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Abstract. In this paper, we introduce and study a convoluted version of the time fractional Poisson
process by taking the discrete convolution with respect to space variable in the system of fractional
differential equations that governs its state probabilities. We call the introduced process as the
convoluted fractional Poisson process (CFPP). It has integer valued jumps of size j > 1. The
explicit expression for the Laplace transform of its state probabilities are obtained whose inversion
yields its one-dimensional distribution. A special case of the CFPP, namely, the convoluted Poisson
process (CPP) is studied and its time-changed subordination relationships with CFPP are discussed.
It is shown that the CPP is a Lévy process using which the long-range dependence property of CFPP
is established. Moreover, we show that the increments of CFPP exhibits short-range dependence

property.

1. Introduction

The Poisson process is a renewal process with exponentially distributed waiting times. This
Lévy process is often used to model the counting phenomenon. Empirically, it is observed that
the process with heavy-tailed distributed waiting times offers a better model than the ones with
light-tailed distributed waiting times. For this purpose several fractional generalizations of the
homogeneous Poisson process are introduced and studied by researchers in the past two decades.
These generalizations give rise to some interesting connections between the theory of stochastic
subordination, fractional calculus and renewal processes. These fractional processes can be broadly
categorized into two types: the time fractional types and the space fractional types.

The time fractional versions of the Poisson process are obtained by replacing the time derivative in
the governing difference-differential equations of the state probabilities of Poisson process by certain
fractional derivatives. These include Riemann-Liouville fractional derivative (see Laskin, 2003),
Caputo fractional derivative (see Beghin and Orsingher, 2009), Prabhakar derivative (see Polito
and Scalas, 2016), Saigo fractional derivative (see Kataria and Vellaisamy, 2017b) ete. These time
fractional models is further generalized to state-dependent fractional Poisson processes (see Garra
et al.; 2015) and the mixed fractional Poisson process (see Beghin, 2012 and Aletti et al., 2018). The
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governing difference-differential equations of state-dependent fractional Poisson processes depend
on the number of events that have occurred till any given time t. The properties related to the
notion of long memory such as the long-range dependence (LRD) property and the short-range
dependence (SRD) property are obtained for such fractional processes by Biard and Saussereau
(2014), Maheshwari and Vellaisamy (2016), Kataria and Khandakar (2020).

Orsingher and Polito (2012) introduced a space fractional version of the Poisson process, namely,
the space fractional Poisson process (SFPP). It is characterized as a stochastic process obtained by
time-changing the Poisson process by an independent stable subordinator. Orsingher and Toaldo
(2015) studied a class of time-changed Poisson processes associated with Bernstein functions. A
particular choice of Bernstein function leads to a specific point process. Besides the SFPP, this
class includes the relativistic Poisson process and the gamma-Poisson process as particular cases.
Beghin and Vellaisamy (2018) introduced and study a process by time-changing the SFPP by a
gamma subordinator. The jumps can take any positive value is a specific characteristics of these
time-changed processes.

The time fractional Poisson process (TFPP), denoted by {N*(t)}+>0, 0 < a < 1, is a time frac-
tional version of the homogeneous Poisson process whose state probabilities p®(n,t) = Pr{N®(t) =
n} satisfy (see Laskin, 2003, Beghin and Orsingher, 2009)

af‘pa(n,t) = —)\pa‘(n,t) + )\pa(n - 17t)7 n Z 07 (11)

with p*(—1,t) = 0, t > 0 and the initial conditions p®(0,0) = 1 and p®(n,0) = 0, n > 1. Here,
A > 0 is the intensity parameter.
The derivative 0§ involved in (1.1) is the Caputo fractional derivative defined as

1 /f o
— [ (t—9)"%f'(s)ds, O0<a<]1,
o ft)y =L T(1—a)Jo
f/(t)v a=1,
whose Laplace transform is given by (see Kilbas et al., 2006, Eq. (5.3.3))
L7 f(t);s) = s f(s) = s*7'f(0), s>0. (1.2)

For a = 1, the TFPP reduces to Poisson process.
The TFPP is characterized as a time-changed Poisson process {N(t)}:>0 by an independent
inverse a-stable subordinator { H(t) }+>0 (see Meerschaert et al., 2011), that is,

No(t) £

N(H"(1)),
where < means equal in distribution.

In this paper, we introduce a convoluted version of the TFPP by varying intensity as a function of
states and by taking discrete convolution in (1.1). The discrete convolution used in (1.3) is defined
n (2.1). We call the introduced process as the convoluted fractional Poisson process (CFPP) and
denote it by {N&(t)}+>0, 0 < a < 1. It is defined as the stochastic process whose state probabilities
p2(n,t) = Pr{N2(t) = n}, satisfy

atap?(nvt) = _)‘n*pg(nat)"i_)\n—l *p?(n_ 17t)7 nz 07 (13>
with initial conditions
1, n=0,
0, n>1,

p?‘(n, 0) = {

and p%(—n,t) =0 forall n > 1, ¢ > 0. Here, {};, j € Z} is a sequence of intensity parameters such
that A; =0 for all j <0 and A\; > Aj;1 > 0 for all j > 0 with lim /\j+1/>\j < 1.
J—00
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The Laplace transform of the state probabilities of CFPP is inverted to obtain its one-dimensional
distribution in terms of Mittag-Leffler function, defined in (2.6), as

o 1(=Aot®), n =0,

n, t
el sz'ﬂ Bym = X0 t'“"‘ESELH( At®), n>1,

k=1 @k 7=1

where the sum is taken over the set
n

9713, = {(k17k27'-'7kn) : Zk] :k, Z]k] =n, kj S NO}

Jj=1 Jj=1

An alternate expression for p%(n,t) is obtained where the sum is taken over a slightly simplified set.
It is observed that the CFPP is not a renewal process.

