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ABSTRACT. In this article, the first hitting times of generalized Poisson processes N/ (t), related
to Bernstein functions f are studied. For the space-fractional Poisson processes, N*(t), t > 0
(corresponding to f = z®), the hitting probabilities P{T} < oo} are explicitly obtained and
analyzed. The processes N (t) are time-changed Poisson processes N (H7 (t)) with subordinators
H(t) and here we study N (2?21 Hi (t)) and obtain probabilistic features of these extended
counting processes. A section of the paper is devoted to processes of the form N (G, (t)) where
G, (t) are generalized grey Brownian motions. This involves the theory of time-dependent
fractional operators of the McBride form. While the time-fractional Poisson process is a renewal
process, we prove that the space-time Poisson process is no longer a renewal process.

1. INTRODUCTION

Fractional Poisson processes of various forms have been introduced and studied in the last years
by many researchers (e.g., the time-fractional Poisson process in [3, 12, 13], the space-fractional
Poisson process in [2, 18, 22]).

The space-fractional Poisson process, introduced in [18] is a time-changed Poisson process
N(H“(t)) = N*(t) where H®(t) is a stable subordinator, independent from the homogeneous
Poisson process N(t). In a paper that appeared at the end of 2015 [19], a new class of time-
changed Poisson processes N(H/(t)) = N/(t), including the space-fractional Poisson process as
a special case, has been introduced. The process H/(t), t > 0, is a subordinator related to the
Bernstein function f with Laplace transform
(1.1) Fe—HHI () _ o—tf(n) _ e~ to (I=emr)u(ds)
where v(ds) is the related Lévy measure. The point processes N7/(t), t > 0, have jumps of
arbitrary size whose distribution is given in formula (2.1) below. We note that the point
processes N/(t), t > 0, have independent, homogeneous increments and thus are Lévy processes
(see [1]).

The aim of this article is to study some relevant probabilistic features of this family of generalized
counting processes, recently introduced in the literature, such as the explicit form of the first-
hitting times

(1.2) T/ :=inf (s: N(s)=k), k>1.
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For the process N/(t), t > 0, we will show that for the first-passage times T, ,f it is not possible
to obtain the explicit value of P{T,f < 00}, for arbitrary Bernstein functions f. However, we
are able to show that P{TY < oo} < 1 for all f. We remark that for the first-passage times
77 = inf{t > 0: N/(t) > k} it happens that P{7;/ < co} =1 for all f and k (see Section 3 of
[19], where explicit results are worked out).

On the other hand, we will show that it is possible to give the explicit analytical form of the
hitting probabilities for the special case of space-fractional Poisson processes. Indeed in this
case we have that

M'k+a)l

M) K
The hitting probabilities P(T}¥ < oo) are strictly less than one for all £ > 1 because N(t) is
a process with independent increments and jumps of arbitrary size and thus - with positive

probability - can skip over every level k.
For the space-fractional Poisson process N®(t) we study the n-times iterated process

(1.4) Ne(H (Ho2(... Ho(1))...)),

(1.3) P{Ty < o0} = <1, forall k>1.

with H% (t), independent stable subordinators and analyse its limiting process. Under suitable
conditions, the process defined in (1.4) for n — +oo converges to a space-fractional Poisson
process. This property does not hold for the iterated process

(1.5) N*(H(H2(... H™(t))...)),

where f; are arbitrary Bernstein functions and f;(z) # %, Eﬁ, with ¢, A > 0 (see [11]).
T

It is well-known that the time-fractional Poisson process (see, e.g., [3],[10]) is a renewal process
with Mittag-Leffler distributed intertimes, that is the random times U; between the j-th and
(7 + 1)-th event have distribution

(1.6) P{U; >t} = B,y (—\tY), A>0,v€ (0,1),

for all j > 0, where E, () = E,(z) is the classical Mittag-Leffler function.
We will show, instead, that the space-time fractional Poisson process N®¥(t) with probability
generating function (p.g.f.)

(1.7) EuV""® = B, (=A\*(1 — u)*t"),

does not have the structure of a renewal process. We also note that the process N/*(t) with
probability generating function

(1.8) Eu™"" " = B, 1(= (A1 — u))t"),

for all Bernstein functions f, does not possess the structure of renewal processes.
Generalizations of the time-changed Poisson process N7 (¢) have been considered in the form
NGO H Ji(t)), where H'i(t) are independent subordinators related to the Bernstein functions
f; and independent from the homogeneous Poisson process N (t) (see also [22]).

