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Asymptotic analysis of Poisson shot noise processes, and
applications

Giovanni Luca Torrisi*and Emilio Leonardif

Abstract

Poisson shot noise processes are natural generalizations of compound Poisson processes that
have been widely applied in insurance, neuroscience, seismology, computer science and epi-
demiology. In this paper we study sharp deviations, fluctuations and the stable probability
approximation of Poisson shot noise processes. Our achievements extend, improve and com-
plement existing results in the literature. We apply the theoretical results to Poisson cluster
point processes, including generalized linear Hawkes processes, and risk processes with delayed
claims. Many examples are discussed in detail.

Keywords: Central limit theorem; Hawkes processes; Poisson cluster processes; Poisson shot noise
processes; Ruin probabilities; Sharp deviations; Stable laws.

1 Introduction

We consider Poisson shot noise processes {S;}i~¢ of the form

St 1= Z H(t —1T,, Mn)l(O,t] (Th), (1)

n>1

where {71, },>1 is a homogeneous Poisson process on (0,00) with intensity A > 0, {Mp}n>1 is
a sequence of random variables with values on some measurable space (M, M), independent of
{T7}n>1, H :[0,00) x M — R is a measurable function and 14(-) is the indicator function of a set
A. We suppose that the random variables { M), },>1 are independent and identically distributed.
Poisson shot noise processes are natural generalizations of compound Poisson processes, which
have found applications in different fields, due to their versatility and mathematical tractability. In
insurance mathematics, Poisson shot noise processes arise as models of Incurred But Not Reported
Claims [21, 22]. In this context, T}, represents the instant at which the nth claim arrives, for any
m € M, the function H(-,m) is non-negative and non-decreasing, the random quantity H (oo, M,,)
models the total pay-off caused by the nth claim and the random function H(- — T,,, M,,) models
the evolution of the pay-off process for the nth claim. We refer the reader to [5, 14, 17, 21, 22,
29, 30, 37] (and the literature cited therein) for specific applications in insurance mathematics of
Poisson shot noise processes, such as estimates of ruin probabilities of risk processes with delay in
claim settlement. In neurophysiology, Poisson shot noise processes appear as models of synaptic
input. In this context, 7, describes the nth presynaptic event happened in the time interval
(0,t], H(-,-) is the impulse-response function and M, models a possible synaptic inhomogeneity
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[6, 33]. In computer science, Poisson shot noise processes are used e.g. as traffic, queues or caches
models [3, 16, 24, 25, 28, 37]. Poisson shot noise processes are also exploited to model earthquake
aftershocks [38] and epidemics [31]. Spatial versions of {S;};~o are proposed in [1] to model the
interference in wireless communication networks, see also [2, 15, 34, 36]. We study sharp estimates,
fluctuations and stable probability approximation of spatial Poisson shot noise processes, with
applications to communication networks, in a companion paper.

Over the years, the mathematics of Poisson shot noise processes have been investigated by many
authors. The central limit theorem and the Berry-Esseen bound have been proved in [26, 27]. The
law of the large numbers and functional central limit theorems have been studied in [22]. Scalar
and sample path large deviations are investigated in [5, 16, 29, 35]. In [23], the authors study the
weak convergence to a multivariate infinite-variance stable distribution of the finite-dimensional
distributions of a properly normalized and centred Poisson shot noise process.

In words, the main theoretical contributions of this paper are: (i) The sharp deviations, at
scales O(t), of {S;}¢~o from its asymptotic mean; this result improves the tail estimates based on
large deviations given in [5, 29]; (i7) The fluctuations, at scales o(t), of {S;}¢>0 from its asymptotic
mean; these results improve the central limit theorem in [26]; (ii7) In the case of a multiplicative
noise, we provide quantitative limit theorems for the weak convergence, as t — oo, of S; (properly
re-scaled) to a random variable S with a stable law; these results complement the research started
in [23]. We emphasize that the results about stable approximations of Poisson shot noise processes
cover only stable laws with stability parameter o and skewness parameter 3 such that either o # 1
or « =1 and § = 0 (see Subsection 2.3). We remark that, although stable laws have been defined
also for « = 1 and f # 0, the most relevant and well-known stable laws (i.e., the Gaussian, the
Cauchy and the Lévy) are all encompassed by our study.

From the point of view of the applications, our main achievements concern: (i) The sharp
deviations and fluctuations of Poisson cluster processes and, in particular, of generalized linear
Hawkes processes, extending in this way the results in [18]; (i¢) Estimates of ruin probabilities of
risk processes with delayed claims, refining the large deviation approximation provided in [5].

Most of our theoretical contributions are achieved by means of the recently developed mod-
¢ convergence theory [12, 13]. Roughly speaking, provided that a natural normalization of the
characteristic function of a stochastic process converges to some non-trivial limiting function, mod-
¢ convergence theory allows us to obtain precise deviations and fluctuations of the process from
its asymptotic mean, improving classical results stemming from large deviations and central limit
theorems.

The paper is structured as follows. In Section 2 we give some preliminaries on mod-¢ con-
vergence theory, compound Poisson and stable laws. Moreover, we state an elementary inequality
between complex numbers and the Faa di Bruno formula which will be exploited a lot of times
throughout the paper. In Section 3 we present the results on sharp deviations and fluctuations
from the asymptotic mean of Poisson shot noise processes. Applications to Poisson cluster pro-
cesses and ruin probabilities are described in Sections 4 and 5, respectively. In particular, in Section
4 we shall consider extensions of the classical linear Hawkes process (see [19]), where the number
of offspring of any parent is not necessarily Poisson distributed and the law of the birth times is
not necessarily absolutely continuous with respect to the Lebesgue measure. In Section 6 we state
the results concerning the stable approximation of Poisson shot noise processes (with a multiplica-
tive noise), which extend well-known results for the compound Poisson process (which are indeed
recovered considering a constant shot shape). All the proofs are given in Section 7.



2 Preliminaries

2.1 Mod-¢ convergence

We preliminary recall that a real-valued random variable X (or its law) is said infinitely divisible
if, for any n € N:={1,2,...},
XLx, 4. 4+X,

for some independent and identically distributed random variables X1, ..., X,. Here the symbol 4
denotes the equality in law.
We proceed providing the definition of mod-¢ convergence, see [12].

Definition 2.1 Let ¢ be a non-constant infinitely divisible law on R and let D C C be a subset of
the complex plane which contains 0. We assume that the Laplace transform of ¢ is defined on D,
1.€.,

‘ / e gb(dx)’ < oo, forallzeD,
R

and it has Lévy exponent n(-) on D, i.e.,

/ ¢ p(dz) =e"?),  zeD.
R

Let { X }i>0 be a real-valued stochastic process with Laplace transform defined on D, i.e., such that
|E[e*X]|] < oo, for allt > 0 and z € D, and let x(t), t > 0, be a positive function such that
x(t) = 400, as t — +oo.

We say that {X;}i~0 converges mod-¢ on D, with parameter function x(-) and limiting function
¥(+), if v : D — C is analytic, it does not vanish on ReD := {Rez: z € D} and

for any compact K C D, lim sup |¢:(z) — ¢ (2)] =0,
=00 e
where
P(z) = E[ezxt]e_m(t)”(z).

