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Abstract: The paper deals with a fractional time-changed stochastic risk model, including stochastic
premiums, dividends and also a stochastic initial surplus as a capital derived from a previous
investment. The inverse of a v-stable subordinator is used for the time-change. The submartingale
property is assumed to guarantee the net-profit condition. The long-range dependence behavior is
proven. The infinite-horizon ruin probability, a specialized version of the Gerber-Shiu function, is
considered and investigated. In particular, we prove that the distribution function of the infinite-
horizon ruin time satisfies an integral-differential equation. The case of the dividends paid according
to a multi-layer dividend strategy is also considered.
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1. Introduction

The motivation of such a contribution relies on the need to specialize (in the fractional
context) the Cramer-Lundberg-type risk model with a random initial surplus (cf. [1-3]).
The choice of the time change by means of the inverse of a v-stable subordinator ([4])
applied to the classical (integer) risk model is related to the possibility to make the last one
more flexible for applications: indeed, the fractional model evolves on a stochastic time
scale, and this aspect is revealed to be optimal in the financial application context in which
the changes in the capital value evolve on a time scale strictly linked with the occurrence of
other stochastic events ([5-8]). Moreover, the insertion of a random variable as the initial
surplus is made in view to start from capital derived from previous investments.

The paper focuses on the study of the stochastic process denoted by S{,t (which stands

for S{,( (t)) as defined in (1)). It can be useful to model a surplus process of an insurance
company with an initial capital, with probability density function f, subject to the dividend
payment in a random time, regulated by a v-stable subordinator, and also subject to further
random variations due to the premiums and claims occurring in random times and with

random sizes, respectively. The process S{,t can assume positive real values; in the case
where it assumes zero value or negative values, the insurance company is ruined, and the
time of this occurrence is called the ruin time. In the stochastic modeling of such financial
phenomena, it is of interest to describe the ruin time probability (see, for instance, ref. [9]).

The real life examples useful to understand why such kinds of time-changed models
are particularly advantageous include financial (as well as biological and other nature) dy-
namics subject to random changes in random times ([5,9]). More specifically, this means that
random variations are applied in correspondence of the occurrence of other phenomeno-
logical random events affecting the evolution of the focused process. For such types of
dynamics, the use of the inverse of a stable subordinator is suitable because, in particular,
an v-stable subordinator is a pure jump Lévy process, and its inverse (the new time) shows
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random jumps with random amplitude as well as plateau periods (freezing times or times
of constancy) in correspondence with the jumps of the subordinator.

A further feature of time-changed stochastic processes is to show a long-range depen-
dence in the correlation function. This is often used to construct models with the so-called
long-memory properties (see, for instance, in the financial context, [10] and the references
therein). Indeed, such processes are particularly suitable to describe dynamics, including
memory effects. See, for instance, theoretical settings and applications of this type of
process in different contexts, such as in neuronal modeling ([11,12]), in diffusion dynam-
ics ([13,14]), in population dynamics and birth-death processes ([15,16]), and in service
systems modeling and queuing theory ([17,18]).

By keeping in mind all these advantageous properties, here, we introduce a fractional
time-changed risk model, and in order to provide a further generalization, we also consider
a random initial capital and a multi-layer dividend strategy. Hence, in the next subsec-
tions, we define the proposed model, providing all details about the involved processes,
such as the fractional compound Poisson processes and the inverse of the subordinators.
In Section 2, we prove the submartigale property, and in Section 3, we provide the mean and
covariance of the fractional risk process. In Section 4, we prove the long-range dependence
property. In Section 5, we address the problem of the ruin probability. In Section 6, we pro-
vide the integral-differential equation for the distribution function of the infinite-horizon
ruin time, and we also consider the multi-layer dividend payment strategy.

1.1. The Fractional Time-Changed Risk Model

Here, we consider a classical probability space (), F,P) endowed with a natural filtration
(Ft)>0 with respect to all stochastic processes and the random variables here considered. We

specifically consider the v-fractional surplus process 51{,t described by the following equation:

vt NR
Sl =X—cLu(t)+ Y Ai— ERZ, t>0,ve(01) )

vt

with S{,o = X (a.s.). In this risk model, we consider an initial non-negative absolute
continuous random surplus X from which the dynamics starts, where f(x) is the probability
density function (pdf) of X. Then, £, (t) is the stochastic time process defined as the right-
continuous inverse of an v-stable subordinator o, ([19]), i.e.,

Ly(t)=inf{s >0:0y(s) >t} t>0, ve(01). )

We refer to the v-stable subordinator {cy(s),s > 0} defined as an increasing Lévy
process such that, for 8 > 0 : Efe %()] = ¢=5¢" (See also [15] for details and other
examples of subordinators).