In some papers (see, e.g., [4]) time-changed Poisson processes where the role of time is played by
some form of Brownian motion (e.g., the elastic Brownian motion) or functionals of Brownian
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motion have been analyzed. In [3], it was proved that the time-fractional Poisson process N (t),
t > 0 for v = 1/2 coincides in distribution with

(1.9) N'Y2(1) £ N (IB)]).

Inspired by this result we consider here the Poisson process where the role of time is played
by the generalized grey Brownian motion. The generalized grey Brownian motion, Gy, (t), has
probability distribution u(y, t) satisfying the following fractional equation (see [6])

v 2
(1.10) (tl 2H§t> u(y,t) =c %u(y,t), ve(0,1),H €(0,1),y e R, t >0,

which can be restated as an Erdélyi-Kober fractional diffusion equation (see [20]). The fractional
operator appearing in (1.10) denotes the v-th order regularized Caputo-like operator, see [6] for
further details on this point. We show that the probabilities

(1.11) pi(t) = PAN (|Gu, (1)) = k}

satisfy the difference-differential equations

v/2
(1.12) <t1 ZH;) pe(t) = =Npr(t) + Npe—1, k>0,
with X' = A(2H)"/2. The treatment of the time-fractional operator appearing in (1.10) can be
performed by applying the theory developed by McBride and coauthors (see, e.g., [15] and [6]
for details on this point). For v = 2, we have, as special case, the Poisson process at a reflected
fractional Brownian motion, that is, N(|Bg(t)|). The guideline of the paper is the analysis
of Poisson processes composed either with subordinators or with other processes whose state
probabilities satisfy various types of fractional equations.

2. COUNTING PROCESSES WITH BERNSTEIN INTERTIMES: GENERAL RESULTS

In a recent paper (see [19]), Orsingher and Toaldo have considered a general class of counting
processes with Bernstein intertimes and random jumps. We briefly recall that the counting
processes N/ (t) considered in [19] have independent and stationary increments, generalizing the
classical Poisson process and their jumps have distribution given by

2 [ e ssky(ds) + o(dt), k>1,
(d

(2.1) P{Nf[t’t+dt):k}:{l—dtf *AS) $)+o(d), k=0

where
(2.2) ) = / T e )uds),

is the Bernstein function with Lévy measure v. In [19], it was proved that the state probabilities
pl(t) of the processes N/ (t) satisfy the difference-differential equations

d 00
(23) Epg(t) + Z _pk m / e_SASmV(dS)7 k Z Oat > 07
0
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with the usual initial conditions and have the form

(2.4 PV = K = p{(t) = L s

Moreover, the probability generating function of N7(¢) is given by
(2.5) G (u,t) = e A=) gy < 1.

Note that, for v(ds) = %?Ifa)l ds, the space-fractional Poisson process, firstly studied by Orsingher
and Polito in [18], is retrieved. Since the composition N(H/(¢)) of the homogeneous Poisson
process and the Bernstein subordinators H/ have independent, homogeneous increments and
thus are Lévy processes, they inherit their general properties (see [1]).

One of the principal aims of this paper is to study a relevant probabilistic feature of these
processes, that is the analytical form of the hitting probabilities P{T,f < oo} of the first passage

times of the processes N/(t), defined as
(2.6) T/ .= inf (s:N/(s)=k), k>1

We have the following general result.

u=1

Theorem 2.1. For the random times T,f we have that

Ned gk

k—1 ,
1 & 1
- uzl(k—j)!d)‘k_jf()\)'

(2.7) PAT}] < 00} = (_1)k_12j!ﬁf()\u)

Proof. By the independence of the increments and having in mind (2.1) and (2.4), we have that
the hitting time distribution of level k for the process N7 (t) has the form

P{T] € ds} = P{ U{Nf(s) =7, N[s,s +ds) =k —j}}

7=0
k—1 o :
1) 7 Ne—i o0 ,
(2.8) = u—.e_sf@“) -ds—,/ e 2Ky (dz),
= Jt du w1 (B=)0 o
for s > 0.
Therefore,
k—1 . . .
1) & 1 MNe—J o0 .
2.9 P{T} < >} = ( — . , / e M2y (d
_ ( 1)k_1 — 1 dj 1 )\kfj dkij f()\)
B gt Jldw f(Au) |, (k— )l dr\k—I ’
as claimed. U
The crucial point is the evaluation of %m‘ which seems possible for a small subset of

u=1
the Bernstein functions of which f(A\) = A% 0 < a < 1, is a particular case, as we are going to
prove.
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Remark 2.2. For all Bernstein functions f we have that
(2.10) P{T{ < >0} < 1.

