RANDOM FLIGHTS AND ANOMALOUS DIFFUSION:
A NON-MARKOVIAN TAKE ON LORENTZ PROCESSES
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ABSTRACT. We study Lorentz processes in two different settings. Both cases are characterized by
infinite expectation of the free-flight times, contrary to what happens in the classical Gallavotti-
Spohn models. Under a suitable Boltzmann-Grad type scaling limit, they converge to non-Markovian
random-flight processes with superdiffusive behavior. A further scaling limit yields another non
Markovian process, i.e., a superdiffusion obtained by a suitable time-change of Brownian motion.
Furthermore, we obtain the governing equations for our random flights and anomalous diffusion,
which represent a non-local counterpart for the linear-Boltzmann and diffusion equations arising in
the classical theory. It turns out that these equations have the form of fractional kinetic equations
in both time and space. To prove these results, we develop a technique based on mixtures of Feller

semigroups.
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1. INTRODUCTION

A Lorentz process is a model for the motion of a particle among randomly located scatter-
ers. It was firstly used to describe the transport of electrons through a conductor (see [33]).
This process is difficult to handle, mostly due to the fact that the particle may collide with
the same scatterer more than once, which produces a memory effect. So, one can imagine to
approximate this process by means of more tractable processes.

The first to tackle this problem rigorously was Gallavotti [23]. In his model, of which we
here consider the 3-dimensional version, the scatterers are hard spheres of radius R. Their
centers are randomly distributed in space according to a Poisson point process with intensity
p, and the particle interacts with the scatterers by means of elastic collisions. Each free flight
time has a marginal exponential distribution, hence it is unlikely that long flights occur.

Intuitively, the memory effect due to recollisions tends to vanish if R — 0. Indeed,
Gallavotti studied this system in the Boltzmann-Grad limit: this is the limit in which R — 0
and simultaneously p — 0o, in such a way that the free flight time of the particle maintains
a finite expectation. Under this limit, the Lorentz process converges to a Markovian random
flight process, having independent, exponentially distributed free flight times. In this case,
the position-velocity process is governed by the linear Boltzmann equation

% (x,v,t) =cv-V,f(x,v,t)+ )\/SQ(f(ac,v',t) — f(z,v,t))u(dv’) (1.1)

where 11 denotes the uniform distribution of the unit sphere S?, ¢ is the speed of the particle
and A is the mean number of direction changes per unit time. After the Boltzmann-Grad
limit, a further scaling limit (¢ — oo, A — oo such that ¢?/\ — 1) leads to a diffusion
process, which is governed by the heat equation

0 1

= t) = —Agp(x,t). 1.2
£p(e,t) = S Al (1.2
Such a diffusion limit is based on central limit arguments, since the free flight times have
finite mean and variance. This model was generalized by Spohn [59], where more general

probability distributions for the scatterers are allowed, the scatterers are potentials with
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finite range R, weak convergence in path space is proved. Other developments have been
made, e.g., in [8; 9; 11; 17; 25]. A further progress is due to [36], where the Boltzmann-Grad
and the diffusion limit are taken simultaneously.

However, even in these cases, convergence to a random flight under the Boltzmann-Grad
limit requires that the expected value of the free flight times remains finite.

Cases in which the flight times have infinite expectation are excluded from these theories;
more precisely, we here refer to flight times that are almost surely finite, i.e. they have
a proper probability distribution, but their expected value is infinite. Yet, these cases are
very interesting from a physical point of view, since, as clear in the literature, they are
connected to anomalous diffusion, a motion such that the mean squared displacement does
not grow asymptotically linearly in time. On this point, we stress that there is a wide
literature concerning continuous time random walks and random flights where the heavy-
tailed waiting times belong to the domain of attraction of a v-stable law, v € (0,1). See,
e.g. [10; 41; 42; 43; 60] for continuous-time random walks and [52] for a recent random
flight model. These processes and their anomalous diffusive limits fall in the theory of semi-
Markov processes [35] and they are crucial models for anomalous diffusive phenomena related
to fractional dynamics (see, e.g., [45] and references therein). Random flights with flight times
having diverging moments have been extensively considered, in the physics literature: these
processes are called Lévy walks (see, for example, [62] and references therein for a review)
and they have plenty of applications for modeling anomalous phenomena (see, for example,
[20; 21; 28; 34]).

One might ask, therefore, whether random walks/flights with infinite mean flight times and
the related anomalous diffusions can be connected to mechanical models of Lorentz type.

In this paper we present two Lorentz process models. For both of them, the limit random
flights and their related anomalous diffusion, together with their governing equations, are
new. Such processes go beyond the semi-Markov setting and a usefull tool in order to deal
with them is the recent theory of the so-called para-Markov processes (see [19]).

In the first model, the Lorentz process is based on a new distribution of obstacles that we
call the Mittag-Lefller point process. The reason of this name is that the free flight times have
a so-called Mittag-Leffler distribution, a heavy tailed distribution belonging to the domain
of attraction of a stable law, with interesting analytical properties. In this setting it is likely
that long flights occur, contrary to what happens for the Poissonian case. We study this
system under a limit of Boltzmann-Grad type. In this procedure, the free flight time of the
particle has infinite mean both before and after the limit. The resulting random flight is
non-Markovian and presents a long memory tail, in the sense that all the flight times are
dependent; despite this, the process is easy to handle, since it is possible to explicitly write
the joint distribution of its flight times, which happens to be of Schur constant type. After the
Boltzmann-Grad limit, a further scaling limit gives an anomalous diffusion process, exhibiting
self-similarity and also a super-diffusive behaviour, i.e. the particles spread faster than for



4

the Brownian motion. We shall call such a process the Mittag-Leffler anomalous-diffusion
process.

In the second model, the distribution of obstacles is Poissonian (as in [23]), but the speed
of the particle is heavy tailed distributed. A Boltzmann-Grad limit leads to another non
Markovian random flight process with speed and flight times that depend on each other;
however, a second scaling limit gives the same super-diffusion as before.

In addition to the kinetic limits, our paper also studies the governing equations of some
of the processes involved. These are not first-order differential equations in time, like (1.1)
and (1.2). Indeed, in Gallavotti-Spohn models, the limit processes are Markovian, and thus,
according to Feller’s theory, they are governed by the first order in time generator equations.
In the present case, instead, the limit processes are non-Markovian. Despite this, we can
derive their governing equations, that happen to be fractional kinetic equations, non-local in
both time and space.

In order to rigorously get these equations, we face a problem which is in itself interesting
from a probabilistic and analytical point of view and serves as a tool, in this context. Let
{T};}+>0 be a Feller semigroup on a Banach space B, with generator (G, Dom(G)). Moreover,
consider the Bochner integral Q, = [;* 1% I(ds), where I(ds) denotes the so-called Lamperti
distribution (see e.g. [32]). This is a distribution on (0,00) with power law decay ¢t~~!,
v € (0,1). The family {Q;}+>0 defines a mixture of Feller semigroups. We prove that, for
any h € Dom(G), the function ¢ — @Q;h solves the abstract Cauchy problem

al/
5t =—(=G)"g(t),  9(0)=h, (1.3)

i.e. a fractional kinetic equation exhibiting fractional powers of operators. Such equation
reduces to the well-known governing equation of Markov processes for v = 1. So, we shall
see that the governing equations that emerge after the kinetic limits are of the type (1.3).
They generalize equations (1.1) and (1.2) by introducing the v-powers of operators.
Concerning the above models, a fundamental remark is needed: our assumption of heavy
tailed, infinite mean flight times is not necessary to obtain non-Markovian random flights,
anomalous diffusions and non-local governing equations. Indeed, by using different physi-
cal settings with respect to ours, other Lorentz processes converging to non-Markovian and
anomalous diffusive limits, possibly governed by non-local equations, have already been pre-
sented in the literature. For example, there are recent papers concerning a bi-dimensional
Lorentz gas under the action of a constant magnetic field (see e.g. [47; 48; 37]). In this case,
the action of the external force prevents the position-velocity process from being Markovian.
Hence a generalization of the Boltzmann equation, which is non-local in the time variable,
appears (see e.g. formula (1.3) in [48]); also an anomalous diffusion equation arises, namely
a non-local heat equation where the diffusion coefficient is replaced by an operator, the lat-
ter written in terms of the Green-Kubo formula (see formula (1.8) in [47]). Concerning the
anomalous diffusive behaviour, another remarkable example regards the superdiffusion limit
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arising in the context of the periodic Lorentz gas (see [40]) where the anomalous behavior is
tlogt; for the periodic Lorentz gas, see also [13; 14; 24; 39].

2. PRELIMINARY NOTIONS

In the present paper we shall use results from very different theories, e.g., we shall combine
tools from kinetic theory, the theory of non-Markov processes and non-local equations. Hence,
for the reader convenience, we summarize the main facts in few pages.

2.1. Isotropic transport processes. In this paper we consider a class of transport pro-
cesses, also called random flights, defined as follows. Let a particle start at a point # € R?
and move along a unit vector vy with random speed C, for a random waiting time J;. After
the time interval Jy, the particle undergoes scattering and continues its motion along a new
unit vector vy, again with speed C, for another random waiting time J,. This process repeats
indefinitely. Here C is assumed to be either a positive constant or a positive random variable.
The directions {v;, i > 0} are assumed to be i.i.d. random vectors, with uniform law on the
unit sphere

St =y e R%: u? =1},

where ||, denotes the Euclidean norm. Moreover, we assume that the unit vectors {v;, i > 0}
are independent of the waiting times {J,, n > 1} and of the speed C. On the other hand,
C and {J,, n > 1} may be dependent. Let 7, := > | J; be the instant of the n-th change
of direction for n > 1, with the convention 75 := 0, and let N' = {N;, ¢t > 0} be the process
which counts the number of changes up to time ¢, i.e.

Ny :=max{n >0:7, <t}

At time t > 0, the particle has unit velocity vector V; and is located at the position X;. To
summarize the above description, we now give the rigorous definition of the joint process
(Xt7 ‘/;f)

Definition 2.1. Let (Q,A,]P(:”’”)) , v €S 2 eRY, be a family of probability spaces. Let
{Jn}n>1, {vitiso and C be random variables as defined above. Let N be defined as above. The
joint process {(X¢, Vi), t > 0}, such that

Vi =, (2.1)
t N

Xt ::X0+C/ Vst:Xo—i-CZJiUi_l—FC (t_TM) VN (2.2)
0 i=1

where P™Y( Xy = x,v9 = v) = 1, is said to be the isotropic transport process.

In practice, defining such a transport process requires specifying only the joint law of the
vectors (C, Jy, Jo, -+, J,) for any n, from which the joint distribution for the flight times
{Jn, n > 1} and the distribution of the speed C directly follow.



In Section 2.1.1 we recall some known facts on the Markovian case, i.e., the case where
the J,s are i.i.d. exponential r.v.’s and C is a positive constant chosen independently on the
Jps. Then, in Sections 3.1 and 5.1, we shall define two non-Markovian models, where the
waiting times are stochastically dependent and have infinite mean. Furthermore, their limit
behaviour will be studied in Sections 3.4 and 5.2.

