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Introduction

Markov processes are used to model a great variety of phenomena. Intuitively, a
stochastic process is Markovian if the prediction of the future behaviour is at most

determined by the present state only, while the whole past history is not relevant.

From the analytical point of view, each Markov process corresponds to a family of
linear operators acting on a Banach space of functions. For time-homogeneous (resp.
inhomogeneous) evolutions such a family forms a semigroup (resp. a propagator)
of bounded operators. The main point in the construction of a Markov process
is the definition of an operator which is called ”generator”, that gives rise to the

corresponding evolutionary equations.

The protagonists of this thesis are the jump-type Markov processes: on the one
hand the random flights on manifolds (where jumps occurr in the velocity), on the
other Lévy processes and subordinators. These two topics respectively correspond

to part I (chapters 1,2,3) and part II (chapters 4,5,6) of the present manuscript.

Part I is placed in a strand of literature that studies how a Markovian random
flight in the euclidean space can be approximated by means of a sequence of non-
Markovian processes. More precisely, the (not-Markovian) Lorentz Process, which
is a motion among randomly distribuited obstacles, converges to a Markovian flight
under a suitable scaling limit. The first attempt in this direction was performed
by the physicist Giovanni Gallavotti and was developed in successive papers. In
his study on the Lorentz Process and its Markovian approximation, Gallavotti was
able to solve one of the biggest open problems of mathematical physics, namely
the rigorous derivation of the Boltzmann equation. This is the equation govern-
ing the evolution of an interacting point-particle gas, namely a random flight with
jumps of its velocity. In this thesis, I have studied the non-Euclidean counterpart
of the Lorentz Process on a hyperbolic space, and the Boltzmann generator on the

hyperbolic manifold has been obtained

Indeed, random motions in non-euclidean manifolds have been widely studied in

recent years. The motivation for these studies ranges from the pure mathematical
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curiosity up to the justification given by modern physics, according to which the
universe would not be ruled by Euclidean geometry. Such models often consist in
the non-Euclidean counterpart of the most important stochastic processes already
studied in the euclidean case. For example, hundreds of papers are devoted to the
Brownian motion on the sphere and on hyperbolic spaces, as well as to random

flights on Riemannian manifolds.

Surprisingly, no work has ever been written on the Lorentz process on non-
Euclidean spaces, and this has prompted us to make our attempt, that is certainly

the first of its kind ever to have been made.

Part IT concerns Lévy processes and subordinators. In the literature, subordina-
tors are used to the random time change. In particular, for a given process X (t), the
deterministic time ¢ can be substituted by a subordinator: this speeds up or slows
down the process in a random way. The subordination of some Markov processes
is the object of chapter 5. Explicit expressions for the state probabilities, for the
intertimes between jumps and sojourn times are obtained in the case of birth, death

and birth-death processes.

From a probabilistic point of view, the most technical part of the present manuscript
is chapter 6, where a new class of markovian jump processes is investigated. These
are called non-homogeneous subordinators, because they generalize the classical sub-
ordinators, in the sense that their increments are independent but non-stationary.
Their time-dependent generators are determined and subordinated semigroups are
investigated; a time-nonhomogeneous generalisation of the well known Phillips for-

mula is proposed.

The plan of this manuscript is the following:

e The general theory of Markov processes (including the notions of semigroups,

propagators and generators) is taken for granted.

e In Chapter 1 the Lorentz process in the Euclidean plane is described, and

Gallavotti’s results (together with its recent developements) are expounded.
e Chapter 2 is a self-consistent introduction on hyperbolic geometry.

e In Chapter 3, the Lorentz process on the hyperbolic half-plane is constructed.
The hyperbolic version of Gallavotti’s theorem is obtained and the Boltzmann

Markovian generator is derived.

e Chapter 4 is an introduction to Lévy processes and Subordinators.
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e Chapter 5 regards the composition of birth, death, and birth-death processes

with standard subordinators
e Chapter 6 deals with non-homogeneous subordinators

e Fractional derivatives appear in Chapters 5 and 6 for some particular processes
among the more general ones studied, but an introduction on fractional oper-
ators is voluntarily missing. Those who are not expert in fractional calculus

can skip these parts without altering the understanding of the whole text.

Moreover, we stress that chapters 1, 2 and 4 are introductory and expose results
that are known in the literature (although suitably reworked), while chapters 3, 5
and 6 contain original results, which are expounded in the following papers of which

I am co-author:

e Population models at stochastic times, E.Orsingher, C. Ricciuti and B. Toaldo,
Advances in Applied Probability, 2016.

e Motion among random obstacles on a hyperbolic space, E. Orsingher, C. Ric-
ciuti and F. Sisti, Journal of Statistical Physics, 2016.

e Time-inhomogeneous jump processes and variable order operators, E. Ors-
ingher, C. Ricciuti and B. Toaldo, Potential Analysis, 2016.
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Chapter 1

Motion among random obstacles

1.1 Generalities

The subject of random obstacles aroused great interest in the last decades. Indeed
random media are able to describe a great variety of phenomena, which go far beyond

the behaviours displayed by periodic or constant media.

There are many applications in physics. For example, when an elementary parti-
cle moves through a material medium, it may be subject to the presence of randomly
distribuited impurities, which act as either absorbing traps or reflective barriers. The

same thing occurs when a ray of light passes through a transparent medium.

In many models, obstacles are assumed to be distribuited according to a poisso-
nian field. A relevant attention has been given to Brownian motion among poisso-

nian obstacles; on this point consult, for example, [68].

In this work, we are rather interested in the Lorentz model, describing a deter-
ministic motion in presence of randomly distribuited obstacles. This model has a
physical origin, as it was proposed by Lorentz to describe the motion of electrons
inside a metallic material. Indeed, the classical model of electrical conduction states
that the motion of the electrons is subject to several collisions with the metallic

nuclei.

In the 1970’s, thanks to the work of Gallavotti (see [26]), the Lorentz model
was involved in what is perhaps one of the most important questions of mathemat-
ical physics: the rigorous derivation of the famous Boltzmann equation. Such an
equation describes the macroscopic behavior of a gas (for a complete discussion see
[20]), giving the time evolution of the mass density f(q,v,t), namely the portion of
particles located in g with velocity v at time t. A big problem of statistical physics

11
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was the inability to obtain the Boltzmann equation from the microscopic particle
dynamics in a rigorous way, since it was necessary to make physical assumptions.
On this point Gallavotti proved that the linear Boltzmann equation can be obtained
rigorously from the microscopic dynamics in the case of the stochastic Lorentz gas

by means of a scaling limit.

Leaving aside the dynamics of a gas, one can think in terms of stochastic pro-
cesses: with this view, the mass density of the Lorentz gas is substituted by the
probability density of a single particle moving among random obstacles. In this

framework, we now show Gallavotti’s results in more detail.

1.2 The Euclidean Lorentz Process

We now describe Gallavotti’s results, which are reported in [26]. Suppose that static
spherical obstacles are distributed in R? according to a Poisson probability measure
with intensity A. More precisely, the probability to have n obstacles centers in a
region S is given by
AS|)"?
Pr{N(S) =n} = e’)‘|5|—( |n'|)
where |S] is the area of S.

The particle is assumed to move along straight lines at constant velocity (which
is assumed equal to 1 for the sake of simplicity) and to be specularly reflected by the
obstacles. Therefore, a deterministic motion in a random environment arises. Thus
the couple position-velocity at time ¢, denoted as (Q(t), V(t)), defines a stochastic
process with values in R? x Sy, that we call Lorentz process (here S; denotes the

unitary circle).

This process is clearly non-Markovian, because the trajectories remember the
effect of previous collisions. The main result of Gallavotti’s work is the proof of
consistency of the so-called Boltzmann-Grad limit, in which the radius r of each
obstacle decreases to zero and the density A increases to infinity, so that the mean
free path (2Ar)~! remains constant (few collisions regime). Under the Boltzmann-
Grad asymptotics the one-dimensional probability density of the Lorentz process
converges to that of a Markovian process, solving the following linear Boltzmann

equation:

a 27 ‘ ﬁ dﬁ

a (Q7v7t) +U'vqf(£]7v7t) = _Uf(Q>Uat)+0 f<Qa Rﬁ7t) Slngz (121)
0

where Rjg is the rotation of an angle 5. Equation (1.2.1) is the generator equation

of a markovian random flight. Such a process can be characterized as follows: a
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poissonian process with rate o governs the times in which changes of velocity in

S1 occurs; moreover, at such poissonian times, the velocity vector is rotated by an

angle 8 € [0, 2x] with distribution density %sin g
The meaning of this result is quite intutive: the probability of having recollisions
(i.e. more than one collision with a given obstacle) for the particle vanishes in

Boltzmann-Grad asymptotics and a markovian dynamics arises.

Gallavotti’s model was firstly improved by Spohn [67] and Boldrighini et al.
[13], and was further developed in successive papers. In [21], Desvillettes and Ricci
studied a variant of the model in which the obstacles are totally absorbing and an
external force field is present; in this case the Boltzmann-Grad limit does not lead
to a Markovian process, unless a random motion of the obstacles is assumed (with
Gaussian distribution of velocities). Gallavotti’s work has also inspired the approach
of Basile, Nota and Pulvirenti [7] where the context is slightly different, especially
because the obstacles consist in circular potential barriers instead of hard spheres.
However, the authors follow the same steps of Gallavotti’s proof and, by suitably
scaling the Poissonian density and the potential intensity, they obtain a Markovian
approximation which is governed by a linear Landau equation
9 fla.t) - Vaf g v,1) = BA (g0, (122
This is the generator equation of a Brownian motion in S;. Therefore, unlike what
happens with the Boltzmann-Grad limit, where the mean free path is kept constant
and the velocity changes are regulated by a Poisson process, here the qualitative
behavior is completely different, since there is an infinite number of speed changes

in each time interval.

1.3 Random obstacles in non-Euclidean spaces

Random motions in non-Euclidean spaces have attracted the interest of many math-
ematicians in the last decades. The main reason of this interest lies in the fact that

modern physics states that the universe is governed by non euclidean geometries.

In particular, random models in hyperbolic spaces have a prominent role in the
literature. Most of the papers are devoted to the hyperbolic Brownian motion,
but recently random motions at finite velocity have also been studied. The main
references on this topic are [17; 18; 19; 52]). The scheme underlying these works
is the following: the particle moves along geodesics (namely, the curves that play
the same role of straight lines in euclidean spaces) and changes direction at Poisson

times according to some transition probability law.
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In this thesis, we introduce for the first time the notion of random obstacles in
non-euclidean spaces. We consider the motion of a particle along the geodesic lines
of the Poincaré half-plane, which is one of the most important models of hyperbolic
geometry. The particle is specularly reflected when hitting randomly distribuited
obstacles that are supposed to be motionless. This is the hyperbolic version of the
Lorentz Process studied by Gallavotti in the Euclidean context. We then analyse
the limit in which the density of the obstacles increases to infinity and the size of
each obstacle vanishes: under a suitable scaling, we prove that our process converges
to some Markovian process, namely to a random flight on the hyperbolic manifold,

which is governed by a Boltzmann-type generator.

Before describing in detail our model and results we need to introduce the main
concepts of hyperbolic geometry, with particular reference to the Poincaré half-plane

model, and this is the role of the following chapter.



Chapter 2

Elements of hyperbolic geometry

2.1 Introduction

In this chapter we give some basic notions of hyperbolic geometry, with a particular
attention to the Poincaré half plane. We obviously do not claim to be exhaustive:
for a detailed discussion refer to the books of riemmanian and hyperbolic geometry

(see, for example, [14]).

Hyperbolic geometry had among its founders distinguished mathematicians such
as Saccheri, Bolyai and Lobachevsky. It was born first of all to solve one of the
key issues of Euclidean geometry, concerning the fifth Euclid’s postulate. This
postulate states that "given a line » and a point P not contained in r, there exists
a unique line parallel to r (i.e. not intersecting r) and containing P”. Indeed
it was uncertain whether that statement was really a postulate, or if it could be
deduced from the others. Hyperbolic geometry originated just trying to deny the
fiftth postulate: there came out an elegant and perfectly consistent theory with its
properties and definitions. This showed once and for all the independence of the
fifth postulate from the other four.

The actual consistency of hyperbolic geometry is guaranteed by the existence of
some models, which are substantially equivalent to each other. These include the

Poincaré half-plane, the Poincaré disk, the Klein disk and the hyperboloid.

2.2 The Poincaré half-plane.

The Poincaré half-plane is the region

Hy = {(z,y) € R*,y > 0} (2.2.1)

15
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endowed with the metric
B dz? + dy?

2
ds e

(2.2.2)
The geometry in Hs follows from (2.2.2). As a first step, we determine the geodesics,
i.e. the curves having the role of lines in the Poincare half-plane. From (2.2.2) it
follows that the role of geodesic curves is played by all the Euclidean half-circles
with the center on the x-axis and by all the Euclidean lines parallel to the y-axis,

as shown in the following theorem.

Theorem 1. Among all the curves connecting two given points Py(x1,y1) and Ps(x2,ys),
with x1 # x9, the shortest one is an arc of an euclidean half-circle with its center on
the z-axis. Moreover, among all the curves connecting two given points Py(z1,y1)

and Py(x9,ys), with x1 = x5, the shortest one is the vertical line connecting them.

Proof. Let ~ be a curve in the hyperbolic half-plane:

v={(@),yt): t<t<t} (2.2.3)
The hyperbolic length of v is defined as:

L(v) _/: Vaﬂ(?(g YO o (2.2.4)

If v is the plot of a function y = y(x), the previous formula reduces to the functional

Ly = / - —\Wdaz (2.2.5)

If y = y(z) is the geodesic line, any other curve joining P; and P, can be written
as
w(x) =y(x) + eh(x) e>0

for a given function h satisfying

. By fixing h, the functional L£[w] = L[y + €h| simply reduces to the function

T2 \/1 + (y/ + Eh/)Q
= 2.2.
I(e) g (2.2.7)

1
As we assumed that y is the shortest curve, [(¢) has a minimum for e = 0:

ol
&|e=0 -0 (2.2.8)
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2 / 1\2
/ " 9 V1+ (Y +el) 0
o Oe Y+ eh »

2y sal _ U
/”dx W irtrarp R WV

- (y + eh)?
e=0
X9 / 1 12
/ Y Ay VR Vi a7
o yy/ 1+ y? Y

We integrate by parts the first term, reminding condition (2.3.6), obtaining

T2 / 2
/ <_i y vty )h(@)dz =0
x1 dx Y/ 1+y? y?

But the last condition must be true for any fixed function h, hence

Ay VIR (2.2.9)
Lyivey P *

which is the differential equation giving the geodesic line y = y(x).

After some calculations, eq. (2.2.9) reduces to
y'y+ (/) +1=0
To find the explicit solution, it is sufficient to write

d
LWy rl=0=yy'=—a+c

By separation of variables, we have

/y YdY = /m(—X +e)dX

Yo Zo

which gives the equation of a circle having the centre on the r— axis:
2 .2 _
T+ Yy +caxr+c=0

for suitable constants ¢; and ¢y determined by the boundary conditions y(z1) = y;

and y(z2) = yo. The first part of the theorem is thus proved.

For any curve 7 connecting Pj(x1,y;) and Py(z2,y2), we have

e JEOTRD, [ )
“”‘A y(0) “ZA ut)

and lower bound is just the lenght of the vertical segment connecting the two points.

]
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We now observe that the celebrated fifth Euclidean axiom fails to be true in Hs.
Indeed, given a geodetic curve v and a point P outside 7, there is not a unique

geodesic line containing P and parallel to .

2.3 Digression on geodesics

This section presents an optical interpretation on the metric of the Poincaré half-
plane. It’s worth noting that this section can be skipped without affecting the

understanding of the subsequent discussion.

The determination of the geodesics is fundamental to study the propagation of

light in a non- homogeneous medium.

The time required to travel the path ~ is

) [ [ I 23

where v is the light velocity.
If the light moves in a medium with refracting index n, we have

v=o (2.3.2)
where c is the light speed in the vacuum . Clearly, n is constant in a homogeneous
medium, while n = n(z,y) in a non-homogeneous one.
According to the Fermat principle, if a ray of light moves from P; to Ps, it chooses
the path that takes the least time.
So the problem of determining geodetics consists in finding the minimum of 7'(7y)
among all the possible curves v connecting P; and Ps.
In particular, the Poincare’ half plane can be seen as a non-homogeneous medium

with n(z,y) = % So, we have to minimize
1 [ \/dz? + dy?
T(7) = /dt = 2/% (2.3.3)
gl v

Such physical problem is equivalent to defining a metric

g \ dx? + dy?
§ ="
Y
and minimizing the lenght of a curve, as explained in the previous section.

An imediate generalisation is to consider a refracting index n(x,y) = y%, so the time

T(y) = / it — % / —W (2.3.4)

to minimize is:
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We now show that the solution to this problem is a curve y = y(z) solving the

following differential equation:
'y +ay?* +a=0 (2.3.5)

We remark that the last equation contains two special cases: if « = 0, we have 4" = 0
which furnishes the classical euclidean lines; if & = 1 we obtain the hyperbolic lines,

as already studied in the previous section.

The proof is analogous to the one in the previous section. We repeat all the

passages, in order to make this section self-consistent.

If y = y(z) is the geodesic line, any other curve joining P, and P, can be written

w(z) = y(z) + eh(z) e>0

for a given function h satisfying

By fixing h, the functional L[w] = L[y + €h] simply reduces to the function
V14 (y + 6h’2
2.3.7
/ (y +€h)” ( )
As we assumed that y is the shortest curve, [(¢) has a minimum for € = 0:
ol
—|e=0 =10 2.3.8
lemo = (233)

So, we have:

x2 / 12
/ " 2\/1+(y+§h) 0
o Oe (y + €h) »

2(y'+eh')h! (y+ Eh)o‘ . a(y + eh)aflh\/l + (y/ + 6h’)2

2 24/ 1+(y'+e€h’)?
dx =0
/. (vt e .
T2 / 1 12
[ e (- R
T Y/ 1+y? yer

We integrate by parts the first term, obtaining

T2 d y/ O{\/W B
/wl <_%yam‘ L ) h(w)dr = 0

But the last condition must be true for any h, so that
d Y ay/1+y? 0
d.f(: ya /1 + y/2 ya+1
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After some calculation, it reduces to
y”y—i-OéyIQ-FOé:O
and the proof is complete.