We say that { Xt }+>0 converges mod-¢ on D with speed O(x(t)~7), for some o € N, and limiting
function (), if ¥ : D — C is analytic, it does not vanish on ReD and

for any compact K C D there exists Cx > 0:  sup | (z) — ¢(z)| < Cra(t)™°.
z€K

In this paper we consider two different classes of infinitely divisible (reference) laws: the com-
pound Poisson law and the stable law.
2.2 Compound Poisson laws
Let X be a non-negative random variable such that
ax € (0,00], where ay :=sup{y: E[e"*] < co}. (2)
Throughout this paper, we denote by ¢, x the compound Poisson law with Lévy exponent
mx(2) = ANE[e™*] — 1), 2 € Deylax):={z€C: Rez <ax}, (3)
i.e., a random variable Y has law ¢ x if and only if

E[e?¥] =enx®) 2 e Dyy(ax).



2.3 Stable laws

Let ¢ > 0 (the scale parameter), a € (0,2] (the stability parameter) and 5 € [—1, 1] (the skewness
parameter) be fixed. We consider the stable law ¢. o g with parameters (c, o, ), whose Fourier
transform (or characteristic function) has Lévy exponent

nc,a,ﬁ(ig) = _|C£‘a(1 - lﬁh(aa f)sgn(ﬁ)), g €R \ {O}’ nc,a,ﬁ(o) = O,

i.e., a random variable S has law ¢, o g if and only if E[ei€5] = eTeas(€) ¢ ¢ R, Here

h(a, &) := 1{a # 1} tan (%) - H{a= 1}% log|¢] and sgn(§) denotes the sign of £.

Since
[eeenl®)] = eIV, £ R, (4)

the characteristic function of ¢, o s is integrable. Therefore, the stable law with parameters (c, «, 3)
has a density with respect to the Lebesgue measure. A standard computation shows that such a
o r(i .
density is bounded above by oE;c)’ where I'(-) denotes the Euler gamma function.

For later purposes, we recall the following scaling property of the Lévy exponent 1.4 g(-). For

any t > 0 and ¢ € R, it holds:

te,a,8 <ti§a> = Nc,a,p(i) if either a #1or a=1and g = 0. (5)

Finally, we recall some famous stable laws: the standard Gaussian distribution corresponds to the
stable law with parameters (2*1/ 2.2,0), the standard Cauchy distribution corresponds to the stable
law with parameters (1, 1,0) and the standard Lévy distribution corresponds to the stable law with
parameters (1,271, 1).

2.4 An elementary inequality and the Faa di Bruno formula

Throughout this paper we exploit the following elementary inequality between complex numbers:

Lemma 2.2 It holds:

Z1

|e o ez2| < ‘Zl o 22|emax{Rez1,Rezg}7 21,29 € C.

Since we have not found a proof of this inequality in standard textbooks of complex analysis, we
show it in Section 7.
Hereafter, for a sufficiently smooth function f we denote by f(™ its derivative of order n € N.

Lemma 2.3 (Faa di Bruno formula) For any sufficiently smooth functions g and h,

. I O (W (m1) (g (M) (o
@omm@g:ﬂ§:9%<” yoo M) ) ey
i=1 ’

mi+ma+...+m;=j

where the sum is taken over all the my,...,m; € N such that m; + ... +m; = j.



3 Sharp deviations and fluctuations of Poisson shot noise pro-
cesses

As already mentioned in the Introduction, our analysis relies on the mod-¢ convergence theory.
Specifically, we obtain different sharp deviations estimates (at scale O(t)) of Poisson shot noise
processes depending on whether the reference measure ¢ is non-lattice or lattice, as it can be
realized by comparing the formulas (15) and (18). The distinction “¢ non-lattice” and “¢ lattice”,
instead, has no impact on the results about the fluctuations (at scales o(t)) of Poisson shot noise
processes. For the sake of completeness, we recall that a probability law is lattice if its support is
included in a set of the form ~; + v2Z, for some parameters v; € R and 2 > 0.

In both cases (non-lattice and lattice), the shot shape H(:,-) is supposed to be a non-negative
function. Moreover we assume that

Z :=sup H (t, My) is such that a := az € (0, 00]. (6)
£>0

Although in the non-lattice case, i.e., under the assumption
®» 7 is non-lattice, (7)
we simply suppose that:
function H : [0,00) x M — [0, 00) is non-negative, (8)
in the lattice case, we naturally assume that:
function H : [0,00) x M — N U {0} takes values in N U {0}. 9)

A crucial hypothesis to prove the mod-¢) z convergence of Poisson shot noise processes is
oo
/ (Z — H(s,M,;))ds € LY(P), for any ¢ > 1. (10)
0

However, when sharp deviations are concerned and ¢y z is lattice we need to strengthen (10) by
assuming

J o € Nand {k4}4>1 C (0,00): (11)

sup /-aq_lH/ (Z — H(s,My)) dsH , < t79, for all ¢ large enough.
g>1 t La(P)

Indeed, this condition guarantees the mod-¢y 7z convergence of Poisson shot noise processes with
speed O(t~7). Finally, we mention that to prove the fluctuations of Poisson shot noise processes
when ¢, 7 is non-lattice, we need to assume that ¢, z has a density, i.e.,

¢,z is absolutely continuous with respect to the Lebesgue measure. (12)
Hereon, under (6) (and either (8) or (9))
V z € (0, \E[Ze%?]), we denote by 6, € (—o0,a) the unique solution of the equation AE[Ze%?] = z.

Note that 0 < = < AE[Z] if and only if 6, < 0; = = ME[Z] if and only if 6, = 0; = €
(AE[Z], AE[Ze%Z]) if and only if 6, € (0,a).



Throughout this article, we denote by 73 , the Fenchel-Legendre transform of 7, z (see (3)),
i.e.,

Mz(x) = sup(fz —ny z(0)), z>0.
9eR

Under (6) (and either (8) or (9)), standard computations show that
M.z(@) =20, — A(E[eewz] -1), z>0. (13)
Hereafter, for ease of notation, we also set

o(z) == /0 Oo(u«:[ezH@le)} — E[e*4])ds, ze€C. (14)

3.1 Sharp deviations at scales O(t)

The following theorems provide the exact asymptotic behavior of the tail of the Poisson shot noise
when the reference compound Poisson law ¢, 7 is either non-lattice or lattice, respectively.

Theorem 3.1 (Non-lattice case) Assume (6), (7), (8) and (10). Then, for any x € (\E[Z], \E[Ze%?]),

we have .
_exp(=t3 z(z) + Ao(0))

P(S; > tx) = 00 /2NTIE [ 2207

Theorem 3.2 (Lattice case). Assume (6), (9) and (11). Then:
(i) For any x € (0, \E[Ze%?]) such that tx € N, we have

exp(—tny ,(x) + (0,
B(S, = t2) = 2 ;T%i];[)zlezi; D14 o(1)), ast— oo (16)

(I+o0(1)), ast— 4oo. (15)

More in general, for any = € (0, \E[Ze?]) such that tx € N, we have
exp(—tn} z(2)) [ = an(fy) 1

P(S; = tx) = : ee0z) 4 Y 4+0(=)]|, ast— +oo, 17

(5 = o) V2ATE[ 22602 ; ik to (17)

where the quantities ay(0;) are computed in Proposition 7.35.
(ii) For any x € (\E[Z], \E[Ze%?]) such that tz € N, we have

B(S. > 1) — exp(—tn} z(x) + Ap(0z)) 1
(St 2 tw) = INTIE[Z2e%:7] 1 —ebs

(I4+o0(1)), ast— 4oo. (18)

More in general, for any x € (AE[Z], \E[Ze%?]) such that tz € N, we have

exp(—tn} 4(x)) 1 \ = bi(62) 1
P(S; > tx) = ’ eAel0z) 4 2 +O<) ,ast— +oo, (19
B2 t0) = Bz T 1= o ; t* 7 )

where the quantities by(0,) are computed in Proposition 7.3.