Hence, a stochastic dividend payment as time f and £, (t) increase, with the rate ¢ > 0,
is subtracted from the surplus value. Then, the value of the surplus S£,t can be augmented
by stochastic premiums, whose sizes is described by the sequence (A;);>1 of non-negative
independent and identically distributed (i.i.d.) random variables (r.v.s) with a cumulative
distribution function (c.d.f.) F4(a) = P[A; < a] and p4 > 0 finite expectation. The random
number of premiums in the time interval [0, ¢] is a fractional time-changed Poisson process
(Nf}t)tzo obtained as

N = N2 (t) = NA(L(1), t>0,ve(01), 3)

where N“(t) is the classical Poisson process, with constant intensity A 4 > 0, independent

on L, (t) (cf. [2,4]). Hence, the fractional compound Poisson process )} *; NGy A; models the
additive premium process.
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Instead, the value of the surplus s/ v, can be reduced by stochastic claims, whose
sizes is described by the sequence (Ri)zzl of ii.d. r.v.s with c.d.f. Fr(r) = P[R; < r] and
ur > 0 finite expectation. The number of claims in the time interval [0, {] is a fractional
time-changed Poisson process (Nﬁt)tzo defined in analogy to (3) as

NE, = NE(t) = NR(L,(t)), t>0,ve(01), )

where NR(t) is the classical Poisson process, with constant intensity Ag > 0, independent
on Ly(t). Thus the total claims in [0, ] are modeled by the fractional compound Poisson

process Zl 1 R;. Moreover, we assume that }_; " NG 1 A= 0 if NAt =0and )}, " NG 1R = 0if
NR, = 0. Take into account that the r.vs (R; )121, (Ai)iz1, (NR)i=0 and (
mutually independent.

Summing up, in the model based on Equation (1), we specify that v,c, Aa, AR, pa, Hr
are parameters, whereas X, A;, R; are random Variables t is the time, £, (t) is the stochas-
tic process used to the time-change, N t and N, t are the fractional stochastic counting
processes ([20-22]).

Note that if v = 1, the considered model is the corresponding integer risk model:

)t>0 re

N{ ;
Sf=X—ct+Y A -Y.R, t>0, ()
i=1 i=1

with Sg = X (a.s.), where N/* and NR are classical Poisson processes.

1.2. The Fractional Counting Processes for Premiums and Claims

Referrmg to the premiums, by using the probability density f, (s, t) of £, (t) such that
fu(s, t) = a SP(Ly(t) <s) (cf. [23]), the one-dimensional distribution of N{f}t can be obtained
with a subordinator operation, such as (cf. [2]):

) k
PNAD) =k = [ 4L o s = LAV R0 e

where El(,k> (—Aat") is the k-th derivative of the following Mittag—Leffler function ([24,25])

n

[e¢]
z
E =) = 0, C, 6
v(z) ngol"(m/—i-l) v=0ze ©)
evaluated inz = —AxtY.
Furthermore, the mean and the covariance of the process Nj}t are, respectively,:

EINA ()] = F A

and
Aa(min (¢,5))Y

Ir'v+1)

where the covariance of the inverse of the v-stable subordinator L, (t) is ([26])

Cov(N/ (), N (s)) = +A4Cov(Ly(t), Lu(5)), @)

t?B(s/t;v,v+1) +s%B(v,v+1) o (st)”
r(v)f'(v+1) I2(v+1)

Cov(Ly (1), Lo(s)) = ®)

with B(a, b) and B(z;a,b) are the Beta function and the incomplete Beta function, respec-
tively. Then, its variance is

Aat? AG (T (v)
Var(NZ2(t)) = F(VA+ ) + 1"2(34- 1) <r(21/) N 1)'
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All the same above specifications can be obtained similarly for the counting process
NJ(t) of claims by substituting A 4 with Ag.

1.3. The Fractional Compound Poisson Process

: : Ny} Ny :
For the two fractional compound Poisson processes Zi:”lt A; and Zi:”f R;, we give the
same details in the following Lemma by referring to the general counting Poisson process
denoted by N, ; and the general fractional compound Poisson process denoted by EN” Y;,

with Y; i.i.d. random variables.

Lemma 1. For a fractional compound Poisson process Zfi”f Y;, with Y; i.i.d. random variables,
and Ny = N(L,(t)) with A—intensity Poisson process N (t) independent on L, (t), it holds

(i)

N N N, 2
vt [ ])Ltv vt v,s Y ]/\S
E _Z}Yf] o1y SO | LY | = p gy Y B CovlL®), Lits)),
(i)
Nys Nyt
Cov lﬁv() ; Cov [ Ly( ),;Yi = E[Y;]ACov[Ly (1), L (5)].
Proof. (i)

At first, by applying the freezing lemma, we have

Nv,t
E Z Y| = E[]E[Yl +Y+...+ YNL/,t|NVrt]]
i=1
— E[Y]E[Ny] = E[Y;JAE[L, (£)] = E[Yi]r(jil).

Then, by taking into account the mutual independence of Y;, similarly,

Nys Nys Nys
(ZY) ZY2+ ERAYT
Lj=Li#]

= E[Yi ]E[Nv,s} + E[Yin] (E[Nss] - E[Nv,s])
AsY A%s% uT(v)
Tv+1) v+1)r2v)’

=E[Y}] + (E[Y))?
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For s < t, we also have

(2)(E)

E

) (£ E)

Nv,s 2 Nv,t Nv,s
=E (2 Yi> +E| ) Y vy
i=1 i=Nys+1j=1

= BNV gy + EVYI(BING] BN + DY EINGs (N = Nos)
= B gy + (YD (EIN.sNo) — E[N,)
- BV i 15+ (B[] (COV (Nus Nog) + B[N JE[Nug] — E[N,.)
v 2.V4V
— B[Y?) oy o (B (A2Cov(£4(0), £4(8)) + o 772 )

Consequentially, we obtain the second of (i) as

Nv,f Nv,s Nv,t Nv,s Nv,t NI/,S
COV[ZYI,ZYI =K (Z Yl> (Z Yl> —E ZYl E ZY;|
i=1 i=1 i=1 i=1 i=1 i=1
v 25V
~ B[Pl gy + (B (A2Cov(£u(8) £4(6)) + 1 177z — BN BN ).