To solve such equation, we first divide both members for y (y"* + 1) and multiply

them for y':
yl/y/ yl
y’2 T 1 + ag =0
Then,
1d d
——1 241 —1 =
2dx09(y + )—i—ozdxogy 0
d N 1
—logly™ (v +1)2] = 0

ya(y/2 + 1)% — et
Thus, we obtain a first order autonomous equation:
y/ — k2y—2a -1

where k = e°. By separation of variables, we have

Yy Ya x
—dY = dX 2.3.9
/yo \% k% — Y32 /J»‘o ( )

Using the substitution Y* = k cos ¢, we can write
Y« ké 1
/Wdy: —3 (COS¢)ad¢

The last integral can be easily solved in the case o = L:

g.

—3k? /(cos ¢)*dp = —3k* / (cos¢ — cos g sin® ¢) dp = —3k*sin ¢ + &k’ sin® ¢

TV T ey <k2 —Y§)3

1
where, in the last equality, we inverted cos ¢ = YTS to obtain sin ¢ = /1 — cos? ¢ =
LVE2 - Y5,

Solving the integrals in eq (2.3.9), we obtain

3
—3k2\/k2—y§+\/<k2—y§> —ztec (2.3.10)

for a suitable constant c. By squaring and simplifying, we easily have
—y2—3k:2y% =22+ 2cx+d

which is the solution y = y(z) in an implicit form.
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2.4 Isometries in H,

In solving problems of Euclidean geometry, we are used to move or rotate the Carte-
sian axes in order to observe objects of interest in the simplest way possible. This
procedure is possible because the Euclidean space is invariant under rotations and
translations. In more technical terms, translations and rotations are isometries in
Euclidean space, namely operations that preserve the measure of lengths, areas and
angles.

Even in the hyperbolic plane it is often useful to look at objects from a convenient
point of view. To do this it is helpful to know what are the existing isometries. This
will be very useful both in determining the geometric properties, as we shall see in
the next sections, and in solving dynamical problems, as we will show in the next

chapter.

All isometries of Hy (i.e operations preserving lengths, areas and angles) are given
by the so-called Mobius group of tranformations. The Mébius group can be easily
defined by using an equivalent definition of Poincaré half-plane. Indeed H; can be
defined in the complex domain as Hy = {z € C: Im(z) > 0} where the measure of
the infinitesimal arc length is given by 1421 1y this setting the function M : C - C

is a Mobius transform if and only if it has the form

_az—i—b
ez +4d

M(2) with a,b,¢,d € R; ad — bc =1 (2.4.1)

Among (2.4.1) there are the horizontal translations (x,y) — (z+¢,y) and the homo-
theties (z,y) — (Az, Ay). We will also do extensive use of the Mobius tranformation
described in ([14], lemma 2.6), which acts by changing a given geodesic line into a
vertical geodesic line. Such an isometry simplifies enormously dynamical problems:
it is clear that it is much easier to deal with trajectories represented by euclidean

straight lines, compared to trajectories represented by curves.

2.5 Hyperbolic distance
Proposition 1. Let P = (zp,yp) and Q = (xq,yq) be two points in Hy. Then the
hyperbolic distance n between P and @) is given by

(zp —2Q)* +yp + 45
2ypPYq

coshn = (2.5.1)

Proof. We first prove that the distance between the origin O = (0,1) and a generic



22 CHAPTER 2. ELEMENTS OF HYPERBOLIC GEOMETRY

point (z,y) is given by

2 +y*+1

coshn =
2y

(2.5.2)
Consider the geodesic line passing in O = (0, 1) with tangent vector (cos o, sin ).
It corresponds to an euclidean half-circle with radius —— and center (tan «,0). The

generic point on this geodesic can be written in parametric form as

x(0) =tano + cos 0
(6) = cose 6 € [0,) (2.5.3)
y(0) = 7 sinf
while the point (x,y) is such that
2+ -1
t = 2.5.4
an « 5 ( )

Then the geodesic distance between (0,1) and (z,y) can be computed as

/dx2 + duy? arcsin(y cos a) tan arcsin{y cos a}
/ Ve Ty / dezlog 2 = (25.5)

arcsin{cosa}
arcsin(cos ) sin ¢ tan %

— /1142 cos?
1—cos(arcsin(y cos a)) I=Vi-yicosa
14++4/1—y2 cos? a

= log
1—cos(arcsin(cos a)) l-sina
1+cos(arcsin(cos o)) l+sina

1—/1—2cos?a [1+si
:log< V1 ycos +Smo{) (2.5.7)
14+ +/1—y2cos?a V 1—sina

Then, after some calculations,

1+cos(arcsin(y cos a))

= log

(2.5.6)

el +e M=

2(1 — sinay/1 — y? cos? a) (25.8)

y cos? o

which can be written as

b sin? o + cos? a — sin a/cos? a + sin® o — 32 cos? a 950
coshn = Jcosta (2.5.9)

_ 1+tan®a —tanay/1+tan’a —y? (2.5.10)
Y

Then it is sufficient to use (2.5.4) and to recognize the square trinomial under the
root:

- _r-yT (2.5.11)

\/(xQ_y2+1)2 xz—y2+1
42 2x

and (2.5.2) is obtained. We finally take into account that the hyperbolic plane is
invariant under homothety and horiziontal translation. Thus, the distance between
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(zp,yp) and (zg,yqg) is equal to the distance between the two points (0,1) and

(w’ 4P that is
vQ 7YQ

(D + G+ 1 (wp —20)* + b + 43

coshn = = (2.5.12)

Yp
200 2yryq

and the proof is complete. O

An hyperbolic circumference of center (z¢,yc) and radius 7 is defined as the
set of all points of Hy having hyperbolic distance n from (z¢,yc), From (2.5.1) we

obtain the equation of the hyperbolic circumference of radius 1 and center (z., y.):
By(O) : {(z,y) : (& —x.)* +y* — 2yy. coshn +y2 = 0} (2.5.13)

corresponding to an Euclidean circumference of radius ¥, sinh n and center (., y. cosh ).

2.6 Hyperbolic area

The infinitesimal hyperbolic area in H, is defined as

_ dxdy

dA==5

(2.6.1)

whence the hyperbolic area of a region S C Hj is defined as

dxdy
S]] = / i (2.6.2)
s Y

In some cases it is convenient to write such an integral in hyperbolic coordinates.

A point P = (x,y) € Hy can be expressed by the hyperbolic coordinates (7, ),
where 7 is the distance between P and the origin O = (0, 1), while (cosa,sin @) is
the tangent vector at O to the geodesic line connecting O and P. The change of

variable is expressed by

. sinh n.cosoz‘ (2.6.3)
coshn — sinasinhn

1
coshn — sinasinhn

y = (2.6.4)

as will be proved in a more general context in the appendix of the following chapter.

The Jacobian matrix is

ox Oz cos o sinh?n—sin asinh n coshn
on  Oda (cosh n—sin a sinh n)? (cosh n—sin a sinh n)?2

J= - (2.6.5)
Jdy Oy sin a cosh n—sinh n cos asinhn

on O (cosh n—sin asinh 77)2 (cosh n—sin asinh n)2
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with )
sinh 7

detJ = (2.6.6)

(coshn — sin asinh )2’

So, being dxdy = |detJ|dnda, the above integral in hyperbolic coordinates ime-
diately follows:

||SH:/ sinh ndnda (2.6.7)
S/

Such a expression can be used to compute the area of regions having a radial
simmetry. For example, let’s consider a hyperbolic ball of radius r, which is defined
as

B={(n,a): n<r, 0<a<2r}

The area can be computed as

27 r r
||B|| = / da/ dnsinh n = 47 sinh? (—) (2.6.8)
0 0 2

2.7 Other models of hyperbolic space.

Another famous model of hyperbolic geometry is the Poincaré disk Dy, defined as
the region Dy = {(x,y) € R? 2% + y* < 1} endowed with the metric

4(dx? + dy?)

ds* = —— 7
o (1— 22— y2)2

(2.7.1)
The Poincaré half-plane and the Poincaré disk are isomorphic. The isomorphism
is given by the Cayley transform: a point (x,y) € Hs is mapped into the point

(u,v) € Dy with coordinates

2 4yt —1
= ==
72+ (y+1) 2+ (y +1)
while the inverse mapping reads
B 2u 1= (w4 0?)
w2+ (1 —v)? y_u2+(1—v)2'

Then it is easy to show that (2.7.1) is a direct consequence of (2.2.2). Indeed it

is sufficient to compute the partial derivatives:

Or  2(1—v)? - 2u° O 4u(l—v)
ou  (u2+ (1 —v)2)2 o (u?+ (1 —wv)?)2
dy  —4u(l —v) or  2(1—v)* —2u?

ou  (+(1-v)2)? v (u2+(1—-v)?)?
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and consider the differentials

ox ox
Oy Oy

whence (2.7.1) immediately follows by a simple substitution.

In particular, the image of the z-axis of Hy is the border of D,. Moreover,
the Cayley transform is conformal, namely it preserves angles and maps geodesic
lines into geodesic lines, hyperbolic circles into hyperbolic circles. In particular, if
a geodesic line in Hy is represented by an euclidean half circles with center (xg,0)
and radius r, its image is given by an arc of circumference which is orthogonal to

the border od D,, having center at

2z |
d—r24+1 22 —r2+1

and radius R such that R? = (—25—)2.

z3—r2+1

We underline that the disc Dy and the half-plane Hs share an important feature,
in that they both are conformal models of hyperbolic geometry: hyperbolic an-
gles between incident geodesic lines correspond to angles measured by an euclidean

obseverver. Moreover hyperbolic circles correspond to euclidean circles.

Another model of hyperbolic geometry is the Kein disk model. In the Klein
disk the role of geodesic lines is given by euclidean chords. However, the greater
simplicity given by the shape of geodesics is compensated by the fact that the angles
are distorted, i.e. they do not correspond to euclidean angles. Even the circles are

distorted, as the appear elliptical to an euclidean observer.
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Chapter 3

The hyperbolic Lorentz process

3.1 Introduction

In this chapter we treat the Lorentz process in the Poincaré half plane. Such a model
is completely described by three ingredients: the free geodesic flow, the particle-
obstacle interaction and the obstacles spatial distribution. We here give a brief
description of the motion, further mathematical details will be given in the following

sections.

The free particle moves along geodesic lines and is reflected by the scatterers.

From (2.2.2) the intensity of the hyperbolic velocity is defined as

ds 1 dx 2 dy 2 Veuce
t = -_—__ — — — p— 3-1:1
Unn(t) = 2 y\/(dt) * (dt) v (3-1.1)

We here assume that the particle moves at constant hyperbolic velocity v, (t) = c.

This means that the hyperbolic distance run by the particle in a time At is given
by cAt. Therefore, an Euclidean observer sees the particle moving with a position-
dependent velocity equal to ve,. = cy. Without loss of generality, one can assume

c=1.

We introduce the notion of Poissonian distribution of obstacles in the Poincaré
hyperbolic half-plane. The obstacles are hyperbolic balls of radius r, whose centers
are distributed according to a spatial Poisson process which is homogeneous in the
sense of the measure (2.6.1), i.e. the mean number of obstacle centers per unit
hyperbolic area (denoted as A) is uniform in Hy. This means that the obstacles are
identical and homogeneously distributed in respect to the hyperbolic metric, yet to
an Euclidean observer they appear to be smaller and denser when approaching to

the z-axis (see figure 3.4).

27
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The main result of this study is the analysis of a Boltzmann-Grad-type limit in
which the hyperbolic radius 7 of each obstacle decreases to zero and the density A in
the hyperbolic setting diverges to infinity, so that the mean free path (2Asinhr)~!
remains constant. Under this limit, the density of our process converges to the
density of some Markovian random flight. Moreover, we prove that this limit random
motion is similar to the process analysed by M.Pinsky [63], who generalized the well-
known Euclidean isotropic transport process to the case of an arbitrary Riemannian

manifold.

3.2 Random obstacles in the Poincaré half-plane.

3.2.1 Poisson random fields in H>

Assume that a countable set I of points is randomly distributed on the Poincaré
half-plane Hy with rate A(x,y). We say that II is a Poisson random field in H, if:

e For any appropriate set S C H,, the random variable N(S), namely the
cardinality of II NS, has the following distribution:

Pr(N(S) = k) = ¢ (A(S)" (3.2.1)

with
dxdy
Y2

A(S) = / Az, y) : (3.2.2)
S
e For any couple of disjoint regions S; and Sy, the random variables N(S;) and

N(S,) are stochastically independent.

We here restrict our attention to the case where the rate A is constant (homogeneous
hyperbolic Poisson field). Thus, the number of points inside any set S C Hj has

Poisson distribution with parameter A|S|, where

dxdy
|S| = / 5 (3.2.3)
s Y

is the hyperbolic area of S.

Therefore the probability to have exactly n points in a region & and to find them

inside the hyperbolic elements dcy, dcs, ...dc,, around ¢y, ¢s, ...c,, is given by

Pr{P, €dc,... P, € dc,, N(t) =n} = Ne MNSldey ... de,, (3.2.4)
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where
_ dwzydy;

de;
J y]2

(3.2.5)
It is important to observe that the homogeneous Poisson random field only depends
on the measure of areas and therefore it is invariant under the group of isometries
of Hy expressed in (2.4.1).

To have a more complete description of the homogeneous hyperbolic Poisson
field, we treat briefly the distributions of the nearest neighbours points. Let us fix
a point O € Hy and denote by T}, the hyperbolic distance between O and the k'*

nearest point of II.

Denoting by B, the hyperbolic ball of radius n and by dB, the infinitesimal

anulus of radii n and 1 + dn, we have

Pr{T} € dn} = Pr{N(B,) = k — 1} Pr{N(dB,) = 1}

)\ B k—1
_ ewm% NdB,|  k>1,7>0 (3.2.6)

Since |B,| = 4msinh® Z, the anulus dB, has measure 27 sinhndn and thus

. k-1
p2 a (47Asinh? 2)
(k—1)!

Pr (T}, € dn) = e~ ™= 27 A sinh ndn (3.2.7)

In particular, the distribution for the nearest neighbour 77 reads

Pr (Ty € dn) = e~ *™"" 397 X sinh ndn (3.2.8)
with expectation
E(T)) = ™ Ko(27\), (3.2.9)
where
Ko(z) = / emFeoshtgy (3.2.10)
0

is the modified Bessel function. Formula (3.2.8) is the hyperbolic counterpart of the
well known Rayleigh distribution, which describes the distance 77 of the nearest

neighbour point in the case of a Poissonian random field in the Euclidean plane:

Pr (T¢ € dr) = e ™ 2x \rdr (3.2.11)
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with mean value
(3.2.12)

By means of the asymptotic formula for the modified Bessel function, expression
(3.2.9) reduces to (3.2.12) for large values of A\, namely when the expected distance

between Poissonian points decreases and an Euclidean description works well.

3.2.2 Poissonian obstacles

We now introduce the notion of the Poissonian distribution of obstacles into the
hyperbolic half-plane Hs, and we distinguish between hard and soft obstacles, which

is a common practice for motions in Euclidean spaces.

We are inspired by [53], where the author studies Poissonian soft obstacles in a

particular non Euclidean manifold: the surface of a sphere.

Let us consider II to be a homogeneous hyperbolic Poisson field in H, with
constant intensity A and let us assume that each point P € II produces a potential
around itself, whose intensity ¢ is a function of the geodesic distance from P. It is
assumed that ¢ is compactly supported, namely ¢(n) = 0 for n > r. The hyperbolic
ball of center P and radius r, where the function ¢ is non-null, is known as a
soft obstacle. When a particle hits a soft obstacle, it is subject to an interaction
described by ¢. Of course, the obstacles may overlap, which occurs whenever the
geodesic distance between two Poissonian points is less than 2r. Therefore, at a
certain point (), the superposition of the action due to the points P;...Py located in
a hyperbolic ball B,(Q) defines a new random field

N

V(Q) =) ¢(dn(PQ)) (3.2.13)

J=1

where N has Poisson distribution with parameter A|B,(Q)| and dj,(P;Q) is the
geodesic distance between P; and ). Two facts play fundamental roles. The first
is that the random field (3.2.13) is homogeneous, meaning that the distribution of
V(Q) does not depend on (. The second is that (3.2.13) is isotropic, namely the
covariance between V(Q)) and V' (Q') only depends on the geodetic distance between
Q@ and @'. For the sake of brevity we omit a complete proof of these facts which can

easily be obtained by following the same steps as in [53].

Hard obstacles are hyperbolic disks of radius r centered at the points of a Poisson
random field in H,. In many models of random motions, hard obstacles represent

totally absorbing traps with random locations. In other models, they act as totally
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reflecting barriers and can be deemed to be the limiting case of soft obstacles where

the following intensity function is considered:

0 n<r

o(n) =
0 n>r

Thus, in what follows, we consider a system of hard obstacles, whose centers
are distributed according to a homogeneous hyperbolic Poisson field of constant
intensity A\. A configuration of this kind is homogeneous and isotropic as already

explained above.

3.3 The Lorentz Process in the Poincaré half- plane

3.3.1 Description of the model.

Let us now consider the following mechanical model. A single particle moves in the
Poincaré half-plane, where static circular obstacles are distributed according to a
Poisson measure. At each instant ¢, the state of the particle is described by the couple
(q,v), where ¢ = (z,y) € Hs is the position in the half-plane, and v = (cos ¢, sin «)
represents the direction of motion. Whenever the position ¢ of a particle lies outside
the obstacles, the particle moves along the (unique) geodesic line tangent to v at
the point q. We assume that the particle has unit hyperbolic speed, namely the
hyperbolic distance traveled in a time ¢ is equal to t. For any initial state (¢, v) at
t = 0, the evolution of the particle position until the first collision is given by the
geodesic flow ®@¥)(t), for t > 0. The explicit expression of the geodesic flow is not

essential now and will be given in the Appendix (formula (3.4.3)).
When a collision with an obstacle occurs, the particle is reflected on its surface.

In our model we assume that the particle performs a ”specular reflection” in H.
Now, in order to generalize the notion of specular reflection from R? (where it is

straightforward) to H,, we recall these two basic facts.