We emphasize that Theorem 3.1 and Theorem 3.2(i7) refine the tail estimates provided by the
corresponding large deviations principle in [16] (see also [29]).

We shall give many examples where the quantities 6,, E[e?>?] and E[Z2e%Z] can be computed.
We shall give also some examples where the integral ¢(6,) can be computed. When this is not
possible, our starting point to provide estimates of the integral is the following elementary propo-
sition.



Proposition 3.3 Under the foregoing assumptions and notation, we have:
(1) If 0, < 0 (i-e., z € (0, \E[Z])), then

0<p(ly) <—0; /OO E[Z — H(s, My)] ds.
0

(ii) If 0, > 0 (i.e., z € (ME[Z],E[Ze%?])), then for any q,q > 1 such that ¢~' + ¢~ =1, we have

_exueezzHLq(P)H /0 (Z — H(s, My)) ds‘ < o(6,) < 0.

Le ()

We remark that this proposition is exploited e.g. in the application to Poisson cluster processes
to exhibit explicit estimates of the integral ¢(6,), see Proposition 4.1(7i7) and Proposition 4.2(vi).

3.2 Fluctuations at scales o(t)

The fluctuations of the Poisson shot noise process from its asymptotic mean, at any scale which
is o(t) as t — oo, are provided by the following theorem, where N(0, 1) denotes a random variable
distributed according to the standard Gaussian law. We refer the reader to Remark 3.5 for a brief
discussion on the range of the scaling functions for the process {S; — AE[Z]t}+>0.

Theorem 3.4 Assume either (6), (8), (10) and (12) or (6), (9) and (10). Then:
(i) For any function y(-) such that y(t) = o(t'/%), it holds

(St — \E[Z]t

NE[Z2)t ?J(t)) =P(N(0,1) > y(t))(1 + 0o(1)), ast— +oo. (20)

In particular, if y(t) — oo as t — 400, then (by the asymptotics of the tail of N(0,1))

_u?
Sy — )\E[Z]t (t) e 2
\E[Z22]t y(t)v2r
(i7) For any function y(-) such that y(t) — +00, as t — oo, and y(t) = o(t'/?), it holds
S, — \E[Z]t —tn3,z(v(t)
P(’/L]>y®>: ° (1+o(1))
AE(Z%]t o0\ 2ATLE[ 226707

e_tn:7z(v(t))

(14+0(1)), ast— +oo.

= W(l—l—o(l)), ast — +o0, (21)
and
2
15200 = 0+ o)), (22)
Here
v(t) := ME[Z] + y(\/? AE[Z2].

1 1

(791) For any function y(-) such that y(t) — 400, as t — 0o, and y(t) = o <t2 H), m > 3 integer,
it holds

2 ) (J+1) j
pS2EZl ) (-y@ <1 RS GE () >> (1+o(1)
AE[Z2]t B y(t)V2r ’

(23)



(G+1)

as t — +oo. Here, the derivatives of 0, evaluated at NE[Z], denoted by 0 can be recursively

AE[Z]’

computed by the formula:

} i () glm) gmi)

G+1) g (0) AE[Z] AE[Z] ,

GAE[Z]—J!Z g > o T 1<j<m-2, (24)
=1 mi+me+..+m;=j
where the sum is taken over all the my,...,m; € N such that mi +...4+m; = j,
’ N 1 . 1
QAIE[Z] - W and g(z) = W-

3.3 Some remarks

We conclude this section with the following three remarks.

Remark 3.5 (On the range of the scaling functions) Theorems 3.1 and 3.4 cover the whole
range of scalings for the process {S; — AE[Z]t}i~0 up to the order of t. Indeed, Theorem 3.4(i)
covers scalings, say s(t), of Sy — AE[Z]t such that s(t) < t'/0\/t = t*/3. Theorem 3.4(ii) covers
scalings of Sy — AE[Z]t such that either s(t) ~ tY/0/t = t2/3 or t*/3 < s(t) < t. Finally, Theorem
3.1 refers to scalings of Sy — AE[Z]t of order t.

Remark 3.6 (Central Limit Theorem and Extended Central Limit Theorem) Let the as-
sumptions of Theorem 3.4 prevail. Then it is well-known that the classical Central Limit Theorem
for the Poisson shot noise holds, i.e.,

Sy — E[S¢]

— N(0,1) in law, ast — oo.
Var(S;)

(see e.g. Theorem 2.3 in [22]). This Central Limit Theorem can be retrieved by using Theorem
3.4(7). Indeed, as we shall check later on (see the comment after the statement of Lemma 7.1), the
conditions (6), (8) and (10) guarantee

E[S;] = AE[Z]t + O(1) and Var(S;) = \E[Z?]t + O(1). (25)
It follows
Si —E[Sy] (1 . 0(1)>—1/2 Si—AE[Z]t  O(1)
VVar(S,) Vit \E[Z2]t t )

Therefore, for any x € R,
Sy — E[S¢] Sy — AE[Z]t
Pl———>2 | =P| ——— > z(t) | =P(N(0,1) > z(¢))(1 + o(1)), 26
( — e >0 ) SFNO.D 200 o), (26)
where the latter relation is a consequence of (20) since

1/2
z(t) === <1 + O\}?) + O\(f? = o(t1/9). (27)

The Central Limit Theorem for the Poisson shot noise process stated at the beginning follows com-
bining (26) with the trivial relation

P(N(0,1) > 2(t)) = P(N(0,1) > 2)(1 + o(1)).

In fact, Theorem 3.4 is a big improvement of the classical Central Limit Theorem for the Poisson
shot noise process, yielding the Fxtended Central Limit Theorem for the Poisson shot noise process.



Remark 3.7 As it will be clear from the proofs, in all the theorems above, conditions (10) and
(11) can be replaced respectively by

Z € L*(P) and /OO(Z — H(s,M;))ds € L'(P),
0

and
Z € L>®[P) and 30 €N and k > 0:

H / (Z — H(S,Ml))dsH < kt~? for all t large enough.
t L1(P)

Note also that if Z € L*°(IP), then Z satisfies (6) with a := az = +o0.

4 Application to Poisson cluster processes

Let N, (-), n > 1, be independent and identically distributed finite and simple point processes on
[0,00), independent on {T},}>1. We assume N,({0}) = 1 for any n > 1. Denoting by {Sy }r>0.
Sp,0 := 0 the (ordered) points of Ny, and interpreting 7, as the ancestor of the point process
071, Ny = {Sn i + Th}i>o of offspring, we have that, at time ¢ > 0, the total number of offspring
generated by the ancestors (and including the ancestors) is equal to

> 104(Tn)01, Nu([Tns 1) = > 1(0.4(Th = Log(T)H(t - Tn, M),  (28)

n>1 n>1 n>1

where M, := N,, i.e., M,, is a random variable with values on M := N, i.e., the space of finite and
simple counting measures on [0, o) (endowed with the usual vague topology), and H : [0,00) xM —
N U {0} is defined by

H(t,m) = H(t, p) == M([Ov t])

Thus, assuming that {7, },>1 is a homogeneous Poisson process with intensity A, at time t > 0,
the total number of offspring generated by the ancestors (including the ancestors) is equal to the
Poisson shot noise process S; defined by (28).