2.1.1. The Markovian random flight and its diffusive limit. Let the waiting times {.J,,n > 1}
be i.i.d. exponential random variables with mean A\~! and let the speed C be a positive
constant, say C = ¢ almost surely. Then the resulting transport process is the Markovian
isotropic transport process, as studied, for example, in [30; 46; 49; 53; 61]; an analogous
construction holds in non Euclidean spaces (see e.g. [50; 51]). In this setting, the counting
process N is a Poisson process with intensity A and 7, follows a Gamma distribution of
parameters n, A, also called Erlang distribution. Here the parameter \ can be interpreted as
the mean number of direction changes per unit time.
In this case, we shall denote the random flight process of Definition 2.1 by

{(x ) =0}

where the superscript (¢, A) indicates that the process depends on the two parameters ¢ and A.
Here {%(C’A), t> 0} is a Markov process on S?1 and {(Xt(C’A), Vt(C’A)> , 1> O} is a Markov

process on R? x S41,
Let us consider initial data (x,v) € R? x S9~1. Moreover, consider the family of operators

{7;(6”\) }t>0 defined by

Z(C’A)h(x, U) - E(:v,v) |:h <Xt(c,)\), %(C,x\))i| h e CO (Rd % Sdfl) (23)

where E@) denotes the expectation under P*". Such a family defines a strongly continuous
contraction semigroup on the space Cy (R? x S47!) endowed with the sup-norm || - ||, i.e. a
Feller semigroup (see [61, Lemma 2.1] or, for a very general approach, [51]).

Let us consider the semigroup {e‘”Pt} >0 Where

Ph(z,v) := h(z + vct,v) h € Cy (R x $471).

Then {e"\tPt} 1> 18 strongly continuous and is generated by the operator cv-V, —AZ, where
7 denotes the identity operator, on the domain

D={heCy(R*xS"") :cv-V,heCy(Rx S )}. (2.4)

Furthermore, let us consider the scattering operator L defined by

Lh(x,v) = / h(z,v")u(dv'), h e Cy (R x $471),
Sd—1
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where ;1 denotes the uniform distribution on S?~1. It is useful to see how [31, Theorem 1.9.2]
applies here, giving the following result which is known in the literature.

Theorem 2.2. The operator 7;(0”\) defined in Equation (2.3) has the following representation
on D

T(CA _)\tP + Z An . / ‘Pt—TnLPTn —Tn— 1L e LPTl dTl o dTn (25>

0<T1 <T2 <o < <t

Moreover, for h € D, one has that t — 7;(0”\)h is the unique (bounded) solution to the linear
(abstract) Boltzmann equation on Co(R? x S4-1)

9 g(t) = cv- Veglt) + ML — D). (26)

under the initial condition g(0) = h.

Proof. First, we observe that the operator L is bounded on Cj (Rd X Sdil). Moreover, cv -
V. — AZ generates the semigroup {e*’\tPt}
apply [31, Theorem 1.9.2, (i)] to say that

GN = cv -V, — M\ + AL, (2.7)

10+ Which is strongly continuous. Hence, we can

with domain D, is the generator of a strongly continuous semigroup on Cjy (Rd x S d_l), which
has the representation

= e_AtPt + Z )\ne_)\t/ Pt_TnLPTn_Tn—lL' e LPTI dry...dm,
— 0<TI<T2< <<t

Moreover, [31, Theorem 1.9.2, (ii)] guarantees that ®,h is the unique solution of

Oh = e MPh + / Ae D L P, hds. (2.8)
0

We now observe that H'E(C’A)hH < ||h]] and, by a standard conditioning argument, using the
first renewal time, one has

7;(6)‘)h(x v) = e Mh(x + cvt,v) / / e MITENR (2 + co(t — 5), w)u(dw) ds,
Sd—1

le. t— ’7; M satisfies Equation (2.8). By the uniqueness of solution, we get the thesis. O

We finally observe that the sum in Equation (2.5) converges in the sup-norm and can be
explicitly written as

T “Mh(z,v) = e Mh(x + cot,v)+ (2.9)



+ Z Ae— M / / h(xy, wy) dry ... dr, p(dwy) ... p(dw,)
n=1 0<TI<To< <<t (Sd—l)n

where
n
Ty =T + CZ(T]' — Tj—1)wj—1 + c(t — 7,) W, Wy 1=,
=1

and v, = w, for t € [T, Thi1).

Another useful result we will use is the following explicit formula for the mean squared
displacement of the Markovian random flight (details can be found in [2]). Denote by P*#
the probability measure

Py = [ PE ) (2.10)

where 4 is the uniform probability measure on the d — 1-dimensional sphere and by E** the

corresponding expectation. Then

227 )t

e:F(At—He ). (2.11)
A remarkable fact is that the Markovian isotropic transport process is a finite speed and

finite rate approximation of Brownian motion. Indeed, for Brownian motion both the speed of

the particle and the rate of direction changes are infinite; but nevertheless, in many practical

applications, Brownian motion is used to model random motions with large but finite speed

and rate. This is allowed by the following result.

E>* | XN — &

Proposition 2.3. Let B = {B;, t > 0} be a d-dimensional Brownian motion, d > 1 under
a probability measure P*, s.t. P*(By = x) = 1. Then, under the scaling limit

2
c— 0 A — 00 CX:D>O

we have that

c dd
{Xt( 7/\)} Ll {Bp:} .

The reader can consult [30; 51; 61] and references therein for details and an improved
version of this statement showing weak convergence on the space of continuous functions
with the uniform topology.

2.2. Para-Markov chains. In this section we recall the definition of a class of non-Markovian
processes, called para-Markov [19], as these processes will be a useful tool in the following.
These are right continuous processes on a countable state space whose waiting times between
jumps have a suitable stochastic dependence, creating a long memory tail in the evolution.
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They are proved to be equal in distribution to a continuous-time Markov chain whose time
parameter is randomly scaled, hence the name para-Markov.

For a positive v, we shall indicate with M, the one-parameter Mittag-LefHler function,
defined by

wu@yzggfagjg z €R. (2.12)

In the paper we shall use the notation
d k
MPB(—z¥) = (d_) M, (=2") k€ N. (2.13)
z
Moreover, we recall that a non-negative random variable J is said to follow a Mittag-Leffler

distribution with parameters v € (0,1] and A € (0,00) if it has cumulative distribution
function

P(J<t)=1-M,(=At"), t>0.

For v € (0,1), by using the asymptotic properties of the Mittag-Leffler function (see, e.g.,
[44]), one gets

P(J >t) ~at™ as t — 00, (2.14)
being a > 0 a constant. If follows that J has infinite expectation. Instead, for v = 1 we have
M (z) = e” and J ~ Exp(A).

Definition 2.4. Let Y = {Y,, n € N} be a discrete time Markov chain, on some probability
space with a probability measure P, and a finite or countable state space S. For v € (0,1]

and A : S — (0,00), let {J,, n > 1} be a sequence of non-negative random variables, such
that, ¥Yn > 1,

P(Jl > tl, ey Jn > tnlyb = Yo, - - - 7Yn—1 = yn_1> = M,, <— (Z A(yk—l)tk> ) (215)
k=1

where t, > 0, k€ {1,...,n}. Let T, :== Y ,_, Ji and Ty := 0. A continuous-time process
XY ={X}, t >0} such that

Xy =Y, t€Tn, Thi1), n €N
18 said to be a para-Markov chain.

From the above definition we have that each waiting time follows a Mittag-Lefller distri-
bution:

P(J > Vi1 = yr1) = My (= (Myr—1)te)”) -
Moreover, note that for v = 1 the joint survival function in Equation (2.15) is factorized as

PJy>ty,...,Jo>tlYo=vo,- -, Yn1="Yn-1) = e~ L= Muk-1)t (2.16)
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i.e. the waiting times are conditionally independent, exponential random variables and hence
X' is a homogeneous, continuous-time Markov chain.

From [19], it is known that a para-Markov chain X" is equivalent, in terms of finite-
dimensional distributions, to a Markov chain X! through a random time-change, as reported
below. Specifically, this is achieved by substituting the time parameter ¢t with ¢t£, where £
has a Lamperti distribution, which is defined as follows (see e.g. [32]).

Definition 2.5. A non-negative random variable L, on some probability space with probability
P, follows a Lamperti distribution of parameter v € (0,1] if its Laplace transform is given by

Ele "] =M, (-n"), n > 0. (2.17)

For v = 1 we have E [e™"*] = ¢~ which means £ = 1, while for v € (0,1) the variable £
is absolutely continuous, with density given by
sin v Yy

v—1
[(d = 1 00
(dy) T Yy 4+ 2yYcosmr + 1 O+

Consult [32, Equations (1.1) and (3.3)] with @ = 0 and 7 = za for details. We also recall

a property which will be useful later in the article:
a1

= _ 2.1

y(y) dy. (2.18)

where < denotes the equality in distribution.

Theorem 2.6. Let us consider a para-Markov chain X" as in Definition 2./. Let L be a
Lamperti random variable of parameter v € (0,1]. Then we have

x4 Vt >0,

where ™ denotes equality of finite dimensional distributions.

For a proof, see [19, Theorem 4].

A corner point is that the para-Markov chain X" is governed by an integro-differential
equation. The operator acting on the time variable is the Caputo fractional derivative (see
Equation (1.10) in [26] or [6] for a general introduction), defined by

O by = {ﬁ% JHF(s) = FO)(E— 5)ds, v e (0,1),

2.20
or F@). =1 (2.20)
Let us consider a para-Markov chain X" and let us indicate with G the infinitesimal
generator of the Markov chain X'. Let P(t) = [p;;(t)] be the transition matrix of X*. In [19]
it is proven that in the case of finite states space S, the transition matrix P(t) is the solution
of
aI/
otv

P(t) = —(—G)’P(t) (2.21)
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with initial condition P(0) = I, being I the identity matrix. We stress that for v = 1,
Equation (2.21) formally reduces to the Kolmogorov backward equation which governs a
Markov chain.

2.3. The para-Markov counting process. We here recall the definition of a counting
process, which will be useful in the rest of the paper, as a special case of para-Markov chain
with infinitely many states. For major details, see [19].

Let us consider a para-Markov chain N := {N}, t > 0} as in Definition 2.4. Let us
assume a deterministic embedded chain

Y, =n, neN (2.22)
and A € (0,00) constant. Then N is said to be the Ezchangeable fractional Poisson process
with parameters A and v.

In this case the sequence of waiting times {JT(LV), n > 1} satisfies the following property:

for each n > 1,

P <J1(V) > 1, ..., J?ELV) > tn) =M, (—)\V (Ztk> > v E (O, 1], A€ (0,00) (223)
k=1

From Equation (2.23) it follows that the distribution of N reads

POt - = EL ey wen .

An important property of the sequence of waiting times described in Equation (2.23) is
that it forms an infinite Schur-constant sequence. We recall that a sequence {Z;}32, of
non-negative random variables is said to be an infinite Schur-constant sequence if, for any
n > 1, the joint survival function satisfies

P(Zy > t1,Zy > to,..., Zy >t,) = S(t1 +ta+ -+ + tn),

for some function S that does not depend on n. This structure represents a particular model

of exchangeable waiting times, as the function S depends on the t; only through their sum.

