, keN. (5.7)
According to equation (5.7), a straightforward calculation shows that
1 (—=1)™(2m)1™
%" T gmt 5.8
“ <a+ bx2> o0 amT1 (5.8)
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Proof of Lemma 5.1. Let n € Ny and consider M,, defined as (2.25). For the Laplace transform M, we
have

M\n()\) :/O /Rxne_AtUk(t,[L')dl‘ di
N ' A

=iz /0 N /R M (e dt)| =07 (Tun9))

-0

It follows from Equation (5.2) that

= 1 KW
Ur(\E) = ——5=, A>0 R

k( 76) )\’C(}\)+V2£27 >0, ge )
where K(A) = (Ak(A))2 + 21 Ak(A). Therefore, we have that

SN e 1
Mn(A) =" == 0 (zcu)wz@)‘g_o’ A=0

According to Equation (5.8) we have that

if n = 2m + 1, for some m € Ny,

C—— ~———, if n =2m, for some m € N.
((Ne(N)2 + 20 zk(N))

0,
M,(\) =<1 (2m)! v2m
A

Now, we note that

1 1 1 ~ -~

= ~—— = —=— " —= =Ll(N) - Toy(A) = de(A), A>0.
RO + 20 0k(A)  MR(A) AR(V) + 20 )+ Tan(2) = 6e(A)
Thus
- 0, if n = 2m + 1, for some m € Ny,
3 (2m)W?™(¢e(N)) ", if n = 2m, for some m € N,
and the representation (5.4) follows from the uniqueness of the Laplace transform. O

5.2 Moment Problem

In this section we give the complete solution to the Hamburger Moment-Problem for the stochastic
process X (t) associated to the fundamental solution of the equation (1.10), see (1.13). We show that,
for any fixed ¢ > 0, the moments of X}(t) satisfy the Carleman condition, see Theorem 1.1. Therefore,
the distribution of Xy (t) is completely determined by its moments. This result is given by the following
Theorem.

Theorem 5.1. For any fized t > 0, the moments of Xy(t) satisfy the Carleman condition

Proof. Let t > 0 be fixed. The condition (k,¢) € (PC) implies that both rg,(t) and ¢(¢) are non-negative
functions. Therefore, it follows directly from (2.7) that ro,(t) < £(t), and consequently

Mo, (t) < (2m)! 2™ (1 % £02M)) (1), (5.9)
Further, using 2m-times the Young inequality, we have that

My (t) < (2m)! 2™ (1% £)(£)) ™
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This implies that
1 1

21 00) @) (D)

b

and

1 > 1 - 1
(1 0)(0) mZ: ) mZ: R/ Mo (8)

It follows from Stirling formula that

m
lim — = —.
m—oo 2n/(9m)l 2

Therefore, by the limit comparison test for divergent series, we have that

1 = 1
v2(1*£)(t) mZ: >2/(2m)!

is a divergent series, which implies that the series

> 1
277

m=1

—

g
5
3
g

is divergent as well. O

Remark 5.1. When £ =1, it follows from (5.9) that
Moy, (1) < V™2™t > 0. (5.10)

This estimates improves the one obtained in [6/, Theorem 3/;

2,2

Mo (t) < (W)*™ (1 + put) =, t>0.

In the case that { = g, for some « € (0,1), we have that

t2ma

Mo, () < 2m)W2"——— £ >0.
2m(t) < (2m)lv r2ma+1)’ 20

Moment generating function

According to Equation (2.18), the moment generating function is given by
2 2" M, (1)
Mt z) = Y — 1 >0 [2[ < Ro, (5.11)
n=0

for some Ry >0 .

Once the distribution of a stochastic process is proved to be uniquely determined by the moments,
one may wonder if a formula of the corresponding moment generating function can be obtained in an
explicit form.

Theorem 5.2. Let (k,¢) € (PC). For any t > 0 and |z| < Ry, the moment generating function (5.11)
has the form

1 Ui 1 n 2
M(t,2) = = || ——— 41| s, Q) + [1 - —L ) s(t,0?) ], 5.12
(t:2) 2[( /n? + 2202 ) (Q) < /772+22V2> (Q) (5.12)
where QL =n — \/n2 + 1222, Q% =n+ /n? + 1222 and s(t,-) is the scalar resolvent defined in (2.6).
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Proof. According to (5.4) and (5.11), we have that

> ZQnMgnt
M(t72):Z(2m|(), t>0, |Z|<R0,
n=0

and its Laplace transform is given by

i\i< E\)\))> ’ )‘>07|Z‘<R07

=0\ 1+2nt(N)
Since |z| < Ro and £(\) — 0 as A\ — oo, there exists Ao > 0 large enough such that

V222 (I(N)

= <1,
14 2ne(N)
for all A > A\g. This implies that
— 1 1
M\ z)=——— A> A, |2| < Ro.
A v2 22 (7(0)
O 12ne(n)

Using the fact that (k,£) € (PC) we have that

k()2 + 20k (V)
(AR(N)? + 2AR(X) — 222

A straightforward calculation shows that

R - _GEEN) e R

M(), 2) =

A > Ao, |2] < Ro.

M\, 2) = — = A > Ao, |2| < R,
AE(A) +b1(2)  Ak(N) + ba2(2)
where
a(z)_—n+~n2+z2u2 and a(z)——'n2+22”2_77
! 2/ + 2202 2 2/ + 2202
and
— V242202 and ba(z) = n+ V/n? + 222
Therefore,
M(X, 2) = a1(2)5(A, b1(2)) + az2(2)5(\, b2(2)) A > Ao, |2] < Ry.
Hence, by uniqueness of Laplace transform, we have that (5.11) is given by the formula (5.12). O

Remark 5.2. Classical case. Note that in the case £ = 1, we have that s(t,v) = exp(—tv). Therefore,
we have that

et U N exwepe 7 e
M= KWH> )

=e~ " | cosh (tv/n? + 22v2) + " inh (tv/m? + 2202) |,
+ 2212

)

2
fort >0 and |z| < Rg. This formula coincides with [64, Theorem 4] for the classical telegraph process.
Remark 5.3. Time fractional case. Consider the pair (k,£) = (g1—a>9a). Then, we have that

(ﬁ + 1) Ba [— (77 - \/m) t“] +

M(t,z) = 3

(1 S ) [ [ (e vir=) ]

This is a new example, not considered in the literature, as far as we know.
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5.3 Asymptotic Behavior of the Moments

As a by-product of the representation of M, (t), we can give a precise description of their asymptotic
behavior when the function ¢ satisfies an additional regularity condition. To this end, we apply a version
of the Karamata-Feller Tauberian theorem, see Theorem 2.3.