The first one is that the measure of hyperbolic angles in the Poincaré half-plane
corresponds to the measure performed by an Euclidean observer (this is not true in
general for all the models of hyperbolic space, for instance the Klein disk model).
The second one is that the angle between two geodesic lines coincides with the one
formed by the corresponding Euclidean tangents at the point of incidence, as well as
the angle between a geodesic line and a circle is the one detected by the respective

tangent lines.
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Figure 3.1: Specular deflection of angle 5 due to an obstacle whose hyperbolic
(Euclidean) center is Cy (Cg). The angle of incidence and the angle of reflection

are both equal to §

Therefore, we refer to the specular reflection in Hs in the following way: denoting
respectively by g1, v and g, the pre-collisional geodesic, the tangent to the obstacle
and the post-collisional geodesic, we say that the particle is specularly reflected if
the angle between ¢; and v is equal to the angle between g, and 7, as shown in
figure (3.1).

Due to collisions, the sample paths of the moving particle are composed of arcs
of circumferences pieced together (for an expression of the piecewise geodesic flow
see the Appendix (formula (3.4.8)).

As a first step, assume now that a configuration of obstacle centers {c} =
{c1,¢2,...cj...} is fixed. Let r be the hyperbolic radius of the obstacles. For a given
initial state (¢,v), the evolution of the particle position is given by the piecewice

geodesic curve @E‘i}”)

(t), which clearly only depends on the obstacles of {c} centered
within a hyperbolic distance ¢t + r from ¢, since the hyperbolic velocity is assumed
equal to 1. By deriving with respect to t we obtain the Euclidean velocity of the
particle (i.e. the velocity perceived by an Euclidean observer) which is denoted by

Cbgi’}”) (t). The direction of motion is given by the unit vector

q')(QW) t
Via(t) = Eq}—)() t>0 (3.3.1)
19|
where ||.|| denotes the Euclidean norm. Hence we define the billiard flow (among the

obstacles configuration {c}) as the following curve on the tangent bundle Hy x Si:

v = (@) (0, V4 (1) t>o0. (3.3.2)

By assuming that the locations of the obstacles is random, the evolution of the
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particle defines a stochastic process {Q,(t), V,.(t),t > 0}, on Hy x S (the subscript
"r” representing the radius of the obstacles) that we call hyperbolic Lorentz Pro-
cess. We denote its joint density by f,(q,v,t) and suppose that an initial condition

fr(q,v,0) = fin(q,v) is given, such that
| fulaoydgdo=1.
HQXSl

The function f;, should be chosen in such a way that its support lies outside
the system of obstacles, but here a difficulty arises since the obstacles location is
random. We can skip this problem by choosing f;, as any probability density on
H, x 57 and assuming that if the particle initially lies inside an obstacle, it remains
at rest forever. It is important to note that such a constraint disappears in the limit

of small obstacles considered in this study.

For each t > 0, the joint density of the hyperbolic Lorentz Process is given by

(@, 0,8) = Bpoy fin (05 (<)) (3.3.3)
where the expectation is performed with respect to the Poisson measure.

Before stating the main result of the present work, it is necessary to determine
the probability distribution of the free path length among Poissonian obstacles. The
calculation requires some properties of hyperbolic geometry, and is shown in detail

in the following section.

3.3.2 Free path among Poissonian obstacles

Let us consider a Poissonian distribution of spherical obstacles of hyperbolic radius
r in the Poincaré half-plane. Suppose that a particle, which is initially located
at an arbitrary point ¢ € Hs, is shot towards an arbitrary direction v and moves
along the geodesic line tangent to v at ¢q. We are interested in the probability
distribution of the first hitting time T{,,) with the system of obstacles. Obviously,
under the assumption of unitary hyperbolic speed, T{, .y coincides with the free path
length, namely with the hyperbolic distance traveled by the particle without having

collisions.

The main idea is the following: the free path T{, ) is greater than ¢ if and only

if none of the obstacles has its center in the tube

0(q,v,t) = {p € H,: ir[%)ft dh(p, q)(q’”)(s)) < T} (3.3.4)
sel0,

]
where dj,(p, w) is the hyperbolic distance between two points p and w of the hyper-

bolic plane.
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Figure 3.2: The Euclidean tube-like region (g, v,t) around the free particle trajec-
tory.

In the Euclidean case, the tube is simply given by the union of a rectangle of
sides 27 and ¢ and two half-circles of radius r (see figure 3.2). Some difficulties arise
in H,, where, surprisingly, the two curves at hyperbolic distance r on either side of

a geodesic line are not geodesic lines.

We have then to determine the shape and the hyperbolic area of 6(q,v,t). To

this aim we use the following representation:

0(q.v,t) = | ) B(2W)(s (3.3.5)
0<s<t
In order to do that we make use of a suitable transformation in Hs. Indeed, one can

show (see [14], Lemma 2.6) that among Mobius transformations (2.4.1) there exists
a bijective isometry My, : Hy — Hj such that' :

M@ (5)) = @V (s)  VseR (3.3.6)
where ¢ = (0,1) and © = (0, 1), consequently ®@%)(s) = (0,¢*). In other words, M

maps any geodesic line into a vertical geodesic line.

Through M the region 6(q,v,t) is mapped into the region:

SE Jt]

s€[0,t]

= {w € Hy: inf dy(w ,CID(q’f’)(s)) < 7“} =60(q,0,1) (3.3.7)

where we used that M is invertible, it preserves distances and the property (3.3.6),

so that the mapped region takes the following simple representation:

0(G.0,t) = |J B.((0,¢)). (3.3.8)

0<s<t

1 We omit the calculations for sake of brevity. M4,y depends on (q,v) as parameters; for

simplicity we will use the notation M in the following.
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Moreover since M is an isometry, it preserves areas, whence we can finally compute

the desired area as:

’9((],1},15)’ - “%Eja@t)‘ (3-3-9)

Now, (3.3.8) is the region inside the envelope of the following family of curves
C,={0B,((0,s)), 1<s<e} (3.3.10)
where 0B, ((0, s)) has cartesian equation
h(z,y,s) = 2> + (y — scoshr)? — s*sinh®r = 0.

We obtain the envelope of C; by means of the following system

h(x,y,s) =0
a( ) (3.3.11)
s, y,8) =0
which gives the union of the following Euclidean lines
x x
= = — 3.3.12
J sinh r 4 sinhr ( )

Thus, the tube 6(q, v, t) is the section of a cone with vertex in (0,0) and central axis
the line z = 0, as shown in figure 3.3.

It is now important to observe that (3.3.12) is tangent to 0B,(0,1) at the points
A = (tanh7; — T) and B = (—tanhr, ——), and also tangent to 0B, (0, ¢') at the
;r) and D = (e’ tanhr, COS;T)

Moreover A and B lie on the geodesic line 22 + y?> = 1, while C' and D lie on

points C' = (—
22 +y* = €?'. This makes it clear that 6(g, v,t) is composed of three parts: the half-

circle below the geodesic segment AB, the intermediate region ¢'(q, v, t) with vertices
A, B, C, D and the half-circle above the geodesic segment C'D. The hyperbolic area

of 0'(q,0,t) is defined as
L. dxd
pan= [ S
0'(q,o,t) Y

By means of the substitutions x = pcosy and y = psin~y we have that

0(q, |_/ / pdpdfy 2
(psin~y)?  tana

where tan o« = —2— is related to the slope of (3.3.12). Finally, the area of (g, 9,t)

sinh r

is given by

16(q, 9,t)| = 4 sinh? g + 2tsinhr (3.3.13)
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Figure 3.3: The hyperbolic tube-like region 6(q, v,t) around the free particle trajec-
tory.

We can now come back to the probability distribution of the first hitting time
T(4)- As before, we denote by N(S) the number of points inside S. By excluding

the possibility that ¢ is located within some obstacles, we thus have

Pr{T(,. >t, N(B:(q) =0}
Pr{N(B.(q )—0}

Pr{T(4) >t|N(B.(¢q)) =0} =
_ el i
e=Br(q)l
where, in the last equality, we used (3.3.9) and (?7?).
We conclude that T{,,) has an exponential probability distribution with parameter
2Asinh r. Thus the mean free path, which is a fundamental quantity in what follows,

is given by
1 = (2\sinhr) ™! (3.3.14)

Performing the same calculation in the Euclidean case leads to say that the free

path has an exponential distribution of parameter 2Ar and the mean free path is
thus (2Ar)~!

3.3.3 The main theorem

The most important result of the present work is the next theorem, where we find a
suitable scaling limit corresponding to small obstacles. Among all possible scalings,

the one consisting in

r—0 A — o0 in such a way that 2Asinhr =0 > 0,
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that we call hyperbolic Boltzmann-Grad limit in analogy with Gallavotti’s work,

ensures a non-trivial approximation for f,(q,v,1).

Moreover, as a final result, we will also show (see section 3.4) that the limit
function f(q, v, t) is the probability density of a Markovian process, namely a random
flight {(Q(t),V(t)),t > 0} on the Poincaré half plane.

Theorem 2. Let {(Q,(t),V,(t)),t > 0} be the Lorentz process in the Poincaré half-
plane, defined in such a way that the obstacles are disks of hyperbolic radius r, whose
centers are distributed as a hyperbolic homogeneous Poisson field with intensity A\ =
s Let fin € Loo(Hy x S1) be the initial probability density. Then, in the limit

r — 0, the joint density f, of the Lorentz process converges in L, sense to some

probability density f for each t > 0. Moreover f solves the following equation

2

gf(q,v,t) +Df(q,v,t) =—0f +0o f(q, Rgv,t) L sin édﬁ (3.3.15)
¢ 0 4772

f(Q7U70> - fin(qu)v

where D is the operator of covariant differentiation along the geodesic lines and Rg

is the rotation of an angle (3.

Proof. 1t is possible to write explicitly f.(q,v,t). Of course, f,.(q,v,t) = fin(q,v) if
q lies inside any obstacle. The following calculations are made on condition that no

obstacle center lies inside the ball of hyperbolic radius r around gq.

Let us suppose that the particle state at time ¢ is given by (¢, v) and consider the
backward trajectory. We denote by N, .(t) the number of collisions which occurred

up to time ¢. From section 3.2, it is clear that
Pr{ N (t) =0} =Pr{T,.,) >t} =e 207, (3.3.16)

Instead, the probability that the particle collides exactly n obstacles whose centers

are located in the infinitesimal hyperbolic areas dc, ....dc, around ¢y, ....c, is
Pr {N(q,v) (t) =n,Cy €dey,...,Cp, € dcn} = Ne MU @vdlge, ... de, (3.3.17)

where 61, (q,v,t) is the tube of hyperbolic width 2r around the particle trajectory,
namely the tube-like region swept by an ideal obstacle when its center is moved
along the path. While in the FEuclidean case this region is simply given by a non
disjoint union of rectangles, it here has a more complex shape and its hyperbolic

area can be estimated as

01e3(q,v,t)| = 2tsinhr + o(sinhr). (3.3.18)
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The particle density (3.3.3) can be written as

fr(g,v,t) = m(\p(qvv)(_t))e—%tsmhr
" Z/ Fin(WE ()N NP @0 Dlde, - de, (3.3.19)

where ¥ denotes the billiard flow defined in (3.3.2) and A7, is the subset of Bf,,(q),
containing all the obstacles configurations such that the backward trajectory with

initial state (g, v) collides with the n obstacles centered at ¢; - - - ¢,.

Following Gallavotti’s proof, we observe that among all the possible configura-
tions of obstacles, there are some such that the trajectory hits each obstacle at most
once, and there are others that lead to recollisions. Thus we can split f, into two

components, that we respectively call the ”Markovian” and the "recollision” terms:

fola,v,t) = M g,v, 1) + fFE9q,0,1). (3.3.20)

We now restrict our attention to the Markovian term fM(q,v,t). By considering

the backward evolution, let 7y - - - 7, be the collision times, such that
O<m<T--- <7, <t (3.3.21)

and f;--- B, be the corresponding deflection angles. Then, for a given particle
trajectory, there is a one-to one correspondence between the 2n variables ¢, --- ¢,

and the 2n variables 71 ---7,, 51 Bp.

We now obtain the transformation
dey...de, = o sinh" () sin ~ - sin gdﬁ...dTndﬂl...dﬁn (3.3.22)
which is a crucial point to prove the theorem. For simplicity, we treat the case
n = 1, the general case follows immediately by carrying out tedious calculations.
We explain how to determine the center C' = (z¢,yc) of the obstacle in terms of
the flight time 7 and the deflection angle .

Let the particle be at position ¢ and unit velocity v at time ¢; we are interested in
its backward evolution . After a time 7 the particle collides with the first obstacle,
namely a circle centered at C' = (z¢,yc), and it is reflected in a trajectory forming
an angle § with the incoming trajectory as shown in figure 3.1.

In order to perform the calculation we first employ the Mo6bius transformation
(3.3.6). In this way the particle backward trajectory is mapped into ®@%(s) =
(0,e®) for s € [0, 7); besides, the obstacle centered at C' = (z¢,yc) is mapped into

an obstacle centered at C' = (¢, %) of the same hyperbolic radius?.

2Since M preserve distances, it sends circumferences into circumferences.
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Figure 3.4: A typical backward trajectory with four collisions, starting from the
state (¢,v) at time t.

The traveled time 7 is preserved under an isometry, thus the point of impact is
mapped into (0,e”); the deflection angle g is also preserved since M is conformal
(as it is an isometry). These facts will be of great importance in the following cal-
culation.

Finally we are interested in the area element dc that can be computed as:

(3.3.23)

In this setting, as can be clearly seen in figure 3.1, one can ideally "reach” the

obstacle center C' = (2¢, y¢) from the collision point (0,e7); it is sufficient to rotate

the unit velocity of an angle v = § — g and to travel along a path of hyperbolic

length 7. Thus, by using (3.4.3) we have

e” sinh r cos 2

To=— 2 (3.3.24)

cosh r — sin g sinh r

e’T
T,= . 3.3.25
ve coshr — sin g sinh r ( )

The Jacobian matrix of the trasformation (Z¢, yc) — (7, 3) is given by

—e” sinh r cos g 1 €7 sinhr cosh rsin g—eT sinh? r
J = cosh r—sin g sinhr 2 (cosh r—sin g sinhr)?
- 8

e 1 e’ cos 5 sinhr
cosh r—sin g sinh r 2 (cosh r—sin g sinhr)?

-
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and its determinant reads

1 e sinhrsin
det J = — (3.3.26)
2 (coshr — sin 5 smh r)?
Therefore the infinitesimal surface element is given by
dr o dye 1
dc = x? ;JC = —sinhr sin b dpdr. (3.3.27)
Yo 2 2

as desired. Thus the Markovian term can be then written as

fy(q,v,t):fm(‘lf(q’”)( t)) 2’\“1““4—2/ dﬁ/ dTo... / dr,

/ B fon(W9 ()
[0,27]™
5,

A"
*’\‘9{6}(‘1””2 smh”rsm% Sln7 (3.3.28)

Observe that the general term in the summation is bounded by

(at)"
n

| finl| oo

which is the n'* term of an exponential converging series.

Thus, in force of the dominated convergence theorem for the series, passing to

the limit as » — 0, together with the assumption A = we have that fM(q,v,t)

ZSmhr )

converges pointwise to

Flq,v,t) =fin (WO (—1))e 0t 4 Utz /dTl/dTg / dr,

/ dﬁl....dgnﬁsin% | f@”fm( GO (—1)  (33.29)
[0,27]™

and the limit clearly holds also in L; sense.

By easy calculations we can check that (3.3.29) is a probability density, since

S]]z, = / fla,v,t)dgdv =1 (3.3.30)
HoxS1
and furthermore it is bounded in the following way:

S|z < I finllio (3.3.31)
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From (3.3.20) we have

| tlaendao= [ ffaodatos [5G0 tdado (3332)
Ho xSt Hox Sy

H2><5'1

Passing to the Boltzmann-Grad limit, it is clear that the left hand side of (3.3.32)
is equal to 1, because the billiard flow obviously leaves the total probability mass
invariant. Moreover, conditions (3.3.30) and (3.3.31) and the dominated convergence

theorem lead to

1=1+1lim FREC (¢, v, t)dgdv (3.3.33)
r—0 Hy xS

The contribution of the recollision term thus vanishes in L;-norm, namely the mea-
sure of all the pathological paths goes to zero. In the end, by writing (3.3.20) as

fr(Q7 v, t) - f(Q7 v, t) = fy<Q7 v, t) - f(q7 v, t) + frBEC(qa U, t) (3334)
immediately follows that
Hfr(q?v?t) - f<Q7U7t)‘|L1 < Hfgw<Q7U7t) - f(Q7v7t)HL1 + HfﬁEC(q?%t)Hl/l
(3.3.35)
Under the Boltzmann- Grad limit, the right side of (3.3.35) vanishes and the proof

of convergence is complete.

To prove that (3.3.29) is a solution to (3.3.15), we need to define two kinds of
operators, which are bounded in the norm ||.||... The first one is the semigroup of

geodesic transport with damping, given by
Tif(a,0) = e 7 f(@4 (=), VI (=t)
which is generated by
A=—-0-D
where D denotes the operation of differentiation along the curve (®@¥)(¢), V(@) (¢))
lying in Hy x S;. The second one is the collision operator:
2w 1 ) B
Lf(q,v) =0 f(q,Rﬁv)Z sin §d5.
0

Thus (3.3.29) can be written as

o0

f(q7 v, t) = Efzn(Qa U) + Z/ Tt—snLTsn—sn_l---LTs1 fzn(qa U)dSL“dSn
0<s51<...<spn <t

n=1

which is the Duhamel expansion giving (see [39], page 52) the solution to

0
—f=(A+1L
Cf=(A+D)y
and this concludes the proof. O]
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3.3.4 The limit Markovian random flight.

We now show that a Markovian transport process {(Q(t), V(¢)),t > 0} exists whose
finite one-dimensional distribution is given by (3.3.29). The rigorous construction
of a process of this kind can be carried out by following the same steps as Pinsky
[63], who defined a random flight on the tangent bundle of a generic Riemannian
manifold. We assume that Q(0) = ¢ and V(0) = © almost surely, the case of
distributed initial data is an immediate consequence. We denote such a process by
(QU¥)(t), V@ (¢)) and we outline its construction. Let us consider a sequence of

independent waiting times e;, j > 1, having distribution
Pr{e; > n} =e" n > 0.