See [7; 15; 58] for details. This property justifies the name chosen for this counting process.
We note that for v = 1 we have that Equation (2.23) has the form

PlJy >ty ..., Jy>t,] = e Aok=ate (2.25)

namely the waiting times {.J,,, n > 1} are i.i.d. exponential and N! reduces to a Poisson
process of parameter \.
Moreover, we emphasize that from Equations (2.17) and (2.23) one has

1
(Jl(”), .. .,J}f)) 4 S B, nzl (2.26)
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being {J,, n > 1} ii.d. exponential of parameter A\. This also shows that {J,SV), n > 1}
are exponential of random parameter \L.

We conclude this section by observing that A can be interpreted as a measure of the
intensity of the process, in the sense that it controls the probability to have at least one
event in a small time interval At. Indeed, using the relation of Theorem 2.6, we have

P( tV+At _MV = 0) =P (Nﬁl(t+At) _Nﬁlt = O)

= / e WAL P(L € dy)
0

= Mu(_)\V(At>V)
A (At)” v
YD) +o((At)"),

which implies

PN = N 2 1) = s o (A1), (227

We further observe that in the Poisson case A also has the meaning of mean number of
events per unit time. Indeed, by the Poisson distribution, we have EN}'! = A if t = 1. In
contrast, the mean number of events per unit time in the exchangeable fractional Poisson
process is infinite for v € (0, 1) for each A.

3. MOTION AMONG RANDOM OBSTACLES (MODEL 1)

We recall that Lorentz processes are models for the motion of a particle among randomly
distributed obstacles. In Gallavotti [23], the set of obstacle centres is a Poisson point process.
Under the Boltzmann-Grad limit, this process converges to the Markovian random flight
defined in Section 2.1.1. As seen in Proposition 2.3, a further scaling limit leads to Brownian
motion.

In this section, we shall define a Lorentz process based on a more general distribution of
obstacles. To this aim, we define the Mittag-Leffler point process, which includes the Poisson
point process as a special case.

In this new setting, the obstacle system is more rarefied, making the model suitable for
describing even more dilute gases. In particular, the free flight time of the particle has a
distribution with power-law decay Kt=", v € (0,1), K > 0, and thus has infinite expectation.
This feature, in particular, has been previously ruled out by classical technical assumptions
when studying Lorentz processes [59]. We shall prove that, under a Boltzmann-Grad type
limit, the process converges to a random flight with infinite mean flight times. We will show
that this random flight is superdiffusive with a mean square displacement spreading, for
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t — +o00, as K v, K > 0 and furthermore it converges, under a second suitable limit, to
an anomalous diffusive process with infinite mean square displacement.

For the sake of clarity, we believe it is appropriate to first describe the new random flight
model in Section 3.1. Then, we shall define the Lorentz model in Section 3.2 and finally we
shall state the limit theorems in Sections 3.3 and 3.4.

3.1. A transport process with infinite mean flight times. We consider an isotropic
transport process with infinite mean and stochastically dependent flight times, which is de-
fined as in Definition 2.1, with the following assumptions.

(A1). Suppose that in Definition 2.1 the joint distribution of the flight times {J,(LV), n > 1}

is given, under all the probability measures P@Y), by Equation (2.23) for some v € (0,1] and
the (independent) speed is C = ¢ almost surely, where ¢ is a positive constant.

In this case, we shall denote the random flight process of Definition 2.1 by
(Xt Vi) = {(Xty (@), VE @), t >0}, ve(o1].

The assumption (A1) implies that the number of direction changes up to time ¢ is N/, i.e.
the exchangeable fractional Poisson process defined in Section 2.3.

Let us consider initial data (z,v) € R? x S4°1. We will use the family of operators {Z;}+>¢
acting on suitable functions and defined by

Zih(x,v) == E® [h(XE) (), V) 1)] heCy(RYx 8§71, (3.1)

where E@*) denotes the expectation under the measure P*?.
We now obtain the counterpart of the evolution formula presented in Equation (2.5) (hold-
ing in the Markovian case) in the non-Markovian setting arising under (A1).

Theorem 3.1. Let (Xt(c”\), V;(C’A)> be the Markovian random flight defined in Section 2.1.1
and let L follow a Lamperti distribution as in Definition 2.5. Then
v v d c, c,
(Xt V() £ (X9, 29 (3.2)
Moreover, the following formula holds

Z,h = M, (=\t")Ph

+Z A" MU (= A1) / P, LP, _. L...LP; hdr ...dr,
n=1 0

<11 <2 <<t

where MY is defined in Equation (2.13).

Proof. Under the Assumptions (A1), the isotropic transport process in Definition 2.1 reads,
for each t > 0,
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Um

Vil (t) m+1
(1) = m v m . J» <i< J
(Xéll)(t)) (x + D he Cvk—lJ;f; )+ CUm, (t — > Jl(c )>> Z k Z

where m > 0, which can compactly be re-written as

VY (t) I U,
(1) — v m v ]l v v .
(X@(t)) mzo 4+ 0 o1 + cop, <t -5 gt >> o, ) <espt g}

From Equation (2.26) we have, for each ¢ > 0,

oY ( . )3k W,
[ 4 - m ) J T
(Xﬁ) () T4y cvk_1% + com (=20, %) ; L = kz:: C

where {J/L} are exponential random variables of random parameter \L. Therefore the
equality in distribution of Equation (3.2) follows.
Hence we can re-write Equation (3.1) as

Zth(.I,U) - / E@wv) |:h <Ath(c,>\l)7 W(C,Al))] [(dl)
0
= [ TG
0

where {7;(0’)‘), t> 0} is the Markovian semigroup defined in (2.3) and £(-) is the Lamperti

measure as in Equation (2.18). By using the representation of the Markovian operator in
Equation (2.5) we obtain

—+00
Zh = / e M P, h((dl)
0
+oo [ 10
+ / > e M / P, L---LP, hdr ---dr, | ((dl). (3.3)
0 n=1 0<m << <t

We now observe that we can interchange the summation and the integral in Equation (3.3),
by using the dominated convergence theorem for Bochner integrals (see [3, Theorem 1.1.8]).
Consider

k
Z —\t )\l / Pt—TnL"'LPTlthl"'dTn
n=1 0<T1 << <t
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We have to show that ||fx|| is dominated by an integrable function, which is independent
of k. Indeed, as P, and L are contraction operators

“+oo

A= e‘”t(Al)”/ P, L---LP, hdr ---dr,
0<T1 << <t

n=1

gZe_’\” (A" |h||/ T dT,

o< < <Tn<t

_ n " _
=S 0P = ] (1 ).
n=1

Moreover,

/0 N || R]| (1 — e*Alt) [(dl) = ||h|[(1 = M, (=(\t)").

Then [3, Theorem 1.1.8] applies here and from Equation (3.3) we get
Zih = M, (~\"t")Ph

+Z/ ( ) / P L---LPyhdr - "dm) e
0<T < <<t

=M, (=\"t")P;h

+o0 400
+) ( / e_’\lt()\l)"[(dl)) ( / P, L---LP hdr - dTn>
n=1 0 o< < <<t

= M, (=\t")Ph

400 400 d n
+> ((—A)”/ (W) e‘”t[(dl)) (/ Pt_TnL---LPTlhdﬁ---dTn)
n=1 0 0<T1 <+ <Tp <t

(3.4)

Hence, by the dominated convergence theorem we can exchange the derivative and the integral
in the first term of the product to obtain

Zh =M, (—)\”t”)Hh

+Z A" M ( )\”t”)/o P, L---LP,hdr ---dr,

<7< <Tp<t

where we used the notation in Equation (2.13). O



16

In analogy with the Markovian case, it is possible to explicitly write the operator Z; as
Zih(z,v) = M, (=Nt")h(x + cvt,v)+

+ Z A" M) (=) / / Rz, wy) dmy ... dr, p(dw) ... p(dwy,)
n=1 0<T <o < o<t o (Sd—1)n

where
t—:v—l—cg — Tj_1)wj—1 + c(t — T) wh, Wy =0,

and v, = w, for t € [, Tn+1).

We now aim to find the mean squared displacement of this non-Markovian random flight.
We shall use the equality in distribution of Theorem 3.1, which makes the transport process
analytically tractable.

Proposition 3.2. Let {(Xé’l)(t),\/(’{) (t)> , t> 0} be the non-Markovian random flight as

defined by Assumptions (A1). Denote P** = [, P**u(dv) and by E** the corresponding
expectation. Then we have

t w1
EH ‘X("l)(t) — a:}z = 202/ dwl/ dwy M, (—N'w3) , (3.5)
0 0
and then for large t one has
B | X4 () — o’ ~ et ve(0,1], (3.6)
where € is a positive constant.

Proof. Let us consider the mean squared displacement of the Markovian random flight in
Equation (2.11). Then by Theorem 3.1 we get

o y 9 9 o0 t 1 €—>\tl
]E ‘X(l)(t) — I’}e = 26 ; ﬁ —_ W + )\2l2 [(dl)

Considering the Laplace transform in the time variable (¢ — s), we obtain, for any s > 0,

>/ 1 1 L1 [ 1
202 - ((dl) = 26— ((dn).
C/O <)\l32 >\2l25+>\2l2(5+>\l)> =25 | soxu" @

By applying the Laplace transform to the second member of Equation (3.5) and using the
definition of Lamperti distribution (2.17), one has

1 o0
202; efsszy (_ 1/ = 9¢ _/ swg/ 7AUJ21[ dl
2

0

=2c

= 0 s—l—)\l H(dl),
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and the first part of the thesis follows.
2
Now, denote U(t) = E** ‘Xé’l)(t) — a:‘ and note that

+o0o - 4 1 Sl/—l
U dt =262~ 3.7
| e e — (3.7)
~K's"?  ass—0 (3.8)

for K’ > 0, where we used the well-known Laplace transform of the Mittag-Leffler survival
function

o] v—1
M (=AY dE = ——— 3.9
| e e = (3.9)
It follows from the Karamata Tauberian Theorem [22, Theorem XIII.5.2] that
B | Xt (1) — o) ~ K27 (3.10)
for K > 0, as claimed. O

From Equation (3.6) we conclude that the random flight is super diffusive for v < 1.
Instead, for v = 1 we get the asymptotic behaviour of the Markovian random flight.

3.2. Mittag-LefHler distribution of obstacles. We preliminarly recall some basic notions
on point processes. We follow the notation of [29]; another standard reference on point
processes is [16].

Let S € B(R?) and denote (S, B(S), 1) a measure space which is finite on Borel subsets
with finite Lebesgue measure. We denote by II a point process in §, namely an integer-valued
random measure. In particular, IT is a locally finite kernel from a probability space (2, A, P)
into (R?, B (R?)), i.e. a mapping IT : (Q x B(S)) + N, such that II(w, B) is a locally finite
integer-valued measure for fixed w and an integer-valued random variable for fixed B.

From now on, let u(B) = p|B|, where p € (0,00) and |B| denotes the Lebesgue measure
of the Borel set B.