The following theorem extend the results presented by Alegria and Pozo in [4, Theorem 3.2], which
are presented in this thesis as well, see Theorem 4.2. The extension is understood in the following sense.
The results in [4, Theorem 3.2] merely analyze the asymptotic behavior of the variance, which is the
second moment of the process. Theorem 5.3 gives a precise description of the asymptotic behavior of all
the even moments.

Theorem 5.3. Let (k) € (PC) and n € N. If { € RV for some g1 < 2=, then

2n’?
@2n)lv?

Moy (t) ~ m(z(fl))%, ast— 0T, (5.13)

Further, if £ ¢ L1(Ry) and le RVE? for some 02 > —1, then

n

nj. 1/2 no~ n
Mzn(t)wr‘(l(%’_Q&)ﬂ(n) (@t™)", ast — oc. (5.14)

If ¢ € Ly(Ry), then

N
Moy, (t) ~ 2n!u2"(|1 , ast — oo. 5.15
Proof. 1t follows from (2.9) and (5.4) that the Laplace transform of My, (t) is given by
P Z)\ 2n
MQn()\) = V2"(2n)' %, A>0.
A1+ nl(X))m
Since £(\) — 0 as A\ — oo, we have that
— (2n)ly2n
Map(X) ~ NI 1(A), A>0,

where Li()\) = \~2na (?(/\))2 for A > 0. Since £ € RVY, it follows from Remark 2.2 that L; € SV.
Moreover, since g1 < =

5, it follows from Karamata-Feller Theorem 2.3 that

@2n)!v® o n
7F(1—2ngl)(£(t )", ast— 07,

On the other hand, if £ ¢ L;(R;) we note that

Moy, (t) ~

—~ 1/2 n 1 1
MQTL()\) ~ (271)' (;) WLQ ()\> , as A — 0,

where Ly: (0,00) — (0,00) is defined by Lo(t) = (t_QQZ(t_l))n, for t > 0. Since £ € RVE, it follows
from Remark 2.2 that Ly € SV. Moreover, since g3 > f%, it follows from Karamata-Feller Theorem

2.3 that
2

Mo () ~ &(i)"@(ﬂ))", as t — 0.

I'(1+mng2)\ n
To finish the proof, we note that if £ € Li(Ry), then £(A) — ||¢]l1 as A — 0. Therefore, we have that
M\Qn()\) L (2n)! %" (W)n, as A — 0.
A L+l

Since the constant functions are slowly varying at infinity, we have that

1£[1%

n
—L ) ast — oo.
1+77||€||1>

My, (t) ~ (2n)! " <
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We point out that the conditions of Theorem 5.3 might seem very restrictive. However, we will show
that such conditions are satisfied by many pairs of functions (k, ¢) € (PC).

Example 5.1. Consider the pair (k,¢) € (PC) given by (¢1—a,ga) for some o € (0,1). It is well-known

that )
) = e A0

Therefore, we have that le RV with o1 = —a, and le RVE* with 3 = . Since £ ¢ Ly(R.), it follows
from Theorem 5.3 that
(2n)!v2n

Ml BT o)

2" ast— 0T,

and

(2n)! 2\
M) = (Y
2n(t) I'(1+na)\n @t oo

Example 5.2. Consider the pair (kq,4q) € (PC) given by

Falt) = /0 ga(t)da, and La(t) = /O -

In this case, it has been proved in [60, Section 3] that 5 ¢ L1(Ry) and
>y _ log(A)
gd()‘) - A—1"

Therefore, we have that Zd € RV with o1 = —1, and Zd € RVE* with g2 = 0. It follows from Theorem
5.3 that

A>0.

(2n)! v

2n
T (] +
11(1+2n)(t og(t))™", ast— 07,

MQn(t) ~

and
2

Mon(t) ~ (2n)! (%)"(mg(t))”, as t = co.

Example 5.3. Let 6 € (0,1) and consider the pair (ks,ls) € (PC) whose their Laplace transforms are

given by
~ 1/a-1Y\° - log(A\)\°
ké(M_)\(log(A)) , and Lls(\) = <)\_1> , A>0.

This example was first considered in [4, Corollary 3.10]. In such a case, Zg € RV with p1 = -9, and
ls € RVE* with g2 = 0. Thus, since {5 ¢ L1(Ry) it follows from Theorem 5.3 that

(2n)! 2"
I'(1+2n)

Mo, (t) ~ (t log(t))2n6, ast— 0T,

and

1/2

Mon(t) ~ (2n)! (;)n(log(t))m, as t — .

Example 5.4. Consider the pair (kjg),{2)) € (PC) whose their Laplace transforms are given by

! A
S log(A)+1-A _ log() log (—"fﬁl))

,and Lg(A) = A> 0.
Alog(A) log (lo)\gf()l‘)) = log(A) +1—A

This example was first considered in [4, Corollary 3.13]. In such a case we have that 2[2] € RV with
o1 =—1, and Z[Q] € RV with oo = 0. It follows from Theorem 5.3 that

(2n)! 2

4n +
711& o) (log(t)) , ast— 07,

Moy (t) ~

and
2

Moy (t) ~ (2n)! (%)n(log(log(t)))n, as t — oo.
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Example 5.5. Let v > 0, a € (0,1) and consider the pair (k,£) € (PC) given by

t
k(t) = g1_a(t)e +7/ Gi-a(8)e™"ds and L(t) = ga~(t) = ga(t)e™ ", t>0.
0

It is well-known that 1
N)=———, A>0.
W (A +7)e

Therefore, we have that le RV with 01 = —a, and (e RV with oo = 0. It follows from Theorem 5.3
that

@2n)v2n i
Moy, (t) ~ ————t=" t—0
2n( ) F(l—l—?na) , as )
and
v2I\n
Mo, (t) ~ (2n)! (?) YT ast — oo.

The preceding example is a particular case of the following more general situation.

Example 5.6. Let v > 0, n € N, (k,{) € (PC), £ € RV with o, < = and le RV§*. Consider the
pair (ky, L) € (PC) given by

t
ky(t) = k(t)e " + 'y/ k(s)e ®ds and £,(t) =L(t)e ", t>0.
0

Note that, from the shift Laplace transform theorem, we have Z, (A) = {(A+7). Since { € RV"L, it follows
from [11, Proposition 1.5.7] that {., € RV?.. Moreover, since ., € L1 (R"), we have that { € RV§* with

02 = 0. Thus, it follows from Theorem 5.3 that

May(t) ~ r((fn_)!zyn;) (7)™, ast — 0%,
and )
Mo, (t) ~ (2n)! (%) (Z(’y))n, as t — oo.