A particle moves along the geodesic lines in Hy and changes direction at Poisson

times

Fo=ei4eat-e, n>1. (3.3.36)

For 0 <t < 1| we have
@(q,ﬁ)(t)
D@ (t)]|”

where @ is the geodesic flow defined in (3.4.3). The random point where the first de-
flection occurs and the corresponding post-collisional velocity are respectively given

by

2
<
=
—~
~+
~

V@ () = (3.3.37)

Q1 = @@ (1) Vi = Ry [V@? ()] (3.3.38)

where R(g) denotes the rotation of an angle 5. Proceeding recursively, the process

is such that, for 7,, <t < 7,14

(4,9) t) = Q)(Qn,vn) t — T, V((jv{)) t) = —
Q1) (=7 e s

(3.3.39)

where the random point of the j** deflection and the j* post-collisional velocity are
denoted by

Q=8O V= Ry [VO)] (3340

A crucial point of the construction is that the deflection angles 3; are independent

of the Poissonian times and among themselves; they have common distribution

Pr{f; € df} = }lsin gdﬁ B € [0, 2n]
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and this is consistent with the cross section due to the collision with a hard sphere.

In the case where the process has initial density f;,(q,v), the single-time density
of {(Q(t),V(t)),t > 0} is just given by (3.3.29) and it can be written as

F(@,0,t) = T, fin(q,v) = B{ fir (Q (1), VI (1)) }

where {Tt ,t > 0} is a strongly continuous contraction semigroup on the space of
differentiable and bounded functions on Hy x S;, endowed with the norm ||.||pec.
Then, following the same steps of Pinsky [63], we can write the generator of T;:
the limit density (3.3.29) satisfies the following linear Boltzmann-type differential

equation (obviously coinciding with 3.3.15)

a 2T
af(%v,t) +Df(q,v,t) = 0/0 (f(q, Rgv,t) — f(q,fu,t)) isin gdﬁ

where D denotes the operator of covariant differentiation along a geodesic line and

Rp is the rotation of an angle 3 .

3.3.5 Further remarks

In this thesis we studied the Lorentz process and the related Boltzmann-Grad limit
on a classical model of hyperbolic geometry, namely the Poincaré half-plane. It is
not straightforward to show that our results hold in any hyperbolic space. Some
problems could arise, for example, when calculating the mean free path, as this is

based on the knowledge of the volume of the tube-like regions.

More precisely, it would be interesting to study the Lorentz process on another
well-known hyperbolic manifold, namely the Poincaré disk Do, which we recall to
be defined as the set Dy = {(z,y) € R?: 2> + y? < 1} endowed with the metric

dx? + dy?

ds* =4———F— .
§ (1_x2_y2)2

(3.3.41)

Equivalently, Dy can be defined as the complex domain Dy = {z € C : |z| < 1} with
2|dz|
1=[z[*"

H, and Dy could be employed to study the Lorentz process in this space. The

infinitesimal arc-length given by We believe that the isomorphism between
isomorphism is given by the Cayley transform I : Hy — Dy that maps a point
z € Hy into a point w € Ds:

izt

w —.
zZ+1

(3.3.42)

If a geodesic line in Hy is represented by an euclidean half circle with center (xg,0)

and radius r, its image through I is given by an arc of circumference which is
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orthogonal to the border of D, having center at ( 229 wgﬂl) and radius R

z3—r2+17 z2—r2+1
2 2r 2
such that R* = (a:g—r2+1) .

Now, although K represents a contraction of the half-plane into the unitary disk,
it is a conformal transform, namely it leaves angles between geodesic lines invariant
and we saw how the measure of scattering angles plays a fundamental role in the
study of the process. The previous observation, together with the fact that A1
sends geodesic lines in Dy into geodesic lines in Hy suggests that a suitable use of
the Cayley transform could be the main tool in the study of the Lorentz process in
Ds.

We remark that the assumption that hyperbolic angles coincide with the angles
measured by an Fuclidean observer doesn’t hold for example in the Klein disc model
for hyperbolic space (for random motions with branching on the Klein disk see, for

example, [33]).

Finally, we would like to state that we did not define the most general Lorentz
process on the hyperbolic half-plane. One could investigate, for example, the case
of randomly moving obstacles (as Desvillettes and Ricci did in [21] in an Euclidean
context): it would be reasonable to assume that each obstacle moves with a fixed

hyperbolic velocity, following a Gaussian distribution.

Another line of research could be the analysis of the Lorentz model when other
boundary conditions are assumed, e.g. the particle could be re-emitted with a

stochastic law instead of being specularly reflected by the obstacles.

3.4 Appendix. Piecewise geodesic motion on the

hyperbolic half-plane.

Before writing an explicit expression for the geodesic flow in the Poincaré half-
plane, we recall the corresponding one in the Euclidean context. If a particle starts
at ¢ € R? with velocity v and is not subject to collisions, the position at time ¢ is

well known to be equal to
) (1) = ¢ + vt (3.4.1)
On the other hand, let 7 ... 7, be the hitting times, with

O<T <M< <7, <t (3.4.2)
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and let 3 ..., be the corresponding deflection angles. The position of the particle

at time ¢, that we call oY) (t) for simplicity of notation, can be written as

q)(q’”)(t) =q+on+uv(re—"7)+ +0,1(7m — Tno1) Fon(t — 7)

n
with
V; = Rﬁ].l)j_l Vg =0

Rg; representing the matrix of rotation of an angle 3;.

We now consider a particle starting at ¢ = (zo,y0) € Hs with velocity v =
(cosa,sinar). Suppose that the particle moves along the geodesic line with hyper-

bolic velocity of intensity 1. Then, the position of the particle at time ¢ is given

by

t sinhl?coso.z

(I)(Qav) (t) — I( ) — To + yocosélotfsmasmht (343)
y(t)

cosht—sin asinht

We now show how to obtain formula (3.4.3). Observe that (z(t), y(t)) is obviously
given by the intersection of 2 curves, namely the hyperbolic circle of radius ¢ centered

at ¢ = (o, Yo), having equation
(x — 20)* + (y — yo cosh t)* = y2 sinh® ¢ (3.4.4)
and the geodesic line tangent to v at the point ¢, having equation

2
(x — 20 — yotana)® + y* = COZOQ2. (3.4.5)

This corresponds to the following system

(X —tana)? +Y? = 2

cos?

X2+ (Y — cosht)? = sinh®t

with X = % and Y = %, whose solution is

— sinh ¢ cos a
cosh t—sin asinh ¢

_ 1
" cosht—sinasinht

and (3.4.3) is proved.

By deriving ( 3.4.3) with respect to ¢ we obtain the Euclidean velocity (i.e. the

velocity perceived by an Euclidean observer):

: ' t) Yo Ccos &
plan gy = (T _ 3.4.6
®) (y(t) (cosht — sinasinht)? \ —sinht + sina cosht ( )
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which is a parallel vector field along the curve ®@¥)(¢), whose norm is given by

||®@)(¢)|| = y(t). The unit velocity vector is given by

V) (¢) = Plav)(t) — 1 ( cosa > . (3.4.7)

N ||[@av)(¢)||  cosht —sinasinht \ —sinht + sin o cosh ¢

We now consider the case where the path is a piecewise geodesic. Let 71...7,, be the
hitting times and f;...5, be the corresponding deflection angles. The particle starts
at ¢ = (xg, yo) with velocity v = (cos a, sin «), then it travels along the geodesic line
until a time 7y, when the position is ®@*)(7) and the unit velocity is given by the
vector V(@) (7)), which changes into v; = (cos ay,sina;) = Rg, V@ (7). During
the time interval [7;_1, 7;] the velocity evolves from v;_; to V(7;") and, at time 7; it
is changed to v; = (cos ay,sina;) = R, V(7; ). By iterating (3.4.3) we immediately

obtain

sinh(t—7y) cos ay
(I)(q,v) (t) . (37(7-11) + y(Tn) cosh(thn%fsin o sinh(t—7y) ) (348)

y(Tn) " cosh(t—7p)—sin ay, sinh(t—7y)

for 7, <t < 7,41, where z(7,,) and y(7,,) can be computed in a recursive way by
using (3.4.3).



Chapter 4

Lévy processes and subordinators.

This chapter contains some basic facts on Lévy processes, with particular attention

to the subclass of subordinators. For a complete reference see [64] and [2].

4.1 Infinite divisibility

Definition 1. A random variable X is said to be infinitely divisible if for each n € N

there exists a sequence of i.i.d random variables Y7, Y5, ... Y,,, such that

XLYi4+ Yo+ ..+, (4.1.1)

Denoting respectively by p and ,u% the probability distribution of X and each

Y;, formula 4.1.1 reduces to the following convolution

[L= [Ln kLT K L.k U (4.1.2)

Moreover let ¢(u) = Ee®™X be the characteristic function of X, then the characteris-
tic function of each Y; obviously reduces to (gb(u))%, and this furnishes a manageable
criterion to recognize infinitely divisible random variables; as the following examples

show.

Example 1 (Compound Poisson) Let N be a Poisson random variable with
mean A and let Z;, 7 > 1 be a sequence of i.i.d random variables, each of them

having probability distribution ;. Then

X=> 7 (4.1.3)
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is said to be a Compound Poisson random variable and its distribution is denoted
by CP(\, 7). The characteristic function of 4.1.3 is

qb(u) = EeiuX — EN]EeiuZ?]:l Zy _ EN(Eeiqu)N

) A" -
. . _ _ uz;

§ (Eezqu )ne A e A+AEe 77

‘ n!

n=

— oM (e —1)y 5 (da) (4.1.4)

Now, the n-th root of (4.1.4) is the characteristic function of CP(2,17). So, if X

has distribution C'P(\, 1), it is infinitely divisible and, for each n € N, definition
(4.1.1) holds by taking each Y; with distribution C'P(2,1z) .

When Z; £ 1 V4, namely Yz(dz) = 6;(dz), the Compound Poisson distribution

reduces to a Poisson distribution with rate A, which is infinitely divisible and (4.1.1)

holds by taking each Y; with poissonian distribution with rate %

Example 2 (Gaussian distribution) If X is a gaussian random variable with
mean g and variance o2, then its characteristic function is ¢(u) = e™* 27" Its
n-th root is the characteristic function of a gaussian random variable with mean £

and variance %2 Thus X is infinitely divisible.

A fundamental result about infinitely divisible random variables is the Lévy -

Khintchine formula, which preliminary requires the following definition:

Definition 2. A measure v on R is a Lévy measure if

v(0) =0 /R_{O}(y2 A 1v(dy) < oo. (4.1.5)

We now state the Lévy -Khintchine theorem, and we refer to [2] for the proof.

Theorem 3. Let X be an infinitely divisible random variable. Then there exists two
constants b and o and a Lévy measure v such that the characteristic function of X

reads

1 .
gb(u) =l (d)u — 50'2142 + / (ewy — 1 —uy X[—l,l](y))y(dy)) (416)
R—{0}

4.2 Lévy processes.

We now give the definition of Lévy processes. We restrict ourself to one-dimensional
processes, the multidimensional ones are treated in [2] and [64]. We preliminarly
recall that a process is continous in probability (or stochastically continuous) if
limy_o X (t + k) £ X (), namely limy,_o Pr{|X(t + h) — X(t)| > €} = 0 for each
e > 0.
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Definition 3. A real valued process X = {X(t),t > 0} is said to be a Lévy process
if
1. X(0)=0 almost surely

2. X has independent and stationary increments

3. X is continuous in probability

A fundamental consequence of the previous definition is the following:

Theorem 4. If X is a Lévy process, then, for each t > 0 the random variable X (t)

is infinitely divisible and its characteristic function is
¢y(u) = Be™X1) = et (4.2.1)
where
n(u) = ibu — 1<72u2 + / (€™ — 1 — tuy X[—1.1)) )V (dy). (4.2.2)
2 R—{0}
Proof. Since the increments are independent and stationary, it follows that

Drrs(u) = Pr(w)ps(u) (4.2.3)

which gives, together with the initial condition ¢g(u) = 1, the unique solution e

for a suitable constant n(u) independent on t. We have to calculate n(u).

For each n € N, it is sufficient to write

X(t) = §X<%> - X(@): ;yk (4.2.4)

and observe that, since independence and stationareity of the increments, the vari-
ables Y} are i.i.d, and this proves the infinite divisibility of X (¢).

Observe now that

$i(u) = (¢1(u))’ (4.2.5)

Since X (1) infinitely divisible, we can apply the Lévy -Khintchine formula (4.1.6)
to compute ¢1(u) and this concludes the proof. O

We conclude this section by explaining the construction of the sample paths of
Lévy processes. The following theorem, known as Lévy-Ito decomposition, states

that any Lévy process is given by the sum of three independent processes. The
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first is a a diffusion process (the brownian motion with drift is indeed the unique
continuous path Lévy process), the second is a Compound poisson process whose
jumps are ”sufficiently large”, the third is the limit of a sequence of Compound
Poisson processes with ”small” jumps, compensated by its mean. In some sense,
this is the path-space version of the Lévy - khinchine formula, which only regarded

with the univariate probability distribution of X (t).

Theorem 5. For any function of the form (4.1.6), there exists a Lévy process X
whose univariate distribution has characteristic function (4.1.6). Moreover X is the

sum Of three processes:

where X1(t) has Lévy exponent

¢1(u) = ibu — %aqu (4.2.7)

, X9 18 a compound Poisson process with Lévy exponent
alw) = [ (e = D(dy) (4.2.8)
ly|>1
and X3 is the limit as n — oo of compensated Poisson processes with Lévy exponents

¢mo=[Q<yw—nm@»4g[meww» (42.9)

4.3 Subordinators.

An important class of one-dimensional Lévy processes is formed by the so-called

subordinators.

Definition 4. A Lévy process {H(t),t > 0} is a subordinator if it is increasing

almost surely and its Lévy measure satisfies the additional condition

/oo(x A Dv(dr) < oo. (4.3.1)

Of course, a Levy process with characteristic function defined by the triplet
(b, 02, v), is a subordinator if and only if b > 0, 02 = 0 (i.e. the Brownian part must
be absent since its trajectories are not increasing) and v(—o00,0) = 0 (namely only

upward jumps occurr).

Since a subordinator has positive values, its Laplace transform is well-defined

and is given in the following statement.
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Proposition 2. Let {H(t),t > 0} be a subordinator. Then there exists a constant

“XH(H) — p—tf (A

B >0 and a measure v on (0, 00) satisfying 4.3.1 such that Ee ), where

fA) =BA+ /000(1 — e M)y (dr). (4.3.2)

Proof. By using (4.2.2), with the positions 02 = 0 and v(—oc0,0) = 0, the Laplace

transform is obtained by putting v = i\

REe X = o=t/ (4.3.3)
where
FO) = DA+ /R (= e = Ao () ) (43.4)
Thanks to 4.3.1 we can split the integral in the following way
FOV = bA+ /R+<1 e Mu(dy) — A /01 yv(dy) (4.3.5)

and finally incorporate the new term in the drift

B=0b-— /0 yv(dy) (4.3.6)

and the proof is complete. O]

The previous result also suggests that a subordinator can be constructed as the

sum of a drift and a (not-compensated) compound Poisson process
H(t)=bt+ >  AH(1) (4.3.7)
0<s<t

where AH(t) = H(t) — H(t™). Note that (4.3.7) is the Lévy -Ito decomposition
(4.3.7) adapted to subordinators.

The following result shows that the probability distribution of any subordinator

can be approximated by means of that of Compound Poisson Processes.

Theorem 6. Let H be a subordinator. Then there exists a family of Compound

Poisson Processes Z.,, such that Z.(t) converges in distribution to H(t) as vy — 0.

Proof. Let v(dz) be the Lévy measure of a subordinator. In general, it is not
integrable as x — 0, as clear from (4.3.1). However, by considering the tail of the

measure,

(y) = /OO v(dx) v >0 (4.3.8)
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it is obvious that
v(dzx)
v(v)

is a probability measure, since it is positive and integrates to 1. The Compund

Yy (do) = (4.3.9)

Poisson Process
Z,(t) =Y X], (4.3.10)
=0

where N, (t) is a Poisson process with rate % and each X} has distribution 1, (dx),

has Laplace transform

Ee %) = g=tJ;"(1—e™"")v(da) (4.3.11)
which clearly converges to the Laplace transform of H(t) as v — 0. O]

To extend the class of subordinators, we introduce the so-called ”killed” subordi-
nators: at a random time, which is stochastically independent on the process itself,
a killed subordinator makes a jump of infinite size and reaches the absorbing state

(or cimitery point) at co. A killed subordinator is constructed as

At = fo(t) Z i ; (4.3.12)

where H (t) is a subordinator in the strict sense and 7" is the random life-time of the

process, having probability distribution Ezp(a).

The Laplace tranform of 4.3.12 is
Ee () = Ee A () Pr{t < T} = ¢ M0t (4.3.13)
and the Laplace exponent is
gA)=a+ f(A) =a+b\+ /00(1 — e ) y(dx) (4.3.14)
0

Remark 1. It is now appropriate to do an excursus of mathematical analysis. A
non-negative function g € C*(0, 00) is said to be a Bernstein function if (—1)"g™ <

0 forn € N. It is possible to prove that each Bernstein function has the form
g(A) = a+bA+ / (1—e)v(dx) (4.3.15)
0

for suitable a > 0, b > 0 and a measure v satisfying (4.5.1). Hence, the class of
all the Laplace exponents of subordinators coincides with the class of all Bernstein

functions.



Chapter 5

Subordinated processes.

5.1 Introduction

In this chapter, we consider time-changed models of population evolution X/ (t) =
X(H'(t)), where X is a counting process and H/ is a subordinator with Laplace
exponent f. In the case X is a pure birth process, we study the form of the distribu-
tion, the intertimes between successive jumps and the condition of explosion (also in
the case of killed subordinators). We also investigate the case where X’ represents a
death process (linear or sublinear) and study the extinction probabilities as a func-
tion of the initial population size ng. Finally, the subordinated linear birth-death
process is considered. A special attention is devoted to the case where birth and

death rates coincide; the sojourn times are also analysed.

Birth and death processes can be applied in modelling many dynamical systems,
such as cosmic showers, fragmentation processes, queueing systems, epidemics, pop-
ulation growth and aftershocks in earthquakes. The time-changed version of such
processes has also been analysed since it is useful to describe the dynamics of var-
ious systems when the underlying environmental conditions randomly change. For
example, the fractional birth and death processes, studied in Orsingher and Polito
[54, 55, 56]; Orsingher, Ricciuti, Toaldo [59], are time-changed processes where the
distribution of the time is related to the fractional diffusion equations. On this point

consult Cahoy and Polito [15, 16] for some applications and simulations.