(ii) Furthermore, we also obtain (ii) by recalling that

Ny
Cov|Ly(t), ) Y;
I i=1
M Nys Nys
=E|L,(t) Y Y| —E[L,()]E|}.Y;
i -1 i1
Nys Ny,s
| £, 0E| Y viNa| | - g £ [ 3 v, ]
i i=1 -1

E[Yi|E[Ly()ALy(s)] — E[Ly (1) E[Y]AE[L,(s)]
E[Y;]ACov[L, () Ly (s)].

O

2. The Submartingale Property

Assumption 1. To guarantee the net profit condition, we assume that the process
Njuia — Niypr — cLo(t) ©)
is a submartingale.
Hence, the direct consequence of such an assumption is the following proposition.

Proposition 1. Under Assumption 1, the fractional risk model (1) is a submartigale.
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Proof. Consider, for t > s

E [/ (t) - 8L (s)| %]

NL/'L}t Nll/a,t les Nﬁs
=E[Y A=) Ri—cLy(t) =Y Ai+ Y Ri+cLy(s)|Fs
i=1 i=1 i=1 1

i=

N7y Ny
:7CE[£V(t)*Ev(S)‘]:S]+E 2 Ai* 2 Ri|~7:s
| i=N{k+1 i=NE+1
N7y NJy
— —CE[L,(t) - L,(s)| F)+E|E| Y AlF ‘]—"s ~E|E| Y RI|A ‘]—“s
| [=N&+1 i=NF+1

= —cE[Ly () = £(5)| 5] + B[ (N = Nial Fs| — B[ (NS, — NE e | 7]
= E[letVA - NEtVR —cLy(t)|Fs) — E[les.“A - NII/{,sVR —cLy(s)] Fs]-

Hence, E {S{(t) — S{(s) |]:s} > 0if and only if

E[Nf/‘}tl‘A - Nf,tP‘R —cLy(t)|Fs] > lesVA - Nﬁs#R —cLy(s) (as.),
which holds under Assumption 1 of the submartingale property for the process (9). O

3. Moments
Proposition 2. The expectation of the fractional risk model (1) is:
t]/

EIST(0] = BIX]+ (apa = Ak =€) 5o

(10)

with (Agpa — ARUR — ¢) > 0 under Assumption 1.

Proof. In order to evaluate the mean of the fractional risk model (1), we first write the
expectation of the fractional counting processes for premiums and claims. Indeed, we have

Niy Aat? Ny ARt
E ZAi :mﬂm E ZRi :mm{-

i=1 i=1

Then, by taking into account also that

tl/

ElL.(6)] = T(v+1)

the (10) is obtained by substituting of the above results in the following formula

E[S)(t)] = E[X] — cE[Ly ()] + E
i=1

=E[X] +E[Ly(t)](Aapa — ARMR — ©).
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Proposition 3. Under the assumption of the mutual independence of all involved random variables,
the covariance of the fractional risk model S{ (t) s, fors < t,

Cov[sL(t),S(5)] = Var(X)

+ Cov[Ly(t), Lo(s)](c* — 2cpara + 2curAR + A p5 + Ajug)  (11)
sl/
+ (E[4})A4 +]E[R1-]AR)W.

Proof. From the definition (1) of the process S{ (t), we can write

Covl[S) (1), S1(s)] = Var(X) + Cov[Ly(t), Lu(s)]
[ N ] N

— cCov |Ly(t), ) Ai| +cCov|L,(t), )} R
— cCov|Ly(s), ) Ai| +cCov|Ly(s), ) R;

R R
Nv t Nv,s

+ Cov [Z Rir Z Ri
i=1 i=1

[AJA A
Nv,t st

+ Cov 2 Ai/ Z Ai
_i:l i=1

where
_ N,
Cov [[,V Z A;i| =Cov Z Aj| = puaraCov|[Ly(t), Ly(s)],
NR
Cov | L, (¢ Z R; ] = Cov { Z R; ] = UrARCov[Ly(t), Ly(s)]
and
Nz, N 2
_ E[Af]AasY
Cov Z Aj, Z Al = M + A u5Cov[Ly(t), Ly(s)],
NR, NR 2
v, vis E[RF]Ags¥
C Ri,Y R;/| = ———+ Cov[Ly(t), Ly(s)].
ov [2 ;1 F(V+1) RVR OV[ ( ) (S)]
Hence,

Cov[SL(t),Sl(5)] = Var(X) + c2Cov|[Ly(t), Ly(s)]
— 2 ‘MA)\ACOV[ﬁv(t), £V<S)] + 2¢ ]JR)\RCOV[ﬁv(f), £V<S)]
Ntét NLI’QS Nll/{,t Nll/z,s ]

+ Cov + Cov

Y An L A ) Ri ) Ri
i=1  i=1 i=1  i=1
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Then,

Covl[S] (1), SL(s)] = Var(X) + cCov[Ly(t), Ly(5)](c — 21aAa + 2urAR)
E[A?]A 45"
I'(v+1)
E[R?]Ags"
Tw+1)

+ AZu4Cov[Ly (1), Lo(s)]
4 /\%V%COV[Ev(t)/ Ly(s)].