Example 5.14 is interesting because it shows that there are infinitely many pairs (k,¢) € (PC) such
that ¢ € L1 (R ) and the corresponding moments M, (t) do not grow infinitely as time goes to infinity.

5.4 Subordination principle for the fundamental solution

We recall that Clement and Nohel [25, Theorem 2.1] established that the condition (k, £) € (PC) implies
that £ is a completely positive function. This property has played a prominent role in the theory of Volterra
equations. In particular, it has allowed to establish the subordination principle in the sense of Priiss, see
[95, Chapter 4] , which has demonstrated to be a powerful tool in the theory of evolution equations. Using
a similar approach, in this Section, we prove that it is possible to construct the fundamental solution of
(1.10) from the fundamental solution of (1.4). In order to develop an iterative subordination method to
this end, we extend the propagation function concept, see Definition 2.16.

If we define the function ¢, (A) = %, for ¢ > 0. It follows from [95, Proposition 4.5] that the
condition (PC) implies that ¢, is a Bernstein function. This in turn implies that, for each fixed 7 > 0,
the function

d)T,U()‘) = eXp(fTWU()‘))a A >0,

is completely monotonic with respect to A > 0. Therefore, from Bernstein’s Theorem (see Theorem
2.1) for every 7 > 0, there is a unique nondecreasing function W, ,(-,7) € BV (Ry), normalized by
Wi.0(0,7) = 0 and left-continuous, such that

Vr,0(A)
A

Weo(\,7) = . A>0. (5.16)
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The function W (-, -) is the propagation function, see Definition 2.16, associated to the completely
positive function ¢ and the parameter . Note that, in the case ¢ = 1, this function coincides with the
function (2.15), defined by Priiss in [95] and it has very interesting properties. The following result is a
direct consequence of [95, Proposition 4.9].

Proposition 5.1. Let o > 0 and (k,£) € (PC). Then, for allt >0, and v € R} we have that

o0
s(t,ov) = — / VAW o (t7), (5.17)
0

where s(-,-) is the scalar resolvent function (see Definition 2.10 above).

Proof. Let ¢ > 0 and v > 0 and define the function
H(t) = —/ e d Wy (t,T), t>0.
0

It follows from (5.16) that the Laplace transform of H is given by

H(\) = k() / e Ve~ ﬂi(x)dr = L)\l, A>0.
0 ov + k()

On the other hand, it follows from (2.8) that
k)

S ov)=—20  A>0.
AE(\) + ov

The conclusion follows from the uniqueness of Laplace transform. O

The preceding representation can be extended for complex numbers v € C such that Re(v) > 0,
provided that ¢ satisfies some additional assumptions such like being 1-regular, see Definition 2.14, and
f-sectorial, see Definition 2.13, as follow.

Proposition 5.2. Let 0 > 0 be fized. Let (k,f) € (PC) be such that the function £ is 1-reqular and
6-sectorial with 6 < T, then for everyt > 0, we have that the propagation function Wy ,(t,-) € BV (R4)N
Whl(R,) and

loc

s(t,ov) = —/ e "T0 Wy o (t,T)dr, t>0, Re(v)>0. (5.18)
0

Proof. For o = 1, this result has been established in [95, Proposition 3.5]. For any o > 0, the proof
follows from a rescaling argument of the case o = 1. O

In the following result we prove that 0.W; (¢, 7), for ¢ > 0 and 7 > 0, can be interpreted as the
probability density function of a stochastic process.

Proposition 5.3. Let 0 > 0 and (k, /) € (PC). If £ is 1-reqular and 0-sectorial with 0 < T, then we have

0-(—Wpo(t, 7)) =2Var(t,7), t>0,7>0,

where Wy »(-,-) is the propagation associated to ¢ and o, defined in (5.16), and Var(-,-) denotes the
solution of the following evolution equation

02 (kxk+* (v(-,x) —do(2))(t) = 0?02v(t,z), t>0, v €R, (5.19)

subject to the initial conditions v(0,2) = do(x) and dwv(t,x
particular, 0, Wy »(t,7) > 0 for allt > 0 and 7 > 0, and

>‘t:0 = 0, whenever the last one exists. In

/ O, (=W (t,7))dr = 1,
0

for allt > 0.
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Proof. Let o > 0 be fixed. It follows from (5.16) that

—~ 1
0 Wpo(AT) = ———ex
l, ( ) oA ()\) p(

-7

al(N)

» A>0,7>0.

~

From the condition (k,¢) € (PC), we have that )@(A)E()\) =1 for all A > 0, which in turn implies that

k(N <7ARAU

—8TWM(A,T) == exp , A>0,7>0.

On the other hand, according to (5.1) with n = 0, we have that the Laplace transform of the solution to
(5.19) is given by

N 1~ — || AR (A
%“A@)ZA—kMﬁxp(Jﬂ—ij), A>0, z€R.
20 o
Thus, it follows from uniqueness of the Laplace transform that 0. (=W, (¢,7)) = 2Var(t,7), for t > 0

and 7 > 0. This fact shows that the function —0.W, ,(t,7) is positive for all ¢ > 0 and 7 > 0. Moreover,
it has been established

/ Var(t, z)dx = 1,
R

for all ¢ > 0. Since Vai(t,-) is an even function, it follows that / 0 (Wi (t,7))dr = 1, for all
0

t>0. O

Remark 5.4. We observe that Equation (5.19) can be obtained from Equation (1.10) by choosing n =0

and v = o. This fact implies that Var(+,-) can be interpreted as the distribution of a stochastic process

W(t), t > 0. Since Var(t,7) = Va(t,—7) for allt > 0 and 7 € R, we can conclude that 2Vay(t, ) with

t >0 and 7 > 0 is the probability density function of the process [W(t)|, t > 0. In this sense we say that
Vai(t, ) is the folded solution of (1.10).

Now we are in position to prove that the fundamental solution of Equation (1.10) can be constructed
via subordination from the distribution of the classical telegraph process.

Theorem 5.4. Let (k,l) € (PC) such that £ is 1-regular and 0-sectorial with 6 < . Then, the funda-
mental solution Uy (t,z) of (1.10) can be represented as follows
oo
Uk(t,x) = —/ P(1,2)0, Wy o(t,7)dr, t>0, x €R, (5.20)
0
where P(t,x) is the probability density function of the classical telegraph process, o is an arbitrary positive
constant, and Wy, is the propagation function associated to the function ¢ and o, defined in (5.16).