The paper is organized as follows: In Section 2, we set some notations and give some preliminary
results related to Mittag-Leffler function and its generalizations, Bell polynomials etc. In Section
3, we introduce the CFPP and obtain its state probabilities. It is shown that the CFPP is a
limiting case of a fractional counting process introduced and studied by Di Crescenzo et al. (2016).
Its probability generating function (pgf), factorial moments, moment generating function (mgf),
moments including mean and variance are derived. Also, it is shown that the CFPP is a compound
fractional Poisson process with integer valued jumps of size j > 1. In Section 4, we study a particular
case of the CFPP, namely, the convoluted Poisson process (CPP). It is shown that the CPP is a
Lévy process. Some subordination results related to CPP, CFPP and inverse a-stable subordinator
are obtained. In Section 5, we have shown that the CFPP exhibits the LRD property. Therefore,
it has potential applications in ruin theory. It is also shown that the increments of CFPP have the
SRD property.

2. Preliminaries

The set of integers is denoted by Z, the set of positive integers by N and the set of non-negative
integers by Ng. The following definitions and known results related to discrete convolution, Bell
polynomials, Mittag-Leffler function and its generalizations will be used.

2.1. Discrete convolution. The discrete convolution of two real-valued functions f and g whose
support is the set of integers is defined as (see Damelin and Miller, 2012, p. 232)

(f = 9)( Z F(G)g(n = j). (2.1)

]_700
Here, 3222 [f(j)] <ooand 3772 |g(j)] < oo, that is, f,g € 2t space.
2.2. Bell polynomials. The ordinary Bell polynomials Bnk in n — k 4 1 variables is defined as

n— k+1

By k(ur, ug, ... un—k1) Zk' H k,,

where
n—k+1 n—k+1

A% =S (ks k) Z ki=k, Y jkj=mn, kjeNgy. (2.2)
7j=1
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The following results holds (see Comtet, 1974, pp. 133-137):

[o¢] (o) n k
. . x
exp a:ZujtJ =1 +Zt"ZBn7k(u1,u2,...,un_k+1)ﬁ (2.3)
j=1 n=1 k=1 )
and
k
e . o A
Z th] = Z ank(ul, Uy e v ey Up—fy1)t". (2.4)
J=1 n=~k

2.3. Mittag-Leffler function and its generalizations. The Mellin-Barnes representation of the expo-
nential function is given by (see Paris and Kaminski, 2001, Eq. (3.3.2))
1 c+i00
el = — [(z)(—z) *dz, = #0, (2.5)

2mi c—100

where 7 = /—1.

The one-parameter Mittag-Lefller function is a generalization of the exponential function. It is
defined as (see Mathai and Haubold, 2008)

[o.¢] k:

Xz
Farlz) =S — 5 zcR,
1) kzol“(k:a+1) ve

where o > 0. For a = 1, it reduces to the exponential function. It is further generalized to
two-parameter and three-parameter Mittag-Leffler functions.
The three-parameter Mittag-LefHer function is defined as

1 N D(y+ k)2t
E] 4(x) = ) kZ:O MT(ha ) € R, (2.6)

where o > 0, 5 > 0 and v > 0.
For z # 0, its Mellin-Barnes representation is given by (see Mathai and Haubold, 2008, Eq. (2.3.5))

RN (C P,
BLa®) = sty | 7 27

where 0 < ¢ < 7. For v = 1, it reduces to two-parameter Mittag-Leffler function. Further,
B =~ =1 reduce it to one-parameter Mittag-Leffler function. Note that (2.7) reduces to (2.5) for
Let > 0, 8 > 0,t > 0 and x,y be any two reals. The Laplace transform of the function
tﬁ_lEgﬁ()\to‘) is given by (see Kilbas et al., 2006, Eq. (1.9.13)):
sa’y*ﬂ
(s — )7’
The following result holds for one-parameter and three-parameter Mittag-Leffler functions (see
Beghin and Orsingher, 2010, Eq. (2.30)):

o0

L{UPTVE] f(at®); s} = s > |z (2.8)

Aut®)* B (=MY) = Bag(Mu—1)t%), |ul < 1. (2.9)
k=0

Let Ec(yn[)i() denote the nth derivative of two-parameter Mittag-Leffler function. Then, (see Kilbas
et al., 2006, Eq. (1.9.5)):
(z) =nlE™L | (x), n>0. (2.10)
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3. Convoluted fractional Poisson process

Here, we introduce and study a process by varying intensity as a function of states and by
taking discrete convolution in the governing difference-differential equation (1.1) of the TFPP. The
introduced process is called the convoluted fractional Poisson process (CFPP) which we denote by
{N&(t)} >0, 0 < @ < 1. We define it as the stochastic process whose state probabilities p%(n,t) =
Pr{N2(t) = n}, satisfy

arpS(n,t) = =\ xp2(n,t) + A1 % po(n—1,t), n >0, (3.1)
with initial conditions
1, n=0
@ ’0 _ ) )
pe(n,0) {0, N>l

and p¥(—n,t) =0foralln >1,¢>0.
Here, {\;, j € Z} is a sequence of intensity parameters such that A\; = 0 for all j < 0 and
Aj > Ajy1 >0 forall j >0 with lim Aj41/A; < 1. Thus, it follows that
J—00

[e.e]

1= ) =0, (3.2)
]:0
as Z]O'io Aj < oo implies \; — 0 as j — 00.
Using (2.1), the system of fractional differential equations (3.1) can be rewritten as

atapc(nt Z)\Jpcn ]7 —i_ZA]pcn_J_lt)
Jj=0 7=0

n n
=— Z \ipe(n — j,t) + Z Aj—1pg (n — j,t)
j=0 J=1

n
= —dop (n,) + > (Aj-1 = Aj)pe(n — 4, 1), n>0. (3:3)

j=1
Remark 3.1. Recently, Di Crescenzo et al. (2016) studied a fractional counting process { M () }+>0,
0 < a < 1, which performs k kinds of jumps of amplitude 1,2, ...,k with positive rates Ay, Ao, ...,
Ay, respectively, where k € N is fixed. Its state probabilities qa(n, t) = Pr{M%(t) = n} satisty (see

Di Crescenzo et al., 2016, Eq. (2.3))
mm{n k}

g% (n,t) = —(A1 + Az + - + Ag)g*(n, t) Z Ajg®(n — j,t), n>0, (3.4)

with

0, n>1.