Finally, we obtain (11). O

4. The Long-Range Dependence

We recall that, for a fixed s > 0 and t > s, a non-stationary process Z; (related
to a fractional order «) is said to show so-called long-range dependence behavior if the
correlation function is such that

Corr(Z(s), Z(t)) ~ca(s)t™", wa€(0,1), ast— oo

with ¢, (s) a constant depending on « and s.
(Note that the notation “f(x) ~ g(x) for x — co”means that the two functions show
the same asymptotic behavior as x increases.)

4.1. The Long-Range Dependence of the Process L, (t)

From [2], the inverse of the v-stable subordinator, the process L, (t) has long-range
dependence behavior. Indeed, it was proven that, for fixed s and large ¢, of the covariance of
L, (t) is the following:

Cov(Ly(s), Ly(1)) = (W + .- +52V>B(1/ +1,v) (12)
VAT - \I'(V)T(2+v) ’
and the variance ) .
Var(Ly(1)) = tzv(r(2u+ 1) rz(v+1)> 13

in such a way that the correlation function is
i 2
(W +---+s V)B(U+1,V)

\/SZV(F@VZH) - Fz(v1+1))\/t2v(F(2v2+1) B rz(v1+1)) |

Hence, it shows long-range dependence behavior

Corr(Ly(s), Ly (1)) =

B(v+1,v)

Corr(Lu(s), Lu(8)) ~ =13

Y, bt — 0o, (14)
with ¢, (s) as a constant depending on v and s.

4.2. The Long-Range Dependence of the Fractional Risk Process S{,( (1)

Proposition 4. The fractional risk process S{ (t) has the following long-range dependence behavior
Corr[SL(t), S0 (s)] ~ K(s,v)t ™", t— oo
withv € (0,1) and K(s, v) is a constant depending on s and v.

Proof. From (11), we have
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Var(X) + hCov[Ly(t), Ly(s)] +k

Corr[SL(t), 5L (s)] = i i) (15)
\/Var )+ hVar[Ly (s)] + k /g \/Var(X + hVar[Ly ()] +k gy
with h = (c? — 2cpigAa + 2cHRAR + )\AyA ARu%) and k = (E[A?]A4 + E[R?]AR).
Then, setting Ay (s) = Var(X) + kyry (V 1), We can write
Corrls{ (1), 5/(5)) = si0hias LAV ZoA0) 6
VAy(s) +hVar[Ly(s)]\/Ay(t) + h Var[L,(t)]
where a more compact expression can be
Corr[S](t), 8] (s)] = Hi(s,t,v) + Ha(s, t, v)Corr[Ly (1), Ly(5)] (17)
with A(s)
Hi(s,t,v) = -
15 tv) VAy(s) +hVar[Ly(s)]\/Av(t) + h Var[L,(t)]
and

Hafs,1,0) = T Narl £, 5 Ve £, (1) =

\/ v(s)+h Var[L, (s)] \/A,, t)+h Var[L
Var[L, (s)] Var[L‘v(t)]

By taking into account (12) and (13), the asymptotic behaviors when t — oo can be
written for suitable constants ¢1(s,v) and ¢3 (s, v):

Var(L,(t)) ~c1(s, V)t and A,(t) ~ ca(s,v)t,
from which we can derive that
Hi(s,t,v) ~ Cy(s,v)t™"

and
Hy(s,t,v) ~ Ca(s,v)

with Cy(s,v) and Cy(s,v) as suitable constants depending on s and v. Finally, we obtain
that the asymptotic behavior, when t — oo, for fixed s, of the correlation function is

Corr[S)(t), S (5)] ~ Ci(s,v)t " + Ca(s, v)Corr[Ly(t), Lo (s)] (18)

showing the long-range dependence behavior also for s/ (t) involving that of £, (t), i.e.,

B(v+1,v)

Corr[S](t), S0 (s)] ~ (Cl(s,v) + Ca(s,v) o0

y”,t%w.

This completes the proof by identifying

K(s,v) = (Cl (s,v) + Cz(s,v)B(Hl’U)).

cv(s)
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5. The Ruin Probability

Now, in order to focus on the main quantity of interest in a financial context of
application, i.e., the ruin probability, we first define the conditioned ruin time

T (x) = inf{t > 0: 5/, <0]X = x}

for the risk process {S{;t}tzo defined by (1) and conditioned on the event X = x. In this
paper, we specifically focus on the integrated ruin time

f_ [7 _
T —/0 Ty (x) f(x)dx = E[1,(X)] (19)

that is also the mean of the ruin time with respect to the random initial surplus. Note
that if f(x) = &y, i.e., the whole unitary probability mass concentrated in a fixed x € R"
and v = 1, then ¥ = 7(x) is the classical ruin probability. The relationship between 7(x)
and 7, (x) is derived by applying a subordination operator between the probability laws,
ie,Vit>0,

P(t,(x) < £) = /0 TP(r(x) < 2)fy (2, 1)dz

with f,(z,t) density of £, (t). Clearly, we have P(7,(x) < t) # P(t(x) < t).
We denote by

gu(x) = E[1(t] < 00)|X = 2] = E[1(7y(x) < 0)] (20)

the infinite-horizon ruin probability conditioned by X = x.
In [2], it was proven that such a probability is the same of that of the integer case
forv = Lie, ¢y(x) = ¢(x) = E[1(7(x) < o0)], and here we also prove it by using the

definition of a sequence of finite-horizon ruin times.