Proof. Tt follows from (5.2), that the Fourier-Laplace transform of U is given by

= 1 (k)" + 2 AE(N)
Te(M€) = ~— ~ . A>0, E€R.
#%.0) A (RN))? 4 20 Ak () + 22 0 8€

We decompose the denominator as follows
(AE(N)? + 2 Ne(\) + 1262 = (AR(A) + 0 R1(€)) - (ME(N) + 0 Ra(€)),

where

Ri(§) = v/ V772_l/2§2’ and  Ry(€) = n+ V- v

g o

)

and o is an arbitrary positive constant. By a straightforward computation we have that

U . 1 k() 1 0 ey
SO =1 k 2 = A R.
k< ’6) <2+2 772_7/2§2> )‘k()‘)+0R1(f)+<2 2 772—V2€2> Ak(>\)+0’R2(§)7 >07£€
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It follows from (2.8) that U(t,€), which is the Fourier transform of U(t,z), is given by

Up(t,€) = <; + 277277—1/2§Q> s(t, o Ry (€)) + (; - 277277—%52) s(t,oRo(€)), t>0,€€R. (5.21)

Since £ is 1-regular and ¢-sectorial with 6 < 7, it follows from representation (5.18) that
s(t,ov) = —/ e O Wy o (t,T)dT, t>0, Re(v) > 0.
0

We note that for all £ € R, the real part of both R;(£) and R»(&) is positive. Hence, it follows from (5.21)
that

- 00 ,—Tn

for allt > 0 and £ € R. B
On the other hand, it is well-known that P(7,¢) the Fourier transform of P(7, ), see [86], is given by

n - 2_12¢2 n —r 2_c2¢2
R S— % oV 1o — eV AW, o (t, 7)dr,
( /772 _ V2€2> ( /772 _ I/2§2> ] 2 ( )

e~ ™

P(r,6) = —

)

I — T R — PRV
Vi =2 Vi =22

which implies that
Ti(t,€) = — / P(r, )0, Wy, (t,7)dr, t>0, € €R.
0

Now, by taking the inverse Fourier transform, we have that Uy (¢, z) is given by (5.20). O

Remark 5.5. The constant o > 0 arising in the representation (5.20) can be chosen arbitrarily. Indeed,
all the analysis can be made by taking o = 1. However, as we will show by means of several examples,
this constant plays a crucial role for relating Uy (t,x) with the distribution of some concrete stochastic
processes that appear in the context of subdiffusion theory.

Proposition 5.4. Let (k,¢) € (PC). The fundamental solution of (1.10) can be interpreted as the
distribution of a process of the form T(|W(t)|), t > 0, where T'(t) is the telegraph process and |W(t)| is a
random time whose law is 2Vai (t,7) with t > 0 and 7 > 0, where Var(-,-) is the solution to the nonlocal
equation

02 (k*k* (u(-,z) — 8o(2))(t) = 0?0%u(t,z), t>0, xR,

subject to the initial conditions
u(0,z) = do(x), and 8tu(t,;v)|t=0 =0,
where the initial condition imposed in the first derivative initial be considered only when exists.
Proof. The proof is a direct consequence of Theorem 5.4, Remark 5.5 and Proposition 5.3. O

Now we focus our attention in analyzing two concrete pairs of functions (k,¢) € (PC) that satisfy
the conditions of Theorem 5.4 and Proposition 5.3. This will allows us to identify the distribution of the
corresponding process |W(t)| with the distribution of some processes that are of interest in subdiffusion
theory.
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Time fractional case

Let o € (0,1) and consider the pair (k,£) = (g1—a, ga) € (PC). In this case, it is well-known that
N =—, A>0.
( ) >\O¢’ >

Therefore, a direct calculation shows that

~

‘)\%Z(/\)‘ < alf(\)|, for Re(\) > 0.

By Remark 2.9, this implies that £ is %F-sectorial. Since a € (0,1), this implies that £ is f-sectorial with
6 < 5. Thus, according to Theorem 5.4, for all a € (0,1), the distribution of the process X () coincides
with the distribution of a telegraph process T'(t) with a random time |[W(t)|, t > 0, where [W(t)] is a
stochastic process whose law is 2Va, (¢, x) with ¢ > 0 and = > 0, where V5, (¢, x) is the solution to the

time-fractional wave equation
02(g2—2a * (u(-,2) — do(2))(t) = 0202u(t,x), t>0, 2R, (5.22)
together with the initial conditions
uw(0,2) = dp(z), and Owu(t,z)lt=0 =0, z€R, (4.9a)
whenever a € (1/2,1], and
u(0,z) = dp(z), =z €R, (4.9b)
if « € (0,1/2].
In what follows, we show that for some values of @ € (0,1) and an appropriate choice of o > 0,

the process W(t) can be identified in a more explicit manner. Our first example was first presented by
Orsingher and Beghin [86, Section 4].

Example 5.7. If a = % and 02 = %, then the distribution of X, (t) coincides with the distribution of the
process T(|B(t)|), t > 0, where T(t) is the classical telegraph process and |B(t)| is the reflected Brownian
motion.

Proof. By definition of the Riemann-Liouville fractional derivative, if a = % and 0% = %, the equation

(5.22) takes the form of the classical diffusion equation
Lo

O(t,z) = 3 opv(t,xz), t>0, zeR, (5.23)
whose fundamental solution is given by the heat kernel

H(t,z) = — ( |x|2) t>0, z€R (5.24)

,x) = exp| —— ], , T . .

V2nt P 2t

It is well-known that 2H (¢, z) for t > 0 and > 0, coincides with the probability density function of the
reflected Brownian motion |B(t)|, ¢ > 0. Consequently, the distribution of the process X 1 (t) coincides
with that of the composition of the telegraph process and the reflected Brownian motion |B(t)|, ¢t > 0. O

Example 5.8. If o = 1 and 0% = 27%, then the distribution of Xo(t) coincides with the distribution
of the process T(|B1(|B2(t)])]), t > 0, where T(t) is the classical telegraph process and By, By are two
independent Brownian motions.