We put L,, := supy>1 Spk, 7 > 1, and note that L,, is the “length” of the cluster point process
Ny (). Clearly, the random variables {Ln}n>1 are independent and identically distributed, and we
set L := Li. The following proposition holds.

Proposition 4.1 Let {S;}i~0 be the Poisson shot noise process (28), i.e., S; denotes the number
of offspring generated by the Poissonian ancestors {T,,}n>1 in the time interval (0,t] (including the
ancestors). Assume that Z := N1([0,00)) satisfies (6), and that

E[L*] < o0, V k € N. (29)

Then, setting H (s, M1) := N1([0,s]), s € [0,t], we have that:

(i) The formulas (20), (21) and (23) of Theorem 3.4 hold.

(ii) For any arbitrarily fized o € N, the formulas (17) and (19) of Theorem 3.2 hold.
(iii) The following estimates hold:

(1) For any x € (0, \E[Z]) and any q,q' > 1 such that g1 + ¢~ = 1, we have

0 < ¢(0:) < ~0all Ll oge 1 21 1o oy, (30)



(2) For any = € (AE[Z], \E[Ze?]) and any q,q,q1,q2 > 1 such that ¢~ 4+¢'~' =1 and qfl—l-q;l =
1, we have

0,117 @) 1L ran o)1 2] ey < 0(62) <. (31)

Here the function (-) is given by (14) with Z and H(-,My) defined at the beginning of the
statement.

We note that the Part (ii) of this proposition refines the tail estimates provided by the large
deviations principle in [4].

4.1 Poisson cluster processes with a Galton-Watson branching structure or gen-
eralized linear Hawkes processes

We consider Poisson cluster processes whose clusters have a Galton-Watson branching structure.
Clearly, to define such processes it suffices to describe the structure of the cluster point process V7.

The points in the cluster Cy, generated by a common ancestor placed in the origin, are par-
titioned in generations g € NU {0}. Every point belonging to the (¢ — 1)th generation will give
rise to a random number of “children” points in the gth generation. By definition, Ny is the point
process with support Cj. Let

e K be the number of points in the hth generation,
e W)}, be the total number of points in the cluster Cy up the hth generation,

o {Bh ...,BL } be the birth times (i.e., the times at which points are placed) in the hth
h
generation.

We assume that the birth times are arranged in increasing order, i.e.,
By <...<DBj,.

Let {P;j}@jjen> be a sequence of N U {0}-valued independent random variables with law
{pk}r>0, where P;; represents the number of children generated by the jth individual of the ith gen-
eration. Let {Bi,j,k}(i,j,k)eN3 be a sequence of non-negative independent and identically distributed
random variables, independent of {P;;}(; jjen2, Where Bjji represents the time lag between the
birth time of the jth individual of the i¢th generation and the birth time of its kth child.

The point {0} constitutes the Oth generation. By construction we have Ky = 1 and Wy = 1.
The birth time of the unique individual in this generation is given by By := 0. The points in the
gth generation are generated by the points in the (¢ — 1)th generation according to the following
rule:

(7) If K4—1 =0, then the (g — 1)th generation is empty and then the gth generation will be empty
as well. We set K, := 0 and W, := W,_1.
(1) If Kg—1 > 0, then:

o Ky:=Py1+...+ Py K, , is the number of births in the gth generation.
o W, :=W,_1+ K, is the total number of points in the cluster Cy until the gth generation.

e The birth times in the gth generation are given by the union of the following sets:

10



{B‘f*l _|_Bg71’17... ’Bfil +B 71’Pg’1},

which are the birth times of the children of the parent born at time BY _1,
{BS™" + Bypa,... By + Byar,.),

which are the birth times of the children of the parent born at time B -1

g—1 g—1
{BKQ,1 + BgvKg—lvl’ e 7BKQ,1 + Bgng—lvpg,K971 }’

which are the birth times of the children of the parent born at time B?{gil.
The points in the gth generation are then arranged in increasing order as

{BY,...,B% }.

If the the law of By 1,1 has a probability density h(-)/ [;~ h(t) dt, where h : (0,00) — [0,00) is
an integrable function, and the law of P; ; is Poisson with mean fooo h(t) dt, then the corresponding
Poisson shot noise process {S;}1~0, where S; denotes the number of points generated by the Pois-
sonian ancestors in the time interval (0, ¢], is a classical Hawkes process (or linear Hawkes process)
[19], for which large deviations were studied in [4] and sharp deviations and fluctuations have been
recently investigated in [18].

The sequence {Kn}neNu{O} is a Galton-Watson process from an initial population of one indi-
vidual and with offspring law {py}r>0. Hereon, we assume that

0 <E[P1] <1, (32)

so that the Galton-Watson process is subcritical and the total progeny

Z = N([0,00)) = > K,
n>0

has mean equal to (1 — E[P 1])~!. For later purposes, we recall that the distribution of the total
progeny Z := Ni([0,00)) is related to the offspring distribution by the formula

1
P(Z=k)= P(Pu+...+Pp=k-1), keN (33)

(the reader is referred to e.g. [20] for an introduction to branching processes). Hereafter, we also
suppose that
b:=ap , € (0,00, (34)

where ap, | is defined by (2). So (being the branching process subcritical) by Theorem 2.1 in [32]
we have that the total progeny Z satisfies (6).
The “length” of N; is given by
L := sup sup ng.
geN <K,

Define
Kg-1 Pg,k

V, = Z Z By

k=1 j=1

11



Clearly, V; is an upper bound of the latest birth in the first generation; V3 + V5 is an upper bound
of the latest birth until the second generation and by induction

V=)V, (35)

g=>1

is clearly an upper bound for L. Hereon, we suppose
E[B},,] < oo, for any k € N, (36)

and denote by G'p, , the probability generating function of P ;. In the next proposition, we provide
the fluctuations and the sharp deviations of the number of points Sy up to time ¢.

Proposition 4.2 Assume (32), (34) and (36). Then, setting H(s, M1) := N1([0,s]), s € [0,¢], we
have that:
(i) The formulas (20), (21) and (23) of Theorem 3.4 hold.
(#4) For any arbitrarily fired o € N, the formulas (17) and (19) of Theorem 3.2 hold.
(7i1) Setting
a. = sup(f — log E[egpm]),
>0
we have a. € (0,az].
(iv) Set b, := sup ©, where
0:={0: 0 <a. and E[e??] < &'},

and b is defined by (34) (note that b, > 0). We have
E[egz] = engLl(IE[eQZ]) <00, foranyf e (—o0,b.),

and the moments of Z satisfy the formula:

n k .
ny __ n E[PI,I(PLI - 1) e (P1’1 - (Z - 1))]
E[Z]_1+Zk!<k>z g
k=1 =1
E[zZz™ E[Z™:
Z [ ] [ ], for anyn > 1, (37)
ml! mi!
mi+ma+...+m;=k
where the third sum is taken over all the mq,...,m; € N such that m; + ...+ m; = k.
(v) For any = € (0, \E[Ze%?]), let 0, € (0,E[e??]) be the unique solution of the equation in o:
Ao
T L (38)
_ 11
1 QGPLl(Q)
Then 0
by =log =, 0, = E[e™7],
GPl,l(Qx)
and

1 + egr( /Pl,l(g$) + G%Ll (gz))

E[ZQeemZ] = 0z
(1= G, (00))?