Proposition 5. We have
P((x) < 00) = P(1(x) < 0).

Proof. For T > 0, let

if T
TV(X, T) _ Tv(x)r 1 Tv(x) € (0/ ) (21)
T, otherwise
be the finite-horizon ruin time with fractional order v € (0,1) and let
, if 0,T
() = L T €OT) 22)
T, otherwise

be the finite-horizon ruin time in the integer case. We assume that 7, (x, T) is absolutely
continuous random variable with density f . 1)(s), s > 0, the same for 7(x, T) with
density fr(,1)(s). Let fr(y)(s) and f (4 (s) the density of 7(x) and 7 (x), respectively. For
t € (0, T), consider the event A; 1 = {7,(x, T) < t} whose probability is given by

P(Arr) = P(t(x,T) < t) = /0 T P((x, T) < 2)f (2, t)dz,

with f,(z, t) the density of £, (t). We have that the random times 7,(x, T) and 7(x, T) are
such that
T(x, T) < 1(x), (x,T) < 7(x), VT >0,

where the equality holds only in the case 7, (x) and 7(x) are bounded themselves, respec-
tively. Moreover, for T — oo, 7, (x, T) — T,(x) and t(x, T) — 7(x) weakly. Hence, we also
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have that, for T — o0, At — At = {Tv(x) < t}. Furthermore, we can apply the Fubini
theorem, and we can write

P(r(x) < ) = lim P(r,(x,T) < 1) = lim de%D<@ﬁ@ﬂﬁ

T—oo
= lim [ [ fepen @)dshi(z0) Z—Tlgr;o/ | Az ()ds

:/0 /s fu(z,t)dlegr;ofT(x,T)(s)ds=/0 P(Ly(t) > 5) fr () (5)ds.

Then, for t — oo, the last equation becomes:

P(ty(x) < o0) = tlim P(Ly(t) > ) fr(x)(s)ds = P((x) < o0)
—00 Jo
by using im; ;e P(Ly(t) >s) =1, Vs> 0.
Hence, we obtained the thesis. [

6. The Integrated Infinite-Horizon Ruin Probability

As a consequence of the results of the previous section, it appears reasonable to study
the distribution of the infinite-horizon ruin time T, (x) defined as

pu(x;t) =E[1(r(x) < t)] =P(ry(x) < t) = Tlim P(t,(x,T) < t) (23)
— 00
and its integrated version as defined in what follows.
We define the integrated (or expectation respect to the initial surplus X) infinite-horizon ruin
distribution as, for t > 0,

vl = [ pulxi)f (nix = Elg(X;1) 9

with
ou(x;t) =E[1(t] < )X = x] = E[1(t(x) < )] (25)

where 1(+) is the indicator function. Moreover, from (24) and (25), we have:
¢l (1) = E[1(t] < 1) =P(x] <¥). (26)

Note that the conditioned ruin distribution ¢q(x;t) in (25) coincides with the ruin
probability ¢ (x) of [3] for t — co, and for f(x) = &y, i.e.,

lim g1 (x;4) = Jim g (1) = ()

of [3], with Jy the delta distribution function centered in x, corresponding to the case
of P(X = x) = 1. We highlight that the proposed model in this paper is the fractional
generalization of the previous ones in which the surplus risk process, conditioned by the
fixed initial capital x, is here represented by the case of S

Specifically, the study of (19) and (24) for several pdf f(x) and v is interesting to
investigate which v (discriminating for the choice of the time-scale) and which pdf f(x) are
suitable for minimizing the infinite-horizon ruin probability. Note that the ruin probability,
obtained from (25) for t — oo, is a particular case of the expected discounted penalty
function, which is also called the Gerber-Shiu function.

Here, by exploiting the results of Ragulina (see [3] and the references therein), we
derive specific results for (24) and (25) related to the process (1).
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6.1. The Model with Time-Space Multi-Layer Dividend Payment

We also extend our study to the case of multi-layer dividend payments, i.e., to
the model:

A R

fL k ﬁv(t) fL Nv,f Nv,t
%t:X—ZqA 10y < ShE < 1)dw+ Y A — YR, £>0,k>2, (27)

j=1 i=1 i=1

in which the insurance company follows a k-layer dividend strategy payment taking into
account also the premiums and claims regulated by the fractional compound Poisson
processes N;‘}t and th, respectively. Here, L = (lo,I1,...,lx_1), with 0 < [y < [} <
-+ < Ip_1 < 00, is the k-dimensional vector whose real-valued components represent the
boundaries of the layers.