We recall that a point process is said to be a Poisson point process with parameter p €
(0,00), if, for any collection of mutually disjoint, finite Borel sets {B;, j € {1,...,n}}, and
any choice of non-negative integers {k;, j € {1,...,n}}, n > 1, we have

P (ﬁ {N(B)) = kj}> = e - 1P‘B|H plB | (3.11)

where NV (B) is the random variable w — II(w, B), i.e. the random number of points inside
B. Equation (3.11) indicates that N (B;), j = 1,...,n, are independent random variables,
each having Poisson distribution with mean p|B;|.

We are ready to introduce a new point process, whose distribution is described, in addition
to p, by a fractional parameter v € (0, 1], such that the Poisson case is re-obtained when
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v = 1. We use the notation N”(B) to indicate the random number of points in B € B(S).
Moreover, for the Mittag-Leffler function M, (-), we will use the notation in Equations (2.12)
and (2.13).

Definition 3.3. A point process 11 is said to be a Mittag-Leffler point process of parameters
p € (0,00) and v € (0,1] if, for any collection of mutually disjoint, finite Borel sets { B,
{1,...,n}}, and any choice of non-negative integers {k;, j € {1,...,n}}, n>1, we have

P(ﬂ{/\/’”(&)z@}) (DM ( (ZpIB I) )H |B‘ (3.12)

where k :=Y " k;.

7=1

In Appendix A, the existence and uniqueness of the point process of Definition 3.3 are
rigorously established. We further note that this point process has relationship with the one
studied in [1].

At a first glance, from a purely formal perspective, the new point process is obtained
by replacing the exponential function in Equation (3.11) with the Mittag-Leffler function
in Equation (3.12). This implies the loss of independence among the number of points in
disjoint sets.

Let us observe that for any finite Borel set B € B(S), the random variable N“(B) has
distribution

PN(B) = ) = (M () UEL ey (3.13)
as a special case of Equation (3.12) for n = 1.

We further observe that, from a physical perspective, the Mittag-Leffler point process
exhibits both similarities and differences compared to the Poisson case. Specifically, both are
spatially homogeneous, meaning they are invariant under space translations. This follows
from the fact that the distribution in Equation (3.12) only depends on the volumes of the
BjS.

On the other hand, the new point process is suitable to describe rarefied gases. To illustrate
this point, we present the distribution of the random distance D, between a given point
y € R3 and its nearest point of II. Such a distribution does not depend on y by space
homogeneity. Note that y is not required to be a point of II.

It will become clear that, for x — oo, the survival function P(D, > x) decays to zero
as a power law, which is a substantially different behaviour from the Poisson case. Indeed,
observe that D, > x if and only if there are no points within the ball of radius = centered at
y, denoted as B, (y), for all z > 0. Hence, in the Poisson case, one has

P(Dy>0) = PN (Buly) = 0) = ¢ #i
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while, in the Mittag-Leffler case, one has

P(D,>xz)=P(N"(B.(y) =0)=M, (—p” (%lmv?’) > , ve(0,1). (3.14)
Equation (3.14) gives that P (D, > x) ~ 1/x% as x — oo. This is consistent with the fact
that the Mittag-Leffler model is better suited for situations where the gas exhibits a sparser
structure, with large empty regions among particles. It means that the moving particles in
the gas are more likely to experience longer free paths or travel greater distances without
interacting. In contrast, the Poisson model describes a gas where interactions or collisions
occur more frequently, meaning the empty regions are smaller.

Remark 3.4. In view of the main theorem 5.8, where the case of large p will be considered,
we observe that p controls the probability to have at least one point in a small region B.
Indeed, we have
PN¥(B)>1)=1—- PN"(B)=0)
=1—-M,(=p"|Bl")
pl/
= —|B" Bl 0,1].
Pl ey ve

We further observe that in the Poisson case, p also has the meaning of expected number of
points per unit volume; indeed, for the Poisson distribution, we have EN(B) = p if |B| = 1.
In contrast, the expected number of points per unit volume in the Mittag-Leffler case is infinite
for each p when v € (0,1).

Consider IT as in Definition 3.3. We now aim to determine the so-called Janossy measure
(see [27, Section 4.3]) associated to II.

Lemma 3.5. Let us consider B € B(R?), |B| < oco. Let B contain N*(B) points of 1I,
which are located at the random positions C1,Cs, ..., Cyv(py. Then

1
P(Cy €dcy,...,Cp € dey, N*(B) =n) = " (=1)" MW (=p?|B|) dey - - - dey,

for each n > 1.

Proof. For each n > 1, consider a sequence {A;, j € {1,...,n}} of mutually disjoint Borel
sets s.t. U;A; C B. Then, using combinatorics arguments, we get

P(C € Ay, C € Ay NY(B) = 1) = P (ﬂ VY (4) =1}, N (B\UjA,) = 0)

1
= ol Al pl Al (=1)" MY (=p"| BI")
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1
— M B [ deree [ e,
n: Ay An

- / / "M (=p?|BIY) dey - - - dey,
Aq

where in the second equality we used Equation (3.12). Hence, the law of (Cy,...,C,) is
absolutely continuous and the thesis follows.
]

3.3. The Boltzmann-Grad limit. We now describe the new model of motion among ran-
dom obstacles. The obstacles are assumed to be identical hard spheres of radius R, whose
centres are randomly distributed according to the Mittag-Lefller point process, as in Defini-
tion 3.3. Some obstacles may overlap as it happens in the classical Gallavotti’s model [23].
Outside the system of obstacles, the particle moves along a straight line with constant speed
¢ > 0. When reaching the surface of an obstacle, an elastic collision occurs. This means that
the particle is specularly reflected and the post-collisional speed is again equal to ¢. Each
obstacle can be hit more than once, which leads to a long memory tail in the process.

We will analyze the system in a Boltzmann-Grad type limit, where the obstacle radius R
approaches zero while the parameter p, representing the intensity of the process as described
in Remark 3.4, diverges to infinity; these limits are taken in such a way that the product R?p
remains constant, that is

p — 00 R—0 perR? — X € (0, 00). (3.15)

Without loss of generality, we shall put p = A\/er R? and consider the one variable limit as
R — 0.

The constraint in Equation (3.15) can be understood by studying the distribution of the
free flight time. In Gallavotti’s model, i.e. when v = 1, for R — 0 the distribution of the free
flight time converges to an exponential distribution with mean A\~!. Hence, condition (3.15)
means that the limit procedure is such that the free flight time of the particle maintains a
strictly positive, finite mean.

In this regard, in Lemma 3.6 we shall see that this is not true if v € (0,1), given that
the free flight time has, in the present model, infinite mean both before and after the limit.
Indeed, in this case the limit (3.15) simply ensures that the free flight time is almost surely
positive and finite, meaning that it takes values in the open interval (0,00) almost surely,
and then it has a proper distribution.

So, suppose that a particle, which is initially located at z € R3, is shot towards an arbitrary
direction v € S2. Let T be the free flight time, i.e. the first hitting time with the system of
obstacles.
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Lemma 3.6. The distribution of the free flight time T has a discrete component in 0, such

that
P(TF=0)=1-M, (—p” (%wR:”) )

and an absolutely continuous component on (0,00), such that
4 14
P(TF>t) =M, <—p” (ﬂ'RQCt + §WR3) ) t>0.
Proof. Let t > 0. Then T* is greater than t if and only if none of the obstacle centres lies in
the set
O(z,v,t) :={y eR’: [y — (x + cvs)|. <R, s€0,]} (3.16)

i.e. a cylinder of height ¢t around the particle trajectory, capped by two hemispheres of
radius R. So, for ¢t > 0, using formula (3.13), we have

P(T" >t) = P(N*(0(z,v,t)) = 0)

=M, (—p” (WR2Ct + %WR:g) ) .

The discrete mass at zero corresponds to the possibility that the starting point x is located
inside some obstacles:

P(T"=0) = P(N"(Bg(z)) > 1)
=1— P (N"(Bg(z)) =0)

—1-M, (—p” ( WRS)V) :

where Bg(z) is the ball of radius R centered at x. O

Q| W~

From Lemma 3.6, we observe that the distribution of 7% does not depend either on the
initial position x or on the initial direction v, because the Mittag-Leffler random field is
homogeneous and isotropic. Moreover, for large ¢ we have P (TR > t) ~ Kt7", K > 0,
hence the free flight time 7'# has infinite expectation.

Remark 3.7. From Lemma 5.6, we observe that for R — 0, the discrete component in 0
vanishes and the distribution of T converges to a Mittag-Leffler distribution, i.e.

: R — O\ >
lim P (T% > t) = M, (=\"#) £ >0. (3.17)

As mentioned before, after the limit (3.15) the free flight time has a proper distribution with
infinite expectation.
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We are now ready to state the convergence theorem.
We denote by Xt(l) the position of the particle at time ¢ and by Vt(l) the unit veloc-
ity vector at time ¢, i.e. the direction of the particle at time t. We call (X(l),V(l)) =

{(Xt(l), Vt(l)> , > 0} the Lorentz process in R? x S?, with initial data given by the random

variables (Xo(l) , Vé”) in R? x S2. Recall that the Lorentz process depends on the parameters

of the Mittag-Leffler random field p and v, and on the size of the obstacles R. However, to
simplify the notation, we will not make this dependence explicit. On the other hand, the
superscript indicates that it refers to the first model, while the second one will be discussed
in the next section. Once again, for v = 1, the obstacles have a Poisson distribution, and
such Lorentz process coincides with Gallavotti’s model. In the following theorem we shall
use the notation

plav) (Xt(l) cd', VY € dv’) —p <Xt(1) cdr' VY edv | Xy =,V = U> .

Theorem 3.8. Consider the Lorentz process (X(l), V(l)) defined above. Under the Boltzmann-
Grad limit (3.15) the Lorentz process converges, in the sense of the single time distribution,

to the random flight (X(”l), V(q)) defined in Section 3.1, i.e.,

P (0 € do', Vi € ') — P (X (1) € do!, Vi (1) € dv))
weakly, for all t > 0 and for all (z,v) € R x S2.

Proof. Let us write E(**) for the expectation under P®v). Then for suitable functions h(z,v),
we can write

By, (Xt“),vt(”) = / / h(z',v') P& <Xt(1) e dr', V" € dv’) :
S2 Bct(x)

where B (x) indicates the ball centered in x of radius ct. Indeed, due to finite speed of the

particle, the distribution of Xt(l) is supported on By ().
To get the statement, using the Portmanteau lemma, we can prove that

lim B)h <Xt(1), vf”) — ESh (X0 (0, V(1) Y he (R x §2),

where Cy(R? x S?) is the set of continuous bounded functions from (R? x S?) to R.
Among all possible paths, some allow each obstacle to be hit at most once, while others
lead to recollisions. Therefore, we can partition the expectation as

E@v)p, (Xt(l)a Vt(l)) — po)p, (Xt(l)a Vt(1)> 1,+ E@o)p, (Xt(l)a Vt(l)> 1 e, (3.18)

where 4 is the event absence of recollisions.
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We first compute the term E@91 4k (Xt(l), Vt(l)>. To this aim, we use the decomposition

1a =14 (Lirreoy + Liprsy + Lirreu)y) »
where T'# is the first free flight time. Using the distribution of T® in Lemma 3.6 we have

E []u]l{TR:O}h ()(t(l)yt(l))] = h(z,v) {1 - M, (—pv <§7TR3> Vﬂ

and
® ym)] Y ST
E | Lalgprapnh ( X7,V = h(z + cvt, )M, | —p" | TR>ct + 37TR .