Proof. If a = § and 02 = 273 then the equation (5.22) takes the form

Oy (k1 * (v(-, ) — o(2))(t) = 0% D?v(t,x), t>0, r€R, (5.25)

where k1 = g1/5. Since kp is a function of type (PC), this equation fits in the theory of subdiffusion
equations. To apply the theory developed in [56], we denote by Vi (t,z) the fundamental solution of
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(5.26). Following a similar procedure to that introduced in [56, Section 2], it can be proved that Vi(t,z)
can be represented as follows

Vi(t,z) = f/ H(r,2)0; W, o, (t, 7)dT, t>0,2€R,
0

where H(-,-) is the heat kernel given in (5.24), and Wy, ,,(,-) stands for the propagation function
associated to £; and oy with £; = g1/, and oy := 202 = 273, This implies that the distribution of X% (t)
coincides with the distribution of a process of the form

(B (MDD, ¢ =0,

where T'(t) is the telegraph process, B; is a Brownian motion, and |W;(t)| is a random time whose law
is given by 0, Wy, 5, (¢,7) for t > 0 and 7 > 0. It follows from Proposition (5.3) that

aTWZLUl (t, T) - 2V2k1 (tv T)a t>0,7>0,
where Va, (-, ) denotes the solution of the following evolution equation
O2(ky * ky + (v(-, ) — 6o(x))(t) = 020%v(t,x), t>0, z €R.

A direct computation shows that the preceding is equivalent to the classical diffusion equation
[Py
o(t,z) = §8xv(t,x), t>0, x €R.

From this point, the proof follows the same lines of those in the Example 5.7. Thus, we can prove that
the distribution of X1 () coincides with the distribution of a process of the form

T(|B:(|B2(t)])]), t=0,
where T'(t) is the classical telegraph process and Bj, By are two independent Brownian motions. O

Example 5.9. If a = % and 0% = 2*%, then the distribution of X, (t) coincides with the distribution of
the process T(|B1(|B2(|Bs(t)|)])]), t > 0, where T(t) is the classical telegraph process and Bi, Ba, B3 are
two independent Brownian motions.

Proof. If a = % and 02 = 27, then the equation (5.22) takes the form
Oy (ko x (v(-, ) — 8o(2))(t) = 0% D?v(t,x), t>0, r€R, (5.26)

where ko = g1_1/4. Since ks is a function of type (PC), this equation fits in the theory of subdiffusion
equations. To apply the theory developed in [56], we denote by Vi (t,z) the fundamental solution of
(5.26). By applying the procedure introduced in [56, Section 2], we know that the Fourier transform of
Vi can be written as

oo
Vi(t,§) = —/ e_TTEGTWgz,[,Q(t,7')d7'7 t>0,z€R,
0

where Wy, o, (-, -) stands for the propagation function associate to fo and o9 with o = g1 and o9 1= 202 = 2-1%.
This implies that the distribution of X1 (t) coincides with the distribution of a process of the form

T([B((W2(t)]), ¢ =0,

where T'(t) is the telegraph process, B; is a Brownian motion, and |[Ws(t)| is a random time whose law
is given by 0, Wy, »,(t,7) for t > 0 and 7 > 0. It follows from Proposition 5.3 that

O-Wiy.o0(t,7) = 2V, (¢, 7), t>0,7 >0,
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where Vo, (-, -) denotes the solution of the following evolution equation
02 (kg * kg * (v(-, ) — 6o(x))(t) = 030%v(t,x), t>0, v €R.
A direct computation shows that the preceding equation is equivalent to
Or(ky * (v(-, ) — 6o ())(t) = 020%v(t,z), t>0, z €R, (5.27)

where k1 = g;_1. According to [56, Section 2], the Fourier transform of the solution of (5.27), V1 (¢, z),
can be written as

Vi(t€) =- / e T 0 Wi, o, (t,7)d7, t>0, 2 €R, (5.28)
0

where Wy, -, (+,) stands for the propagation function associate to ¢; and the constant oy, with ¢, = 91

and oy := 2(202)2 = 272, This implies that the distribution of X1(t) coincides with the distribution of
a process of the form
T(IB:(|B2(VL (DD, =0,

where T'(t) is the telegraph process, By, By are Brownian motions, and |[W; (¢)| is a random time whose
law is given by 0; Wy, o, (t,7) for t > 0 and 7 > 0. It follows from Proposition (5.3) that

O-Wiy o0 (t,T) =2V, (8, 7), t>0,7>0,
where Vo, (+, ) denotes the solution of the following evolution equation
02 (k1 % k1 * (v(-,2) — 8o(2))(t) = 020%v(t,x), t>0, z €R.

Finally, a direct computation shows that the preceding is equivalent to the classical diffusion equation
Lo
O(t,x) = iamv(t,x), t>0, zeR

From this point, the proof follows the same lines of those in the Example 5.7. Thus, we can prove that
the distribution of X1 (t) coincides with the distribution of a process of the form

T(|B:(|B2(|Bs(t))))]), t >0,

where T'(t) is the classical telegraph process and By, By, Bs are three independent Brownian motions.
O

1
_1__9
L and o2 = 231

Beghin and Orsingher [87, Remark 3.5] extended the preceding result for o = 57

with n € {1,2,3---}. This result is established in the following example.

Example 5.10. Letn € N. If a = 5= and 0% = 25772 then the distribution of Xa(t) coincides with
the distribution of the process

T(IBi(|Ba(] -+ [Bn-a(IBu(H))]) --- D), £>0,

where T (t) is the classical telegraph process and By, By - -+ By, are (n) independent Brownian motions.

Proof. Let n € N. Let us denote by k, the function k, = g;_1/2». We recall that if a = 2% and

g% = 2T ~2, then the distribution of X, (t) coincides with the law of a process of the form
T(Wa®)D), =0,

where |[W,,(t)] is a random time whose law is given by 2V, (¢,7) with ¢ > 0 and 7 > 0, where Vo (-, )
is the fundamental solution of the equation

02 (ki ko % (v(-, ) — 0o(z))(t) = 02 D2v(t,z), t>0, z € R, (5.29)
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where 0y plays the role of the initial condition. By a straightforward calculation, we note that (k, xk,) =
(1% ky—1), which implies that Equation (5.29) can be rewritten as follows

Ot (kp_1 % (v(-, ) — do(2))(t) = 0% D?v(t,x), t>0, v €R. (5.30)

It follows from [87, Theorem 2.2] that the fundamental solution of (5.30) coincides with the law of the
n-times iterated Brownian motion

I, (t) = By(|Bo (.| Bu(t)].)]), t>0,

where B; with j € {1,--- ,n} are independent Brownian motions. Therefore, the distribution of W, (t)
coincides with the distribution of Z,,(¢). This in turn implies that

Xo(t) 2 T(1B1(1Ba] -+ |Bucr (IBa®D]) -+ D), £ >0,

where T'(t) is the telegraph process and Bj, Ba,- - , B, are n independent standard Brownian motions.
O

As we have mentioned before, both Example 5.7 and Example 5.10 were already present in the
literature. However, our method is versatile enough for allowing us to obtain new examples.