In this chapter, we consider the case where the random time is a subordinator.
Actually, subordinated Markov processes have been extensively studied since the
Fifties. The case of birth and death processes merits however a further investigation
and this is the role of the present study. We consider here compositions of point

processes X (t), t > 0, with an arbitrary subordinator H/(t) related to the Bernstein

53
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functions f. We denote such processes as X/ (t) = X(H’(t)). The general form of

f is as follows

flz)=a+ Pz + /000(1 —e ")v(ds) a>0,5>0, (5.1.1)

where v is the Lévy measure satisfying

| sn s <o (512)

In this chapter we refer to the case a = f = 0, unless explicitly stated. The
structure of the chapter is as follows: section 2 treats the subordinated non-linear
birth process; section 3 deals with the subordinated linear and sublinear death
processes; section 4 analyses the linear birth-death process, with particular attention
to the case where birth and death rates coincide. In all three cases, we compute

directly the state probabilities by means of the composition formula
Pr{x/(t)=k} = / Pr{X(s) =k} Pr{H/(t) € ds}. (5.1.3)
0

Despite most of the subordinators do not possess an explicit form for the probability
density function, the distribution of X (H/(t)) always presents a closed form in terms
of the Laplace exponent f. We also study the transition probabilities, both for finite
and infinitesimal time intervals. We emphasize that the subordinated point processes
have a fundamental difference with respect to the classical ones, in that they perform
upward or downward jumps of arbitrary size. For infinitesimal time intervals, we

provide a direct and simple proof of the following fact:

Pr{Xx/(t+dt)=klX/(t)=r} = dt/ Pr{X(s) =k|X(0) =r}v(ds), (5.1.4)
0

which is related to Bochner subordination (see [62]).

The first case taken into account is that of a non-linear birth process with birth

rates A\, k > 1, which is denoted by N (t). The subordinated process N7 (t) does

not explode if and only if the following condition is fullfilled

ZT = 0. (5.1.5)

j=1""

This is the same condition of non-explosion holding for the classical case. Such a
condition ceases to be true if we consider a Lévy exponent with o # 0, which is
related to the so-called killed subordinator. In this case, indeed, the process N/ (t)

can explode in a finite time, even if N'(t) does not; more precisely

Pr{N/(t) =0} =1—e (5.1.6)
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We note that N/ (t) can be regarded as a process where upward jumps are separated

by exponentially distribuited time intervals Y} such that
Pr{Y, > t\/N/(Tj_y) = r} = e /) (5.1.7)
where T is the instant of the (k — 1)-th jump.

In section 3 we study the subordinated linear and sublinear death processes, that
we respectively denote by M/ (t) and M/ (¢), with an initial number of components
ng. We emphasize that in the sublinear case the annihilation is initially slower,
then accelerates when few survivors remain. So, despite M7 (t) and M/ (¢) present
different state probabilities, we observe that the extinction probabilities coincide

and we prove that they decrease for increasing values of ng.

In section 4, the subordinated linear birth-death process Lf(t) is considered. If
the birth and death rates coincide and H/ is a stable subordinator, we compute the
mean sojourn time in each state and find, in some particular cases, the distribution
of the intertimes between successive jumps. We finally study the probability density

of the sojourn times, by giving a sketch of the derivation of their Laplace transforms.

5.2 Subordinated non-linear birth process

We consider in this section the process N7 (t) = N'(H”(t)), where A is a non-linear
birth process with one progenitor and rates Az, k > 1, and H/(t) is a subordinator
independent from A/ (¢). It is well known that the state probabilities of N (t) read

e~ Amt
H /\ Zm 11_[1 1l¢m()‘l Am)’ k>1’

Pr{N(t) = kIN(0) = 1} = i) k=1

(5.2.1)

The subordinated process N/ (t) thus possesses the following distribution:

Pr {N/(t) = kN7 (0) = 1} :/OOPr{/\/'(s):k]/\/(O):l}Pr{Hf(t)eds}

0

—tf(>\m)
R RN e L
e M) k=1.
(5.2.2)
The distribution (5.2.2) can be easily generalised to the case of r progenitors and
y8g prog
reads
r4+k—1 r+k e—tf(Am)
Aj T TVEWIEY k>0,
Pr{N/(t) =r+ kN (0) =71} = L= Zmrnjrkl#m( —Am)
et E=0.

(5.2.3)



56 CHAPTER 5. SUBORDINATED PROCESSES.

The subordinated process N/ (t) is time-homogeneous and Markovian. So, the last

formula permits us to write

Pr{N/(t+dt) =r+ kN (t) =r}
HrJrk 1>\ Zr+k 1—dtf(Am) ’ k>0,

m=r HTJrk

_ 1tm (A= Am) (5.2.4)
1 —dtf(\), k=0.

To find an alternative expression for the transition probabilities we need the following
Lemma 5.2.1. For any sequence of k+ 1 distinct positive numbers Ay, Apy1 - Atk

the following relationship holds:

r+k

1
Gk =Y = = 0. (5.2.5)

m=r 11ll= rl;ﬁm( )\m)

Proof. Tt is a consequence of (5.2.3) by letting t — 0. An alternative proof can be
obtained by suitably adapting the calculation in Theorem 2.1 of [55]. O

We are now able to state the following theorem.

Theorem 7. For k > r the transition probability takes the form
Pr{N/(t+dt) = kNI (t) =r} = dt / Pr{N(s) = k|N(0) = r}v(ds) (5.2.6)
0

Proof. By repeatedly using both (5.2.5) and the representation (5.1.1) of the Bernstein

functions f, we have that

r+k—1 r+k

Pr{Nf t+dt) = kINY (1) —r} = H Z rik_dtf )
j=r Hl Tl;ém( )
r+k—1 r+k

= —d Aj
t H Z Hr-‘rkz ( )

j=r l=rl#m
oo T+k—1 r+k 1— e_)\ms
= —dt / H Aj Z — v(ds)
0 Hz Tl;ém( Am)
OorJrk 1 r+k —>\m5
= dt / H Y Z — v(ds).
0 Hz rl;ém( Am)

(5.2.7)

In light of (5.2.5), the integrand in (5.2.7) is O(s) for s — 0. Reminding (5.1.2),

this ensures the convergence of (5.2.7), and the proof is thus complete. O
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Remark 2. For the sake of completeness, we observe that in the case k = 0 we have

Pr{N/(t+dt)=r|N/(t) =r} =1—dtf(\)

—1—dt /00(1 — e %) v(ds) (5.2.8)
1t /000(1 — Pr{N(s) = N (0) = r})u(ds).
(5.2.9)

Remark 3. The subordinated non-linear birth process performs jumps of arbitrary
height as the subordinated Poisson process (see, for example, Orsingher and Toaldo

[61]). Thus, in view of markovianity, we can write the governing equations for the

state probabilities pk =Pr {Nf = kINY(0) = 1} For k > 1 we have that
d k-1 0o k=1
A0 = s+ ol [T v(ds)
k T )
dt ; Hr Z Hl rl;ém()‘l A )
(5.2.10)

while for k=1

Sl = —F00rl ) (5:2.1)

Remark 4. The process N'(H(t)) presents positive and integer-valued jumps occur-
ring at random times Ty, T, ---T,,. The inter-arrival times Y1, Ys,--- Y, are defined

as
Y =T, — T)_1. (5.2.12)
It 1s easy to prove that
Pr{Yy > t\N/(Tj_y) =1} = e 7O, (5.2.13)

This can be justified by considering that in the time intervals [Ty_1, T—1 +1], no new

offspring appears in the population and thus, by (5.2.4), we have

Pr{Yi > tINT (T 1) = r} = PrANT (t + Ty 1) = NV (Tiq) = 1)} = e T
(5.2.14)

5.2.1 Condition of explosion for the subordinated non-linear

birth process

We note that the explosion of the process N/ (), ¢t > 0, in a finite time is avoided if
and only if

Too =Y, +Ys Yoo = 00 (5.2.15)
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where Y; , j > 1, are the intertimes between successive jumps (see [29], p. 252). For

the non-linear classical process we have that

S 8 | e 9 | Fewy
Jj=1 Jj=1
= 1
=] - = = : (5.2.16)
piel b v D DA b R

So, if Z;’il % = oo we have e 7= = 0 a.s., that is Ty, = oco. Therefore, for the

subordinated non-linear birth process we have that
Pr{N/(t) < oo} = / ZPr {N(s) = k}Pr{H’(t) € ds}
0 k=1
_ / Pr{B(f)edst =1,  Vi>o. (5.2.17)
0

Instead, if 3777, {- < oo, we get 7, Pr{N(s) = k} < oo, and this implies that
Pr{N/(t) < oo} < 1.

We can now consider the case of killed subordinators H9(t), defined as

HI(t), t<T,
HO(t) = Q (5.2.18)

00, t>1T,
where T ~ Ezp(a) and HY(t) is an ordinary subordinator related to the function
flx) = [[7(1 —e*)v(ds). Tt is well-known that HY(t) is related to a Bernstein

function

g(z) = a+ f(x). (5.2.19)

In this case, even if Zj‘;l /\i = o0 , the probability of explosion for N/ (t) is positive
and equal to

Pri{N/(t) =oco} =1—e" (5.2.20)

This can be proven by observing that
Pr{N/(t) < oo} = / ZPr {N(s) = k}Pr{H(t) € ds}
0 k=1

= /OOPr{Hf(t) € ds} —/Ooe_“sPr{Hf(t) € ds}

pn=0

=e oWt = gmat (5.2.21)

=0

If, instead, Y37, &+ < oo, we have 7, Pr{N(s) = k} < 1 and, afortiori, Pr {N/(t) < 00} <

j=12%,

e,
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5.2.2 Subordinated linear birth process

The subordinated Yule-Furry process N7 (t) with one initial progenitor possesses the

following distribution

e (1 — e 1 Pr{H/ (t) € ds}

/0 k—
_ /O T ey (’fj ) o= Pr{HY (1) € ds})

J=0

_ (k ] 1)( 1) /0 " O P I (1) € ds}

(k B 1) (1)l e t/AUHD), (5.2.22)

Of course, this is obtainable from the distribution N/ (t) by assuming that A\; = \j
We now compute the factorial moments of the subordinated linear birth process.

The probability generating function is
G u,t) =) ut / e (1 — e )L Pr(HS (1) € ds). (5.2.23)
k=1 0

The r-th order factorial moments are

o
f
S G’ (u,t)

u=1

= Zk(k — 1) (k—r+1) /OO e M(1—e ™) Pr{H/(t) € ds}

= f: k(k—1)---(k—7+1) /oo e ML —e ) (1 —e ) Pr{H/(t) € ds}

(5.2.24)
and since
= f — d" 1 r!
S k(k = Dk =1+ D1 = p) " = (-1 S (1= p) = (-1t =
k=r dp k=0 dp b b +
(5.2.25)
we have that
i — )\'rs —As\r—1 P Hf d
50 e {1() € ds)
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r—1
~1
=rly (T ) (—=1)me t/Am=r), (5.2.27)

By f(—z), z > 0 we mean the extended Bernstein function, having representation

f(—=x) = /00(1 — e*v(ds), x>0, (5.2.28)
0
provided that the integral in (5.2.28) is convergent. In particular, we infer that
ENY(t)) = e /Y (5.2.29)
and
Var(N7(t)) = 22N _ o7t/ _ o =20 (A (5.2.30)

—a—1

For a stable subordinator, that is with Lévy measure v(ds) = %ds ,a€(0,1),

all the factorial moments are infinite. Instead, for a tempered stable subordinator,
95

F(l a
order r such that r < < are finite. If we then consider the Gamma subordinator,
with v(ds) = &
finite.

where v(ds) = —ds, o € (0,1) and 6 > 0, only the factorial moments of

a
3 are

5.2.3 Fractional subordinated non-linear birth process

The fractional non-linear birth process has state probabilities pf(¢) solving the frac-

tional differential equation

d’p(t)

T = —XePp(t) + Me1pp 1 (2) ve(0,1),k>1 (5.2.31)
with initial condition
. 1, k=1,
pr(0) = (5.2.32)
0, k> 1.

The state probabilities read (see Orsingher and Polito [56])

mt”)
pi(t) = PrAN™(t) = kN (0) =1} = | | A v e (0,1),
’ H Z Hz 1z¢m(/\l A )
(5.2.33)
where
o sin(vm) [ prlemrnvt
E, i (—nt") = - /0 "5 90 cos(vm) £ 1d7“ (5.2.34)
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is the Mittag-Leffler function (see formula (7.3) in Haubold et al. [30]). So, the

subordinated non-linear fractional birth process has distribution
Pr{NY(H'(t)) = kIN*(0) = 1}

k k : ¥
1 S v—1 _tf(T)‘7rL)
E sin(vr) / 5 i dr.  (5.2.35)
= o T4 2rvcos(vm)+1

1

i

J

B — Hf:l,l;ém(/\l —Am) T

.

5.3 Subordinated death processes

We now consider the process M7/ (t) = M(H/(t)), where M is a linear death process

with ng progenitors. The state probabilities read

Pr{M/(t) = k|M'(0) =no} = /000 (720> e (1 — ek Pr {H/(t) € ds}

no—k 00
— (72()) Z (no B k) (—1)j/ e~ Wkt pr L HI(t) € ds}

no—k
—k . ,
_ (r;o> (no - ) (_1)]e—tf(uk+w)' (5.3.1)
= \ J

In particular, the extinction probability is
Pr {Mf(t) = 0|Mf(0) = no} = Z n0> (_1)je—tf(uj)
"0 n . .
=1+ ( F’) (1) et/ (5.3.2)

and converges to 1 exponentially fast with rate f(u).

Remark 5. We observe that the extinction probability is a decreasing function of

no for any choice of the subordinator H'(t). This can be shown by observing that

Pr{M/(t) = 0|M7(0) = no} — Pr {M7(t) = 0|M7(0) = ng — 1}

no no—1
- (no) (~1)et) — 3™ (”0 B 1) (—1)i et wd)

no—1 1
_ <n0 - ) (_1)je—tf(uj) + (_1)noe—tf(un0)
= \J 1

no 1
= o (_1)je*tf(w’)
, Jg—1
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o—1
— o= Jg—tf (u(i+1)
( ;)
oo no—1 ne — 1 -
( > 1 em#Ut) prLHT (t) € ds}
]ZO

e (1 —e ) 'Pr{H/(t) € ds} < 0. (5.3.3)

3

N%“

This permits us also to establish the following upper bound which is valid for all

values of ng.

Pr{M/(t) = 0|M'(0) =no} < Pr{M/(t) =0|M/(0) =1} =1— e W (53.4)
We also infer that

Pr { M/ (t) = k|M'(0) = no} =

Pr { M/ (t) = k|M’(0) = ng — 1} — niopr {M7(t) =1M!(0) =no}  Vk <mng

Remark 6. The probability generating function of the subordinated linear death

process 1s
G(u,t) = /Ooo(ue“s +1—e ") Pr {Hf(t) € ds}. (5.3.5)
We now compute the factorial moments of order r for the process MY (t):
E(M7()(M*(t) = 1)(M* () = 2)- - (M (t) = r + 1))

= / 0 (ue ™ +1 —e")"|, Pr{H/(t) € ds}
0 ou”

=ng(ng — 1)(ng —2)...(ng —r + 1) /Ooo e Pr{H(t) € ds}

=ng(no — 1)(ng —2)...(ng — r + 1)6—tf(m“)

— (7;0> ot (ur) forr < ng. (5.3.6)
In particular, we extract the expressions
E MY (t) = nge /W (5.3.7)
and
Var M7 (t) = nge 70 — nge /G 4 p2e=tF 20 _ p2e=26F(0) (5.3.8)

The variance can be also be obtained as

Var MY (t) =E{ Var (M(H())|H ()} + Var {E(M(H'(1))|H (1))}
=E(noe” “Hf(t)(l — e M OY) 4 Var (nge” “H ®)y
=nge T — poe=t7m 4 nge—tf(%) — n(Z)e—%f(u)‘ (5.3.9)
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Remark 7. The transition probabilities

Pr{ M/ (tg+1t) = k| M/ (to) = r} = (D i (T - k) (1)t ki) (5.3.10)

=0 N 7
permit us to write, for a small time interval [t,t + dt),

Pr{Mf to + dt —k:|Mf (to) —r}

)
Z(T)T (T]k> T —dt fpk + p1j))
Z—dt(;)fk(rgk)( 1Y f(uk + pg)
(5")

(_1>j /000(1 _ e—(uk+uj)8)y(d5>

J
r ok ek
- dt( / < , ) (—1) e Piserksy(ds)
k) Jo =\ J

(1 — e rs)yr—hemiksy(ds)

:dt/mPr{M(s):k\M(O) =r}u(ds) 0<k<r<ng (5.3.11)

It follows that the subordinated death process decreases with downwards jumps of
arbitrary size. Formula (5.3.11) is a special case of (5.1.4) for the linear death

process.

Remark 8. If M/(ty) = r, the probability that the number of individuals does not

change during a time interval of length t is
Pr{M/(to+1t) = r|M/(tg) =r} = e~trm), (5.3.12)

As a consequence, the random time between two successive jumps has exponential

distribution with rate f(ur), i.e
T, ~ Exp(f(ur)). (5.3.13)

From (6.3.12) we have also that
Pr{M/(t+dt)=r|M/(t)=r} = 1 —dtf(ur). (5.3.14)
Remark 9. In view of (5.3.11) we can write the governing equations for the tran-

sition probabilities pl(t) = Pr {M(t) = k|M'(0) =no}, for 0 <k <mny

ol ==l + > o0 [ (1)a-emyte s, 59

j=h+1
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5.3.1 The subordinated sublinear death process

In the sublinear death process we have that, for 0 < k < ny,
Pr{M(t + dt) = k — 1|M(t) = k,M(0) = no} = p(no — k + 1)dt + o(dt) (5.3.16)

so that the probability that a particle disappears in [t, ¢+ dt) is proportional to the

number of deaths occurred in [0,¢). It is well-known that

e Ht(1 — e rt)mo—k kE=1,2,...,n0,
Pr {M(t) = k|M(0) = no} = (5.3.17)
(1 - 6_M)n07 k = O

So, the probability law of the subordinated process immediately follows

Pr {M/(t) = k|M/(0) = no }

(

ng — k . ,
Z?jﬁa’“ 0 | (—1)iet/ G+, k=0,1,... no,
J
= (5.3.18)
A R L] k=0
k

\

The extinction probability is a decreasing function of ny as in the sublinear death
process. Furthermore we observe that the extinction probabilities for the subordi-

nated linear and sublinear death process coincide.