Now, we can apply our investigation strategy for the corresponding 4)5 (t); however,
an additional definition for the study of the ruin probability is required. For z € R, we

define the space shifted IIJ{(Z; t),ie.,

Wl = [ eGrpnf@a, for z=y20yeR?,

pl(z:t) = (28)

l[){f(—y,‘t) :/ ov(x—y;t)f(x)dx, for z=-y<0,yecR".
Y

This is the space mean (respect to X) of the infinite-horizon ruin probability of S£,t

process of model (1) when the random initial surplus X is shifted by z, i.e.,

¥l (zt) = E[gy(X +21)] (29)

with
pv(x+z;t) = E[l(r{(x+z) < H|X = x]. (30)

In addition, from (24), we specify that

$l(0:) = 9l(1) = J57 pu (i) f(x)dx (31)
and, setting [y = 0, [ = oo, for the j-th layer, with 1 < j <k, we define

l.
/l] pv(x+yt)f(x)dx, forz=y>0,

lEn=¢ (32)
/] ov(x —y;t)f(x)dx, forz=—y<D0.
Y
Finally, we have
k .
COEDWACH (33)
j=1

6.2. On the Stochastic Representation of the Fractional Poisson Process

In analogy to the classical representation of the Poisson process as the following
random sum: .
Ne=) 1(T1+Th+---+T; <t
i=1
with T; ii.d. r.v. exponentially distributed with parameter A, we consider the time-change
by L, (t), and we can write that the following stochastic representation holds

e}

N(Ey(t)) = El(Tl +Th+---+T; < [:V(t))
i=1
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By taking into account that the density of £, (t), i.e., f, (u,t) = %P(ﬁv(t) < u), has
the state-Laplace transform such that ( [23,27])

/0’ e M f, (u, t)du = Ey(—AY),

we have that the fractional Poisson process N, ; also admits the following stochastic repre-
sentation (cf. [2,4,28-30]):

™

Il
-

Not = N(Lo(D) = Y101+ 0y + -+ 6, < 1)

1

with 8; i.i.d. r.v. distributed as v-Mittag—Leffler random variables. Specifically, this implies
that the interarrival times between two successive jumps have the following distribution:

P(; <t)=1-E,(-At), Vi

where E, (—At") is the Mittag—Leffler function (6) and A is the rate of the Poisson process
N(t). We recall that the expectation of the Mittag-Leffler random variable 6; is infinite, and,
for this reason, it is not possible to define the rate of the fractional Poisson process by means
of the reciprocal of the mean of the inter-arrival times as for the classical integer case. A
way to proceed is to consider the expectation of the interarrival time 6; before a given time
t, ie.,

E; [9,] = /OtP(Gl > S)dS = tEvlz(—)\tU) (34)

where E, (z) = Yoo r(#lk) is the two-parameter Mittag—Leffler function. In this context,

we consider the time-dependent rate of the fractional Poisson process N, ;, and we define it

as follows:
1 1

Eif6i]  tEya(—AtY)

For the premiums and claims, we specifically denote the corresponding rates:

At =

1 1

A — —
AT R 0A] T tEya(—Aat’)

with 6/ the generic interarrival time between two premiums, and

Ans — 1 _ 1
Rt = Et[GZR] o fEV,z(—)\RtV)

with R the generic interarrival time between two claims, respectively.

6.3. An Unifying Theorem
In addition to the previous definitions (24), (28) and (32), we denote by

g (0:8) = () (1) = [5° 9} (6 D) f (x)dx = E[g},(X; 1)), (35)
andforl <j<k-1,

lpl//,f,j(o/ t) = (va'j)/(t) = fljﬁl @, (x; 1) f(x)dx. (36)

Note that the prime symbol refers to x-derivative. Hence, the prime symbol in
[ f(t) in the above equations is only a notation, while the prime in ¢) refers to the
first x—derivative of ¢, .
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Theorem 1. Let the integrated surplus process (S{/t)tzo obey the model (1) and let the integrated

surplus process (55} )i=>0 obey the model (27) with a multi-layer dividend strategy under the above
assumptions. Moreover, let Fr(r) and F4(a) be continuous distributions on R™ for the generic
claim R and premium A, respectively. A and AR ; are the rates of the fractional Poisson processes

N and NE,, respectively. Then, referring to (S{,t)tzo, fort > 0, the corresponding shifted lp{ (z,1)
satisfies the following integro-differential representation:

cipy 1 (0;1) + (Aas+ ARy £(0:t)

— A /O "y, (@5 )dEA(a) + Agy /0 "y (=1 AFR(r) + Ags(1— Fr £(1),  (37)

for any f(x) > 0,Vx > 0, with [° f(x)dx = 1, where Fg ¢(t) = [ Fr(x;t)f(x)dx with
Fr(x;t) = P(R < x,N§, =1).

Then, referring to (S{tL )t>0 , the correspondent shifted 1, ¢;(z; 1), for 1 < j < k — 1, satisfies
the following integro-differential representation:

cjt, ;1 (0:t) + (Aa + ARy £(0;t)

) 1;
= AA,t l,bvlf,]'(ll,' t)dFA(ll) + AR ! lpv,f,]»(—r; t)dFR(I”) + AR,t[]P(lj—l <X<L l]> — FR,f,j(t)]r (38)
0 0

I;

where Fg f,i(t) = fl]ll Fr(x;t) f(x)dx.
Finally, by identifying S, = SI'F,

reduces to (37).

for]' =k =1 and lO = 0, ll = 409, Equation (38)

Before we give the proof of Theorem 1, we provide two Lemmas to be used in the proof.