For k = 1, the system of fractional differential equation (3.1) reduces to (1.1). Thus, the TFPP
follows as a particular case of {M*(t)}+>0. It is important to note that the CFPP is not a particular
case of {M*(t)}s>0 for any choice of k € N. However, if we choose A; = A\j_1 — A, for all j > 1,
then Ay +Ag+ -+ A = Mo — Ao As Y 32 Ak < oo implies A, — 0 as k — oo, the system
(3.4) reduces to (3.3). Thus, the CFPP performs jumps of amplitude j > 1, and it is obtained as a
limiting process of {M®(t)}+>0 by letting k — oc.

1, n=0
qa(nvo)Z{’n ’

The following result gives the Laplace transform of the state probabilities of CFPP.



1246 Kuldeep Kumar Kataria and Mostafizar Khandakar

Proposition 3.2. The Laplace transform of the state probabilities p%(n, s), s > 0, of CFPP is given
by
Safl
2 =0
Sa—FAO’ n )
n n oy Nk a1 (3.5)
DD BI] | e L =1,
]{Zj! (Sa + )\o)k"H

k=1 @k  j=1
where OF = {(ky,ka, ... ky) S ki =k, Y0 i jkj =n, kj € No}.

Pe(n,s) =

Proof: On applying the Laplace transform in (3.3) and using (1.2), we get

sPe (n,5) — 87 pg (n, 0) = —AoBZ (n,8) + Y (Am-1 = Am)B2 (0 —m, ).

m=1
Thus,
n
PY(n,s) = (s* 4 o)t (Z (A1 — Ap)P%(n — m, s) + s* " 1p%(n, 0)) . (3.6)
m=1
Put » = 0 in the above equation and use the initial conditions given in (3.1) to obtain
safl
pe(0,s) = .
pc( S) Sa + )\0

So, the result holds for n = 0. Next, we put n =1 in (3.6) to get
(Mo —A)p(0,5) _ (Ao —A1)s*
s+ Ao (Sa-+-A0)2 ’
and the result holds for n = 1. Now put n = 2 in (3.6) to get
(A0<—-A1)28a_1 (A1<—-A2)Sa_1
(Sa +—A0)3 (Sa +>A0)2

Thus, the result holds for n = 2. Assume the result (3.5) holds for n = I. From (3.6), we have

pe(ls) =

ﬁa(z 5) =

c

I+1
P+ 1,8) = (5% + o) ! (Z(Am_l — AP+ 1 —m, s))

m=1

l ~Q
=(s*+ )" (Z()\m—l —Am)De(l+1—m, 5)) + (A= Ai)pe (0, 5)

= (SO‘ + )\0)
l I+1—-m +1-m k. a—1
A1 =A% s
- Z()‘m—l = Am) Z Z k! H ;! (5% + Xo)F T2
m=1 k=1 @f B j=1
+1—m
sa—l
+ N =) ———
(A= A1) EESWE
I+1 I+1 X —_
I Il |
k:l@ﬁJ =1 kr (8 #-Ao)
Using the method of mathematical induction, the result (3.5) holds true for all n > 0. O

The above result can be written in a different form by using the following result due to Kataria
and Vellaisamy (2017a).
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Lemma 3.3. Let e denotes the n-tuple vector with unity at the jth place and zero elsewhere. Then

n—k+1
@ﬁi — Z ]{2]6] . kl,k2,~~'7]{:n—k‘+1) € Afl )

where A} is given in (2.2).

Using the above result, an equivalent expression for p&(n, s) is given by

Sa—l
Sa _|_ AO’ n= 0;
~v
pe(n,s) = n— k+1 ) a—1
). s
k! Aj-1 J n > 1.
; ; JHl kit (574 dg)er
0.30
0.25
= 0.20
<
Qo.15
0.10
0.00 | ‘ ‘ l ]‘ T !
0 2 4 6 8 10

FIGURE 3.1. The figure on the left hand shows the probability distribution of CFPP
for \j =e™7, 5 >0, a = 0.5 and ¢ = 3 whereas the figure on the right hand shows
the probability distribution of CFPP for 0 <t < 5.

Theorem 3.4. The one-dimensional distribution of CFPP is given by
Ea 1(—)\0ta), n = 0,

k
1 ka ik
TS e R A gt o), iz,
k=1 ok  j=1

where OF = {(ky,ka, ... ky) i ki=Fk, Yi_ jkj =n, kj € No}.

Proof: Taking inverse Laplace transform in (3.5), we get

(2 0
N n =
504 + )\07 ) )

| )\j)kj Sa—l
szn | (5a+)\0)k+1’t ’ n21

k=1 ek j=1

L7 (52 (n,5)t) =

Using (2.8), the above equation reduces to (3.7). O
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Using Lemma 3.3, we can rewrite (3.7) as

Eajl(—)\(]ta), n = 0,

an,t — n— k+1 7)\k‘ 3.8
A D9 STy R I A WO RS o9
k=1 Ak j=1 J
Note that,
Zp?(nvt) = pg(()’t) + Zp‘g‘(n,t)
n=0 n=1
co n n—k+1 (A ) s )k
1o -1 ka mk+1 o
RS B ILH | =
n=1k=1 Ak j=1 J°
o ko mk+1 o . A ()‘jfli)‘jygj
= Ea1(—Aot )+Zt By (“ot®) Y Y k[ 5
k=1 n=k Ak j=1 I
k
= Eo1(~Xot®) +Z Z i1 —A) | B (= et®), (using (2.4))

— 7=1
S

= Eo1(=2ot™) + > _(Mot*)"EELL (= Xot)
k=1

oo
= (Mot EELL (Xt =1
k=0

where in the last step we have used (2.9). Thus, it follows that (3.7) is a valid distribution.