Finally, we consider the case of T® € (0,t). In this time interval, the particle can hit the
obstacles whose centres lie in the ball By g (Xp). Let M be the random number of obstacles
inside Beig(Xp) and let C;, i = 1,..., M be the random positions of their centres. In
compact notation, C' := (C1,...,C)ys). Lowercase letters shall indicate the realizations of
such variables.

From now on, we shall write X" = Xt(l)(Q) and V! = Vt(l)(Q) to make the fact explicit
that position and velocity can be written as a function of the %)cation of the obstacles.
Moreover, we shall indicate with H,, the subset of (Bct+ R (Xo(l)>> such that, conditionally

on (x,v), the particle at least hits 1 obstacle up to time ¢ and has no recollisions. By using
Lemma 3.5 we can write

. [m reouyh (X,f” © . ©)]

— Z/ V(l)(_)) pla) ((]1 cdey,--,Cy € dey, NV (Bct+R (XO(I)>> _ m>
- Z/ VU)( )) pm(m;ll)li(lm) <_pV’Bct+R (Xo(l)) \V> deydesy . .. dey,

(3.19)

Let n be the number of hit obstacles out of m and let ™ be the subset of H,,, containing
all the obstacle configurations such that the particle exactly hits n obstacles'. Hence

:m]:()

1N0tably, collisions must occur before time ¢, ensuring that the hit obstacles are not too far apart; otherwise, the
particle would not have sufficient time to reach the first obstacle and then adjust its trajectory to hit the second.
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and the above integral reads

ZZ o7 ()b (200, V0 (0)) D™ g (—p”\BcHR <X51)>V

o m!

) dCldCQ Ce dcm,

n=1 m=n

where 6 zm (c) = 1 if ¢ € F™ and 0 otherwise, and we exchanged the order of summations.
Now, for each n, there are (’:) possible ways to choose which obstacles are actually hit,
ie.

(%)
= Fi
j=1

where .7-";") is the j-th subset of F™ of all the possible configurations with n hit obstacles;
hence ¢ F(n)éﬂn) = (5f<n). Thus the above integral becomes

Z Z Z/ ]—‘(”) (1)(9)7 Vt(l)(@) pm(m;'l)li(jm) (—PV ’Bct+R (Xo(l)> ‘V> deydey . . . dep,

n=1 m=n j=1

Now, given that marginally each center is uniformly distributed on the sphere, all the
possible (Z‘) choices give the same contribution. Hence, denoting by ]:1(”) the configuration
such that the particle hits the first n obstacles of the sequence, we have

( ) [ trmtan (200, v 0) R e

m)!

(Xé”) ‘) derdey . .. der,

nlmn

Now, let C = (C,C), with C = (C4,... ,C’n) and C = (Cos,...,Cp). We remark that
actually in the above integral, the position X ) and the velocity Vt(l) of the particle only

depend on the hit obstacles Q
We indicate the tube-like flow induced by the hit obstacles ¢

0@ = {y € Barn (X") st [XV@ —y|, <R, s €01

while its complement in B, g (Xo(l)> is denoted by O (¢). We use K™ for the set of feasible

configurations of ¢ and thus we can split the integral on fl(") as follows

Z_j ( > /K derdeh (X}”@,vt(”@)

n=1m=n
m(_1)m
/ depyr dcmu/\/ly”) <—p” ‘BcHR (Xé”)
(e@)"™"

)

Using Equation (2.17) in the definition of the Lamperti random variable, we note that

m!
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Bct+R( )‘l L‘» c dl)

”) _ M/w(_l)mzm -
:/w%e—pBw( MNepceay.

[)m—n -
L’/( m d0n+1...dcm:epl|@©|’

and O (¢)| = ‘BctJrR (Xo(l )
E@v) []lﬂ]l{TRG(O,t)}h (Xt(l) <Q> v <Q>>}

:i/(mdcl...dcn/OOP(’”’”)(EGdl)(/;? (2@ @)

0
L_' / an+1 e de
— (m —n)! (6@)" "

< %0 Iy .
-y / dey . .. de, / peo 2 e ay P, <X§”@,V§”@) e
n=1 K 0 n'

=2 / dex... dey / e e an Py (2@ V(@) e o,
n=1 K 0 n!

Moreover, using Equation (2.17) again for the Laplace transform of the Lamperti distri-
bution, the above equation can be written as

[ow]

Equation (3.19) becomes

B (47)

Besr(15")] o1]0E)

Z / dcl...dcn<_p,> h(x}”@,v,@@) / P(L € di)(—l)er1oE@
Kc(n) n' 0

_ Z/}C(n) dey . n) (X(l @, th)(j)> [(%)”MV(_ZV)}

We now observe that the n obstacles can be hit in n! different chronological orders. Let IC,S")
denote the i-th such ordering, i.e.

2=p|©(9)]

n!
=1 Jk
Y
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and let IC](L") be the configuration in which the obstacle centered at ¢; is the j-th one to be hit
in chronological order. By using the notation for the derivative of the Mittag-Leffler function
in Equation (2.13), Equation (3.19) can be written as

E@v) []l,q]l{TRE(O,t)}h (Xt(l) <Q> v <Q>>]

=3 [ dade SR (A @ @) M (- 0 @)

n=1

=35 [ e de SR (0@ @) MO (- 10 @)

n=1 i=1 *Ki
=, /}C L der . dea(=p)h (X0 @ V@) M (< 10 @), (3.20)
n=1 1

We now perform a change of variables in the above integral, following [23]. Let 71,...,7,
be the collision times, such that 0 < 71 < 7» < ...7, < t and let vy, vs,...,v, be the unit
velocity vectors that emerge in the sequence of collisions.

Since no recollisions occur here, there is a one to one correspondence between ¢ and 7 :=
(T1,.-+,Tn), U := (v1,...,0,). We thus perform a change of variables in the integral in
Equation (3.20). The Jacobian of the transformation leading to the new variables has the
form £ R?". It means that Equation (3.20) reads

S [ deredea(=p)h (X0@ V@) M (0 @)

-3 | o (D VOED) MY (o0 E D)
0<T1<Ta <o < <t J (S2)n

n=1

z—nRQ”dvl coodv,dry .. odTy,
>/ | o (D VOED) MY (-0 D)
ne1 Y O0<TI<T2 << <t J (S2)7

A" R¥* u(dvy) . .. p(dvy,) dry . .. dT,

where in the last step we denoted by p(dv;) = dv; /4w the uniform probability measure on
the unit sphere.

Putting all together, the first summand of Equation (3.18) becomes

E@0p, (Xt(l), v,f”) 14 = h(z,0) {1 M, (—p” (§WR3> )} +



27

4 v
+ h(z + cvt,v) M, (—,0” (ﬂ'RZCt + §7TR3) ) +
S | o (2 EDVOED) MY (-0 E D)
n—=1 Y 0<T1 <2< < <t J (S2)7
A" R¥ u(dvy) . .. p(dvy,) dry . .. dT,. (3.21)
Passing to the Boltzman-Grad limit (3.15) in Equation (3.21), we obtain that

: (z,v) (1) _ Vv n n) Viv\ \n
lim £ h( Y >]lﬂ—h(x+cvt,v) ) +Z MU (“ A7) A

/ / h(x, v,) p(dvoy) ... p(dvy)dry . .. dry,
0<T1I<T2< < <t J (82)n
(3.22)

where
t—x—l—cz — Tj—1)vj_1 +c(t — Tp) U, vy 1= .

and we have taken into account that the unit velocity vector at time ¢ is v,. For details on
sufficient conditions to exchange the limit for R — 0 and the sum over n in Equation (3.21)
see Appendix B.

The right side of (3.22) coincides with the Duhamel expansion of E*"h (Xé’l)(t), V(l{)(t)> of
the random flight defined in Section 3.1, as shown in Theorem 3.1 in the special case d = 3.

To conclude this proof, it is sufficient to verify that the recollision term E®?)} <X V(l >
in Equation (3.18) vanishes for R — 0. Firstly, let us rewrite Equation (3.22) explicitly as

lim / / h(z' W) P) (Xt(l) cda', VY € dv',ﬂl)
R—0 52 J By(x)
= /52/B h(q;/’v/)P(x,v) (X{l)(t) e dm’,V(ﬁ)(t) c dU/) . (3.23)

The above considerations are true for each function h € Cj (R* x S?), and in particular for
a function h which is equal to 1 on the domain By (z) x 52, in which case Equation (3.23)

reads
lim/ / (@) Ve ar, v! Edv’,ﬂ)zl,
R—0 s2.JB t

lim P@Y) () =1 and then lim P*Y) (7°) = 0.
R—0 R—0

1.e.
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Finally, we observe that

tim | ECh (27, V) 1

R—0

< sup |h lim/ / pEv) (Xt(l) € dx',Vt(l) € dv',ﬂlc>
Bct(I)XSQ R—=0 S2 Bct(x)

= sup |h| lim P@®Y) (2°) =0,
Be(z)xs2  1i=0

and this concludes the proof. O

Remark 3.9. The above theorem shows that, under the Boltzmann-Grad limit (3.15) we
obtain a resulting random flight which is easier to be handled with respect to the Lorentz
process, because, as we have seen in the proof, the measure of paths having recollisions tends
to zero. However, there is a crucial difference between the present model and Gallavotti’s
one. Specifically, in Gallavotti’s model, the elimination of recollisions leads to Markovianity.
Indeed, the resulting random flight is the Markovian transport process recalled in Section
2.1.1, which is in turn approximated by a diffusion process by a further scaling limit. Instead,
when v € (0,1), even if the probability of recollisions vanishes, the resulting random flight is
not Markovian. This is due to the power-law behaviour induced by the Mittag-Leffler point
process that generates infinite mean free flight times of the particles: these flight times remain
with infinite expectation even in the limit. Moreover, we shall see in the next section that,
under a proper scaling, it leads to an anomalous diffusive behaviour.

3.4. Convergence to anomalous diffusion. We now aim to study the asymptotic be-
haviour of the random flight defined in Section 3.1. Specifically, we show that, under an
appropriate limiting regime, the random flight weakly converges to an anomalous diffusive
process. In the following, we define such process, by means of its finite dimensional distribu-
tions. We shall indicate with (-,-) the usual inner product.