Example 5.11. If a = % and 0® = 1, then distribution of X, (t) coincides with the distribution of the
process T(|A(t)]), t > 0, where T(t) is the classical telegraph process and A(t) is a stochastic process
whose law is given by 3V (t,7), for t > 0 and 7 > 0, where V(-,-) is the fundamental solution of the
following evolution equation

ow(t,x) = ddv(t,x), t>0, 2 €R. (5.31)

Proof. According to Proposition 5.4, we know that if o =
coincides with the law of a process of the form

% and 02 = 1, then the distribution of X, (t)

T(w@l), t=0,

where |[W(t)| is a random time whose law is given by 2v(t,7) with ¢ > 0 and 7 > 0, where v(:,-) is the
fundamental solution of the equation

8,52(92_% * (v(-,x) — 0o () (t) = D*v(t,x), t>0, x €R, (5.32)

where &g plays the role of the initial condition. By definition of time-fractional derivative in the sense of
Riemann-Liouville, we have that the equation (5.32) is equivalent to

23 (w(-,m) — 6o(2))(t) = Dv(t,z), t>0, z€R. (5.33)

Let us denote by vy /3(-,-) the solution of (5.33). It has been established in [87, Remark 4.1] that
3
vy3(t, ) = §V(t, |z]), t>0, x €R,

where V (-, -) is the fundamental solution of (5.31). Since 3V (¢, 7) with ¢ > 0 and 7 > 0 is the probability
density function of the process A(t), according to Remark 5.5, we conclude that 2v,3(t,7) with ¢ > 0
and 7 > 0 is the distribution of the process |A(t)|, t > 0, which completes the proof. O

Remark 5.6. Some of the features of A(t) have been analyzed by several researchers in the last decades.
For instance, conditional distributions of sojourn times for this type of processes has been analyzed by
Nikitin and Orsingher [84], unconditional sojourn laws have been studied by Orsingher [85], the asymp-
totic behavior of the fundamental solution is analyzed by Accetta and Orsingher [1] and some specific
connections with complez-valued walks are examined by Hochberg and Orsingher [}7].

Example 5.12. If a = % and 0% = %, then the distribution of X, (t) coincides with the distribution
of the process T(|B(JA()|)]), t > 0, where T'(t) is the classical telegraph process, B(t) is the Brownian
motion, and A(t) is the process described in Example (5.11).
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Proof. By Proposition 5.4, we know that if « = & and 02 = %7 then the distribution of X, (t) coincides

6
with the law of a process of the form
T(W®I), t=0,

where [W(t)| is a random time whose law is given by 2v(¢,7) with ¢ > 0 and 7 > 0, where v(:,-) is the
fundamental solution of the equation

8?(92_% x (v(-, ) — do(x))(t) = %agv(t,x), t>0, x €R, (5.34)

where Jy plays the role of the initial condition. By definition of time-fractional derivative in the sense of
Riemann-Liouville, we have that the equation (5.34) is equivalent to

03 (u(-, ) — bo(2))(t) = %Biv(t,x), 150, 7 €R. (5.35)

Let us denote by vy /3(-,-) the solution of (5.35). Following the same ideas that those introduced in [56,
Section 2] it can be proved that

o0
v1/3(t,x) = —/ H(r,2)0- Wy, o, (t,T)dT, t>0, z€R,
0

where H(t,x) is the heat kernel defined in (5.24) and Wy, o, (-, -) is the propagation function associated
to {1 and o1, with {1 = g3 and 0? = 202 = 1. This shows that in this case the distribution of X, (t)
coincides with the distribution of a process of the form

T(B(WLBD), ¢ >0,

where B(t) is the Brownian motion and |[W;(t)| is a random time whose law is given by 0, (=W, », (¢, 7))
for ¢ > 0 and 7 > 0. According to Proposition 5.3, we have that

O (=W, 00 (8,7)) = 2Va, (£, 7), t>0, 7> 0,
where k1 = g3 and Vog, (-, -) is the fundamental solution of the following evolution equation
02 (ky * by * (v(-, ) — do(2))(t) —v(t,x) =0, t>0, z€R, (5.36)

where g stands for the initial value. By definition of the time-fractional derivative, we observe that the
equation (5.36) is equivalent to (5.33). Therefore, the distribution of X, (¢) coincides with the distribution
of a process of the form

T(|B(|A®)DI), t>0,

where A(t) is the stochastic process described in Example 5.11. O
Example 5.13. Letn € N. If o = 547 and 0% = 2972 then distribution of Xo(t) coincides with the

distribution of the process
T(|B1(|Ba(l -+ - [Bu([A@)DI) -~ D), >0,

where T'(t) is the classical telegraph process, By, Bs - - - By, are n independent Brownian motions and A(t)
18 the stochastic process described in FExample 5.11.

Proof. To prove this result we need to introduce the following notation. For n € Ny, we denote by k&,
the function k, = gi_1/3.2», and by £, the function £,, = g1 /3.9n.

It follows from Proposition 5.4 that if @ = 34+ and 02 = 25T ~2, then the distribution of X, (t)

coincides with the law of a process of the form
T((Wn(®)), t=0,

where T'(t) is the telegraph process and |[W,(t)| is a random time whose law is given by 2Vaj, , where
Vag,, is the fundamental solution of the following evolution equation

02 (kp # ey * (v(-,2) — 0 (2)))(t) = 02 D*v(t,z), t>0, x €R, (5.37)
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where 0,, = 0. We observe that the equation (5.37) takes the form
Ot (kp_1 % (v(-,x) — 8o(2))(t) = 02 D>v(t,z), t>0, x €R. (5.38)
This equation fits in the theory of subdiffusion equations. To apply the theory developed in [56], we

denote by V;,_1 (-, ) the fundamental solution of (5.38). Following a similar procedure to that introduced
in [56, Section 2], it can be proved that V,,_;(¢,2) can be represented as follows

Vi—1(t,x) = —/ H(r,2)0: Wi, 1.6, ,(t,T)dT, t>0,2€R,
0

where H(-,-) is the heat kernel given in (5.24), and Wy, |, ,(-,-) stands for the propagation function

associated to £,,_1 and o,,_1, with o,,_1 := 202 = 93=T~1 This implies that the distribution of Xﬁ (t)
coincides with the distribution of a process of the form

T(IBy(Wna (DD, =0,

where |[W,,—1(t)| is a random time whose law is given by 9-(=Wy, _, 5, ,(t,7)) for t > 0 and 7 > 0. It
follows from Proposition 5.3 that

O-(—We, 160 (&,7)) =2Vog, (¢, 7), t>0,7>0,
where Vo, (+,-) stands for the fundamental solution of the following evolution equation
02 (kp1 * kp_1 % (v(, ) — 60(2))(t) = 02_,0%0(t,x), t>0, v €R.
A direct computation shows that the preceding equation is equivalent to the following evolution equation
Ot (ko % (v(-,x) — 6o(2))(t) = 02 _, D*v(t,x), t>0, x€R. (5.39)

If n =2, then 02_, = % and the equation (5.39) corresponds to the subdiffusion equation
1 1
Of (v(-,z) — dp(x))(t) = iaiv(t, z), t>0, zeR.