In the next Lemma, we deal a result for the conditioned ¢, (x; ) ruin distribution by
inserting it in the presented setting for the specified process 551 when f(x) = dy, (cf. [3]).
For v = 1, we provide a proof alternative to others already known (compare with [6,8,31])
here specialized for the ruin distribution function and for the fractional case.

Lemma 2. Under the assumption of the net profit condition guaranteed by the submartingale
property and the assumptions of the previous theorem, let the surplus process (Si’})tzo follow
the model (1) for f(x) = 8y, with F(r) and Fa(a) continuous distribution functions on R™ for
the claim and premium sizes, respectively. In this case, for f(x) = Oy, the ruin time distribution
1/){,( (£) = 3 (£) and Y% (t) = @y (x; 1) (a.5.) and satisfies the following integro-differential equation
fort > 0:

ey (%) + (Aar + Ar) @y (x;1)

o0 X
— Ay /0 ¢u(x +a;t)dF4(a) + Agy /0 ¢u(x — 13 )dFR(r) + Ags(1— Fr(x;t)),

x>0, (39)
with limy_sco @y (x; 1) = 0 and with the setting ¢, (x;t) =1 forx <0, YVt > 0.

Proof. At first, we define the functions ®4(+;¢) and ®g(+; ) as the expectation of the
infinite-horizon ruin probabilities before ¢ with an initial forward time-shift during which
it is possible to observe the occurrence of an additional premium a and a reducing claim
r with respect to the initial surplus, respectively. The forward time-shift, multiplied by c,
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affects the value of the initial capital x. Keeping in mind the dynamics of the process Sift
in (1), the functions ® 4 and Py, for a forward time-shift ¢ > 0, are defined as the following

Dy(x —ctt) = /O.oo @v(x — c®+a;t)dFa(a), (40)

Pr(x —ct;t) = [/0

They, for a zero time-shift, are such that

x—ct

pv(x —c® —r;t)dFr(r) + /:Cﬂ dFR(r)} . (41)

®p(x;t) — /0 " ou(x +a;)dF4(a), 42)
Dg(x;t) = [ /O " oo (x — 1 )dFR(r) + / ~ dFR(r)} 43)

In particular, by considering the times of the first occurrence of a premium and of a
claim, i.e., 6{‘ and 9{{, and their finite expectations given in (34), respectively, we have (a.s.)

@4 (x — cBy[071;8) = /Ooo @u(x — B[] + a;t)dFa(a) = ¢u(x;1) (44)
x—cE [0R] 0
O (x — cBy[88); 1) = l/o @y (x — B[R] — 7, t)dFR(r) + e o) dFR(r)]
= pu(x;t). (45)

By applying the Lagrange theorem to the C!(R)-functions ®4(x;t) and ®g(x;t)
(cf. [1]), respectively, we can write that
D4 (x;t) — Da(x — cEy[07];1)

cE[61']

=@ (x —cha;t), 04 € (0,E;[67]), (46)

(DR(X,' t) — @R(x - CEt [95], t)

cE[0R] = O (x —cg;t), O € (0,E([67)). (47)

By adding (46) and (47), we obtain, for 6 € (0,E¢[6;]) with 6; the time of a first jump
(due to the occurrence of a premium or a claim) and E;[6;] = min{E[0{'], E;[6X]},

CEt [9{1] c]Et[Gf] C]Et[giq] C]Et [9{{]
=@, (x — c6;t) + DR (x — ch; ). (48)

(I)A(X,'t) @R(x;t) _ (@A(X—CEtwlA},‘t) q)R(x—cEt[()ﬁ;t)>

By using (44) and (45) and recalling that E;[0{!] = 1/A 4, and E;[0X] = 1/Ag;, we
also obtain

Api®@a(xt) + AR Pr(x; 1) — (Apt + Are) o (x;1) = (D) (x — cb; t) + Py (x — cb;t)). (49)
Note that, by using the condition ¢, (x;t) = 1 for x < 0, we directly can write:
Or(xit) = [ gulx—rit)dER (). (50)
Then,

Dy (x — ch;t) + DR (x —cb;t) = /:o @l (x —cO+a;t)dFa(a) + /:O @, (x —c0 —r;t)dFr(r), (51)
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and setting j = a in the first integral at the RHS of (51) and j = —r in the second integral at
the RHS of (51), one has

@'y (x — cO; t) + Pr(x — cb;t)

= A @), (x —cO+j;t)dFa(j +/ @, (x —cO + j; t)dFr(—j)

()

= ¢y (x — 0 + j; £)dFy (j) (52)

—00

with Fj(j) = Fa(j)1(j > 0) + Fr(—j)1(j < 0) is the cumulative distribution function of a
generic (positive or negative) jump J. A similar argument can be used to prove the same
result for 0 in any period of time between two successive jumps; hence, the result holds for
any 0 > 0. Finally, we can identify

/j:o @, (x — 0+ j; t)dE;(j) = @), (x;1) (as.),

which can be validated with the following identity

[ o= b+ 50AE() = BEM(n(x— 8+ ]) < 1)]Sys = x 0+ ]]
= E[1(n(x—ch) <1t)|S,p = x— cb]
= E[1(t(x) <t)|So = x] = @u(x;t) (a.s.). (53)
Finally, for the RHS of (49), we obtain V0 > 0
(@ (x —ch;t) + Pr(x —cB;t)) = cql, (x;t). (54)