Definition 3.10. Consider a stochastic process W = {W,, t > 0} onR%, d > 1. We say that
it is a Mittag-Leffler anomalous-diffusion process of parameter v € (0, 1] if, for any choice of

times 0 <t <...<ty, the vector I' = (Wy,,...,Wy,) has the characteristic function
1 v
©'(u) = M, <— <§<u, Qu)) ) Vu € R n > 1, (3.24)
where the matriz Q € R">" s q block diagonal matriz, and the jth block has the form
Qj - [th /\ tk]h,ke{l,...,n} j = 1, e ,d. (325)

We observe that for v = 1 the above process reduces to a standard Brownian motion on
R? with var-cov matrix ). Indeed, M;(z) = e® and thus the characteristic function in
Equation (3.24) becomes that of Brownian motion. See [57, page 23] for details.
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From Equation (3.24), we see that {W;, t > 0} is self-similar with Hurst index equal to 1/2.
We indeed recall that a process {Y;, t > 0} is said to be self-similar with Hurst index H > 0
if, for any a > 0, we have that {Yy;, ¢ > 0} has the same finite dimensional distributions of
{aH Y, t> 0}. Furthermore, the process W turns out to be a particular case of the randomly
scaled Gaussian processes studied in [18, Sect. 3], as we shall see later.

Putting n = 1 in Equation (3.24), we have that W; has characteristic function

1
ol(u) =M, (—?Mg”tl’) Vu € R? (3.26)

from which it can be seen that each component of W, has infinite variance. Hence this process
can be characterized as a super-diffusion in physical terms.

Remark 3.11. We observe that W, has a density q(x,t), which is the fundamental solution
to the fractional equation

0" 1

— t) = ——(—A)Y t). 3.27
(1) = o (<A, 1) (3.27)
In Equation (3.27), the operator gTVD denotes the Caputo derivative, while —(—A)” denotes

the fractional Laplacian. The fractional Laplacian has Fourier symbol —|u|*. The Caputo
derivative of equation (3.26) is

9" 1 _ 1 2v 1
atl, SOV(U) - 21, ’u‘ @V(u)

Fourier inversion gives equation (3.27). We will make this rigorous in the next section (see
Remark 4.2).

In the following proposition we shall see that the Mittag-Leffler anomalous-diffusion process
is equal in distribution to a randomly scaled Brownian motion.

Proposition 3.12. Let B = {B;, t > 0} be a standard Brownian motion in R, d > 1, with

covariance matriz given by Equation (3.25). Then {W;} Jdd {Bgi}, where L is a Lamperti
random variable independent of B.

Proof. Let us consider a sequence of times 0 < t; < ... < t,, n > 1. Let L follow a

Lamperti distribution of parameter v € (0, 1]. Consider the vector I" := (Bgy,, ..., B, ), on
some probability space, with random var-cov matrix given by £). Then, using E for the
expectation on this probability space, one can write

E |:€i<u,f>] _E [efé(u,CQu)}

—E [6—%(u,Qu>L} =M, (— <%<u, Qu>>y> Yu € R™,
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where the matrix @ € R">*"? is a block diagonal matrix, and the jth block has the form as

in Equation (3.25). The thesis follows. O

As a consequence, if () is positive definite, then the process I' as in Definition 3.10 has
density given by

> 1 101
fr(z :/ e @R (),

In the following theorem we consider analogous assumptions to those considered in Propo-
sition 2.3, which deals with the Markovian case. Specifically, they involve letting the speed
¢ and the parameter A\ tend to infinity in such a way that the ratio ¢*/\ remains finite.
However, as noticed in Section 2.3, the interpretation of A differs in the present framework:
indeed, for v € (0,1), the parameter A characterizes the intensity of the counting process as
described by Equation (2.27), whereas for v = 1, corresponding to the Markovian case, A
also represents the expected number of direction changes within a unit time interval.

Theorem 3.13. Let W be a Mittag-Leffler anomalous-diffusion process as in Definition 3.10.
Let B be the corresponding Brownian motion, in the sense of Proposition 3.12. Then, under
the scaling limat

c— 00 A — 00 —=1 (3.28)
we have that
Y fdd
{Xty®)} — (Wi}

Proof. Without loss of generality, we shall put ¢ = X and consider the one variable limit as
¢ — 00. The proof is based on the representation in Theorem 3.1. First, we observe that

PE) (X0 (1) € Ar, .., X1y (t) € An) = / p) (XC“ €A, XM eA )f(dl)
0

where A; are continuity sets, i = 1,...,n, n > 1. We now apply the diffusive limit (3.28) to
both members of the above equation. By the dominated convergence theorem,

lim IP @) (X(1)<t1) S Al, ce ,Xéll)(tn> < An)

Cc— 00
— lim [ PO (X CN ¢ Ay XN ¢ An> £(dl)
c—r 00 O
_ / [lim p) (X N e Ay XN g Anﬂ £ (dl)
0 CcC— 00

_/ P (By € Av.o By € A,) ((d])
0

p* (Bi eAl,...,BmeAn>
L L
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where we used the Proposition 2.3 with D = 1. Using the property of the Lamperti distri-
bution in Equation (2.19) we have

p* (BLl € A,,... B
L

in
L

€ An> —P*(Byc € Ay,...,Bir€A).
Finally, by Proposition 3.12 we get
lim PO (X0 (1) € A, ..., X () € An) =P (W, € Ar,... . W, € Ay).

c—00

4. AVERAGING FELLER SEMIGROUPS

Both the anomalous diffusion defined in Section 3.4 and the para-Markov chains recalled
in Section 2 are governed by equations of the form 0fq = —(—G)q. One can conjecture
that this theory can be extended to more general cases. In particular, we might think that,
whenever a non-Markovian process X = { X, t > 0} is equal in distribution to { M, t > 0},
where M = {M,, t > 0} is a Markovian process and L is a Lamperti random variable, then
its governing equation is of the type 97 ¢ = —(—G)"q, where G is the infinitesimal generator of
M. In this section we make this idea rigorous and we present the connection between random
scaling of Markov processes and non-local operators. This connection, which is interesting
in itself, will be used later in the paper.

Let us consider a Polish space (E,€) endowed by its Borel o-algebra. Let (2, F,P?),
x € E, be a family of probability spaces equipped with a filtration {F;, t > 0}. Let M =
{M;, t > 0} be an adapted Feller process, which takes value on (E, &), associated with the
Feller semigroup of operators

Teh(x) = E*h(M,)

on the Banach space (Cy(E), ||-||), endowed with the sup-norm. Feller semigroups are strongly
continuous, i.e. ||7th — h|| — 0 as t — 0 (for more on Feller semigroups see [12]). It is known
that the mapping ¢t — T;h is the unique solution to the abstract Cauchy problem

0
ot

where G is the infinitesimal generator of the semigroup.
We here consider the operators {Q;};>¢ defined through the Bochner integrals

(t) = Gyg(t) g(0)=h  h € Dom(G)

Qh — / Toyh [(y)dy (4.1)
0

where [(-) denotes a density of a Lamperti distribution as in Equation (2.18).
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We now show that the mapping ¢ — Q;h is the unique solution of the following (non-local)
abstract Cauchy problem

14

0
5 9(t) = —(=G)"g(t)  9(0) = h € Dom(G),
where the operators are defined as follows. The fractional derivative on the left-hand side is

%g(t) = ﬁ%/{) (9(s) — g(0))(t — s)™"ds (4.2)

for any ¢ such that the integral makes sense as a Bochner integral on Cyo(F) and the dif-
ferentiation is possible in the strong sense. The operator defined in Equation (4.2) is the
abstract analogue of the Caputo fractional derivative in Equation (2.20). In order to define
the operator — (—G)” we use Bochner subordination technique, as follows. We define the
family of operators {U;},., such that

+o0o
Uh = Tsh i (s)ds (4.3)
0

where f1;(+) is the density of a stable subordinator { H(t), t > 0} of stability index v € (0, 1),
i.e., a strictly increasing Lévy process with Laplace transform

+00
e —/ e y(s)ds. (4.4)
0

It is known that the family {l4},., forms a strongly continuous semigroup on Cy(E) [56,
Proposition 13.1] and that it is generated by the operator G®) such that [56, Theorem 13.6]

+oo —v—1
GWh = /0 (Toh — h) %ds, h € Dom(G), (4.5)
a Bochner integral on Cy(E). It is further true that (see [54])
G pom(ey= — (=G)". (4.6)
In the following, we shall denote by {L(t), t > 0} the inverse process of H, i.e.
L(t) :=inf{s > 0: H(s) >t} t>0. (4.7)

The random variable L(t) is known to be absolutely continuous for each ¢ > 0 and belongs
to the class of inverse subordinators, crucial processes in the context of anomalous diffusion
related to fractional kinetic (see more on inverse subordinators in [4]).

Theorem 4.1. Let {T;},5, be a Feller semigroup as above, generated by (G, Dom(G)). Con-
sider the operators {Q.},, defined in Equation (4.1) and the abstract Cauchy problem

To0lt) = ~(-Gygln)  g0) = h, (1.9




33

where the operators appearing in Equation (4.8) are defined as in Equations (4.2) and (4.5).
It is true that:

(1) {Qt},5¢ is a family of uniformly bounded linear operators on Co(E) such that
Q;: Cy(F) — Cy(E) Q; : Dom(G) — Dom(G)

for any t > 0;

(2) For any h € Co(E) the mapping t — Qqh is strongly continuous, i.e., ||Qih — Qsh|| —
0, ast — s for any s,t > 0;

(3) For any h € Dom(G) the mapping t — Q.h solves Equation (4.8).

(4) If q(t) is a bounded (strongly) continuous solution on Cy(E) to Equation (4.8) such
that t — —(—@G)"q(t) is bounded and (strongly) continuous, then q(t) = Qih for any
t>0.

Proof. For the proof the following representation for Q;:

+o0
Oh — / Uk A\ (s)ds (4.9)
0

is used, where A(-) is the density of the inverse stable subordinator defined in Equation
(4.7) and U is defined in Equation (4.3). In order to derive representation (4.9) we use the
following arguments. Consider H; := {H;(t), t > 0}, i = 1,2, two i.i.d. stable subordinators,
having Laplace transform as in Equation (4.4) and let us use the notation {Lsy(t), ¢t > 0} for
the inverse process of H,. Note that

Ee B20) = B2 = M, (~tn") 1 >0,

where we used the Laplace transform in Equation (4.4) and the fact that (see Remark 3.1 in
[41])

/+O<> e P (ds) = M, (—t"), v > 0. (4.10)
0
We further observe that the Definition 2.5 of Lamperti distribution gives
Ee " = M, (~t"n"),  n>0,
so that
t£ L Hi(Ls(t)). (4.11)
We now use the notation g(-) for the density of Hy(Ls(t)), i.c.

+oo
gi(z) = /0 s(2)\e(s)ds z>0. (4.12)
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It follows that

O — / Toh [(y)dy
0

:/ T.hg(2)dz
0

= /00 Ush M\(s)ds (4.13)

where in the last step we used Equation (4.12), the definition of I, in Equation (4.3) and the
Fubini theorem for Bochner integrals (see [3, Theorem 1.1.9]).

We are now ready to prove the Theorem.
(1) The linearity simply follows from the definition (4.1). Similarly, the fact that Q;h €

Co(E) for each h € Cy(F) and ¢t > 0 comes from the definition of Bochner integral
provided that the integral exists. This can be seen by using [3, Theorem 1.1.4] that
applies here since ||T;,h|| < ||h|. The same argument leads to contractivity, indeed,

400
1] = H ﬁyh[(dy)H
0

+00
< / | Toyhl| £(dy)
0
< |Inll, (4.14)

which implies that {Q;},., is uniformly bounded. So, the operators {Q;} are also
well-defined and contractive.