Remark 3.5. Let the random variable W¢ be the waiting time of the first convoluted fractional
Poisson event. Then, the distribution of W& is given by

Pr{We > t} = Pr{N(t) = 0} = Ea1(~Xot®), t >0,

which coincides with the first waiting time of TFPP (see Beghin and Orsingher, 2009). However,
the one-dimensional distributions of TFPP and CFPP differ. Thus, the fact that the TFPP is a
renewal process (see Meerschaert et al., 2011) implies that the CFPP is not a renewal process.

The next result gives the pgf of CFPP.

Proposition 3.6. The pgf G (u,t) = E(uNe®) of CEPP is given by

G (u,t) = Eo Zuﬂ i = A, Jul < 1. (3.9)
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Proof: The Laplace transform of the pgf of CFPP can be obtained as follows:

G%(u, s) :/ e G (u, t)dt, s> 0
0

_/ —stzupcnt

[ee]
= / G_St anl(—)\ota)
0
n—k+1

OWDWIE BN P

n=1 k=1 Ak j=1

ga—1 00 n n—k+1 (>\] - )\j)kj ga—1
= + > u" k! — , (using (2.8))  (3.10)
5%+ Ao ; kzl %} jl_[1 k;! (8% 4 Xo)kt1

n—k+1

()"— _Al)kj n
0> kazzkﬂ ] Qe

sY 4+ Ao ( i ar iy

k
]1u (Aj—1 = Aj) .
1+Z T , (using (2.4))

k
_ s >t (Nj—1 = )
w+%k0 5%+ Ao

-1

o
=2 s =D W (N =) | (3.11)
=0
which on using (2.8) gives (3.9). O

Remark 3.7. The interchange of integral and sum in (3.10) can be justified by using the Fubini’s
theorem as follows:

0o n—k+1 ( L — )\)k
RN AT 3 DU Y e e e e WO
n=1"0 k=1 Ak j=1 k!
n— k+l . )\)kj 00
— Z |un‘ Z Z k! H J 1 ‘ J / fsttkaE§:a+1( /\Ota)dt
n—1 k=1 Ak j=1 k! 0
n— k+1 k. 1
— )" s¢ ,
k! A1 = A . (using (2.8))
Zz:kzl%: ]]‘_J; k‘]' (SO‘ + )\0)k+1
527 & Ao ¥ .
- s AO Z <SO‘ + >\O> ) (USIHg (24»
k=1
S R

5(s 4+ Ao)
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Remark 3.8. It is known that the Mittag-Leffler function is an eigenfunction of the Caputo fractional
derivative. Thus, we have

G (u, t) = G%(u, t) Zuﬂ'(AH — ), G%(u,0) = 1. (3.12)

If \j.1 —Aj =0 for all j > 1 then (3.12) reduces to

or () = G2u0) (12 o).

—u
Note that the Laplace transform of the pgf of CFPP can be also obtained as follows: On taking
Laplace transform in (3.12), we get

s G2 (uys) = 5" TG (w,0) = G (uy8) D wd (Nj1 = Ny)

Thus,
-1

G¥(u,s) = s | 5@ — Zuj(/\j_l —\j) ,
=0

which coincides with (3.11).

Next, we obtain the mean and variance of CFPP using its pgf. From (3.9), we have

k
« t — —
G20 =2 ) k:a +1) At
k=0 J=0
Now, the mean of CFPP is given by
0G%(u,t)
E(NZ(t)) = ———+~
e =50
k—1
Z I ka 1) Aj-1— PCYEEDY
=1 ]:0 j=1
tO[
=———= > A 3.13
INa+1) JZ:% 7 (3.13)
where we have used (3.2) in the last step. Also, its variance can be obtained as follows:
o o 0%°G%(u,t)
EWNS@OWE®) —1) = —55—
u u=1
k-2 2
> k(k — 1)tk i >
= Z (Aj—1 = Aj) Z(A] 1= Aj)j
— Fka+1) = st
k—1
0 tke 0 0
k=1 Jj= j=2
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Thus,
2
B (N2 () = -2 i* Z] iA
¢ Fa+1) \ =™ it ) = a

Hence, the variance of CFPP is given by

0N 2R 2<ta25°10&')2 <ta251“j)2

Var (NG'(t)) = I(a+1) I(a+1) F2a+1)  Ta+1)

(3.14)

Remark 3.9. The mean and variance of M“(t) is given by (see Di Crescenzo et al., 2016, Remark
2.11)
e k

E(M?(¢)) = a+lz

and

N o k . t2cx 1
Var (M (t)):F(a+1);j2Aj+a<F(2a) ar2 ) ZJA

On taking Aj = A\j_1 — Aj, j > 1 and letting £ — oo, we get the mean and variance of CFPP.
The pgf of CFPP can also be utilized to obtain its factorial moments as follows:

Proposition 3.10. The rth factorial moment of the CFPP ¢2(r,t) = EWNX(t)(NX(t) —1)---
(N&(t) —r+1)), r > 1, is given by

. r tko‘ 1 00
wC(T’t):r!kzlf(ka—kl) kZ H IZ% ]) ’

J 1m]77"£ 1
mjeN

where (§)m, = Jj(G —1)...(j —me+ 1) denotes the falling factorial.
Proof: From (3.9), we get

0"G%(u,t)
Up )= ——C 7
¢C (T7 ) 8'&7’ 1
T 1 o0 0o ‘
- Z EEST% ¢ Ajo1— Ank t Z()\j71 — )\j)u] , (3.15)
= : ]:0 =0

u=1
where we have used the rth derivative of composition of two functions (see Johnson, 2002, Eq.
(3.3)). Here,

7=0 u=1
k " o k—m . ~ m
Dl B DR YT DI
m=0 §=0 j=0 u=1
k
{63 dr .
= ¢k o Z(AJ L= M) , (3.16)
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where the last step follows by using (3.2). From (2.10), we get

o) e}

Eof% ta Z()\jfl — )\j)Uj = k‘ E§+k(11+1 ta Z()\jfl — )\j)uj
j=0 u=1 j=0 u=1
k!
==\ 3.17
I(ka+1) (3:17)
Now, by using the following result (see Johnson, 2002, Eq. (3.6))
dr E_ ! (m1) (1) £ (72) ()
W(f(w)) = Z ) mf Y(w) f(w) L T (w), (3.18)
mi-+mo+---+mr=r
m]'ENo
we get
k
dr o0 ] | 1 dmé [e.e] ]
el DI YRV =y ngldume D (A1 =X
j=0 u=1 S my=rt J=0 u=1
TYLJEN()
k 1 0o
=r! Z H mo! Z(])mz ()‘jfl - >‘j)' (3.19)
Zf—l my=r t=1 - j=0

Note that the expression in right hand side of (3.19) vanishes for £ = 0. Finally, on substituting
(3.16), (3.17) and (3.19) in (3.15), we get the required result. O

The next result gives the mgf of CFPP on non-positive support which is obtained by substituting
u=e“in (3.9).