(vi) The following estimates hold:
(1) For any z € (0, \(1 —E[P11])™Y) and any q,¢’ > 1 such that ¢~ + ¢~ = 1, we have

PiE[B11]e% (1 = Ele™?]) < ¢(62) < —02]|Briill o) | 21| o)1 2]l 1o - (39)

12



Note that these bounds are non trivial for any choice of the conjugate exponents.
(2) For any x € (\(1 —E[P11]) "L, AE[Ze"%]) and any q,¢',q1,q2 > 1 such that ¢~ + ¢~ =1 and
gt +a;t =1, we have

07| a1 Bra | oo 1 21| tas oy | 2 avan oy < 9(02) < prELBu gl (1 — E[e7]).  (40)

Note that the upper bound is always non trivial. The lower bound is non trivial for any q € (1,b./0,).
Here, the function ¢(-) involved in the relations (39) and (40) is defined as in the statement of
Proposition 4.1.

4.2 Example 1: Binomial offspring distribution

Suppose that P has a binomial distribution with parameters (m,p) such that E[P; ;] = mp < 1,
m > 1, p € (0,1). Then condition (32) is satisfied, and the assumption (34) holds with b = 400,
indeed

Gp (o) =(op+(1—p)™, o€k

A standard computation gives

(since 0° := 1, if m = 1 then a. = b. = —logp). Using the formula (33), we have that Z is
distributed according to the Consul distribution, i.e.,
1/ k
P(Z=k)= (k m1>pk1(1 —p)km=ktl EeN

(see e.g. [7]). Therefore
1 1\ N\ 1k
beZ1 _ m- L Mo\ k1,17 . \km—k+1
e ]‘Z<mp(m<1—p>) >k<k—1>p Lo
k>1
p

() (25

and so E[Ze%?] = +00. To check that the infinite sum in (41) diverges, we note that it is trivially
equal to 400 if m = 1 and that, by construction, the total progeny of a Galton-Watson process with
offspring distribution the binomial law with parameters (m,p) is bigger than or equal to the total
progeny of a Galton-Watson process with offspring distribution the Bernoulli law with parameter
p. Note that the equation (38) reads

Apo® + A1 —p)o
p(1—=m)o+(1—p)

)

- Ape® + (A1 —p) + (m — Dpz)o— (1—p)z =0, = € (0,00),

which gives

—(AM1 —p) + (m = Dpz) + /(A1 — p) + (m — D)px)? + 4ap(1 — p)X
2\p ’

Oz =

13



Therefore, we know explicitly the quantities 0,, E[e?*%] and E[Z2e%7].

Note that the formulas (16) and (18) involve also the integral ¢(6,) whose estimates (39) and
(40) involve, in turn, the moments of Z and of e%=?. Hereafter, for the sake of completeness we
briefly describe how those estimates can be computed. For any z € (0, \(1 — mp)~1), choose, for
instance, ¢ = ¢’ = 2 in the upper bound of (39). Then both the lower and the upper bounds on
the integral are explicit (once the law of By 1 is fixed). Indeed, p; = mp(1 — p)™~ !, we already
computed the quantities 0, and E[e?>?] and by (37) one has E[Z] = (1 — E[P;1])"!, and

E[Z%] = 1+ 2E[P11]E[Z] + E[PL1]E[Z2%] + (E[PE,] — E[P11])(E[Z])?,

from which E[Z?] is readily calculated. For any x € (A(1 —mp)~!, 00), we note that (once the law
of By, is fixed) the upper bound in (40) is always explicit. As far as the lower bound in (40)
is concerned, we note that, fixed ¢ € (1,b./6), the finite quantity ||e%Z|| ra(p) can be computed
e.g. numerically (the law of Z is explicitely known). Taking e.g. ¢1 = g2 = 2 and letting ¢’ be the
conjugate exponent of g, we have

HZH2q' < E[Z[2q’1]1/(2q’)

(where [-] denotes the ceiling function), which yields a computable lower bound (recall that —6, <
0), using the formula (37).

4.3 Example 2: Geometric offspring distribution

Suppose that P;; has a geometric distribution with parameter p € (1/2,1). Then condition (32)
is satisfied, and the assumption (34) holds with b = —log(1 — p), indeed

____ b
1—o(1-p)’

1

Gp,,(0) lol < (1—=p).

A standard computation gives
ac = —log(4p(1 — p)).
Using the formula (33), we have

P(Z = k) = ;(2(;“:11)) (1—p)Flpk, keN.

For all 0 < a. = —log(4p(1 — p)), it holds
1/2(k—1) B 1 (2h
ka( )= —P>p69§m(h>[<1 ~ e
_ 1141 —p)pef -1
5 ;

where the latter equality follows reconizing the generating function of the Catalan numbers. There-
fore, for all § < a, we have E[e??] < 1/(1 — p), which implies b, = a.. Moreover,

B[] — 4(11—p>211<2(:—_11)> <i>k1 _ 8(11_]9),

k>1

and

o gy () () -

h>0
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Note that the equation (38) reads

Ao(1 = (1—p)o)
1—2(1-pe

:l"

ie.,
A1 =p)*+ 201 —plz+No—x=0, x>0,

which gives

2(1 —p)z+A) — /(2(1 —p)x + N2 — 4 z(1 — p)
2X\(1 —p) '

Oz =

Therefore, we know explicitly the quantities 6,, E[e?>?] and E[Z2%e7]. Similar considerations as
in the case of a binomial offspring distribution yield estimates of the integral ¢(6,), which also
appears in the formulas (16) and (18).

4.4 Example 3: Poisson offspring distribution, i.e., linear Hawkes processes
with a general displacement distribution

As already mentioned, precise deviations and fluctuations of classical Hawkes processes (or linear
Hawkes processes) have been studied in [18]. Here, for the sake of completeness, we briefly explain
how to apply Proposition 4.2 even to the linear Hawkes process.

We emphasize that to apply Proposition 4.2 we need to assume that the displacement distri-
bution, i.e., the law of By 1,1, has all moments finite. The results in [18], instead, require only the
existence of some moments for the displacement distribution, which, however, must have a density
with respect to the Lebesgue measure. Hereon, instead, we do not require the law of By 1,1 to be
absolutely continuous with respect to the Lebesgue measure.

So, suppose that P;; has a Poisson distribution with mean p € (0,1). Then condition (32) is
satisfied, and the assumption (34) holds with b = +o0, indeed

GP1,1(Q) = e,u(gfl)’ y €R.

A standard computation gives
ac=p—1—1log pu.
Using the formula (33), we have that Z is distributed according to the Borel distribution, i.e.,
k k—1
P(Z=k) = (“lg'e—“k, keN

(see e.g. [7]). Clearly, b. = a.. Moreover, standard computations yield
E[e*?] = p~! and E[Ze"?] = +o0.