We have that {7;},., is a Feller semigroup, therefore we can apply [12, Lemma
4.5] to conclude that the subordinate semigroup {U;},-, is also a Feller semigroup. It
follows that U; maps Cy(E) and Dom(G) into themselves and it is strongly continuous.

We now prove that Q;h € Dom(G) if h € Dom(G). We shall use that Dom(G) C
Dom (G™) and that G¥Uyh = U,G™h for h € Dom(G). To get this result, it is
sufficient to check the assumptions of [3, Proposition 1.1.7]. Specifically, one has that
Qih = [ UshA(s)ds is well defined, i.e.

s = UshAi(s)

is Bochner integrable for any ¢ > 0. Moreover, Ush\(s) falls in the domain of G
because G is the generator of U,. Furthermore, we know that G(”)L{Sh/\t(s) =
U (GP )N (5) and U, (GP h)A\(s) is Bochner integrable so that

S G(”)L{sh)\t(s)

is Bochner integrable as well, and the first item of the thesis follows.
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(2) Now we prove strong continuity. Again, the subordinate semigroup {{},-, is a Feller
semigroup and it is strongly continuous. Furthermore, since Ly(t) is the inverse of
a strictly increasing subordinator, then it is path-continuous and then {Z/{LQ(t)} >0 18
strongly continuous.
By the representation (4.9) we have that

Qih = Elp,mh,
which gives
HQt2h - Qtth < EHuLz(tQ)h - uL2(t1)h|| t1,t2 > 0.

Consider the limit ¢; — t5. Using |[Ur,h|| < ||k]| to apply the dominated conver-
gence for Bochner integrals ([3, Theorem 1.1.8]), we get strong continuity.

(3) Asaconsequence of [5, Theorem 3.1] a Feller semigroup {U; },, generated by G @) | pom(@)=
— (—@)", integrated against the distribution of an inverse stable subordinator defines
a mapping that solves Equation (4.8). Consistently, from Items (1) and (2) above,
the functions

aV

55 Q;h and  t— —(—G)"Q;h

are well defined in the strong sense.

(4) First, we prove that t — G™Q,h is bounded and (strongly) continuous for each
h € Dom(G). Indeed,

t—

+o0
GWQ,h = / UG (s)ds = QG (4.15)
0

by the same arguments used in the proof of Item (1) and the strong continuity follows
from the strong continuity and boundedness of t ++ Q,G™h, since G®h € Cy(E).

Uniqueness follows from a Laplace transform argument. Note that v(t) = ¢(t)— Q;h
solves the problem (4.8) with v(0) = 0. We can take the Laplace transform, ¢ — s, of
Equation (4.8), which is well defined by the boundedness of both sides.

Denoting by v the Laplace transform of v, one gets
s°7(s) = GW(s) —= (s* — G(”)) v(s) =0. (4.16)

Since the resolvent (sa — G(”))fl exists and is bounded, we have v(s) = 0 for any
s > 0 being v(s) continuous.

O

In the next section we shall apply the theory of averaging Feller semigroups to transport
processes. Before doing that, in the following remark we clarify the statement of Remark
3.11.
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Remark 4.2. From Proposition 3.12 and the previous Theorem, the process Wy is such that
the function q(x,t) = E*u (W,) solves a fractional kinetic equation of the form of Equation
(4.8). In this case, the corresponding Feller process is a Brownian motion whose generator
1s such that G|C§<Rd) = A, i.e., the Laplace operator. Therefore (4.8) reduces to a fractional
diffusion equation in both time and space. It follows that

o(w.0) = [ oty — )y, (1.17)

where p,(y—1) is a density for the random variable Wy, satisfies Equation (4.8) with G*|c2(re) =
—(=A)". Furthermore, p;(y — x)dy — 0.(dy) weakly ast — 0 and thus we can conclude that
pi(y — x) satisfies the equation in the sense of fundamental solutions.

5. MOTION AMONG RANDOM OBSTACLES (MODEL 2)

5.1. Transport with infinite mean flight times and random speed. We here consider
another non-Markovian, isotropic transport process, which differs from Model 1 because the
speed of the particle is not fixed anymore. Specifically, we here assume that the speed is a
random variable which is stochastically dependent on the random flight times. Again, the
random number of direction changes up to time ¢ is N, i.e. the exchangeable fractional
Poisson process defined in Section 2.3. In more detail, the model is defined by the following
assumptions.

(A2). Suppose that in Definition 2.1 the vectors (C,Jl("),...,Jfl”)>, n > 1, under all the

probability measures P@Y) | have density given by

S 1
P [c edr, J\” €duy,..., IV € da:n] = (AZ) e ezt (Z> — drdry ... d, (5.1)
C

C C

where [(+) denotes the Lamperti distribution as in Equation (2.18), which is equivalent to say
that

) E n

where {J,, n > 1} are i.i.d. exponential variables of mean 1/\.

1 1
<C,J1(”),...,J,§”)> 4 (cL,ZJl,... —J) (5.2)

This assumption has the following implications:
(1) The joint distribution of the flight times {JTS”), n > 1} is given by Equation (2.23)

for some v € (0, 1].

(2) The speed is C = cL where ¢ is a positive constant and £ follows a Lamperti distri-
bution of parameter v, as in Definition 2.5.

(3) The speed increases with £ but at the same time each flight time decreases, such that
the free path remains unchanged.
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We shall denote the random flight process of Assumptions (A2) by
(X(VQ)(t)? Vv(g)@)) ) Ve (07 1]
In this setting, the flight times {JY(L"), n > 1} are dependent and they all have the same

Mittag-Leffler distribution, so that EJ{") = oo for each n > 1. Note that for v = 1 one
re-obtains the isotropic Markovian random flight of Section 2.1.1.

The process is non-Markovian but, as shown in the following theorem, it is equal in distri-
bution to a mixture of Markovian random flights of the type defined in Section 2.1.1. In the

same theorem we also determine the governing equation of <X &) (1), Vé)(t)> which involves
fractional power of the operators appearing in the linear Boltzmann equation (2.6).
We will use the family of operators {@t} defined by
£>0

Quh(z,v) == B [h (Xt (1), Vs (1)]  heCy (R x S, (5.3)

Specifically, we will consider the Boltzmann semigroup {7;(6”\)} as defined in Equation
t>0

(2.3) with representation as in Theorem 2.2. Then, by applying the Phillips formula (4.5) to

it, we are able to properly define the fractional power of the Boltzmann generator (2.7) as

(oL D)) hee [ (e
( cv-V = AL I))h. /0 (TlMh h)F(l—V)dS’ h € D, (5.4)

where D is the domain of the Boltzmann generator as in Equation (2.4).

Theorem 5.1. Let (Xt(C’A), V;(C’A)> be the Markovian random flight defined in Section 2.1.1
and let L be a Lamperti random variable. Then

(Xt (), Vi (1) £ (XEV VEY). (5.5)

Moreover, for h € D, the function t — éth defined in Equation (5.3) is the unique solution
of the (abstract) fractional Boltzmann equation

7oty =(—ev-v 20 -1) o)

subject to g(0) = h, in the sense of Theorem 4.1, Item (4).
Proof. Under the Assumptions (A2), the isotropic transport process in Definition 2.1 reads

Um

V(L) m 1
(2) = m » " , JV <4 < )
(Xé)(t)) (:U + 30 Copy Y + Copy (t B )>> Z . < Z (

k=1 k=1
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for m > 0, which can compactly be re-written as

Vb (1) o U,
(2) = m v m v 1 v v .
(X("Q)(t)> mZ:: <x + 3 Copy Y + Cop (t —ym g ))> (S, g <ttt a

0

From Equation (5.2) we have, for each ¢ > 0,
m+1

Vi () v -
2 m ™ m Je < Lt J
(X(g)(t)) (:1: ES copi e+ com (L8 — Jk)> ; L < Lt < ; A

and the equality in distribution of Equation (5.5) follows.
Hence we can re-write (5.3) as

Qunfa.o) = [ B [ (X Vi) | e

Il

_ / T b, 0) £(dl)
0

where 7;(6’)‘) is the Markovian semigroup defined in Equation (2.3). We recall that the family

{7;(6”\)} is a Feller semigroup, whose generator (2.7) has domain D, hence Q, is an
£>0

averaged Feller semigroup of the form of Equation (4.1). We fall under the assumptions of
Theorem 4.1 from which the result immediately follows. ([l

Remark 5.2. By using analogous arguments as in the above proof, recalling Equation (5.2)
and observing that each %Ji follows an exponential distribution of random mean 1/(AL), we
also get

v v d cL AL cL AL
(Xt (1), Vi (1) £ (X[, ve2)).

The dependence of Equation (5.1) guarantees that each flight time is inversely proportional
to the speed; therefore, the length of each free path remains constant under the scaling with
the Lamperti variable.

Remark 5.3. Under Assumptions (A1), the random variable X(”l)(t) s supported on a ball
centered at the starting position x of radius ct, and thus the mean square displacement,
computed in Proposition 5.2, is finite. Instead, in the case of Assumptions (A2) the speed is
random with a distribution supported on (0+ 00), and thus the radius of the ball can assume
any positive value. It follows that the random position X{Q)(t) s not supported anymore on a
set with finite measure. Furthermore, from the mean squared displacement of the Markovian
random flight in Equation (2.11) and using the representation of the process in Theorem
5.1, it is not hard to see that the random flight is superdiffusive with infinite mean square
displacement.
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5.1.1. Other types of fractional Boltzmann equations. In some recent papers, other fractional
Boltzmann equations have been studied. In [52], the authors considered a semi-Markov
transport process. Here, the flight times are i.i.d. Mittag-Leffler random variables, i.e. the
counting process is a renewal process, also known as fractional Poisson process, see [38]. Such
a transport process is governed by the fractional Boltzmann equation

9] Y t
— —cv-V, r,v,t) — ———h(x + cvt,v) = N(L —I)g(x,v,t
(5 ) ae08) = bl + eotv) = AL = Thgla, 0.1
under the condition g(z,v,0) = h(x,v). The authors also proved that a suitable scaling
limit leads to an anomalous diffusive process with continuous trajectories and finite velocity,
say {Wt, t> 0}, having a super-diffusive behavior, with the mean-squared displacement

2
growing as E ‘Wt) ~ Ct?, C > 0.
Another fractional Boltzmann equation with the form
aotv
has been considered in [2]. In this case, the transport process is constructed as the Markovian
random flight, time-changed with the inverse of a v-stable subordinator.

g(x,v,t) =cv-Vg(z,v,t) + N(L —I)g(z,v,t) (5.6)

5.2. Boltzmann-Grad approximation and anomalous diffusion. We here show that
the same anomalous diffusion as in Section 3.4, i.e., the Mittag-LefHer anomalous-diffusion
process, can approximate a different Lorentz model. We indeed consider a Lorentz process
with a Poissonian distribution of obstacle centres, defined as in Gallavotti [23], except for the
fact that the speed of the particle is here assumed to be random. Under a Boltzmann-Grad
procedure, this process is proved to converge to the non-Markovian random flight defined as
in Model 2. A further scaling limit leads to the Mittag-Leffler anomalous-diffusion process.