Proposition 3.11. The mgf m&(w,t) = E(e=*Ne'®) w >0, of CFPP is given by

[ee]
m?(w, t) = Ea,l ta Z()\jfl — /\j)e_wj . (320)
7=0

The mgf of CFPP solves the following fractional differential equation:
o me (w, ) D e (N = Ay), me (w,0) =1
7=0

The above equation can be solved by using the Laplace transform method to obtain the mgf (3.20).
The mean and variance of the CFPP can also be obtained from its mgf.

Proposition 3.12. The rth moment p&(r,t) = E((N&(t))"), r > 1, of CFPP is given by

C

T k
Mg(r’t):r!;r(kaﬂ) Z £H1 me'zjme ==Y
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Proof: Taking the rth derivative of composition of two functions (see Johnson, 2002, Eq. (3.3)), we
get

I"m&(w,t)
Al 1) = (—1)" c
e ) = (e
T _1 r [e.e] i N o0 oy
= Z ( k") Ea],? t* ()\];1 - )\j)e J Br,k t Z()\jfl - )\j)e J 5 (321)
k=0 ’ j=0 j=0 w0
where
k
o0 dr o0
«a —wj ko —wj
By |t Z()\jfl — )\j)e J =1 dw” Z()\jfl — )\j)e J . (3.22)
j=0 w=0 Jj=0 w=0
Now, from (2.10), we get
B [ 4o i()\ As)ed il (3.23)
a,l pard j—1 J - (ka 4 1) )
Using (3.18), we have
dr o0 k k 1 [e%S)
" (Z(Aj_l - W—w) S SN | P SYLT YR ES VNN CEY)
’ijN
The result follows on substituting (3.22)-(3.24) in (3.21). O

In the following result it is shown that the CFPP is equal in distribution to a compound fractional
Poisson process. Thus, it is neither Markovian nor a Lévy process.

Theorem 3.13. Let {N*(t)}+>0, 0 < a < 1, be the TFPP with intensity parameter Ao > 0 and
{Xi}ti>1 be a sequence of independent and identically distributed (iid) random variables with the
following distribution:

Aot — A
Pr{X; = j} =

NELTA s 2
N 2 (3.25)

Then,

R0

£3 % tz0 (320
where {X;}i>1 is independent of {N“(t)}+>0.
Proof: The mgf of N(t), t > 0, is given by (see Laskin, 2003, Eq. (35))

E (e*wN‘*(t)) = Eai(Aot®(e™™ — 1)), w > 0.

Also, the mgf of X, ¢ > 1, can be obtained as

1 o]
E (e”**) = Njo1— Aj)e v, (3.27)
]:1
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1 & .

=E [exp | N*(O)In | =D (Aj-1 = A)e 7" . (using (3.27))
Ao e

= Eq1 | Aot | exp lni i()\j_l — )\j)(;w' -1

= Fa; tazo\jflf)\j)e_wj )

§=0
which agrees with the mgf of CFPP (3.20). This completes the proof. O

In view of the above result, the CFPP can be regarded as a special case of the compound
fractional Poisson process Zi]\g(t) X (see Beghin and Macci, 2014, Eq. (7)) when the probability
mass function ¢; = Pr{X; = j} for all integers j > 1 is given by (3.25) and the intensity parameter
of TFPP is A9 > 0. Thus, on substituting A = Ag and ¢; = (Aj—1 —A;)/ Ao in Eq. (12) of Beghin and
Macci (2014), we get the governing system of fractional differential equations (3.3) for the CFPP. It
is known that the compound fractional Poisson process has applications in ruin theory. Biard and
Saussereau (2014) used it to model the claims received by an insurance company. As the CFPP
is a version of the compound fractional Poisson process with the jumps of amplitude j > 1, it can
be used in ruin theory to model the claims of any size. For example, in the case of catastrophic
events like earthquake or tsunami, the number of destroyed houses or property can be of arbitrary
magnitude.

Remark 3.14. The following result holds for M*(¢) (see Di Crescenzo et al., 2016, Proposition 2.2):
Let Aj > 0 forall 1 <j <k and {N%(t)}+>0, 0 < o < 1, be the TFPP with intensity parameter
A=A+ A+ -+ Ap. Also, let {X;}i>1 be a sequence of iid random variables such that it is
independent of {N*(t)}+>0 and

A

Pr{X; = j} =

L i=1,2,... k.
Then,

Ne(t)

M) L N X, t>0.

i=1
On taking A; = A\j_1 — Aj, 7 > 1 and letting £ — oo, we get A = Ag. Thus, Theorem 3.13 follows
as the limiting case of Proposition 2.2, Di Crescenzo et al. (2016).
Remark 3.15. The one-dimensional distribution of TFPP is given by

Pr{N%(t) =n} = ()\ota)”EzjléH(—)\ota), n > 0.

For n = 0, using (3.26) we have

Pr{N(t) = 0} = Pr{N®(t) = 0} = Ea1(~\ot®).



Convoluted fractional Poisson process 1255

As X;’s are independent of N*(t), for n > 1, we get

Pr{NZ(t) =n} = zn:Pr{Xl + Xo+ -+ X = n}Pr{N(t) = k} (3.28)
k=1

n n
N1 = A% ke ks
=> > K[t Ea b (S0,
k=1 @k  j=1 I
where k; is the total number of claims of j units. The above expression agrees with (3.7).