Note that the equation (38) reads
Ao

1—po

)

which gives
T

T Ntz

Ox

Therefore, we know explicitly the quantities 6, E[e?*4] and E[Z%e%Z]. Similar considerations as
in the case of a binomial offspring distribution yield estimates of the integral ¢(6,), which also
appears in the formulas (16) and (18).
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5 Further applications

5.1 Ruin probabilities of risk processes with delayed claims

Consider an insurance company with initial capital © > 0 and premium rate ¢ > 0. As already
mentioned in the Introduction, the total claim amount, up to time ¢ > 0, due to Incurred But Not
Reported Claims is often modeled by a Poisson shot noise process S; of the form (1), see [21, 22].
We recall that, in this context, it is assumed

For any m € M, the function H(-,m) is non-negative and non-decreasing. (42)

The ruin probability of the insurance company is clearly given by
Yipyr(u) =P <sup(St —ct) > u) ,  u>0.
>0

Letting

Yor(u) =P <sup(Ct —ct) > u> , u>0,
t>0

denote the ruin probability of the “associated” Cramér-Lundberg risk process, where

Cpi=>_ H(oo,My)1l(y(Tn), t>0,

n>1

it is well-known that (see e.g. Theorem 1.2.2 in [11]) if

(2) holds with Z := H (oo, M;) in place of X, A(E[e??] — 1) — ca > 0, (43)
/ xe"P(Z > x)dx < oo, (44)
0

and the “net profit” condition

¢ > \E[Z] (45)
is satisfied, then
Yor(u) = e /OO zeP(Z > x)dx - e “(1+o0(1)), asu— o0 (46)
LA =\ e = AE[Z] J, : '

Here w > 0 is the unique positive solution of the equation in ~:
ME[?Z] —1) — ¢y =0. (47)

Using large deviations techniques, it was proved in [5] that, under the foregoing assumptions,
o1
lim — longIBNR(u) = —w.
uU—0o0 U

The next proposition improves such ruin probability estimate.
Proposition 5.1 Assume (42), (43), (44) and (45). Then:
(2) If (7) and (10) hold, then

exp (Ap(w)) e
w\/2Am(\E[ZewZ] — ¢)~1E[Z2ewZ] Vu

Aw ° =
< wr —wu .
< <c TEZ] /0 xe""P(Z > x) dx) e (1+o0(1)), asu— o0

(1+0(1)) < ¢renr(u)
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(i) If (9) and (11) hold, then

—wu

exp (Ap(w)) e
w(l —e=)\/2Ar(\E[ZewZ] — ¢)~1E[Z2ewZ] Vu

(14+0(1)) < Yrenr(u)

Aw o -1
< wr —wu 1 .
< <c AR /0 ze"P(Z > x) dx) e “(1+o0(1), asu—

5.1.1 Example 4: a risk process with delayed claims

We consider a risk process with delay in claim settlement and total claim amount at time ¢ > 0
given by the Poisson shot noise process

S = Z F(t - Tn)Mnl(Ovﬂ (Tn),

n>1

where F' is the distribution function of a law on (0,00) with a finite mean. We suppose that the
random variable M; is non-negative, it has a density with respect to the Lebesgue measure and it
is such that aps, € (0,00] (see (2)). Then, setting F' := 1 — F', we have

Ml/ F(s)ds € LY(P), for any q > 1,
0

and the compound Poisson law ¢ s, has a density with respect to the Lebesgue measure. Note
that Z is distributed as M; and the assumptions of Theorems 3.1 and 3.4 are satisfied.

Exponentially distributed claims : sharp deviations at scales O(t)

Suppose that M; is exponentially distributed with mean 1/a, a € (0,00). Then, a straightforward

computation shows
bo—a—1/2% 2>, (48)
x

Bl = 2 = /& 49
et = L= 2 (19)

2a T T
_7\[2 0 M
E[Me ' (ai W 2}\/ \a’ (50)

and

where

Fs)
o <a - \/7> F(s)

So by Theorem 3.1 we have that, for any = > \/a, as t — oo,

d(\a,z,F) = /
0

(N ax)/*

S —
. 2 (Var — V)

tZtﬂj‘)

exp (—a(m - NP\ a,z, F)) \}ie_@‘”’\_?m)t(l +o0(1)).
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For specific choices of F'(-) the quantity ® can be computed. For instance, if F(+) is the distribution
function of the uniform law on (0,1), then

b (- : %> o v

For this model, one may easily compute the ruin probabilities estimates provided by Proposition
5.1(3). We omit the details.

Fluctuations at scales o(t)

Hereon, by applying Theorem 3.4(iii) with y(t) := o(t'/*), y(t) — oo, we study the fluctuations of
S; around its asymptotic mean at a scale of order o(t3/ 4). To perform the computation, we do not
need to know the distribution of Mj (as it happens to study the sharp deviations of Sy from its
asymptotic mean, where we need to compute the function 6.), but only the first four moments of
M;. Indeed, under the foregoing assumptions, the formula (23) holds with Z = M; and m = 4 and,

assuming the knowledge of the quantities E[M;], i = 1,2, 3,4, we only need to compute Hf\ﬂg[ M| for

j =2,3. To this aim, by the recursive formula (24) we have

) (1) AE[M?]
9,\]E[M1] 9 <0)9,\]E[M1] ()\E[Mf])3
and
3 1
O = 9002 9" (003,

g
 (AE[MP)?2 A (E[M?))?
= (ED) MMWWQW“_” wﬁ>'

5.2 A teletraffic model

In this subsection we briefly discuss the application of Theorems 3.1 and 3.4 to a teletraffic model
proposed in [24].

We consider an infinite servers queuing system, handling in parallel active jobs (connections).
New jobs arrive at the system according to a homogeneous Poisson process {1}, }n>1. Let { M, }n>1
denote the sequence of the processing times of the jobs, which are assumed to be independent and
identically distributed. Every job en-queued is served by the system at unit rate. At time ¢, the
number of active jobs in the system is given by

Xy —Z]-OMn )10, (Th)-

n>1

Then, the total workload processed by the system up to time ¢ is given by the Poisson shot noise
process

‘%—/de- ((t— T) A ML (To),
n>1

where, for a,b € R, the symbol aAb denotes the minimum between a and b. Hereon, we suppose that
the random variable M has a density with respect to the Lebesgue measure and that aps, € (0, 0o]

(see (2)). Then ,

o M
/ (My —sAMp)ds = 71 € LYP), for any ¢ >1,
0
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and the compound Poisson law ¢ s, is absolutely continuous with respect to the Lebesgue measure.
Here again, Z is distributed as M; and the assumptions of Theorems 3.1 and 3.4 are satisfied.
Assuming the knowledge of only the first four moments of M7, by the same application of Theorem
3.4(i41) with y(t) := o(t'/*), y(t) — oo, discussed in the Example 4, we can quantify the fluctuations
of Sy around its asymptotic mean at a scale of order o(t3/ 4). If we assume that M is exponentially
distributed with mean 1/a, a € (0,00), then the function 6. is given by (48) and the quantities
E[e?>M1] and E[MZe%M1] are provided by (49) and (50), respectively. Moreover

00 M,y
@(Qx) = /0 (E[QGI(S/\MQ] _ E[eﬁle]) ds =F |:/0 (eems I eeli) ds

1 a a

9, 0.(a—6,) (a—6,)°

_ |/ _Z
Ve N

So by Theorem 3.1 we have the explicit asymptotic expression of the tail of the processed workload.

6 Stable probability approximation of Poisson shot noise pro-
cesses

We recall that throughout this paper we denote by ¢.. s the stable law with scale parameter
¢ > 0, stability parameter « € (0, 2] and skewness parameter 3 € [—1, 1] (see Subsection 2.3 for the
definition of stable distribution and its first properties). In the context of the stable probability
approximation of the Poisson shot noise, we consider the following assumptions on the model (1):

The random variable M is distributed according to ¢, o g with either « #1 or a =1 and g = 0.
(51)
For any ¢t > 0 and m € R, H(t,m) := mF(t), for some distribution function F : [0,00) — [0, 1].
(52)
The following theorem holds.