This is because

d * —As
%KA (1= e)u(ds)

fooo (1 —e)u(ds)

P{T/ < 00} = ﬁ /000 e Msv(ds) =

d
= )\alnf()\) <1,
since f(A) < A because f(0) =0 and f"(\) <0.
2.1. First-passage times of the space-fractional Poisson process. The space-fractional

Poisson process N°(t), t > 0, first introduced by Orsingher and Polito in [18], has state
probabilities pf () satisfying the following infinite system of difference-differential equations
GPE () = —2*(1= B)pi(t), o€ (0,1]
(2.11) 0 k>0
(07 0 —
p;(0) 1 k=0

where B is the classical backward-shift operator (Bpy(t) = pr_1(t)). The process N®(t) has
independent increments; probability distribution

_ 1)k 22 (_yapr ar
(2.12) P{N“(t):k}:pg(t):( D) Z( A" T(ar +1)

kb=t T(ar+1-k)
(1) &5 e
= Twoaw | M2
and probability generating function
(2.13) EuN*®) = =X 00" -y < 1.
Furthermore

Che A arl) gy k>1
(2.14) P{N°[t,t +dt) =k} = KT (a+1—k) =
1—X*dt k=0,

and
(2.15) E N%(t) = Var N*(t) = 400, Va€(0,1), t>0.

As already noticed, this process corresponds to the particular choice of the Bernstein function
f(A) =X 0 < a < 1in the more general class of counting processes N7 (t). On the other hand,
as we are going to prove in the next Theorem, in this particular case, we are able to find the
hitting time distribution in exact closed analytical form.

Theorem 2.3. For the random times T we have that

(2.16) P{T? < 00} — a(a%—l)..];;!(a—f—k—l) _ F(Ilj(z)a)%

when a € (0,1). Clearly, P{T} < oo} = 1.

<1, Vk>1,
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Proof. The hitting time distribution of the space-fractional Poisson process is given by
k
(2.17) P{Ty € ds} = P{ U{Na(s) =k—j,N%s,s+ds) = j}}
j=1

and by the independence of the increments and by using (2.14) and (2.12), we have

k
(2.18) P{T¢ € ds} =Y P{N%(s) = k — j}P{N°[s,s + ds) = j}
j=1
_ Z (DM a7 e Platl) jyviyags
‘= (k — j)! duk—i w4+ 1 —7) '
Therefore
k .
(=DMt T(a+1) a7 _
2.19 P{Ty = S
(2.19) i < oo} ;(k—j)!j!F(a+1—j)dukﬂu —
a o~ (K\T(a+k—j)
— (=1 k+1 —_ -1 k:—j'
(=1) k!;(j)F(a+1—j)( )
By using the identity
T 1
2.2 r 1—j)=
(220) (a+1-)) sinm(j —a)T(j — )
and the fact that
(2.21) sinm(j —a) = (=1 sin7a,
we obtain that
: k
al'(k) sin T k .
(2.22) P{T < o0} = k(' ) - Z(j)B(a—l—k—j,j—a),
! =

where we have multiplied and divided for I'(k) inside the summation formula appearing in (2.19).
We have denoted with B(a+ k — j, j — «) the Beta function, whose integral representation leads
to the following equivalent form of formula (2.22)

N al'(k) sin ma AN b o
(2.23) P{T{ < o0} = X ) - Z (j>/o R 6 W) o £

al'(k) sinra I'(k + o) (—«)
k! T I'(k) ’
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smceZ() (1 -2)) =1—2" and

D@l(-a) . T@l(-a)
'(0) =0 T'(n)
Finally by the reflection formula of the Gamma function
T 1
2.24 ol () =T(1 —a) = ——_~
( ) al'(=a) ( @) sinta T(a)’
we obtain the claimed result. O

While in [18], Remark 2.3 of the authors deal with the first-passage times 7,%(¢) = inf(¢ :
Ne(t) > k) (formulas (2.24) and (2.25)), therein, in this article we study the first hitting times
T2 = inf(t : N*(t) = k) which for point processes with jumps of arbitrary size substantially
differ.