As X;’s are iid, we have

Pr{X,+Xo+-+ X =n}= > Pr{X, =mi, Xo =ma,..., Xz = my}
mit+mo+--+mr=n
MjEN

k
= Z HPT{X] :mj}

mi+ma+--+mp=n j=1
ijN

k
- Z 7’8 H my—1 — Am, ), (3.29)

mi+ma+---+mp=
ijN

where we have used (3.25). Substituting (3.29) in (3.28), we get an equivalent expression for the
one-dimensional distribution of the CFPP as

Pr{N(t) = Z > H i1 — A EFOEEEL (= Xot®).

k=1mi+ma+--+mg=n j=1
ijN

4. Convoluted Poisson process: A special case of CFPP

Here, we discuss a particular case of the CFPP, namely, the convoluted Poisson process (CPP)
which we denote by {N.(t)}i>0.
The CPP is defined as a stochastic process whose state probabilities satisfy

d

&pc(n,t) = —Ap *kpe(n,t) + A1 * pe(n — 1, 1),

with pe(n,0) = dp(n), n > 0. The conditions on A,’s are same as in the case of CFPP.
For a = 1, the CFPP reduces to CPP. Thus, its state probabilities are given by

et =0,

pc(n,t) n— k:+1 . t
t ot mn>1.
RN

Remark 4.1. Let W, be the first waiting time of CPP. Then,
Pr{W. >t} = Pr{Nc(t) =0} = e_AOta t>0,

which coincides with the first waiting time of Poisson process. It is known that the Poisson process
is a renewal process. Thus, it implies that the CPP is not a renewal process as the one-dimensional
distributions of Poisson process and CPP are different.
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1.0
— n=0

n=2

n=3

0.15 0.8 n=4

pe(n, t)
pc(n, t)

0.05

{ 0.2
0.00— | | { 0.0

0 2 4 6 8 10 0 1 2 3 4 5
n t

FIGURE 4.2. The figure on the left hand shows the probability distribution of CPP
for A\; = €77, j > 0 and t = 3 whereas the figure on the right hand shows the
probability distribution of CPP for 0 <t < 5.

A direct method to obtain the pgf of CPP is as follows:

Gc(ua t) = pc(oa t) + Z unpc(n> t)

n=1
n n— k+1

7t)\0+2unzz H j k tk —tAo (41)

n=1 k=1 Ak j=1

— eft)\o exp tZu]()\]—l — )\J) , (using (25))
j=1

o0
= exp tZuj()\j,1 - ;)
§=0
Also, its mean and variance are given by
o
=ty N
Jj=
and

Var (N, Z)\ —&-2ij\ ,

respectively.

Remark 4.2. The CPP exhibits overdispersion as
Var (Ne(t)) — B (Ne(t) = 2t > jA; >0
=1

for t > 0.
Theorem 4.3. The CPP is a Lévy process.
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Proof: The characteristic function ¢.(&,t) of CPP is given by

¢c(&,t) =E <ei§NE(t)> = i epe(n,t), €ER
n=0

n— k+1 )k

Sl (DB oI S

n=1 k=1 Ak j=1

e}
e~ exp tZe@ j—1—Aj) |, (using (2.3))
j=1

=exp | —t Z eI (N —N\j_1)

=0
So, its characteristic exponent is
oo oo
:Z/\_A* &5 Z i1 — A)(1 =€),
Jj=0 Jj=0

Thus, the CPP is a Lévy process with Lévy measure II(dz) = > 22 (Aj—1 — A;j)d;dx, where d;'s are
Dirac measures. U

Remark 4.4. Substituting o = 1 in (3.26), we get

where {X;};>1 is independent of the Poisson process { N (¢) }+>0, i.e., the CPP is a compound Poisson
process. Hence, it’s a Lévy process.

Let {T54(t) }+>0 be a random process whose distribution is given by the folded solution of following
fractional diffusion equation (see Orsingher and Beghin, 2004):
2

P u(x,t

s ) = wu(ﬁ,t), T € R, t > 07 (42)

with u(z,0) = d(x) for 0 < o < 1 and %u(:c,O) =0forl/2<a<]1.
The Laplace transform of the folded solution fr,_ (x,t) of (4.2) is given by (see Orsingher and
Polito, 2010, Eq. (2.29))

o0
/ e S fr, (z,t)dt = s* 1e™®" x> 0. (4.3)
0

The next result establish a time-changed relationship between the CPP and CFPP.

Theorem 4.5. Let the process {Taa(t)}i>0, 0 < a < 1, be independent of the CPP {N.(t)}i>0.
Then,

NE(t) L No(Toa(t)).
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Proof: From (3.1()), we have
00 n n—k+1

N i —A')kj a—1
—|—Zu ZZM H (A 1kj! J (soéj—)\o)k“’ s>0

G2 (u,s) =

Sa+)‘0 n=1 k=1 Ak  j=1
00 n— k—i—l k'j
/ (s +)\0)+Z ZZ H e 1 HN0) k| gy
0 n=1 k=1 Ak j=1
00 ) \ n— k’-i-l k -
&~ —s 0 —uAo
= [T [y S S S R A )

n=1 k=1 Ak j=1
o0
= [T e G, (using (1.1)
0

- [ G / i, (o )dtdps, (using (1.3))
0

= [T ([ Gt Gty .

By uniqueness of Laplace transform, we get

G (u ) = /O Go(uts 1) s, (1 )l
This completes the proof. O

Remark 4.6. For a = 1/2, the process {124 (%) }+>0 is equal in distribution to the reflecting Brownian
motion {|B(t)|}+>0 as the diffusion equation (4.2) reduces to the heat equation

{at (3075)—88 u(z,t), z€R, t>0,
(z,0) = 0(z).

So, N2/2(t) coincides with CPP at a Brownian time, that is, No(|B(t)]), t > 0.

Remark 4.7. Let {H*(t) }+>0, 0 < o < 1, be an inverse a-stable subordinator. The density functions
of H*(t) and T, (t) coincides (see Meerschaert et al., 2011). Thus, we have

Nt L N(H (1)), t>0, (4.4)
where the inverse a-stable subordinator is independent of the CPP.