Theorem 6.1 Assume (51) and (52) and let S be a random variable with law ¢ y1/a o g- Then

St/té converges in law to S, as t — oco.

The next theorem quantifies the speed of such weak convergence. For the sake of readability, we
state this result by giving estimates of the Kolmogorov distance between S;/ t/* and S in terms of
big O functions. However, in the proof we compute explicitly the constants involved in the bounds;
anyway, such constants have a complicated expression.

Letting X, Y denote two real-valued random variables, we recall that the Kolmogorov distance
between X and Y is defined by

Aol (X, Y) = sup [P(X < 2) — P(Y < ).
z€R

Theorem 6.2 Let the assumptions and notation of Theorem 6.1 prevail. Then:
(i) Define

A= {7] € [max{0, (o — 1)/a},1/2] : limsup fo(l — F(s)*)ds ) Oo}

t—o00 tn
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and ng := inf A.

If
n € A (53)
then
dKOl(S,g/tl/o‘7 S)=0 <t1}770> , ast— oo.
Instead, if

A#0D and ny ¢ A,
then for any 1y € (no, 1) it holds

1
dKOl(St/tl/a7S):O(tl—77()> , ast — 0o.

(id) If .
/O (1= F(s)*)ds € [0, 00) (54)

then

1 1
diol(Se/tY*,8) = O (tl/a> 1H{a e (1,2]}+0O (t> 1{a e (0,1)U{a=1,8=0}}, ast— oco.
Remark 6.3 In [25] the authors study the weak convergence to a multivariate a-stable distribution
of the finite-dimensional distributions of a properly centred and scaled Poisson shot noise process.
In particular, Section 3.3 of [23] considers Poisson shot noise processes of the form

X, = Z M, h(t — Tn)l(o,t} (Tn), t>0,

n>1

where {T,,}n>1 is a homogeneous Poisson process on (0,00), independent of the sequence of in-
dependent and identically distributed random variables {Mpy}n>1, and h(-) is a measurable and
positive function. By the theory developed in [23] it follows that if the law of M is reqularly vary-
ing at infinity with a constant sign, and the shot shape function h(-) is bounded on the compacts
and regularly varying too, then X, properly centred and scaled, converges weakly to a stable law.
Although the Poisson shot noise model S; considered in Theorem 6.1 has a multiplicative noise, we
consider different hypotheses on the mark My and on the shot shape function F(-). For instance,
we do not assume that both the distribution of My and the shot shape function are reqularly varying.
Furthermore, Theorem 6.2 provides the speed of the weak convergence to the stable law, which is
far from the achievements in [23].

6.1 Example 5: shot shapes for the stable probability approximation

Assuming (51) and (52), hereon we discuss some possible choices of the shot shape F(-) which
allows us to apply Theorem 6.2.

We start noticing that if the law with distribution function F(-) has a finite mean, then by
Theorem 6.2(ii) we have

diol(Se /1Y, 8) = O (tll/a) Hae (1,2} +0 (1) Hae(0,1)U{a=18=0}}
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Indeed, since a € (0,2] we have F(t)2 < F(t)® for any t > 0. Therefore

Oo—so‘soo—s2s OO—ssoo.
/Oa F(s)")d s/ou F(s)?)d 32/0 (1- F(s))ds <

If either o € (1,2] or @« = 1 and § = 0, and the law with distribution function F(-) has an
infinite mean, then Theorem 6.2(i7) can not be applied, indeed F(t) > F(t)* for any ¢t > 0. In
such a case we can hope to apply Theorem 6.2(:). This is the case, for instance, when F(-) is the
distribution function of a Pareto law with parameter 1, i.e.,

t

[0,00) (t>
Indeed, we have
/ (1= F(t))dt = oo,
0

and so Theorem 6.2(i7) does not apply (condition (54) is not satisfied). However, by applying twice
de 'Hopital’s theorem, for any n € (0,1/2] we have

- Jy@—F(s)*)ds iy L F(0)°
t—00 tn oo Tl
a—1__¢t2
__ o PO mp =0 (55)
(1 —n) t=oc t '

If @ € (1,2], then 9 = (o« — 1)/ € A (the set A is defined in the statement of Theorem 6.2)
and so by Theorem 6.2(i) we have di(Si/tY/*,S) = O (1/t1/°‘). If o =1and 8 =0, then
no =0 ¢ A and so by Theorem 6.2(i) we have dioi(S;/t,S) = O (1/t'77), for any n € (0,1). Of
interest for applications in insurance it is the case when the total pay-off M7 has the heavy tail
Lévy distribution, which corresponds to the stable law with parameters ¢ =1, « = 1/2 and 5 = 1.
In such a case if the delay in claim settlement is modeled by a distribution function F(-) with a
finite mean, then we fall in the first case discussed above and so

dgo1(S:/t%,8) = O <1> :

t

If, for instance, F(-) is the distribution function of a Pareto law with parameter 1, then (by the
some computation as in (55))
i 1/2
1—F(s ds
lim Jo S =0, foranyne(0,1/2],

t—00 tn

and so 19 = 0 ¢ A. Therefore by Theorem 6.2(i) we have dioi(S;/t?,5) = O (1/t'7"), for any
n e (0,1).

7 Proofs

7.1 Proof of Theorem 3.1

As already mentioned in the Introduction, the proof is based on the mod-¢ convergence theory.
So, first we state a lemma which concerns the mod-compound Poisson convergence of Poisson shot
noise processes (i.e., the mod-¢ convergence of Poisson shot noise processes when ¢ is the compound
Poisson law), then we prove Theorem 3.1 applying the results in [12].

The following lemma, whose proof is postponed at the end of the subsection, holds.
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Lemma 7.1 Assume (6), (8) and (10). Then {S;}i~o converges mod-¢y z on Dep := Dey(a) with
parameter function x(t) :=t and limiting function

¥(z) =0, (56)
where @(-) is defined by (14).

Before proving Theorem 3.1, we note that, under the assumptions and notation of Lemma 7.1,
by the theory of mod-¢ convergence (see p. 20 of [12]) we have the asymptotic expressions of the
mean and the variance of S; anticipated in (25).

Proof of Theorem 3.1. Let x € (AE[Z], \E[Ze?#]) be fixed. Reasoning by contradiction, suppose

. ]P(St Z tﬂ?)
lim sup
t—00 exp(—tni’z(r)ﬁ‘/\ﬂ@m)

Oz 2 tE[Z2e02 2]

and let {t;}r>1 C (0,00) be a divergent sequence that realizes the limsup. By Lemma 7.1 the
stochastic process {5y, }r>1 converges mod-¢y 7z on D, with parameter sequence z(ty) := t; and
limiting function (56). So, by Theorem 4.2.1 in [12] easily follows that the relation (15) holds with
tr. in place of t. Indeed, in our framework, the functions F'(-), h. and 7(-) in the Theorem 4.2.1 of
[12] are given, respectively, by the functions 773"\’2(-) (in (13)), 6. and 7y z(-). Moreover, the function
() and the quantities ¢ and d of Theorem 4.2.1 in [12] are given, respectively, by the function
() defined by (56), and ¢ = —oo and d = a.Therefore we reached a contradiction and in (57) we
have the equality. The same arguments hold if in (57) we replace the lim sup with the liminf. The
proof is completed.