The speed of such Lorentz process is assumed to follow a Lamperti distribution as in
Definition 2.5, which is characterized by a power law decaying density. From a physical point
of view this means that the gas particles are not in thermal equilibrium, in which case the
speed has an exponentially decaying distribution. Indeed, it is known that a perfect gas in
thermal equilibrium has a Maxwell-Boltzmann distribution for the particle velocities.

To fix the notation, consider a Poisson point process with intensity p € (0,00) for the
obstacle centres. All the obstacles are spheres of radius R. We shall indicate with (X, Vf)
the Lorentz process as in Gallavotti [23]. The particle speed is given by the constant ¢ > 0,
as indicated by the superscript. It is known that under the Boltzmann Grad limit

p — 00 R—0 perR? — \ € (0, 00), (5.7)
we have that

(27, V7) % (X, ) (5.8)
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where (X (@) V(C’)‘)) is the Markovian random flight recalled in Section 2.1.1.

Now, consider another Lorentz process defined analogously as by Gallavotti [23], where the
particle speed is given by C = cL, being £ a Lamperti random variable. It can be proved that
the free-flight time distribution has infinite mean analogously to what happens in Lemma
3.6. For this new process, let us denote the position of the particle at time ¢ by Xt@) and
the unit velocity vector at time ¢, i.e. the direction of the particle at time ¢, by Vt(2). We

call (X(Z), V(Q)) = {(Xt(Q),Vt@)) , 1> 0} this Lorentz process in R? x S?, with initial data
(Xém, Vé2)>. The superscript indicates that this is the second Lorentz model considered in
this paper. As in Section 3.3 we denote P@v) (.) := P <\ Xo@) = x,Vém = v). Under any
P@Y) | we can write

(Xt@),vf)) (XL VEY, V>0, (5.9)

This Lorentz process also depends on the parameters p and v, and on the size of the obstacles
R. Note that here the dependence on v is only due to the random speed of the particle, being
the random field Poissonian. As in the previous section, to simplify the notation, we will
not make this dependence explicit. Once again, for v = 1, the speed is constant since £ =1
almost surely, and such Lorentz process coincides with that of Gallavotti’s model.

Theorem 5.4. Consider the Lorentz process (X(2), V(z)) defined above. Under the Boltzmann-
Grad limit 5.7 we have

plav) <Xt(2) c dxl,Vt(g) c dUl> — P@w) (Xé) (t) c das', V('é) (t) € dvl)

weakly, for allt > 0 and for all (z,v) € R® x S?, where the limit process is the random flight
defined in Section 5.1.

Proof. Let us write
BEon (42,0 = / / pa!, o) P (2 € da! VP € av').
52 Bct(z)

where B (z) indicates the ball centered in x of radius ct. To get the statement, we shall
prove that

lim B <Xt(2), vt(?)) _ gy, (X}C‘”*‘), 14‘“*”’) Y heGy(R® x §2),  (5.10)
%

where (X () V(C7>‘)) is the Markovian random flight recalled in Section 2.1.1 and the thesis

will follow from the representation of the second random flight as in Remark 5.2.
Specifically, we have from Equation (5.9)

lim 505 (22, V)

R—0

_ }%{nm E(m,v)h (XtCL, Vtcﬁ)
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o0

— 1 (z,v) lc yle
lim, i EYh (X, V) P (L edl).

Now we observe that h is bounded and so is the expected value. Using the dominated
convergence theorem in the previous Equation then yields

/ (hm B (X v;l)> P(Ledl) = / E@p <X§CZ’M), WZ’A’)) P (L ed)
0 0

R—0

where we used Equations (5.7) and (5.8), i.e. the same convergence theorem of Gallavotti’s
model, where the speed ¢ is replaced by ¢l and hence A is replaced by Al. The equality (5.10)
immediately follows. ([

In the following theorem we prove that under an appropriate scaling limit the random
flight of model 2 converges to the same anomalous diffusion as in Section 3.4.

Theorem 5.5. Let W be a Mittag-Leffler anomalous-diffusion process as in Definition 3.10.
Let B be the corresponding Brownian motion, in the sense of Proposition 3.12. Then, under
the scaling limit

c— 00 A — 00 —=1 (5.11)

we have that
Y fdd
{Xty (1)} — {W}.

Proof. Without loss of generality, we shall put ¢ = X and consider the one-variable limit as
¢ — 00. The proof is based on the representation in Theorem 5.1. Firstly, we observe that

PO (X (1) € Av,..., Xl (t) € A,) = / PO (XY € Ar L XY € A ((d)
where A; are continuity sets, i = 1,...,n, n > 1. We now apply the diffusive limit (5.11) to
both members of the above equation. By the dominated convergence theorem,

lim PO (X0 (1) € Ar, ..., Xy () € Ay)

c— 00

=lim | P (X6 € A XV € ) r(a)
_ / [llm paw) ( XN e Ay, X € An>] ((dl)
0 C— OO

:]P)x (Bt1[, € Al, ey Btnﬁ € An)
where we used Proposition 2.3 with D = 1. Finally, by Proposition 3.12 we get
lim PO (X0 (1) € A, .., X () € An) =P* (W, € Ay, Wi, € Ay).

Cc— 00
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APPENDIX A. EXISTENCE OF MITTAG-LEFFLER POINT PROCESS

As a first step, we demonstrate the existence of II on finite Borel subsets of R3.

Lemma A.1. Let S be a Borel set of R® with finite Lebesque measure | -|: |S| < +00. Then
define
N
HS’ = Z (SCk (Al)
k=1

,,,,,

wm its turn, 1s a r.v. with a fractional Poisson distribution
v 1 n n n v v
PN =n) = — (plS)" (=1)" M (=p"IS]"), (A.2)
where p € RT. Then Ilg is a measure as in Definition 3.5 with u(-) = | -NS|/|S|.

Proof. We show that Ilg defined as above is a random measure that satisfies the Definition

3.3 for p = |-NYS|/|S|. Hence, denoting by II'y a random measure as in Definition 3.3, we use
[29, Corollary 10.1] and thus we show that
Ee sl = pe~lst (A.3)

for any f positive, continuous with compact support. We have that

Be ! = gem X 100 = | (BefC0)Y

()
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5 (i oo ons) " i 1™ () (= 51
[ E(fo) Scos

+00
_ / e U8l Js (1= 1 )ds 1 gy
0

=M, (—p” ( /S (1—e 7)) ds)y) : (A.4)

where [ is the realisation of a Lamperti random variable £ of parameter v. Now, take a
simple function f =3 a;14;. Then we have that

S T e ™o (14,08 () Tsb ) (—p” (Z (14,0 SDk”') )

ki-k; J ]
1 o
-2 e mSij/o ¢P S5 (145080195 325 ks (_1)S5 ki ()
Kk j

= [T ermans g = m, (—p” (Z 4,081 (1 - >) )

=M, (—p“ (/S (1—e /) ds)y) . (A.5)

Pick now f such that f; 1 f for f; simple. Then, by monotone convergence we get that
Il fi T Ig f as well as

/ (1- e’f’“(s)) ds 1 / (1- e’f(s)) ds. (A.6)

Hence, by dominated convergence we obtain Fe s/ = Fe~Ts/. O

It turns out that II is a Cox process in the sense of [29, Page 180]. Take a random measure
on (R3, B(R?)), say =. A point process IT on R? is said to be a Cox process directed by = if
it is conditionally Poisson with the intensity =, i.e., E(II | Z) = Z a.s..

Lemma A.2. Define the measure on B(R?) as Z(+) == Lp| - | where L is a Lamperti random
variable and p € R*. A random measure on (R* B(R®),|-|) as in Definition 3.3 on R3 is
a Cox point process directed by Z. The restriction of Il on a Borel set B with |B| < +00 is
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a random measure of the same type on S = B and thus it has the representation given in
Lemma A.1.

Proof. Denote by P¢ a Poisson random measure with the intensity £(-), for a measure £(-)
on B(R?). Use [29, Corollary 10.1] to see that IT has the same distribution as P= where = is
independent of P¢. Indeed note that, for any positive f continuous with compact support,
we have that

—+00
Ee W = Ee P = / Ee P ((ds). (A.7)
0

Observe that P* is, for any s > 0 fixed, a Poisson random measure with intensity p|-|. Then

Ee U — / et e (1= Ods gy = M, <—,0” / (1 —e_f(s))ds). (A.8)
R3

0

For IT" to be a measure as in Definition 3.3 we can compute the Laplace functional for a simple
function f as in (A.5) and then the Cox property follows from monotone and dominated
convergence. It follows that

E[MI|E] =E[P?|E] =E (A.9)

where we used the independence of = and P¢ together with the freezing Lemma (see, e.g.,
[55, Lemma A.3]).

Consider now the restriction 11|z, we have that, for any f positive, continuous and com-
pactly supported that

Be sl — M, (—p” (/B (1—e 7)) ds)y> (A.10)

proceeding as in (A.5) and using monotone and dominated convergence. O

APPENDIX B. DETAILS ON THE PROOF OF THE BOLTZMANN-GRAD LIMIT

Following Gallavotti’s intuition, the tube-like flow is the union of non-disjoint cylinders,
and its volume is given by

|© (7,0)| = 7R*ct + o(R?). (B.1)
We note that by Equation (3.15) p"c"n"R** = A\". Now, let us call © := © (7,7) and

wih):= | | e (A0EDYED) MO (1)
0<T1<T2 < <P <t J (S2)7

p(dvy) ... p(dvy) dr ... dr,.

We need it to be absolutely dominated by b,, for each n > 1, the last one being independent
of R and summable.
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Firstly, we observe that

’h( (7,0), V(l)(f, ﬂ))’ <G for some (; € (0, 00).

Moreover, using the notation for the derivative of the Mittag-Leffler function in Equation
(2.13) we get

/0<T1 <Tp < < T <t /(SQ)"

d \" /°°
— - e POlP(L e dl)| p(dvy) ... p(dvy) dry ... dr,
/0<T1<T2<-~~<Tn<t /(52)" (d(p‘@D) 0 ( ) ( 1) ( ) '

We now observe that the correction term in the approximation of the volume of the tube-
like flow (B.1) is negative. Moreover, for R sufficiently small, we can write

M (=p"|01") | p(dvr) ... pldvy) dry . ... dry,

IN

Mot po(RY) 2 A — o0re)) < ¥

Then, by using dominated convergence, the above equation reads

/ / / e~ t(Mteo(R2)) p P(L e dl)u(dvy) ... pu(dv,) dr ... dr,

0<T1 <2< < <t J (§2)n

< / / / l"e‘lTP(ﬁ e dl)p(dvy) ... u(dv,) dm ... dr,
0<T1<To< <<t J (82)" JO

U e ¥ip(L e an,
0

n!

where the inequality holds for sufficiently small R. Finally,

|an(R)| < Cl—/ %e"\”P(ﬁ e dl) =: b,
0 .

and

Sh=Yag [ WIE” —ap(c ¢ aiy

n!
n>1 n>1

< Cl/o e M (M —1) P(L edl)

=( (1—/006)‘“P(£€dl)) < o0
0
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