Meerschaert et al. (2011) showed that the TFPP is a scaling limit of a continuous time random
walk (CTRW). Here, we show that the CFPP occurs as a CTRW scaling limit.

Let Wy, Wa, ..., W, be iid waiting times such that Pr{W,, >t} =t *L(t), where 0 < o < 1 and
L is a slowly varying function. For example, the Mittag-Leffler waiting times. There exist b, > 0
such that

(Wi +Wo+ -+ W,,) = D*(1),

where = denotes convergence in distribution, that is, Wj belongs to the strict domain of attraction
of some stable law D%(1). Let b(t) = b. Meerschaert et al. (2011) showed that there exists a

regularly varying function b with index « such that 1/b(b(c)) ~ ¢, as ¢ — oo. Now, consider a
renewal process
R(t) = max{n >0:T, <t},
where T,, = W1 + Wo + --- + W,,.
Let {X;}i>1 be a sequence of iid random variables whose distribution is given by (3.25) and
V) be a Bernoulli random variable independent of {X;};>1 such that Pr{Y®) = 1} = p and
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Pr{Y(p =0} =1—p. Let Z; = X;Y®) i > 1. Note that Z;’s are iid random variables. Also,
let S®P)(n) = 3% | Z;. Then, S®)(R(t)) is a CTRW with heavy-tailed waiting times and jumps
distributed according to the law of Z.

Theorem 4.8. The CFPP is the scaling limit of a CTRW. That is,
{SUO oR(N])} g = IN(H (1) iz
as ¢ — oo in the My topology on D (]0,00),R).
Proof: On substituting o = 1 in (3.20), we get
E(e "Ne®) = exp [ —t* i()\j —Nj—)e |, w > 0.
=0
Also,

E (%) =) e “IPr{Z = j}

M

<
Il
o

=Pr{X, V) =0} + ) e Pr{X, v = j}

j=1
=Y Pr{X; =Y =0} + Y e WP, = j,Y®) = 1)
Jj=1 j=1
= Z Pr{Xl = j}Pr{Y(p) = 0} + Z e_w‘jPI'{Xl = ]}PI‘{Y(p) — 1}
J=1 j=1
= £ S _ —wj
- )\0 .7 1 )

where the independence of YOU and {X;};>1 is used in the penultimate step. Thus,

o [Mot/p]

E <6_w5(p)([>\0t/p])) =1+ )% Z()\j,l — )\j)e—wj
=0

— exp —tZe )\ - Xi—1) |

as p — 0. Here, we have used the fact that (1 + ap)l/p — e%as p — 0. Thus, S ([\ot/p]) = Ne(t)
for any ¢t > 0.
From this stage the proof follows along the similar lines to that of Theorem 2.5 of Meerschaert

et al. (2011) with the Lévy process {Ne(t)},-, and the CTRW {S(l/i’(c) ([MoR(ct)] }t>0 O

Next we show that the CPP can be obtained by time changing the CFPP by a suitable random
time process whose one-dimensional distribution is given in terms of the H-function.

Cahoy and Polito (2012) defined a random time process {H*(¢)}+>0, 0 < a < 1, whose density
function fa @ (2,t), x > 0, is given by

Trew(z,t) = Hi(l)

Tagx

(1-1/a, 1/a)]
(0,1) '
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Also, it has the following Mellin transform:

Tt

T TaT /e t>0, veR. (4.5)

/0 :U”_lfHa(t) (x,t)dx

Here, Hi(l)( -) denotes the H-function, for more details on this function we refer the reader to Mathai
et al. (2010).

Proposition 4.9. Let the process {H*(t) }+>0, 0 < a < 1, be independent of the CFPP {N&(t)}+>0-
Then,

No(t) £ N (HO(1)), t>0.
Proof: Using (3.8), we have

[ G2 ) ey st
/ Z“ pe (n, 8) fage () (s, t)ds

=/0 (Eal( Aos®)

n—

k+1 - )
H ]7 ’WE(’;?QH( /\oso‘)>f7.[a(t>(s,t)ds
A :

(& /C+ZOOF()F(1—Z) S yl*A)J

= — AosY) T *dz + — e
TN = DS

1 etioo P(AT(k+ 1 — 2)

278 Je—ioo D(a(k—2z)+1)

1 et D)1 —2)Ag ° © s
= — _ a t)ds | d
278 Je—ico F(l - az) (/O ’ fH ®) (87 ) s) ‘

()\Qs(’)_zs’mdz) Fre (s, t)ds, (using (2.7))

1 [fetie T(2)D(k+1—2)A5 " ( O e )
C— ATAE L t)ds | d
i ) TG U T e 0 ) a:

1 c+ioco
T'(2)(Aot)~*dz

278 Je—ioco

k+1 .
n—k+ ])k] tk

> n c+ioco
+ Z u” Z H 7% /Ciioo I'(z)(Aot) " *dz, (using (4.5))

= Gc(u7 t)7

where in the last step we have used (4.1). O

5. The dependence structure for CFPP and its increments

In this section, we show that the CFPP has LRD property whereas its increments exhibits the
SRD property.

For a non-stationary stochastic process {X(¢)}:>0, the LRD and SRD properties are defined as
follows (see D’Ovidio and Nane, 2014, Maheshwari and Vellaisamy, 2016):
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Definition 5.1. Let s > 0 be fixed and { X (¢) }+>0 be a stochastic process whose correlation function
satisfies

Corr(X(s), X(t)) ~ c(s)t™7, as t — oo,
for some ¢(s) > 0. The process {X (¢)}+>0 has the LRD property if v € (0,1) and the SRD property
if v € (1,2).

First, we obtain the covariance of CFPP. Using Theorem 2.1 of Leonenko et al. (2014) and the
subordination result (4.4), the covariance of CFPP can be obtained as follows:

Cov (N (), N'(t)) = Cov (Ne(H(s)), Ne(H™(1)))
= Var (N,(1)) E(H(min{s, t})) + (E(N.(1)))2 Cov (H*(s), H*(t)), (5.1)

where we used Theorem 4.3 and the fact that the inverse a-stable subordinator {H(t)};>0 is a
non-decreasing process.