In such a case, the folded fundamental solution of the preceding equation coincides with the distribution of
a process |Bz(|A(t)])|, for t > 0, where Bs(t) is a standard Brownian motion and A(¢) has been described
in Example 5.11. Therefore, the distribution of X, (¢) coincides with the distribution of the process

T(IB1(1B2(lA@DDD), ¢ > 0.

If n > 3, the fundamental solution will be denoted by V,,_a(:, -), which can be represented as follows
Via(t,z) = 7/ H(r,2)0- Wi, 0, ,(tT)dr, t>0,z€R,
0

where H(-,-) is the heat kernel given in (5.24), and Wy, , . ,(-,-) stands for the propagation function

associated to ¢,,_o and o,_o, with g,,_o := 2072171 = 22"1*2_1. This implies that the distribution of

X (t) coincides with the distribution of a process of the form

T(|Byr(|B2([Wn—2(t))DI), =0,

where |[W,,—2(t)| is a random time whose law is given by 9-(=Wy, _,.»,_,(t,7)) for t > 0 and 7 > 0. It
follows from Proposition 5.3 that

- (Wi, 5,005 (t,7)) =2Vag, ,(t,7), t>0,7>0,
where Var, _,(+,-) stands for the solution of the following evolution equation

02 (kp_o * kp_o* (v(-, ) — 60(2))(t) = 020%v(t,x), t>0, zcR.
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A direct computation shows that the preceding is equivalent to the following evolution equation
Or(kn_3 % (v(,x) — 8o(2))(t) = 02_, D2v(t,x), t>0, z€R. (5.40)

If n =3, then 02_, = %, and the equation (5.40) corresponds to the subdiffusion equation
L Lo
ofv(t,x) = iaxv(t,x), t>0, zeR

Therefore, according to Example 5.12 the distribution of X, (¢) coincides with the distribution of the
process of the form
T(|B.(|B2(|Bs(|A@DDDD, = 0.

In general, for n € N the procedure described above can be repeated n-times until we obtain the subdif-
fusion equation

Bt%v(t,x) =0%v(t,x), t>0, x€R,

Therefore, we have proved that the distribution of X . (t) agrees with the distribution of a process of
the form ’

T(|By(|Ba(] - - [Bun-a(IBu (A DDD - - D), ¢ > 0.

where T'(t) is the telegraph process and By, - - B,_1, By, are n independent Brownian motions and A(t)
is the stochastic process described in Example 5.11.
O

Distributed-order case

Before presenting our following examples, we need to recall some facts about the so-called wultra-slow
diffusion equation

O(ka * (v(-,2) — 6o(x)))(t) = dv(t,x), t>0, v €R, (5.41)

where (kg,£q) € (PC) is the pair defined in Example 5.2. It has been established by Kochubei [60,
Section 3] that the fundamental solution of (5.41) can be interpreted as the probability density function
of a stochastic process Py(t) for t > 0. Further, it can be proved that the variance of P4(t) grows (at
infinity) like a logarithmic function, see [56, Section 2|. Later, Meerschaert, Nane and Vellaisamy [78,
Section 5] have studied some other features of this process. In such a work, the authors have referred
this process as Poisson distributed-order process. In this work, we will adopt the same nomenclature to
refer the process Py(t).
Let § € (0,1) and consider the pair (ks,¢s) € (PC) whose Laplace transforms are given by

- 1 (a1
Rs(h) = 42 (@) - A#1 (5.42)
1, A=1,
é
- log(X)
By (5) s A (5.43)
1, A=1.

These pairs were recently introduced by Alegria and Pozo in [4, Corollary 3.10] or Chapter 4, and they
are strongly related to the so-called ultra-slow diffusion processes. We also point out that if § = 1
then (ks, ¢s) coincides with the pair (kq,¢4) defined in Example (5.2).

Proposition 5.5. Let 6 € (0,1). Then {5 is a 1-regular and %’“—sectom’al function.
d ~ 1) A
A—Lls(\) = ——— [ 1= ——1og(N\) | log(A\)°~', A>0, A\#1
300 = s (17 27 10800 ) TogO) L, A0, 421,

Let us now define the function
h(A) = Alog(A) —A+1, A>0.
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We observe that h is decreasing in the interval A € (0,1) and increasing in the interval (1,00). Since h
is nonnegative, h(1) = 0 and
lim g(\) =1,

A—0t

we have that

- (1 3 i 1 log()\)> <log(A) if A>1,

and

<1 — )\i T log()\)> < —log(A\) fO0< A<

Therefore, we conclude that
d ~ .
AT < oB L A> 0 A £ 1L

which implies that {5 is 1-regular. Since L5 is real-valued and 1-regular, it follows from Remark 2.9 that
{ is O-sectorial with 0 = %ﬂ < 3.

Example 5.14. If § = % and 0 = 1, then the distribution of Xy, (t) coincides with the distribution
of the process T(|P4(t)|), t > 0, where T(t) is the classical telegraph process and Py(t) is the so-called
distributed-order Poisson process.

Proof. By proposition 5.4, we recall that if § = % and o2 = 1, then the distribution of Xy, (¢) coincides
with the law of a process of the form
(W@, t=0,

where [W(t)| is a random time whose law is given by the folded solution of the following evolution equation
8,52(145% xky = (v(-, @) — do(2)))(t) — Ov(t,r) =0, t>0, x €R. (5.44)
By a Laplace transform argument, we note that
(kyxky)(t) = (1xkq)(t), t>0.