Remark 2.4. Since

Tk+a) = TI(k 1
2.2 — > — =
(2:25) ZF(kz+1)_ZFk+1 =) ;=
k=1 k=1 k=1
we have that
. I'(k+ )
slowly with k.
Corollary 2.5. We have that
(2.27) P{T{ < oo} < P{T{ , < 0o} <1,V k> 1.
Observe also that, from (2.16) the following interesting recursive relationship holds
kE—1
(2.28) P{T < o0} = {%} P{T® | < o0} .
Remark 2.6. We note that the hitting probabilities (2.16) are increasing functions of o since
dI'k+a) T(k+a)
2.29 — = k — >0
(229) e = itk + o) — (@) >0

where the function

v(a) = -l (),

has different representations. Furthermore, in order to prove the inequality (2.29), we recall the
following useful representation (see [7], p.944, formula 8.863, n.3)

¢(k+a)—¢(a>:i(air_a+i+k) '

r=0

On the basis of the result of Theorem 2.1, we can give some asymptotic estimates of the
hitting probabilities P{T* < oo} for large values of k.
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Proposition 2.7. For k — +o0, we have the following asymptotic estimate

e 1

2.30 P{T? < ~ —_ 0,1).
Proof. We will use the following asymptotic approximation for the Gamma function
(2.31) [(x) ~ 2" 2e72m,  for  — +00,

and the classical Stirling formula, in order to obtain result (2.30)

T(k+a)l (k+a)ktomze(kta)

2.32 P{Ty < = ~
(232) {7 < o0} [(a) K [()kkt1/2e—k

e 1

[Na) kt=e

O
Observe that, for a« = 1/2, the hitting probability has the following representation
2k\ 1
(2.33) P{T}? < o0} = (k ) g k>0
and
s o—1/2

(2.34) P{Tk/ < 00} ~ for k — 4o0.

vk
Equation (2.33) coincides with P{B(2k, 1) = k}, where B(-, ) stands for the binomial distribu-
tion.

2.2. Iterated compositions. As previously noticed, the space-fractional Poisson process N¢()
can be regarded as an homogeneous Poisson process N (t) subordinated to a positively-skewed
stable subordinator H*(t), with o € (0,1). In [18], it was also proved (Theorem 2.3) that, given
a ~y-stable subordinator and a space-fractional Poisson process N(t), the following equality in
distribution holds

(2.35) Ne(H(t)) £ N*(t).

Our aim is to generalize this observation, by considering the composition of a space-fractional
Poisson process with n independent stable subordinators H% (t). From equation (2.35) we have
that, for any value of n, the following equality in distribution holds

(2.36) NO(H" (H™(...H™(t)...))) £ NoIE=(4),

that is the n-fold subordination of a space-fractional Poisson process N¢ yields a space-fractional

Poisson process of degree o = H%.

j=1

For n — 400, the infinitely stable subordinated space-fractional Poisson process is a space-
o

fractional Poisson process if 1 > H’yj > 0. This happens, for example for v, = e with
j=1

Z,uj < oo. If ij = 0 we have a degenerate case with a r.v. taking value 0 with probability e~*

j=1 j=1
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and oo with probability 1 — e~t. This auto-conservative property of the space-fractional Poisson
process does not hold for the other counting processes with Bernstein intertimes considered in
Section 3. A similar property was found by Kobilich and Sakhno in [11], for the case where the

. . . . __c A
tlme—cléanged Poisson process was obtained by means of the subordinator H/(t) for f(A) = ¢4,
c,a> 0.

2.3. Relationship between space-time fractional Poisson process and renewal pro-
cess with Mittag-Leffler intertimes. The space-time fractional Poisson process is simply
obtained by replacing in equation (2.11) the ordinary time derivative with the Caputo time-
fractional derivative of order v € (0, 1]. The space-time fractional Poisson process is a time-
changed Poisson process of the form N*¥(t) = N(H*(L"(t))) where L"(t), 0 < v < 1, is the
inverse of the stable subordinator H”(¢) and is independent from H* and N. The distribution
P (t) of N*¥(t) reads

(—1)F S (=Aet)™  T(am+1)
k. &= T(vm+1)I(am+1—k)

(2.37) pe (1) = PAN®"(t) = k} =

and the related probability generating function has the form

(2.38) G(u,t) = E,1(=A*(1 —w)?t”), |u] <1
Let us construct a renewal process N*¥(t) with intertimes 7; with the following distribution
(2.39) P{T >t} = P{IN®"(t) =0} = E,1(—\°t").