5.4 Subordinated linear birth-death processes

In this section we consider the linear birth and death process L(t) with one progenitor
at the time H7(t). We recall that, for k > 1 (see Bailey [4], page 90),

T A PG al)

()\_“e—(/\—u)t)kJrl ’ A > s
)2~ (n— Nt e (u=N)tyyE—1
Pr{L(t) = K|L(0) = 1} = { G2 OV VL (54)
Akt _
(EEsyiEes A=p
while the extinction probabilities have the form
G
%, A >,

Pr{L(t) = 0|L(0) = 1} = { u=pe = o>\, (5.4.2)

A—ue*t(l‘*)‘) )

At
1+A¢t?
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We now study the subordinated process L/ (t) = L(H/(t)). When \ # u, after a

series expansion we easily obtain that

Pr{L/(t) = k|L/(0) = 1}

(252)7 375, () (8)! SSE (— 1) (B et ), Ao
- 2 k—1 l
(22)7(2) 2 (49 (2) Sy =1y (< et Ny <
(5.4.3)

provided that k > 1. Moreover, the extinction probabilities have the following form

b2 (ZOO (g)m e—tf((A—u)m)) Ty A>
A m=1 \ \ 2?7 )
Pr{L/(t) =0} = oy e (Y™ (5.4.4)
L= (53) X (;) e Htmm, A< p.
Similarly to the classical process, we have
5 A >,
lim Pr {L/(t) =0} = { * : (5.4.5)
t—r00 1, < 1

5.4.1 Processes with equal birth and death rates

We concentrate ourselves on the case A = u, which leads to some interesting results.

The extinction probability reads

Pr{L/(t) =0|L/(0) =1} = /OOO - fAS

<1
—1— !
1 /0 1+)\8Pr{H (t) € ds}
:1—/ Pr{Hf(t)Eds}/ dw e e
0 0

=1 —/ dw e~ e W), (5.4.6)
0

Pr{H/(t) € ds}

We note that
i Prd Ll (8) = 0lLS (0) = 1) —
th r { (t) = 0|L’(0) 1} 1 (5.4.7)

as in the classical case. From (5.4.6) we infer that the distribution of the extinction
time 7 = inf {t>0:L/(t) =0}, has the following form

Pr {Tg € dt} Jdt = / e f(hw)e T O dyy, (5.4.8)
0
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We now observe that all the state probabilities of the process L(t) depend on the
extinction probability (see [56])

(At)k_l
B (_Dk—l)\k—l dk A
N k! dNF \ 1+ Mt
B (_1)k—1>\k—1 dk _
= o I (A1 —=Pr{L(t) =0})). (5.4.9)
Hence, the state probabilities of L/(t) can be written, for k > 1, as
Pr{L/(t) = k|L7(0) = }
( k 1)\k 1 dk
- o [ (1—Pr{L(s) =0})Pr{H/(t) € ds}
( )k 1/\k 1 dk
- k! A\E [ (1—Pr{Lf _O})]
k 1)\k 1 dk:
:( )k' I [)\/ dw e_“’e_tf(’\“’)} : (5.4.10)
: 0

5.4.2 Transition probabilities

To compute the transition probabilities of L/(t), we recall that the linear birth-
death process with r progenitors has the following probability law (see [4], page 94,
formula 8.47):

Pr{L(t) = n| L(0) 2(3 ()(”jfjj‘l) oIl — o — ),

(5.4.11)
where n > 0 and
_ e ) (e )
o= N, b= S (5.4.12)
In the case A = p we have
At
lima = lim 8 = (5.4.13)

U= n—A 1+ At
so that

Pr{L(t) = n|L(0) =1}

_mm(r,n) r\(r+n—j7—1 A\ 1—9 VAR
= U r—1 14+ Mt 14+ Mt

=
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min(r,n) j . . r+n—2j5+k
-1
- S () (T T~y 2 S (5.4.14)
J r—1 k 1+ At

j=0 k=0
One can check that for r = 1 the last formula reduces to

(At)*!

PrL() = nlL0) = 1} = 7y

(5.4.15)

The transition probabilities related to the subordinated process L’ (t) can be written

in an elegant form, as shown in the following theorem.

Theorem 8. In the subordinated linear birth-death process L’ (t), when \ =
n>0,r>1,n%#r, wehave that

Pr {Lf (t+to) = n|L' (to) =1}
EEOC
= = r—1 k)" (r+n—2j+k—1)!

dr—i—n 2j+k—1 1 1 o0 .
_ —w ,—tf(Aw)
Al v " [X A/o dwe e } (5.4.16)

Proof. By subordination we have

Pr{Lf(t) =n|L/(0)=r} = / Pr{L(s) = n|L(0) = r} Pr {H/(t) € ds}

CEEOCT0

\s r+n—2j+k
« /O Pr{H(t) € ds} (1 2 AS) (54.17)
To compute the last integral, we preliminarly observe that
ar 1 1
v v AL sy v (5.4.18)
and consequently
As \" O (=1)mTis o gmmt ]
= ) 5.4.19
<1—|—)\S) (m—1)1 d\" 11+ Xs ( )

So, we have
Pr{L/(t) = n|L/(0) =r}
mmZ Z r+n _j 1 ] 2k (_1)r+n—1)\r+n—2j+k
‘= = r—1 k)" (r+n—2j+k—1)!
dr+n 2j+k 1

s
) ey /0 11 s Pr{H/(t) € ds} (5.4.20)
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where, by using (5.4.6), we write

< s 1 [ As
Pr{H/(t) eds} = < Pr{H/(t)ed
e GRS Y e e CORY
1 o0
= —[1 —/ dw e_we_tf(’\w)} (5.4.21)
A 0
and the desired result immediately follows. O]

Remark 10. For a small time interval dt, the quantity in square brackets in (5.4.16)

can be written as

o1
X_X/O dw e (1 — dt ()

1 oo oo
=dt —/ dw e_w/ v(ds)(1 — e %)
A Jo 0

o s
=dt d
/0 U S)1+)\s

Then, by using (5.4.19) e (5.4.14), formula (5.4.16) reduces to

Pr{L/(to+dt) = n|L' (t;,) = k} = dt/ v(ds) Pr{L(s) = n|L(0) = k}
0
thus proving relation (5.1.4) for subordinated birth-death processes.

Remark 11. If L/(0) = 1, from (5.4.10) we have that the probability that the
number of individuals does not change during a time interval of length dt is

Pr{Lf(dt)=1|L7(0) =1} =1— dt%(k /OOO dwe ™ f(Aw))
Thus the waiting time for the first jump, i.e.
Ty =inf{t>0:L(t) # 1},
has the following distribution

Pr{T} >t} = e tix (Ao~ dweT 70wy, (5.4.22)

For example, in the case H(t) is a stable subordinator with index o € (0,1), T} has

an exponential distribution with parameter \°T' (a + 2).

5.4.3 Mean sojourn times

Let Vi(t), k > 1 the total amount of time that the process L(t) spends in the state

k up to time ¢, i.e.

Vi(t) = /Ot Ii(L(s)) ds, (5.4.23)
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where I(.) is the indicator function of the state k. The mean sojourn time up to

time t is given by
¢
EVi(t) = / Pr{L(s) = k|L(0) = 1} ds. (5.4.24)
0
By means of (5.4.9) we have that

EVi(t) /Ot Pr{L(s) = k|L(0) = 1} ds
_ “”;”kl dcfk ()\ (t _ /Ot Pr{L(s) O}ds))

_ (_1)k71/\k71 dk /t S
B R U G ) A e e

(_Uk—l/\k:—l dkz

= X I log(1 + At)
1/ a "
=— 4.2
v (i) 5429
and the mean asymptotic sojourn time is therefore given by
1
EVi(00) = VA (5.4.26)

In view of (5.4.10), for the sojourn time V! (¢) of the subordinated process L (t) we
have that

EV/(t) = /t Pr{L/(s) = k|L/(0) = 1} ds

B (_1)k—1)\k—1 dk 00 Cw 1 )
= o I A i dwe FOw) (1—e ) (5.4.27)
and the mean asymptotic sojourn time is given by
_1)k—1>\k—1 dk [e%S) 1
EV/ (00) = )\/ dw e . 5.4.28

It is possible to obtain an explicit expression for Eka (00) in the case of a stable

subordinator, when f(z) =z, o € (0,1), i.e.

V=1 k=1 gk %
EV/ (c0) :< AT d {/\/ dwe™™ ! ]
0

K\ Aewe
DT —) &,
k! AN
(—1)*AFIT(1 — a)

= 5 (1—a)(—a)(—a—1) - (—a—k+ 1Akt

CT(1—a)l(a+k)
T ED(a)\e
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B(1—a,k+ «)
= for k > 1. 4.2
e : or k> (5.4.29)

In the case a = %, by using the duplication formula for the Gamma function and
the Stirling formula, the quantity in (5.4.29) can be estimated, for large values of k,

in the following way:

TG +k) TE)2VHTERE) 1

EV/ (c00) = = ~ 5.4.30
i (o0) kWA EWAT (k) Vk ( )
which is somehow related to (5.4.26). We finally note that
1
EV;/ Vi > 1 5.4.31
o+ Wape V(00 < = e = (54.31)
since
1
Bl —a,k . 4.32
(a+k)< (1—q, +oz)<1_a (5.4.32)

5.4.4 On the distribution of the sojourn times

Let L](t) be a linear birth-death process with k progenitors. We now study the

distribution of the sojourn time

Vi(t) = /0 t I (L;; (5)) ds (5.4.33)

which represents the total amount of time that the process spends in the state k up

to time t. We now define the Laplace transform

re(p) = /OOO e M Pr {Li(t) = k} dt. (5.4.34)
The hitting time
Vil (t) = inf {w > 0: Vi(w) >t} (5.4.35)
is such that

E / e Wi ' Ogt =F / e M dVi(t)
0 0

—F /OO e M, (L{(t)) dt
=7ri(p). (5.4.36)

By Proposition 3.17, chapter V, of [11] we have

t 1

]Ee_“vk_l(t) = e "K®), (5437)
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Now we resort to the fact that
Pr{Vi(t) >z} = Pr{V, "(z) <t} (5.4.38)
and thus we can write
8 t
Pr{Vi(t) € dz} /dx = _BEU/ Pr{V, " (z) € dw}. (5.4.39)
0
We therefore have that

1 o0 d e8] t
— e M Pr{Vi(t) € dx}dt = _d_/ dt e“t/ Pr{V, (z) € dw}
T Jo 0

dz J,
_ 4 dw/ dte " Pr{V, ! (z) € dw}
dz J, w
__1d Oodwe’”wPr{Vfl(x) € dw}
pdz Jo g
_ 1d s
- udx
1 el
= e T (5.4.40)
(i)

If 7,(0) < oo, from (5.4.37) it emerges that Pr{V,'(t) < co} < 1; so the sample
paths of Vi (t) become constant after a random time with positive probability. This
is related to the fact that the subordinated birth and death process extinguishes
with probability one in a finite time when A = pu.

We finally observe that in the case k = 1 by (5.4.10) we have

ri(p) = /000 e MPr{L/(t)=k}dt = di)\ [)\/OOO dwe_wm , (5.4.41)

provided that the Fubini Theorem holds true.
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Chapter 6

Non homogeneous subordinators

6.1 Introduction

In this chapter we introduce non-decreasing jump processes with independent and
time non-homogeneous increments. Although they are not Lévy processes, they
somehow generalize subordinators in the sense that their Laplace exponents are

possibly different Bernstein functions for each time t.

We call our processes non-homogeneous subordinators and denote them by o'(#).
We investigate their basic path and distributional properties with particular atten-

tion to the governing equations.

An interesting particular case of the processes studied in the present paper is given
by the the so-called multistable subordinator, which has been studied in recent years
and is the main source of inspiration of our study. Multistable processes provide
models to study phenomena which locally look like stable Lévy motions, but where
the stability index evolves in time. There are two different types of multistable
processes (for a complete discussion see [42]) . The first one is the so-called field-
based process (see [24] [41]), which is neither a markovian nor a pure-jump process.
The second one is the multistable process with independent increments (see [25])

with Laplace exponent

t
II(\ t) = / A s, (6.1.1)
0

which can be considered as the prototype of our non-homogeneous subordinators.

73



74 CHAPTER 6. NON HOMOGENEOUS SUBORDINATORS
6.2 Non-homogeneous subordinators

Our research concerns the cadlag processes

ol(t) = b(t)+ Y els), t>0, (6.2.1)

0<s<t
where [0, 00) 3 t — b(t) is a non-negative, differentiable function such that b(0) = 0,
and e(s) is a Poisson point process in R with characteristic measure v(dz, dt). We

will work throughout the whole paper under the following assumptions

A1) v(ds,+) is absolutely continuous with respect to the Lebegue measure, i.e.
there exists a density such that v(ds,dt) = v(ds,t)dt. Furthermore the family
of measures {v(ds,?)},,, is such that the function ¢t — v/(ds, ) is continuous

for each t.

A2) for all t >0,

/ (A 1)w(dz, s)ds < oo. (6.2.2)
(0,00) x[0,t]

We call ¢''(t), t > 0, a non-homogeneous subordinator.

Definition (6.2.1) consists in a slight generalization of the Lévy-1t6 decomposi-
tion [31] which holds for non-decreasing Lévy processes (subordinators). Therefore
o'l(t) retains some important properties of the usual subordinators (that is the in-
crements are independent and the sample paths are non-decreasing) but presents a
fundamental difference consisting in the non-stationarity of the increments (whose
distribution is here assumed to be time-dependent). Hence, the number of points of
the poissonian process in any Borel set B C R x RT of the form B = B X [s, ],

where B C (0,00), possesses a Poisson distribution with parameter

m(B) = /B U(de, s)ds = /B /[ vl wde (6.2.3)

In particular, the expected number of jumps of size [z, x 4+ dx) occurring up to an

arbitrary instant ¢ is given by
¢
¢(dx,t) = / v(dx, T)dr. (6.2.4)
0
In view of (6.2.2) which implies that

/Oo(x AN1)g(dz,t) < oo Vt >0, (6.2.5)
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we can apply Campbell theorem (see, for example, [37, p. 28]) to the process (6.2.1)

in order to write that

Ee (1) = ¢~ (6.2.6)
where
I\, t) =\b(t) + /OOO (1—e™) ¢(da, ). (6.2.7)
Thus the function
A — II(\,t) = Ab(t) + /OO (1—e) p(da,t) (6.2.8)
0

is a Bernstein function for each value of ¢ > 0. We recall that a Bernstein function
f is defined to be of class C™ with (—1)"~!f(™(x) > 0, for all n € N [65, Definition
3.1]. Furthermore, a function f is a Bernstein function if and only if [65, Theorem
3.2]

fA) = a+bA +/ (1—e ) v(ds) (6.2.9)
0
where a,b > 0 and v(ds) is a measure on (0, 00) such that
/ (s A)v(ds) < 0. (6.2.10)
0
Note that under Al) and A2), and the further assumption

/ (x A)v(dx,t) < oo, Vit >0, (6.2.11)
0

there exists a Bernstein function A — f(A,¢) such that (6.2.8) can be written as
t o0 t

I\ t) = / (/\b'(w) + / (1—e) V(ds,w)) dw = / fw)dw. (6.2.12)
0 0 0

In what follows the function s — ©(s,t) will denote the tail of the measure
v(ds,t), i.e.

v — v(v,t) = v((y,00),1t), v > 0. (6.2.13)

6.2.1 Paths properties

The process o''(t), t > 0, is the sum over a Poisson process, hence it has independent
increments. As shown in the following theorems, () is continuous a.s. and, under

suitable conditions, strictly increasing on any finite interval.
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Theorem 9. The process o'l(t) is a.s. continuous, i.e., o' (t) = o (t—), a.s., for
each fized t > 0.

Proof. Observe that for h > 0

Pr{|o"(t) — o"(t — h)| > €} :Pr{ > e(5)>6}

t—h<s<t

€
S PI‘{ Z E(S)]l{e(s)<1} > 5}

t—h<s<t

€
+ Pr{ Z 8(8)1{6(8)21} > 5} . (6.2.14)

t—h<s<t

Now since

€
PI‘{ Z e(S)]l{e(s)<1} > 5} <

t—h<s<t

E ) e(s) i<

t—h<s<t

a N

2 1
= —/ / zv(dz, w)dw =9 0. (6.2.15)
€ J@—hnt) Jo

For the second term of (6.2.14) we have that

PI‘{ Z e<8)]l{e(s)21} > %} S 1 —e floo f(tfhyt] v(dz,w)dw

t—h<s<t
— 1 —_ e—hV((LOO),w*)

h—0

b200. (6.2.16)

Continuity in probability implies that for any sequence t,, 1 t it is true that there
exists a subsequence such that o'(¢,) — o'(¢) a.s.. But since the processes o™(t)
are cddlag the left limit must exist a.s. and therefore it must be equal to o™(t).

Thus the theorem is proved. O

It is well-known that a Lévy process is strictly increasing on any finite interval
if the Lévy measure is supported on (0,00) (and hence is a subordinator) and has
infinite mass, v(0,00) = oo (see, for example, [64, Theorem 21.3]). In our case a

similar result is true.

Proposition 3. Let W be a finite interval of [0,00). Ifb'(t) > 0 fort € W C [0, 00)
the process o'\(t) is a.s. strictly increasing in W. If b'(t) = 0 for t € W but

v((0,00),t) = oo for allt € W, then the process o'l(t) is a.s. strictly increasing on
W.
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Proof. If b/'(w) > 0 for w € [s,t] then it is clear that the process o''(t) is strictly
increasing. Now let b'(f) = 0. Observe that the Poisson point process (e(s),s > 0)
is defined as the only point e(s) € (0,00) such that for a Poisson random measure
©(+) on (0,00) x [0,00) with intensity v(dz, dt) it is true that

§D|(07m)x{t}(dl’) = 5(E(t)7t)(dx) (6.2.17)

where z € (0,00) x [0,00). Fix an interval of time [s, ], then the probability that
the process o''(t), t > 0, does not increase in [s, ] is the probability that there are
no points in (0, 00) x [s,t]. Let £}, j € N, be a partition of (0, 00) with v(E;) < oo
for all j € N, then

p((0,00) x [s,t]) = Z%‘ (((0,00) N Ej) x [s,1]) (6.2.18)

and by the countable additivity Theorem [37, p. 5] the sum (6.2.18) diverges with
probability one since >, v(E;) = v(0,00) = oo. Since this is true for any interval

[s,t] and if (0, 00) = oo the theorem is proved. O

6.2.2 Time-inhomogeneous random sums

Since the compound Poisson process is the fundamental ingredient for the costruc-
tion of a standard subordinator, it is easy to imagine that random sums with time-
dependent jumps play the same role in the definition of non-homogeneous subordi-

nators.