Therefore, Equation (5.44) is equivalent to (5.41). Thus, it follows from Remark 5.4 and Proposition 5.3
that the distribution of X}, (¢) coincides with the distribution of a process

T(|Pa(t)]), t>0.
O

Example 5.15. If§ = % and 02 = 23T ~L then distribution of X, (t) coincides with the distribution
of the process
T(|B1(|Bz -« (| Bp-a(|Pa(t)]) --- DD, >0,

where T'(t) is the classical telegraph process, By, Ba, -+, Bn—1 are (n—1) independent Brownian motions
and Py(t) is the so-called distributed-order Poisson process, described in Example 5.14.

Proof. For n = 1, this result has been already proved in Example 5.14. In the proof of this result, we
will denote by k,, and ¢,, the functions whose Laplace transform are given by

- 1/A—1\7" _ log(\)\ #
) == (2—=) . and 7,0\ = A > 0.
» A(bam> and - £n(3) (A—l) >0

In order to clarify our result, we consider first the case n = 2. By Proposition 5.4, the distribution of
Xk, (t) coincides with the law of a process of the form

T, =0,

where [Wh(t)| is a random time whose law is given by the folded solution of the following evolution
equation
02 (ko % ko * (v(-, ) — 6o(x)))(t) — 02 ?v(t,x) =0, t>0, z€R, (5.45)
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where 09 = 0. By a Laplace transform argument, we note that
(k2 ko) (t) = (1% k1)(t), t>0,
which implies that Equation (5.45) is equivalent to the following evolution equation
O(k1 * (v(-, ) — b ()))(t) — 05 2v(t,x) =0, t>0, v €R. (5.46)
It has been proved in [4, Corollary 3.13] that k; is a kernel of type (PC). Therefore, by applying the
theory developed in [56], we can prove that

o0
Vi(t,z) = —/ H(r,2)0- Wy, o, (t,T)dT, t>0, z€R,
0

where Vi (-, ) is the fundamental solution of (5.46), o1 = 202 and Wy, , (t,T) is the propagation function
associated to ¢; and o;. This shows that the distribution of Xy, (¢) coincides with the distribution of a
process of the form

(B (M @D, ¢ >0,

where |[W(t)| is a random time whose law is given by 8, (=W, o, (t,7)) for ¢ > 0 and 7 > 0. It follows
from Proposition 5.3 that

Or (=W, 00 (t,7)) = 2V, (t,7), t>0,7>0,
where Vo, (-, ) stands for the fundamental solution of the following evolution equation
02 (k1 % k1 * (v(-,2) — 8o(2))(t) = 02d%v(t,x), t>0, z €R. (5.47)
Since ky x k1 = 1 x kg and 07 = 1, we note that (5.47) is equivalent to the following evolution equation
Oy (kg * (v(-,x) — do(2))(t) = D?v(t,x), t>0, z€R. (5.48)
Therefore, the distribution of X, (¢) coincides with the distribution of a process of the form
T(IB1(IPa(®)DI), > 0.

In general, for n € N, the procedure described above can be repeated (n — 1)-times until we obtain
the subdiffusion equation

Or(ka * (v(-,2) — o(x))(t) = O2v(t,z), t>0, x €R.
This implies that the distribution of X}, (t) agrees with the distribution of a process of the form
T(1B1(|Ba(] - |Bu-a([Pa(®)])]) ---]), >0,

where T'(t) is the telegraph process and By, -+ B,,—1 are (n—1) independent Brownian motions and Pgy(t)
is the so-called distributed order Poisson process described in Example 5.14.
O

Kac [54] has established that if ¢2/u — 1 as p, ¢ — oo, then the probability density function P(t,z)
converges to the heat kernel H(t,z). As a direct consequence of Theorem 5.4, we prove a similar result
in the nonlocal framework.

Corollary 5.1. Let (k,£) € (PC) be such that ¢ is 1-regular and 0-sectorial with 6 < T. Then, the
fundamental solution Ug(-,-)

of (1.10) converges to the fundamental solution Vi(-,-) of the equation
1
O (k * (v(-,z) — do(x)) — 3 O2v(t,x) =0, t>0, z€R,

as p,c — oo in such a way that % — 1.
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Proof. Since £ is 1-regular and 6-sectorial with 6 < 7, it follows from Theorem 5.4 that Ux(t,z) can be
represented as follows

Uk(t,x) = f/ P(r,2)0; Wy o (t,7)dr, t>0, z€R,
0

where P(t,x) is the probability density function of the classical telegraph process, and Wy ,(-,-) is the
propagation function associated to the function ¢ and o. It follows from [54] that if ¢2/u — 1 as u, ¢ — oo,
then the probability density function P(t,x) converges to the heat kernel H(¢,x). Therefore, by a direct
application of the Dominated Convergence Theorem we obtain that

oo
Jm Ukt z) = —/ H(r,2)0- Wi (t,7)dr, t>0, x €R.
% 0

c2/p—1

Following the same arguments developed in [56, Section 2], it can be established that the fundamental
solution Vi (-,-) can be represented as

Vi(t,z) = 7/ H(r,2)0:We o (t,7)dr, t>0, xR,
0

which completes the proof. O

Remark 5.7. There are other general contexts where the pairs (k,€) € (PC) play a fundamental role.
For example, this type of functions has been successfully exploited to study the so-called sub-diffusion
processes, see [56, 93, 113] and references therein. Indeed, let us consider the so-called sub-diffusion
equation

Ou(k * (u(-, x) — ug(x)))(t) — ?02u(t,z) =0, t>0,z€R, (5.49)

subject to the initial conditions u(0,x) = ug(x), where k is a kernel of type (PC) and ug is a given
function. It has been proved, see [56], that the fundamental solution associated of the equation (5.49) can
be viewed as a probability density function of a stochastic process Y (t). The importance of this kind of
processes is that they can be considered as a mon-Markovian version of the Brownian motion, see e.g.
[80, 87].

We point out that following the same scheme of the proof of Theorem 5.1, it can be proved that, for
all n € N, the n-th moment of Y (t) is given by the expression

) 0, if n=2m+1, for some m € Ny,
"l 2m) e (L# ™) (¢), if n.=2m, for some m € N,

where (0™ = (¢*m=1) x 0) for m > 1 and ¢*Y) = 0. Thus, following the same procedure developed in
Theorem 5.1, it can be proved that these moments satisfy the Carleman condition. In addition, analogously
to the proof of Theorem 5.2, we can find en explicit formula for the Moment generating function of the
process Y (t). Finally, making the corresponding adaptations to the proof of the Theorem 5.3, we can give
the precise description of the asymptotic behavior of the moments of Y (t). For the sake of the brevity of
the text we omit the proofs.
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