Then we have that
PINY®) =kY=P(Ti+ -+ Tn <t, i+ + Tip1 > t)
=P(Ti+ - +Te<t)—P(Ti+ -+ Trpy1 < 1)

t t
(2.40) :/P{T1+~-+Tkeds}—/P{ﬂ+---+ﬁ+1eds},
0 0
whose Laplace transform is given by
(2.41)
/ e PNV (t) = k)t
0

0 t 0 t
:/ wt(/ P{Tl+---+7;eds})dt—/ e-vt</ P{frl+---+7;+1eds})dt
0 0 0 0

1 [ 1 [
:;/ e‘”sP{ﬂ+---+7}€d$}—;/ e PP{Ti + -+ Top1 € ds}
0 0

1 00 o k 00 o k+1 )\ak,yl/—l
([ ermean) - ([Temrmen) |- 5

where we have used the fact that
o0 Aa
(2.42) / e TNTLE, (=AY dt = :
: e
We observe that the Laplace transform of the state probabilities of the renewal process previously
considered, for a = 1 coincides with the Laplace transform of the state probabilities of the
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time-fractional Poisson process studied by Beghin and Orsingher in [3]. Tt is well-known that the
time-fractional Poisson process is a renewal process with Mittag-LefHer distributed intertimes.
The same is not true for the space-time fractional Poisson process. Indeed the Laplace transform
(2.41) does not coincide with the Laplace transform of the state probabilities of the space-time
fractional Poisson processes for all £ > 0, as can be shown by plain calculations.

Moreover, we observe that we have the following interesting recursive relation for the Laplace
transform of the space-time fractional Poisson process

(2.43) /0 N e PN (t) = k}dt = <_,:!) > (;?n)jlm r(l;:?i)k)

_ (_1)k>\k i (_l)am dk \am (_1)k)\k dk ,Yzzfl

m=0

RL g b AT R dNE A
(_1)k)\k dk o) . (_1)k/\k dk o] o
=7 P{N*"(t) =0}dt = ——F—— — TP{N*"(t) = 0}dt.
P {N*(t) = 0} W ), € {N*(t) = 0}

3. A GENERALIZATION OF COUNTING PROCESSES WITH BERNSTEIN INTERTIMES

In this section, we consider the process related to the following Cauchy problem

At = =D = Bl

(3.1) -
(0) = 0 E>0
PRO=Y1 k=0,
where f1, fo,..., fn are n different Bernstein functions. We will consider below point processes of

the form N (Z?:l HYi (t)) whose distribution is governed by Equations (3.1). These processes

are time-changed point processes where the role of time is played by the superposition of
independent subordinators H’i (t).

Theorem 3.1. The distribution of the subordinated Poisson process

(3.2) Wf2endn(t) = N (i Hfj(t)> . t>0

is the solution to the Cauchy problem (3.1). In (3.2) H/1(t), H/2(t),..., H(t) are n independent
subordinators with Bernstein functions f1, fa, ..., fn, respectively.

Proof. Let us determine the probability generating function of the r.v. (3.2)

(3.3) By W20 = / Eu) P {ZHfj(t) eds}.
0

j=1

Then

N T
0

J=1
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= H/ e_’\s(l_“)P{Hfj () € ds}
j=1"0

emp( th] (1—n)) )

On the other hand, from (3.1), we can construct the equation governing the probability generating
function G by taking into account that (see [19], Remark 2.2 for details)

(3.4)

(3.5) CFO - B)pult) = )+ Z k) [ e (ds).

Thus, from (3.1), by multiplying both members by u* and summing up w.r. to k, after calculation
similar to those of [19], Theorem 2.1 we arrive at the equation

G &
— = — (AMI — B))G(u,t
0 3 = AU~ B)G)
G(u,0) =1.
It is now straightforward to check that (3.4) satisfies (3.6). O

Remark 3.2. On the basis of the Theorem 3.1, we are also able to obtain explicitly the state
probabilities of the subordinated process (3.2) for n =2, as follows

(3.7 pa( / / s 3+“)) e M P{HN (t) € dsYP{H(t) € du}

— %Tio (j) /0 /0 e MsiuFTe M PLH () € ds}P{H"2(t) € du}

— 2_]: ’ko G’) { /0 h e MsIP{H(t) € ds}} { /0 T ey P{H"(t) € du}

L AR AN ¢ dh
— E —tf1(\) —tfa(N)
- 1) & (j) dN ¢ d\F=I ¢

It is simple to prove that, in the case where fi(s) = s*, with a € (0,1) and fo = 0 we recover the
explicit form of the state probabilites of the space-fractional Poisson process (see [18], Theorem
4.1). For fy =0, formula (3.7) yields px(t) for the process NY(t). It is clear that only in the
case n = 2, the state probabilities can be calculated in explicit form in a rather simple way.