Furthermore, by considering the LHS of (49), from (42) and (43), we also have
Ap®a(x;t) + AR Pr(xt) = Aay /000 @v(x+a;t)dFs(a)
+Ags [/0 oo (x —rdFR(r) + (1= Fr(x:6) . (55)
By using (54) and (55) in (49) , the thesis (39) follows. O

Lemma 3. Under the assumptions of the previous lemma and theorem, let the surplus process
(Sﬁft'L)tZO follow the model (27) for f(x) = 6y, with Fr(r) and Fa(a) continuous distribution
functions on R for the claim and premium sizes, respectively. In this case, for f(x) = Jx, and

t > 0 the ruin probabilities " (t) = ¢y (x;t) (a.s.) are dijferentiable and satisfy the following
integro-differential equation on the intervals [I;_1,1j] forj =1,... k- 1:

iy (X 1)+ (Aps+Ar)@u(x;t)
[ X
= AA’t/o Qv(x + a;t)dFA(a)—i—AR,t/O ov(x —r;t)dFr(r)+ AR+ (1 — Fr(x;t))  (56)

X e [l]',l, l]]

with ly = 0, = Hoo, lim_ ;- ¢y(x;t) = lim ;1 @y(x;t) for 1 < j < k—1 and
j

limy_se0 @y (x; 1) = 0 and by setting ¢, (x;t) =1 forx <0, Vt > 0.

Proof. Assuming f(x) = J, means that this is the case of a deterministic initial capital;
hence, 1 = P(X = x). The proof could be given following the proof of Theorem 1 in [3] (not
in a simple way), but here it is sufficient to adapt the proof given in Lemma 2. Indeed, (56)
is the same of (39) holding in each of interval [l]',l, lj], forj=1,...,k — 1: the role of these
intervals affects only the alternative possible range of values for the initial capital x.
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Finally, note that we refer to the one-sided derivatives of ¢, (x; t) that is not differen-
tiable at [ i1<j< k — 1, indeed its one-sided derivatives differ only at those points. [

Proof of Theorem 1. The proof is obtained by exploiting essentially the proof of Lemma 2.
Equation (37) is obtained from the integro-differential Equation (39) valid for the condi-
tioned ¢y* (x; t) function. The boundary conditions of Equation (39) imply the boundedness

of 1/1{,[ (t) involved in (37). Moreover, the representation (37) is obtained multiplying both
sides of (39) for f(x) and integrating over R™ respect to x. Then, the use of Fubini theorem
in the two double integrals on the right-hand-side and definitions (28) and (35) allow
obtaining (37).

Similarly, the same procedure can also be applied to (56) specifically for the case of the
process (S{tL )t>0, by considering definitions (32) and (36) and by integrating (56) in each
interval [I;_1,1;] with respect to density f(x). Hence, equation (38) follows.

It is easy to realize that equation (37) can be obtained from equation (38) for the only (k = 1)
unlimited layer defined by Iy = 0,]; = 400, by also taking into account that definitions (32)
and (36) reduce to definitions (28) and (35). O

Corollary 1. Under the assumptions of Theorem 1, Equations (37) and (38) hold also for the

infinite-horizon ruin probability va (= 7/ in law) for a given initial surplus density f.

Proof. First, we recall that, from Proposition 5, P(7,(x) < o) = P(7(x) < c0). Further-

more, by setting v = 1 and by taking into account that E1,(—At) = 1‘;;“, from (34),
we have that lim; ,o Ay = Ay =Ay and limy 0 Agy = AR =Ag,Vt > 0. Finally, by
applying the limit for  — oo to all functions in (37), we obtain

cpy r+ (Aa+ AR) Yy s
= Aa [ 9o s@dFal@) + Ax [, (~PdFR() + Ar(1 = Fr) (57)

with Fg p = [~ Fr(x)f(x)dx.
Similarly, we also have the corresponding result to Equation (38), i.e.,

city, i+ (Aa+ AR)y g

oo L
= AA/O Wy, rj(a)dF4(a) + AR/0] Py, gj(—1)AFR(r) + AR[P(lj_1 < X < I;) — Fry,j] (58)

. Ij
with FR,f,j = fljj—l FR(x)f(x)dx. O

Equations (39) and (56) can be analytically solved in the non fractional case when
distribution functions of the claim and premium sizes are specified. For (37) and (38), a
detailed investigation is required when the distributions of the claim and premium sizes
and the density f(x) are assigned.

7. Conclusions

In this contribution, we limit ourselves to the mathematical setting of proposed models;
however, the results and the discussion for specified distribution functions and about
theoretical and numerical comparisons will be the object of a future work. Indeed, we feel
stimulated to work in this direction for the purpose of investigating, also quantitatively,
(i) how the ruin probability changes when a random initial capital is considered in place
of the assigned one; (ii) how the transient behavior of the surplus process changes for
different values of the fractional order v; (iii) the possible advantages derived from the
multi-layer dividend payment strategy in these kinds of dynamics; and (iv) how to adapt
these models to real data by means of specific techniques for estimating the involved
parameters and by making use of extensive simulations.
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