On using Theorem 2.1 of Leonenko et al. (2014), the mean and variance of CEPP can alternatively
be obtained as follows:

E N (1) = EWNe(1) E (H*(1))
and
Var (N2 (t)) = (E (Ne(1)))* Var (H (1)) + Var (Ne(1) E (H(1)) ,

where the mean and variance of inverse a-stable subordinator are given by (see Leonenko et al.,

2014, Eq. (8) and Eq. (11))

tO[
E(H*(t)) = m
d

b Var (H*(t)) = t*® 2 1 5.9

wH) = Fa 1) ) (5:2)
respectively.
Remark 5.2. From (3.13), (3.14) and (5.2), we get

2
2630215 i
Var (NZ(t)) — E (N (1) = # + Z)\J Var (H(t)) .

=
Thus, the CFPP exhibits overdispersion as Var (N(t)) — E (N2(¢)) > 0 for t > 0.

Let

2
> 2

- a—|—1 ]ZA]’ 5= ( F(2a+1) a+1) ZA

and
a+1 Z)\ +2Z;A
For 0 < s <tin (5.1), we get
2
Cov (NZ(s), No(1) =Ts™ + | D _Xj | Cov (H(s), H*(t)). (5.3)

For large t, the following result due to Leonenko et al. (2014):

8201

Cov (H(s), H*(t)) ~ 2o+ 1)
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is used to obtain

Cov (N (s), N (t)) ~ Ts* +

We now show that the CFPP has LRD property.
Theorem 5.3. The CFPP exhibits the LRD property.
Proof: Using (3.14) and (5.4), we get the following for fixed s > 0 and large t:

) . B Cov (N2(s), N&(t))
Corr (N (s), N&(t)) = \/Var (N2 (s))/Var (N2 (t))

2
I'(2a+1)Ts™ + (Z]O‘io )\j> 52

" T(2a+ 1)/Var (N2 (s))v/Se2 + Tto
~co(s)t™,
where )
I'(2a+1)Ts™ + <Z?i0 )\j) 52
ols) = (20 + 1)/ Var (N2 (s))v/S
As 0 < a < 1, the result follows. O

Remark 5.4. For 0 < a < 1, we have shown that the CFPP has the LRD property. Similarly, it can
be shown that the CPP exhibits the LRD property.

For a fixed 6 > 0, we define the convoluted fractional Poissonian noise (CFPN), denoted by
{Z%5(t) }1>0, as the increment process of CFPP, that is,

es(t) = NZ(t+6) = NZ (1)
Next, we show that the CFPN exhibits the SRD property.
Theorem 5.5. The CFPN has the SRD property.

Proof: Let s > 0 be fixed such that 0 < s + 9 < t. We have,
Cov(25(s), Z5(8)) = Cov (N (s + 8) — N2 (), N2t + 8) — N2(8))
= Cov (N (s 4 0),NZX(t + 9)) + Cov (N (s), N (1))
— Cov (N (s +8), N¥(t)) — Cov (NZ(s), N2 (t + 0)) . (5.5)

Leonenko et al. (2014) obtained the following expression for the covariance of inverse a-stable
subordinator:

Cov (H(s), H*(t)) = (as®*B(a,a+ 1) + F(a;s,1)), (5.6)

I?(a+1)
where F(a;s,t) = at?*B(a,a + 1;s/t) — (ts)®. Here, B(a,a + 1) is the beta function whereas
B(a,a+ 1; s/t) is the incomplete beta function.

On substituting (5.6) in (5.3) and using the following asymptotic result (see Maheshwari and
Vellaisamy, 2016, Eq. (8)):

_a2 Sa—f—l
F(a78,t)Nmtlj7 as t—>OO,
we obtain
a? gatl
COV(NS(S))NCO‘(t)) NTSQ+R2 (a$2aB(a7a+1> — (O{—i-l)tl_a) as t — o0o. (57)
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From (5.5) and (5.7), we get the following for large ¢:

N N R2a2 Sa+1 (S 4 5)a+1 Soz—i—l (S +5)a+1
COV(ZC,S(S)a c,5(t)> ~ a+1 ((t—i—(S)l_o‘ + tl—a - - - (t—i—(S)l_a)
_ R?a? ((t-f— 5)a—1 - ta—l) (Sa—i-l - (S + 5)044-1)
a—+1
0425(1 —a) a+1 a+1) p2ia—2
Now,
Var(Zg5(t)) = Var(NVS (L +0)) + Var(N(t)) — 2 Cov (N (t), N (t +9)) - (5.9)
From (5.3) and (5.6), we have
Cov (N2 (t), NO(t + 6)) = Tt* + R?* (at**B(a,a + 1) + F(ast,t +6)), (5.10)

where F(a;t,t+6) = a(t + 0)?**B(a, a+ 1;t/(t +6)) — (t(t + 6))°.
For large ¢, we have

F(a)M(a+1)
B 1;t/(t+9)) ~ B l) = ————+=
Substituting (3.14) and (5.10) in (5.9), we get

Var(Zg5(t)) ~ (S — 2R*aB(a, a + 1))t** + (S — 2R*aB(a, a + 1))(t + 6)**
+T((t+6)* — %) + 2R*(t(t + 6))*

(1t ) e (o) )

~ Tadst* ™t — R?a?§*2 2
~adTt*™ ! as t — oo. (5.11)
From (5.8) and (5.11), we have
0[25(1 _ a) ((S + 5)a+l _ 8a+1) R2¢0—2
(a+ 1),/ Var(Z25(s))VadTte!

= c1(s)t7 B2 ast — oo,

Corr(Zg5(s), Zes(t)) ~

[}

where
a?5(1 — a) ((s + )t — SO“H) R2
ci(s) = :
(a+1),/Var(Z%s(s))VadT
Thus, the CFPN exhibits the SRD property as 1 < (3 — «)/2 < 3/2. O
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