We now consider the following subordinated Poisson process

(3.8) S15f25fn L” (Z HfJ L” )

where L”(t) is the inverse of the stable subordinator H(t) and H'(t), H/2(t),..., H/"(t) are n
independent subordinators with Bernstein functions fi, fs, ..., f,, respectively. The distribution
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of L¥(t) is obtained from that of H"(t) because

(3.9) P{LY(t) > s} — P{H"(s) < 1}
and thus
(3.10) P{LY(t) € ds} = —% / PLHY(s) € da}.

We have the following result.

Theorem 3.3. The distribution of the subordinated Poisson process (3.8) is the solution to the
Cauchy problem

%p’“ (t) = —ij(A(I — B))pi(t), v €(0,1)

(3.11) =1
(0) = 0 k>0
PR =31 K=o,

involving time-fractional derivatives in the sense of Dzerbayshan—Caputo.

Proof. The p.g.f. of (3.8) is given by

R (L) / T R " P{LY(t) € ds}
0

(3.12) =— / 6-82?—1fj<*<1-“>>{js / P{H"(s )Edz}}ds.
0

The Laplace transform of (3.12) becomes

/oo —’ytE NF1:f25 0 fn(Lu(t))dt

~ ¢
/ dt e / —szylmu—u»{i / P{H"(s) € dz}}ds
0 ds Jo

o d oo o0
/ e 2j=1 fiA(1—u)) 2 {/ P{H"(s) € dz}/ e_wdt}ds
0 ds 0 z

o 1d
e~ 2j=1 fi(A(1—u)) eV PLHY d d
/0 7ds{/ [HY(s) € z}} s

— / ef'y s— SZ] 1 fi(A1= u)ds
0

v—1

v
7+Zf] 1_u

The inverse Laplace transform of (3.13) yields the p.g.f of the process M/1:/2/n (L¥(t)) as

(3.14) Eo V2 (0 0) ( t”{ij (1—-u)) D

(3.13)
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On the other hand, by multiplying both terms of (3.11) for u* and summing over all k we have

= — (1 —u))G(u,t
(3.15) at,, ij )G(u, )
G(u,0) = 1,
whose solution clearly coincides with (3.14) as claimed. U

From the p.g.f (3.14) we can extract the mean value of DV/1:/2+/n(L¥(t)) as

BV (1 (1) = ( tv[ij (1 — ) D
_ )‘LE (_tv [ij(o)D > £00)

AtY n , AtV n %)
- r(y+1);ff(0):m; /0 s vj(ds),

which for f{ = 2 and f; =0, 2 < j < n, yields the mean-value of the time-fractional Poisson
process (see [3]). In the special case of Lévy measure equal to

u=1

a~s‘0‘j_16_9j5
3.16 (ds) = L———d
( ) yj( S) F(l—Oéj> S,
with Bernstein function f;(z) = (x4 60;)* — 6057, oy € (0,1), we have that
M 1
1 BN (L () = m o > (a6

We also notice that
Var QUFdn (L2 (8)) = — 0 y ‘(0 )\n (o)) + X2 S /(0 T !
ar ( <>>—F(y+1)[;fj<>— ;fm% (S o )

4. POISSON PROCESS WITH GENERALIZED GREY BROWNIAN CLOCKS

In a previous paper [3], Beghin and Orsingher have proved that the time-fractional Poisson
process N¥(t) can be represented as

(4.1) NY(t) £ N(Ta(), t>0,

where N(-) is the homogeneous Poisson process with rate A and the random time variable T, (¢)
possesses density obtained by folding the solution of the time-fractional diffusion equation. A
relevant consequence of this result is given by the special case v = 1/2, where the process N'/2(t)
becomes

(4.2) N2 (1) £ N(IB(0))), ¢ >0,

where B(t) is the standard Brownian motion. Starting from this analysis, further results about
Poisson processes with different Brownian clocks have then been obtained in [4].
Following these ideas, we here consider the Poisson process at generalized grey Brownian times,
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namely N (|G, (t)]). The generalized grey Brownian motion (ggBm) G ,(t) is a non-Markovian
stochastic process recently introduced in the literature by Mura and coauthors in [16] to model
anomalous diffusions (see also the recent references [5, 8, 9, 14, 17]). The ggBm includes as
special cases the Brownian motion (for v = 2H = 1), the fractional Brownian motion (for v = 1)
and time-fractional diffusions (for 2H =1 and 0 < v < 1). We also observe, that in the recent
paper [21], the authors gave a physical motivation for the application of the ggBm related to
random walks in random complex media. The ggBm Gy, (t) has probability law satisfying the
Cauchy problem

c (tl_QHg)yu(y,t) _ nga_zu@’t)’ ve(0,1),H € (0,1),y e Rt >0,
(4.3) ' Y
u(y,0) = 6(y).