Let N(t),t > 0, be a non-homogeneous Poisson process with intensity ¢(t), ¢ > 0,
and let 7; = inf{t > 0: N(¢t) = j}. We consider the random sum

N(t)
Z(t) = ZX(TJ») (6.2.19)

where X (77) is the positive-valued jump occurring at time 7}, having the conditional

absolutely continuous distribution
Pr{X(T;) € dz|T; = t} = ¢(dx, 1), x>0, (6.2.20)
with
/Ooow(dx,t) =1, vt > 0. (6.2.21)

The random variable Z(t) takes the value z = 0 with positive probability, and has
a density for z > 0. Indeed

Pr{Z(t) = 0} = Pr{N(t) = 0} = e~ Jo s (6.2.22)
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and, for each z > 0 we have that
Pr{Z(t) € dz}

0 t t t
:2/ / / Pr{Z(t) € dz,T) € dt,, Ty € dt,,... T, € dt,, N(t) =n}
n=170 Jt1 tn—1
N()

00 t t t
:Z/ / / Pro Y X(T)) €dz| Ty =ty Ty =ty,... T, =t,, N(t) =n
n=170 Jt tn—1 j=1

XPI‘{TlGdtl,TgEdtg,...THEdtn,N(t):n}
ot pt t n

:Z/ / / Pr{ZX(tj)Gdz}Pr{Tledtl,...,Tnedtn,N(t):n}
n=170 Jh tn—1 j=1

o 1 n
=y = Pre Y X(t)) € dz y Pr{Ty € dty,... T, € dt,, N(t) = n}. (6.2.23)
1 7’L' [07t}n

J=1

The first factor is given by the convolution integral

Pr {i X(t;) € dz} = dz /(o ., W(dxy, ty) - p(day, t,)0 (z _ i%>
: - (6.2.24)

while the second one can be computed as follows

Pr{Ty € dty,...T, € dto, N(t) = n} = g(t1)...g(ta)e 097 e, . dt,.
(6.2.25)

Then we have

Pr{Z(t) € dz}

(o] 1 n
—dz ; H /Mn dty ... dt, /(0700)?1 b(da,tr) - ¢(dxn,tn)5<z - ij)

j=1
x e~ o9 g1y g(ty). (6.2.26)

We define the function
t
o(z,t) = / g(T)(x, 7)dr. (6.2.27)
0

The density of Z(t) can be written as

n

Pr{Z(t) € dz} = dz e~ o9 y" %/ 5(z — ij) o(dxy,t) ... ¢(dx,, t)
n=1 = /(000" j

Jj=1

(6.2.28)



6.2. NON-HOMOGENEOUS SUBORDINATORS 79

and therefore its Laplace transform is given by

Ee 20 =Pr{Z(t) =0} + / e Pr{Z(t) € dz} (6.2.29)
(0,00)

where

/ e Pr{Z(1) € d2}
(0,00)

— [t g(r)dr - 1 — n T
— e~ Jog()d Zm/(o )ne AL (day, t) ... d(day, t)
n=1 100

. o0 1 n
— o Jog(r)dr il (/ *A%(d t))
e € x,
; 1 \J(0.00)
—o b g(v)df(efm,oo) e Ag(dait) 1). (6.2.30)

Combining all pieces together we have that
o220 — o= Jo 9(T)drt[g ooy e " (da,t)
— e fg g(T)dr f(o,oo) 1/)(d:p,7')+f(0’oo) e fot g(m)¢Y(dz,m)dT

— ¢ oo (1meT )0z t) (6.2.31)
with ¢(z,t) of the form (6.2.27). Observe therefore that in this case we have that

v(dz,t) = (dz,t)g(t) and v((0,00),t) = g(t) < oc. (6.2.32)

6.2.3 Distributional properties

We remark that for each ¢t > 0 the distribution ul'(+) of o'l(#) is infinitely divisible.
In fact for each n € N, pul'(.) is given by the n-convolution of the probability measure
of the r.v.’s associated to the Lévy exponent

A= ?/\ + /OO (1—e) @ (6.2.33)

where t is fixed. However, unlike what happens for Lévy processes, such a distri-
bution is not given by the n-th convolution of u¢ (+) because the increments are not

stationary.

It is crucial to observe that o'l(t) can be approximated by means of a random
sum of the form (6.2.19), as stated in the following theorem.

Theorem 10. Let o''(t) be a non-homogeneous subordinator having Laplace expo-

nent

I\, £) = Ab(t) + / T (1= e (da, ) (6.2.34)
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as in (6.2.8) and assume that s — v(s,t) is absolutely continuous on (0,00) for all
t > 0. Then there exists a process Z-(t) of type (6.2.19) such that, for v — 0, we

have

b(t) + Z,(t) S o (t). (6.2.35)

Proof. Let v be the function in (6.2.13). Then

v(dz,t)
7(7,1)

is a probability distribution, because it is positive and integrates to 1. Let us consider

Yo (dx,t) = 1y,00) () (6.2.36)

the process

N, (1)

Z,(t) =Y X(Ty) (6.2.37)

Jj=1

where N, (t) is a non-homogeneous Poisson process with rate g,(t). We assume
g,(t) = v(v,t) and use (6.2.36) to write

Pr{X(T}) € da|T; = t} = b, (da, ). (6.2.38)

In view of the discussion of Section 2.2 we have that

[e.e]

t 1 t -
Pz, (d,t) = e PO N " =G (da, 1)1 yoy + € S0 PO (dx)  (6.2.39)
n!
n=1
and
o= MB)=AZy(8) _ = Ab(0)=[7°(1=e™2%) [ s (da,m)go (7)dr (6.2.40)
which converges to Ee "0 ag v — 0. O]

Theorem 10 provides a method to construct an approximating process. As an
example, let’s apply such a method to the multistable subordinator defined in
Molchanov and Ralchenko [49]. In this case, the time-dependent Lévy measure

1S

a(r)z—en-1

for a suitable stability index 7 — «a(7) with values in (0,1) in such a way that the
conditions A1) and A2) are fulfilled.

The Laplace transform thus reads

]Ee_AUH(t) — e_ fOOO<1_e_)\x)¢(dx7t) = 6_ fOt Aa(S)dS (6242)
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Being
—a(t)

(v, t) = /7 (1) = Nf——oﬁ)) (6.2.43)

the approximating process Z,(t) is based on a non-homogeneous Poisson process

with intensity g, (¢) = Faiiizi)) and jump distribution

Uy (2, 1) = v Oa(t) s>, (2). (6.2.44)

A convenient way to deal with the non-homogeneity of the multistable process is
to consider its localizability. We remind that o'(t) il localizable at ¢ if the following
limit holds in distribution (see, for example, [42])):

lim oll(t +rT) — o' (t)
r—0 ’)“h(t)

= Z,(T) (6.2.45)

where Z,(T'), T > 0 is the so-called local process (or tangent process) at time t. A
fundamental property of Z,(T) is h(t)-self-similarity, i.e. Z;(rT) 4 r"® Z,(T) for
r > 0. In the case where o'(t) is a multistable process, the local approximation

at a fixed t > 0 is a stable subordinator with index «(t). By taking the Laplace

' _)\aH(H—rT)—oH(t) ' t+rT A a(s)
lim Ee rh() = limexp < — — ds
r—0 r—0 t T (t)

T a0
= lim exp {—T— + O(T)}

r—0 rh®)a(t)

tranform,

= T (6.2.46)

where the limit produces a non-trivial result by assuming that the similarity index
is h(t) = 1/a(t).

Another way to approximate o'}(¢) is now given by means of stable processes.
We split the interval [0,¢] into n sub-intervals of length % and assume o; = « (%z)
We can write

n—oo

Ee "0 = o=l "0 = Jim ¢ DM = fim [ (6.2.47)
n—oo i1

and this proves that the following equality holds in distribution

II : - a; i ai— i—1 : - a [t
t) = 1 =t o™t t]| =1 e 6.2.48
70 = Jim ()= ()] fim 2o (7) o2

where 0%, 1 <1 < n, are independent stable subordinators with index a; = « (%z)

To conclude this section on distributional properties, we provide sufficient con-
ditions for the absolute continuity with respect to the Lebesgue measure of the

distribution of a non-homogeneous subordinator.
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Theorem 11. Let o'(t), t > 0 be a non-homogeneous subordinator with Laplace

exponent
(A, ) = \b(t) +/OO (1—e) o(ds, t) (6.2.49)

Suppose that s — v(s,t) is absolutely continuous on (0,00) and furthermore assume

fot v((0,00),7)dT = 00 for each t. The distribution of o' (t) is absolutely continuous

with respect to the Lebesque measure.

Proof. Consider the approximating process Z,(t) with distribution

- 1 ¢
pz, (dz,t) = e o VWWZW*”(da;,t)]l{m} + e JoPOmATs () (6.2.50)

n=1

which converges weakly to the law of o''(¢) as v — 0 since Z,,(t) N oll(t) asy — 0.

Consider the Lebesgue decomposition of pz_ , written as
pz, (dz,t) = p%w(dx, t) +py, (dx,t) + p% (dx,1). (6.2.51)
By hypothesis we know that
Py, (dx,t) = e~ Jo P 5 () (6.2.52)

since s — (s, t) is absolutely continuous and therefore the Lévy measure is abso-
lutely continous with respect to the Lebesgue measure. Therefore by letting v — 0

we observe
/ (p%, (4. 1) + vy, (dw, 1)) = = ortrmer (6.2.53)
0

which goes to zero as v — 0 since fot 7(0,7)dT = oo and the continuity of the

function v — f(f v(7y, 7)dr follows from the continuity of v — v(7,t) . O

6.2.4 The governing equations

Under the assumptions of the above theorem, we now derive the equation governing
the density of a non-homogeneous subordinator. In the following, we will denote as

q(x,t) the density of o(t), when it exists, i.e.

Pr{c'"(t) € dz} = q(z,t)dx. (6.2.54)
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Theorem 12. Let o''(t), t > 0, be a non-homogeneous subordinator and let the
assumptions of Theorem 11 hold. Then a Lebesgue density of o'l(t) exists and solves

the variable-order equation

) N o [* i}
Sl t) = V()5 ale.t) — 5 / a(s,)0(x — s, )ds, > b(t), t >0,
(6.2.55)

provided that q(x,t) is differentiable with respect to x, subject to q(z,0)dx = do(dx)
for x >0, and q(b(t),t) =0, fort > 0.

Proof. Now we consider the Laplace transform of the right-hand side of equation
(6.2.55) and we get that

L [b’(t)%q(x,t) + 8%: /090 q(z, t)o(z — s, t)ds| (N)

= N ()G, 1) = V()q(b(t), 1) + AL g 7] (N)
=\ (6)g(A\ 1) + Mg\, 6) (AT (N E) = W (8) — B (1)q(b(t), 1) (6.2.56)

where we used the fact that
o 1
/ e No(s, t)ds = 1 1) ~ D(0). (6.2.57)
0
Therefore the solution to (6.2.55) has Laplace transform

J\t) = ef)\b(t)fb(t)q(b(t),t)ffot S5 (1= )u(ds,w)dw (6.2.58)

which becomes, since ¢q(b(t),t) = 0,
a/(/\7t) _ e—)\b(t)—f(;5 fooo(l—e’)‘s)u(ds,w)dw (6259)

and coincides with FEe=>" (), O

If o'(¢) is a multistable subordinator with index a(t), we have

et 6.2.60
(. 1) = 2.
Yat) = =y (62.60)
and the governing equation reads

0 1 a [* 1

— )= ——————— t)——dy. 6.2.61

500 = s | Tl (6260

Keeping in mind the definition of the Riemann-Liouville fractional derivative of
order o € (0,1)

0~ B 19 [" uly)
aa:au(x) = T —a) s /0 Goyr y)ady, (6.2.62)
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we can write (6.2.61) as

aoc(t)

0
aq(x t) = Wq(:v,t) 0<at)<l1, z>0, (6.2.63)

8a(t)

where 2~ is the Riemann-Liouville derivative of time-varying order a(t). Then,

by taking inspiration from [69, Definition 2.1], we define the generalized Riemann-

Liouville derivative with kernel 7(z,t) as

X

RD.(t) q(z,t) = 82 /Ox q(s,t)v(x — s,t)ds (6.2.64)

where the operator ®D, (t) acts on the variable x but also depends on ¢. Using
this notation, we say that the density of a non-homogeneous subordinator solves the
following Cauchy problem

%q(l’,t) = _RDm(t)Q(Ia t)7 t> 07

q(z,0) = d(x).

It is useful to define also a generalization of the Caputo fractional derivative as

(6.2.65)

q(z,t) / —q s, )v(x — s,t)ds. (6.2.66)

If + — q(x,t) is absolutely continuous on [0, c0) then “D,(t) exists a.e. and the
following relationship holds

RD,(t)q(x,t) = q(0,)T(x,t) + D, (t)q(x,t) (6.2.67)

whose proof can follow [69, Proposition 2.7]. Formula (6.2.67) is a generalization of
the well-known classical relationship between Caputo and Riemann-Liouville deriva-

tives [34, page 91].

6.3 The inverse process

In this section we consider the process
L"(t) = inf {x > 0:0"(2) >t} (6.3.1)

where o'!(z) is a non-homogeneous subordinator without drift, namely ¥ (z) = 0 for

all x. We throughout assume that

v((0,00),t) = oo forall t >0 (6.3.2)



6.3. THE INVERSE PROCESS 85

and that
s — v(s,t) = v((s,00),t) is an absolutely continuous function on (0,00). (6.3.3)

By using Theorem 9 and Remark 3 it is clear that the process L' is well de-
fined as the inverse process of o'l(t). Observe that, a.s., L'(c'(t)) = t since
L"(c"(t)) = inf {s > 0:0"(s) > ¢"(¢)} and, under (6.3.2), the process o"(t) is
strictly increasing on any finite time interval (Proposition 3). In the following, we
denote by # — I(x,t) the Lebesgue density of L(¢), when such a density exists. The
inverse of a classical subordinator has a Lebesgue density ([44, Theorem 3.1]). We
provide here an equivalent version of [44, Theorem 3.1] valid for non-homogeneous

subordinators.

Theorem 13. Under the assumptions (6.3.2) and (6.3.3) the process L(t), t > 0,

has a Lebesgue density which can be written as
r—l(z,t) = /Ot q(s,x)v(t — s, z)ds. (6.3.4)
Proof. Define
L(z,t) = /Ozl(a:,t)dx (6.3.5)
and
R(z,t) = Pr{L"(t) < z}. (6.3.6)

We will show that L(z,t) = R(z,t). By using the convolution theorem for Laplace

transform we have that

I(z0) = %- ieHW). (6.3.7)
The use of the relationship
Pr{L"(t) >z} = Pr{o"(z) <t} (6.3.8)
leads to the Laplace transform
/OO e MR(z,t)d N e M(1—Pr{o"(z) <t})dt
0 0
:% — % —Hwe) (6.3.9)

Therefore we have proved that

/ MLz, D)t = / MRz, 1)dt (6.3.10)
0 0
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and thus in any point of continuity it is true that
R(z,t) = L(z,1). (6.3.11)

If we prove that ¢ — R(z,t) and t — L(z,t) are continuous functions then we have
proved the Theorem for all t. Note that under (6.3.2) the process o™(t) is strictly
increasing on any finite interval in view of Proposition 3. Therefore the process
L"(t) is a.s. continuous and therefore it is also continuous in distribution. This
implies that t — R(z,t) is continuous. Now we show that ¢t — L(z,t) is continuous.
Note that, for A > 0,

[l(z,t + h) = U(z,1)]

t+h ¢
/ q(s,z)v(t + h —s,x)ds — / q(s,x)v(t — s,x)ds
0 0

/0 q(s,z) ((t+h—s,x)—0(t—s,x))ds+ /t q(s,z)v(t +h —s,)ds

t t+h
< / q(s,z) |v(t+h —s,x) —V(t—S,:L‘)|dS+/ q(s,x)v(t +h — s,x)ds
0 t

= /0 q(s,z) (0(t —s,x) —o(t+ h—s,x))ds + /t q(s,x)v(t + h — s, x)ds.
(6.3.12)

Since under (6.3.3) the function s — (s, ) is absolutely continuous and since
v(t—s,x)—v(t—s+hz) <vt—s,2) (6.3.13)

and

t
/ v(s,x)ds < o0, (6.3.14)
0

the first integral in (6.3.12) goes to zero by an application of the dominated con-

vergence theorem. The second integral is for any oo > z > t and sufficiently small
h

/t+h q(s,x)v(t +h—s,2)ds = /Z q(s, )L piny(s)o(t +h —s,x)ds.  (6.3.15)
Nowtsince t
q(s,2) L piny(s)0(t +h —s,2)ds < q(s,2)L.(s)0(t — s, 2)ds (6.3.16)
and
/Z q(s, 7)1z (s)0(t — s,2)ds < oo (6.3.17)
t

another application of the dominated convergence theorem shows that the second
integral in (6.3.12) goes to zero. For h < 0 the arguments are similar. This completes
the proof. O
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Theorem 14. If © — v(t,x) is differentiable and if the density x — I(x,t) is
differentiable then [(z,t) solves the equation

%l(m, t) = 6(2)v(t, x) — *Dy(2)l(x,t) — By l(z,1), x>0, (6.3.18)

in the sense of distributions, namely it solves pointwise the Cauchy problem
2z, t) = —RDy(2)l(z,t) — Bial(z,t) >0
[(0,t) = v(t,0)

(6.3.19)

where ®Dy(z) is the generalized Riemann-Liouville derivative acting on t (and de-

pending on x), and By, is an operator acting on both t and x defined as
t a a x
By l(x,t) = /0 dsa—xﬁ(t — s,x)@/o (', s)dx'. (6.3.20)

Proof. We can adapt [39, Theorem 8.4.1] to our case. It is sufficient to derive both
sides of (6.3.4) and apply

0 0
al(:p,t) = —%q(t,x), (6.3.21)

to obtain

gl(x t) = /t2 (s,z)v(t —s :c)ds—i—/t (s x)gﬂ(t— s, x)ds
al‘ ’ - 0 an ) ) 0 q ) (91: )

——/tgl( Yot —s,x)d —/td 2ﬁ(zf— )g/wl(’ Ydz!
= s x, S s,x)ds i S5 $,%) 5 i x', s)dx

Lo g [*
__c _ o_. 0 ) ,
= —"Dy(x) l(z,1) / dsaxy(t S, ) 5 /0 (', s)dx

0
t T
— S(2)P(t,7) — RDy(2) Uz, t) — /0 ds(%ﬂ(t s @% /O (o, 5)da
(6.3.22)
where in the last step we referred to (6.2.67) O

Remark 12. Non stationarity is here expressed by the term B; ,l(z,t), which van-
ishes in the case of the inverse of a classical subordinator, and by the fact that the
kernel of ®*D,(x) depends on both z and ¢.