The fractional operator appearing in equation (4.3) can be expressed in terms of Erdélyi-Kober
integral operators, according to the McBride theory [15] (we refer to the Appendix for more
details on this point).

It is well-known that the Fourier transform of the solution of (4.3) is given by (see [6])

+oo 02
4.4 Wu(y,t)dy = E,; | — g
(4.4) /_Oo e"u(y, t)dy ,1< ey 7
whose inverse is given by
(2H)"" lyl(2H)""2
(4.5) u(y,t) = octvH W_yiy T H )

where W_v ;_»(-) is the well-known Wright function. In order to simplify our calculations we
assume that
= (2H)".
Note that the process N(|Gy,(t)|) has a fluctuating stochastic time as in the case of the
well-known iterated Brownian motion B (|Bs(t)|) where the time can flow in both directions.
We have now the following result.

Theorem 4.1. For a Poisson process at a generalized grey Brownian time the following equality
i distribution holds

(4.6) N(IGr, (1)) £ N (8),

where N'HV (1), t > 0, is the fractional Poisson process whose state probabilities py(t) are governed
by the following fractional difference-differential equations

v/2
¢ (t”HQ) pe(t) = N1 - B)pp(t), ve(0,2], He(0,1)

(4.7) aé k>0
Pk(o):{l k-0

where N = \(2H )"/,
Proof. The p.g.f. of the process N(|Gy,(t)]) is given by

(48) Glut) = [~ e Valy.tydy
0
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where (y, t) is obtained by folding the fundamental solution of (4.3) (for ¢ = (2H)") and is
given by (see [6], Theorem 3.1)

1 y
2w (Y S
(4.9) u(y,t) = tHVW_fvl_f < tH’/)’ y>0,t>0,
0, y <0,
with v > —1. Therefore, we have that
(4.10) Clut) = R <_i> p
| e 0 tHy " ~2lTs tHv Y-

In the next steps, we will use the following integral representations of the Wright function and
of the Mittag-Leffler function on the Hankel path Ha (see, e.g., [3], p.1799 [10])

v/2

1 ez—i—zz
(411) W_%,l_%(x) = 2_7'('Z /Ha Wdz,

1 €ZZV/2_1
4.12 E, = — ——dz.
( ) 21(®) 271 /Ha /2 — g :

By using (4.11) in (4.10), we obtain

1 o) ez_yzu/2t7HV
_ Ay(u—1) -
G(u,t) = 27m'tHV/O e dy/H e dz

_ 1 ez dZ oo eAy(u—l)_yzy/ztiHudy
ity Ha Z].—V/2 0

dz

1 o7 v/2-1
~ ity /Ha 20 2tvH — N(u — 1)
(4.13) =B, (-1 —u)t™),
where in the last step, we used Equation (4.12).

On the other hand, the p.g.f. of the process N'#¥(t) can be simply obtained by multiplying
both terms of (4.7) by u* and summing over all k, we obtain

(4.14) {C (151*2}1%)1//2 G(u,t) = =N(1 —u)G(u,t),

G(u,0) =1,

whose solution (see [6] for detailed calculations) is given by

N Hv
(415) G(u,t) = EV/QJ <—W(1 — U)t ) s
that coincides with (4.13) iff N = A\(2H)*/? as claimed. O

Corollary 4.2. The Poisson process composed with a fractional Brownian motion time N (|By(t)|)
can be represented as

(4.16) N(IBu(t)]) £ N7Y(t),
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where NH1(t), t > 0, is the counting process whose state probabilities pi(t) are governed by the
following difference-differential equations

C (121 )2 (1) = —N(1 — B)pu(t)

(4.17) 0 k>0
0) =
PO =931 1 _o.

Remark 4.3. We observe that for H =1/2 and v =1 in (4.16) we recover the Poisson process
at a reflected Brownian motion whose state probabilities are governed by the classical fractional
difference-differential equations of order 1/2 as proved by Beghin and Orsingher in [3].

It is also simple to prove that this kind of counting process with random time is not a renewal
process, as we are going to show by means of explicit calculations. From the p.g.f. (4.15) we
obtain the explicit form of the state probabilities of the process N4 (t)

(MENE SN (m+ k) (=)™
k! Z m!  T(5(k+m)+1)

m=0

(4.18) Pe(t) =

with A = (2H)*/2), whose Laplace transform is given by

> NS (m+ENT(Hv(m+k)+1) (=A™
(4.19) /0 e et =7 ( m!> F((g(7<n+k:))+1)>SH(”(7”+)’€)“‘

m=0

Let us now consider the renewal process N(t) with the following distribution of the i.i.d.
intertimes

(4.20) P{T >t} = PIN"*(t) =0} = E, o1 (—At").
Then we have that (see Equation (2.40))

t t
P{N(t):k}:/P{Tl+---+5k€ds}—/P{Tl+---+5k+1€ds},
0 0

whose Laplace transform is given by

(4.21)
/ T e PIN (1) = k)t

o] 00 t
—/ e (/ P{% + - +(Ek€ds}) dt—/ e </ P{Tl+"'+(zk+1€d‘9})dt
0 0

1 9]
/ e P{Ty + o+ Ty € ds) — §/ e P{Ti 4o Ty € ds}
0 0

{ ( / Y plT, e ds})k ( / Y erp(T, € ds})k“]
ool s

QIH QIH
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where we have used the fact that

(=A™  I'(Hv+ Hvm)
%(m_{_l)) 7HV+HVm

K(v) = 2[—[)\/ e—vttHu—lEy/zﬂj/Q( )\tHy)dt — 9\ Z
0

Clearly, Equations (4.19) and (4.21) do not coincide and therefore we can conclude that NH(t),
t > 0, is not a renewal process.

We consider in the next proposition the case of a counting process with Bernstein intertimes
randomized by means of the random time G, (%).

Proposition 4.4. The process whose state probabilities are governed by the fractional difference-
differential equations

C (124 2" (1) = —f (M1 = B)) pi(1)

(4.22) 0 k>0
0) =
PO)=931 1 _o

admits the following representation

where HY is the subordinator with Bernstein function f.

The proof directly follows by applying the results presented in [19] and also by taking into
account the previous analysis.

5. APPENDIX: FRACTIONAL OPERATORS WITH TIME-VARYING COEFFICIENTS

In this Appendix, we briefly recall some useful preliminaries about the theory of fractional
powers of operators with time-varying coefficients. In [15], McBride considered the generalized
hyper-Bessel operators

d d
5.1 L= %402 | 40 —gontl (),
(5.1) dt dt
where n is an integer number and aq,...,a,,; are real numbers. The operator L defined in
(5.1) acts on the functional space
(5.2) Fow=Af:T"f(t) € F,},
where

o wd°f

(5.3) {fec tkdkeLp(O,oo),kzo,l,... :

for 1 < p < oo and for any real number .
Let us introduce the following constants related to the general operator L.

n+1 n+1
a=> a,, m=la—nl| <Z aﬁ—k—n), k=1,...,n.
k=1

i=k+1

The definition of the fractional hyper-Bessel-type operator is given by
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Definition 5.1. Let m=n—a >0, f € F,, and

1
b € Appm = {nGR: mn+ pu+m # — —ml, l:O,l,Q,...}, k=1,...,n.
p
Then
(5.4) L f =m" ™ H Ibemef,
k=1
where, for a >0 and mn+ p+m > %
« g ! m mya—1, m m
(55) s = S | e e )
and for a <0
(5.6) e f=n+a+ )+ L mon tif :
m mn m " dt

For a full discussion about this approach to fractional operators we refer to [15].
The regularized Caputo-like counterpart of the operator (5.4) was introduced in [6] in order
to obtain meaningful results for the fractional diffusion with time-varying coefficients.

Definition 5.2. Let a be a positive real number, m =n —a >0, f € F,,, is such that

b1k
() = Y o)
k=0
exists. Then we define ©L® by
b=l
(5.7) Lofy =L\ f(t) =) M0 |,
k=0
where b = [«].
Concluding this appendix, the operator ¢ (t1_2H %)QV appearing in Equation (4.3) is obtained

by specializing the coefficients in the general definitions given above.
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