In the case of the inverse of a classical stable subordinator, Theorem 14 obviously

leads to the well-known Cauchy problem [46, eq (5.7)]

d %
2 1(z,t) —t:at—al(%t% z>0,t>0 (6.3.23)
Z<Oat> = I'l—a)’

for a € (0,1).
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6.3.1 Time changed Markov processes via the inverse of

non-homogeneous subordinators.

We now consider the composition of a Markov process with the inverse of a non-
homogeneous subordinator. Let X (u), u > 0 be a Markov process in R? such that
X(0) =y a.s. and

Pr{X(u) € dz} = p(z,y,u)dz. (6.3.24)

We assume that p(z,y,u) is a smooth probability density satisfying the following
Cauchy problem:

0
=n = 9S,p, u >0,
oub = 2P (6.3.25)

p(x7ya0) = 5($ - y)>

where S, is the adjoint of the Markovian generator acting on the variable . More-
over let L"(t), t > 0, be the inverse of a non-homogeneous subordinator, with density

as in Theorem 13

Pr{L"(t) € dz} = I(z,t)dx. (6.3.26)

By assuming that X (#) and L(¢) are independent, we study the composition
X (L™(t)), having distribution

Pr{X(L"(t)) € dz} = / N Pr{X(u) € dz} Pr{L"(t) € du}. (6.3.27)
Then X (L"(t)) has a smooth density, defined as
g(z,y,t) = /000 p(z,y, u)l(u,t)du. (6.3.28)

By using simple arguments, we now derive the governing equation for (6.3.28).

Proposition 4. Under the above assumptions, the density (6.3.28), fort > 0, solves

the following equation in the sense of distributions:
[ D) o)t ) =5 = 2)o4,0) + Sy
- /0 ey, w) Bun l(u, . (6.3.29)
Proof. We have

/OOO DE(w) [p(z,y,u)l(u,t)] du = /000 p(z,y,w)DE(u) 1(u, t)du (6.3.30)
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and by using (6.3.19) and (6.3.25), which hold for positive times, we can write

/0 DR [ple,y,u) 1w, 0)] du

[e.e]

= —lim p(z, v, u)gl(u, t)du — lim p(z,y,u) By ul(u, t)du
e—0 ou e—0 ’

€ €

oo

= — lir% [p(z,y, w)l(u,t)]° + lim z,y,u)l(u, t)du
e—

e—0 ¢ %p(

- hm/ p(m,y,u)Bt’ul(u,t)du
=0 /.

=0(y — x)v(t,0) + lir% Sep(z,y,u) l(u, t)du — / p(x,y, u)Bul(u, t)du
€E—r € 0

0
and the proof is complete. n

Remark 13. In the case X(¢) is a Brownian motion starting from y and LY(¢) is
the inverse of a multistable subordinator with index a(z) € (0,1) we have (¢, x) =

F(t;ﬁ)x)) and Df(z) = g;—(f;), and thus the governing equation reads

0 aa(u) 1
Ote(w) [P(:L‘, Y, U) l(u, t)] du = §Axg(l‘, Y, t) + 6(y — :L‘)

to

(1~ ag)

< 1 (y—2)2
— e 2w B, l(u,t)du x>0
| = (1)

(6.3.32)

where (0) = ao and
B l(z,t) = /Ot ds [%5@ — s, u)% /0 I(w, s)dw]
:/Otds [%%%/Oul(w,s)dw} (6.3.33)

Note that (6.3.32) is a generalization of the well-known fractional diffusion equation
to which it reduces when u — «(u) is constant, that is
o0 =
_g _————
ot I'l—a)
Remark 14. Consider the case where the Markov process is a deterministic time,
9

namely the starting point is y = 0 and X (t) = ¢. In this case we have S, = —- so

Iz —y) = Ayg (6.3.34)

that the governing equation becomes, for z > 0,
/ DE(w) [p(x,y,u) l(u,t)] du = §(x)T(t,0) — 839 - / d(x — u) By l(u, t)du
0 x 0
(6.3.35)

and obviously coincides with that of L since the probability density of X (u) is
p(z,0,u) = §(x — u).
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6.4 Non-homogeneous Bochner subordination

We consider in this section a generalization of the Bochner subordination. We recall
here some basic facts. Let T; be a Cy-semigroup of operators (the reader can consult
[39] for classical information on this topic) i.e. a family of linear operators on a
Banach space (B, ||+||y) such that, for all u € B,

1. Tou = u
2. TthU, = TH_SU, S,t Z O,

3. limy—o ||Tiu — ul| = 0.

Let (A,Dom(A)) be the generator of T}, i.e. the operator such that

T —
Au = lim ~ 1 (6.4.1)
t—0 t
defined on
. Tu—u o
Dom(A) = que‘B: 111]% ; exists as strong limit (6.4.2)
—

and let | Tyuly < [[ulsy

Let 1(+) be a convolution semigroup of sub-probability measures associated with

a subordinator, i.e. a family of measures {1, },., satisfying

1. pe(0,00) <1, for all t > 0,
20 pu ¥ s = flgs,
3. lim;_o py = dp vaguely,
and such that
L] (N) = e /™, (6.4.3)
where

fA) = a+bA+ /OO (1—e ) v(ds) (6.4.4)

is a Bernstein function. The operator defined by the Bochner integral

T/ u = / Tsu e (ds), u € B, (6.4.5)
0
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is said to be a subordinate semigroup in the sense of Bochner. A classical result due

to Phillips [62] states that th is again a Cy-semigroup and is generated by
—f(—=A)u := —au + bAu + / (Tsu — u) v(ds) (6.4.6)
0

which is always defined at least on Dom(A) [65, Theorem 12.6].

In order to extend such a result to non-homogeneous evolutions, a generalization
of the notion of one-parameter semigroup is needed. Let (B, |.||) be a Banach
space. A family of mappings 7, from B to itself, defined by the pair of numbers s
and ¢ (such that 0 < s <), is said to be a propagator (two-parameter semigroup)
if for each u € B, [39, Section 1.9

1. Ti4u = u, for each ¢t > 0;
2. 7;,157;,5% = ﬁ,tu, for r <s <t
3. limgoo [ Torseu — Topully = limso [|Toprsu — Topullg = 0

It is obvious that a propagator 7, reduces to a classical one-parameter semigroup

in the case where it only depends on the difference ¢t — s.

Let o''(t), t > 0, be a non-homogeneous subordinator and consider the measures
ps.4(.) corresponding to the distribution of the increments o''(t) — o'!(s) which are

obviously such that
Ll () = e e SO (6.4.7)

as can be ascertained by applying the Campbell theorem to o' (t) — o'(s) under
assumption (6.2.11). Therefore, it is easy to verify that the family of measures
{#54(*) } o<y« forms a two-parameter convolution semigroup of probability measures
since, from the independence of the increments and (6.4.7), we get ps¢ * firs = firt,

r < s <t. Consider the operator defined by the Bochner integral on B
Ts1u —/ T pis ¢ (dw). (6.4.8)
0

The family of operators {7, ;},.,., forms a two-parameter semigroup of operators
on B, i.e., (6.4.8) is a propagator. This can be easily ascertained by observing that
for all u € B

7;,157:’,5“ - / Tw |:/ Tw’u M’I‘,S(dw/):| /’L57t(dw)
0 0
a / / Tyt NT,S(dw/) u&t(dw)
0 0
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= /0 N /w N Tpu pirs(d(p — w)) e (dw)
-/ T / " faaldlp — ) o)

= / T,u i (dp)
0
7;775“-

(6.4.9)

We consider here the case where the generator (A,Dom(A)) of T} is a self-
adjoint, dissipative operator on an Hilbert space (), (-,+)) and thus we have that
| Tiullg < |lullg (see, for example, [32, Section 2.7] and [65, Chapter 11] for classical
information on linear operators on Hilbert spaces). Recall that an operator is said
to be dissipative if (Au,u) <0 for all u € Dom(A) and

Dom(A4) = {ueH: ||Au||iJ < oo}. (6.4.10)

Theorem 15. Let the above assumptions (including (6.2.11)) be fulfilled. The family
of operators Ts; acting on an element w € § is a bounded propagator on $ and for
u € Dom(A), the map t — Ts,u solves,

%Q(t) - _f(_Aat)Q(t)v 0<s< t,

(6.4.11)
q(s) = u € Dom(A),
where the family of generators {—f(—A,t)},5q, can be defined as
—f(=A,t)q := V' (t)Aq + /OOO (Tsq — q) v(ds,t), (6.4.12)
a Bochner integral on Dom(A).
Proof. First note that
[ Tseullg < /OOO [Twullg pse(dw) < flully, (6.4.13)

and therefore 7, is bounded.

Then we recall ([65, Theorem 11.4] and [32, Theorem 2.7.30]) that within such a
framework we have by the spectral Theorem that for u € Dom(A)

Au = / NE(d\)u (6.4.14)
(_0070]

where E(B) : Dom(A) — Dom(A), B a Borel set of R, is an orthogonal projection-

valued measure supported on the spectrum of A defined as

B(B)u = /B B(d\)u. (6.4.15)
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Therefore since from (6.4.14) it is true that for a function ® : (—o0,0] = R
(A = / O(N)E(dNu (6.4.16)
(_0070]
we have that

T = / e E(d)\)u. (6.4.17)
(_0070]

We now verify that 77, su = T, u, r < s < t, to show that for all u € § the
operator 7T, is a propagator since the other defining properties as trivially verified.
We have that, for all u € $,

7;,t r,su _/ / Tw+ﬂu:u7“,8(dw),us,t(d,0)
o Jo
:/ / / / BMUGQPE(d)\)E(dQ)U,ur,s(dw),us,t(dp)
0 0 (—00,0] V' (—00,0]
B / / e~ SR [ T e 5 (4)) B(dg)u
(=00,0] / (—00,0]

- / e I AR )y
(—o0

0]
= / / e 1y (dw) B (d\)u
0 (—00,0]

= /OO Tt iy ¢ (dw)
0
T (6.4.18)
For a function u such that
/( ) |F(=\ 0P (E(dN)u, u) < oo (6.4.19)

the representation (6.4.12) can be shown to be true: use (6.4.16) to write

—f(=A thu = — /(_ O]f(—A,t)E(d)\)u

— _/ (—b’(t))\—i—/ (1—¢") I/(ds,t)) E(d\u
(—00,0] 0
= / V()AE(dN\u +/ / (e* — 1) E(d\)uv(ds,t)
(—O0,0] 0 (—O0,0}
=b'(t)Au + / (Tsu — u) v(ds,t). (6.4.20)
0
Now we show that (6.4.20) is true for any u € Dom(A)

1 (=A, Dhully, <'(2) I\AUI!;)Jr/O [Tew — ully v(ds,t)
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1 00
< V() || Aullg, +/ s || Aullg v(ds, t) + 2/ |ullg v(ds,t). (6.4.21)
0 1
Now note that
Toru = / Tt s (dw)
0

_ /0 h { /( . ewAE(d)\)u} s (d)

= / e~ J AT BN )y (6.4.22)
(_0070}

where we used (6.4.16). The fact that 7;; maps Dom(A) into itself can be ascertained
by using again [65, Theorem 11.4] for saying that E(-) maps Dom(A) into itself and
furthermore, since E(I)E(J) = E(I N J) for any I, J Borel sets of R, we observe
that for any u € Dom(A)
TsrAu = / e U f(dwidw pgy) / pE(dp)u
(=00,0] (=

00,0]

= / Ae™ s A wdw gy
(_0070]

:/ uE(d,u)/ e_f:f(_’\’w)dwE(d/\)u
(—00,0] (—00,0]

= AT u. (6.4.23)
Now note that the equality
d
g Jsat = —f(=A)Tqu,  0<s<t, (6.4.24)

must be true in the sense of (6.4.16) and indeed by using (6.4.22) we have that, for
u € Dom(A),

d d ¢
- _ v —fs f(—)\,w)dwE d\
a T /(_0070] dt© (dA)u
= — / F(=A, D) - /2w By
(_0070]
— [ fewoB@n [ e FIOm @,
(—00,0] (—00,0]
= — f(=A ) T:u (6.4.25)
where we used again [65, Theorem 11.4]. O]

6.4.1 Time-changed Brownian motion via non-homogeneous

subordinators

In this section we provide some basic facts concerning Brownian motion time-

changed with a non-homogeneous subordinator. This is the immediate general-
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ization of the classical subordinate Brownian motion: the reader can consult [12;

35; 36; 66] for recent developments on this point. Therefore we assume now that
T = E'u(B(t)), t=>0, (6.4.26)

for u € L*(R™) where B is an n-dimensional Brownian motion starting from = € R".

We have therefore the formal representation
Tou = ex'®u (6.4.27)
where A is the n-dimensional Laplace operator such that
Dom(A) = {u € L*(R") : AU f2gny < oo} (6.4.28)
Therefore we get

Toqu = Eu (B (o' (t) — 0'(s))), 0<s<tueL*R"). (6.4.29)

Consider, for example, the case of a multistable subordinator, where II(\,t) =
fot ) ds for a suitable choice of a(s) with values in (0,1). Then A — \*®) is a

Bernstein function for each s > 0, and Theorem 15 leads to

a(t) = —a(t)—1

LAy, — / (Tau — u) s=®-14s (6.4.30)
I'(1—a(t)) Jo

for a function u € Dom(A). Note that in this case we have a Brownian motion

composed with the multistable subordinator whose increments have characteristic

function

EeB(e"®)=a"() _ o= JLIEl? /2 dw (6.4.31)

By following, for example, [23, Section 3.1] the generator (6.4.30) can be also defined

as

AP0 = o [ e gt A (6432)

with
Dom ((—A)a(t)) = {u c L2 (R") . ||§H2a(t) a(f)df < 00, for each ¢ > 0} )
R

(6.4.33)

In general, we observe that for any non-homogeneous subordinator we can write

EeiéB(" =) _ -~ SIS w)duw (6.4.34)
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and we can adapt [32, Example 4.1.30] to write

§

(e i oo
with
Dom (f <—%A,t)) = {u € L*(R") : /nf (Hg

Therefore, we have by Theorem 15 the structure of the solution to a sort of

2 ,t) a(€)de (6.4.35)

2
,t) Q(E)dE < 00, Vt > o} .

(6.4.36)

diffusion equation

d

alt) = —f (—%A,t) g(t). (6.4.37)

We investigate here the mean square displacement i.e. the quantity

M(t) = /R |z]? Pr{B (c"(t)) € dx} . (6.4.38)

Roughly speaking, a stochastic process is said to have a diffusive asymptotic be-
haviour when M (t) ~ Ct i.e. the mean square displacement grows linearly with
time. When M (t) ~ t* « € (0,1), the process is said to be subdiffusive, while
if & > 1 it is super-diffusive (the reader can consult [47; 48] for an overview on
anomalous diffusive behaviours). Here it is interesting to note that the mean value
of the Lévy measure, namely fooo wv(dw,t) determines under which conditions the

asymptotic behavior is respectively diffusive, sub-diffusive or super-diffusive.

Proposition 5. We have the following behaviours.

1. If and only if
/ wo(dw,t) < oo for 0 <t <ty < oo (6.4.39)
1

it is true that M(t) < oo for all t <ty

2. Under (6.4.39) for ty = oo, we have that

M(t >
0< tlirn # = C < oo if and only if tlim / wr(dw,t) =C  (6.4.40)
— 00 0

—00

lim @ = oo if and only if tlim wr(dw,t) = oo (6.4.41)
—00

t—o00 0
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3. Under (6.4.39) for ty = oo, if

lim wr(dw,t) =0 (6.4.42)
t—=o0 Jo
then
M(t
lim 2 _ (6.4.43)
t—o0 t

Proof. Observe that under (6.4.39)

M(t) = /n ||m||2/00O Pr{B(s) € dz} Pr{c"(t) € ds}
=n /OoosPr {o"(t) € ds}

d _now
aN©

=-n

A=0

:n/ wo(dw,t) < oo if t < ty. (6.4.44)
0

Observe that the last integral in (6.4.44) converges only under (6.4.39). Now note
that

M)  nf; we(dw,t)

lim =
t—o0 t
t
dw, s)d
i "o Sy wvldw, )ds (6.4.45)
t—o0 t
and therefore the proof of Item (2) and (3) is easy to be done. O

A time-change by means of a multistable subordinator leads in this case to a

process with M (t) = oo for any ¢ as a consequence of Item 1 of Proposition 5.

Consider now the measure
v(ds,t) = s e s s (6.4.46)

for a function «(t) > 0 such that A1) and A2) are fulfilled. The associated Bernstein

functions become, for each ¢ > 0,

FA1) = log <1 + —) (6.4.47)

and in view (6.4.46) we can compute

M(t) = n/ot dr_ (6.4.48)
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Observe that Proposition 5 leads to the study of the limit

o 1
lim [ e WYy = lim —— (6.4.49)
t—oo Jg t—00 a(t)
therefore the asymptotic behaviour of M (¢) in this case depends on the asymptotic

behaviour of «(t).

If instead, for functions a(t) strictly between zero and one and () > 0 as in Al)
and A2),

Oé(t)S_a(t)_l 6—0(t)s
P(1—aft))

v(ds,t) = ds (6.4.50)

then the Bernstein functions are a generalization of the Laplace exponent of the

relativistic stable subordinator
FOL) = A+ 0™ —a(t)*® (6.4.51)

and the asymptotic behaviour of the M (t) is determined in this case by the limit

' 00 a/(t)sfa(t) efe(t)s L alt)—1
tllglo i T a®) ds = tliglo at)o(t) : (6.4.52)

The explicit form of M(t) is here

M(t) = n/ote(a%dr (6.4.53)
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