U

Proof of Lemma 7.1. Note that {(T},, M,)}n>1 is a Poisson process on (0,00) x M with mean
measure AdtPys, (dm). So, by the expression of the Laplace functional of a Poisson process (see e.g.
[8]), we have

] 7 1, (57)

t
E[e*5] = exp <)\/ (E[e?H(s:M1)] _ 1) ds) , foranyt>0andz € Dg.
0

By the elementary relation |e?| = eR°* » € C, we have

[Ele]| < EleReS1]
¢ t
= exp (/\/ (E[e®e2)H(s:M)] _ 1)1{Rez < 0} ds + )\/ (E[eRe2)H(:M1)] _ 1)1{Rez > 0} ds>
0 0
< exp(Mt(E[eB*)Z] — 1)1{Rez > 0}) < 00, for any ¢ > 0 and z € Dy

Therefore, the Laplace transform of S;, ¢ > 0, is defined on D,. We now check that v (-), defined
by (56), does not vanish on ReD,, = (—o00,a) and it is analytic on D,,. By the Lemma 2.2, for
any z € D, and s > 0, we have

’ezH(s,Ml) _ ezZ’ < |2|(Z - H(S’Ml))emax{(Rez)H(s,Ml),(Rez)Z}
= |2](Z - H(S’Ml))emax{(Rez)H(s,Ml),(Rez)Z}1{Rez <0}
+12|(Z — H(s, My))emax{(Rex) H(sM).(Re2) 233 (R > 0}
< |2|(Z — H(s, My))em@{0Rez 2 p_g o
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Therefore, for any z € D, and s > 0,

E[je#M) — 7] < |2[B[(Z — H(s, My))em{0Res7], (58)
So, applying Hoélder’s inequality with p € (1,a/ max{0,Rez}), where we conventionally set a/0 :=
o0, and ¢ > 1 such that p~! + ¢~ = 1 (note that the conjugate exponents depend on z), we have

lp(2)] < |2] < 0o, forany z € Dep,

Lr(P)

/OO(Z - H(S,Ml))ds‘
0

‘ emax{O,Rez}Z ‘

Lq(IP)’
where the latter term is finite due to the assumptions (6) and (10). So

Y(x) =M@ >0, for any z € (—o0, a).
To prove that ¢(-) is analytic on D., we show that ¢(-) is such, and to this aim we prove that

sup |i(z) —¢(2)] = 0, ast — oo, for any compact K C Dy, (59)
z€EK

where

t
o(z) = / (E[eZH(S’Ml)] — E[ezz]) ds, z€ Dy
0

(then the analiticity of ¢(-) on D), it follows by the analiticity of ¢; on D, for any ¢ > 0). Let
K C D,y be an arbitrarily fixed compact. Without loss of generality, we suppose that there exists
a’ € (0,a) such that KN{z: 0 <Rez <d'} # (. Indeed, if K C {z: Rez < 0}, then there exists
K' C D, compact such that K C K" and K'N{z: 0 <Rez < d'} # (). Hereon, we set

my = max(ReK).
By construction, 0 < mg < a, and, setting Mg := sup,cx |2, by (58) it follows
E[je*H M) o2 < MR [(Z - H(s,Ml))emKZ] , Vs>0andze€ K.

By this relation and the definition of ¢; and ¢, for any ¢ > 0 and z € K, we have
o 00
lpe(2) — ¢(2)] < MKE [emKZ/ (Z — H(s, My)) ds} .
t

Applying Holder’s inequality with p € (1,a/mf) and ¢ > 1 such that p~! + ¢! = 1 (note that in
this case the conjugate exponents depend on K, but not on z) for any ¢ > 0 and z € K, we have

for(2) = ()| < Mc(t) = Wi (B ) | [“(z - B s, o (60)

The claim (59) follows taking first the supremum over K on this latter relation, and then letting
t tend to infinity. Indeed, by the assumption (10) and the dominated convergence theorem we

immediately have

q
— 0, ast— oo.
La(P)

H /too(z — H(s,M))) ds)

Finally we prove that
Pi(2) = e MEEE[] £ >0, 2 € Dy,
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converges to t(-) uniformly on the compacts of D,,. Let K C D, be an arbitrarily fixed compact.
For any z € K, by first applying Lemma 2.2, then using the elementary inequality Rew < |w],
w € C, and finally exploiting (60), we have

) 0] = [exp (3 [ @IeT02) - B ds ) - expirel))|

< )\/ zH (s,M1) ZZHdS X exp ()\/ EHezH(s,Ml) _ eZZHdS) < ()\eAMK(O)) MK(t)-
0
(61)

The claimed local uniform convergence follows by first taking the supremum over K on this relation
and then letting ¢ tend to infinity.
O

7.2 Proof of Theorem 3.2

Here again, the proof is based on the mod-¢ convergence theory. However, we need to refine Lemma
7.1 since we need the mod-compound Poisson convergence with a polynomial decay (see Definition
2.1). So, first we state such a refinement in a lemma and then we prove Theorem 3.2 applying the
results in [12].

The following lemma, whose proof is postponed at the end of the subsection, holds.

Lemma 7.2 Assume (6), (9) and (11). Then {S;}+~0 converges mod-¢y z on Dep == Dep(a) with
speed O(t~7) and limiting function (56).

Proof of Theorem 3.2. Although the proof is conceptually similar to the proof of Theorem 3.1,
since it exploits different results of the mod-¢ convergence theory, we provide some details.

Proof of Part (i).

Let = € (0, \E[Ze%]) be such that tz € N. Reasoning by contradiction, suppose

. exp(—tn} () o— 1 a 9)
RS, = t0) = i (w0 + 70 22

limsupt™° = o009, (62)

P exp(—in;_, (7))
2ATtE[Z2e% 7]

and let {t;}r>1 C (0,00) be a divergent sequence that realizes the limsup. By Lemma 7.2 the
stochastic process {5y, }r>1 converges mod-¢y z on D, with speed O(1/(t)?) and limiting function
(56). So, by Theorem 3.2.2(1) in [12] easily follows that the relation (17) holds with ¢ in place of
t. Indeed, in our framework, the functions F(-), h. and 7(-) in the Theorem 3.2.2 of [12] are given,
respectively, by the functions 0} ,(-) (in (13)), 0. and 7y z(-). Moreover, the function v(-) and the
quantities ¢ and d of Theorem 3.2.2 in [12] are given, respectively, by the function (-) defined by
(56), and ¢ = —o0, d = a. Therefore we reached a contradiction and the limsup in (62) is finite.
The proof is completed.

Proof of Part (ii).

Similar to the proof of Part (7). One has to apply Theorem 3.2.2(2) in [12] in place of Theorem
3.2.2(1) in [12)].

O

Proof of Lemma 7.2. Note that the assumptions imply (10). Indeed, for any ¢ > 0 and ¢ > 1,

E [(/Ot(z ~ H(s, My)) ds) q] < HIE[Z7] < oo, (63)
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where the latter quantity is finite by (6). So (10) follows by (63), (11) and Minkowski’s inequality.
Consequently, all the claims in the proof of Lemma 7.1 hold, and using the same notation of the
lemma, we only have to prove that for any compact K C D, there exists Cx > 0 such that

sup |[¢i(z) — ¥(2)| < Ckt™?, for any t > 0.
z€K
To this aim, we note that by the relations (60) and (61), for any ¢ > 0 and K C D, we have

(2) = 00} < AN (Bl 217) | (2~ (s, M)

La(P)

The claim follows by the assumption (11) (note that the conjugate exponents p and ¢ in this latter
inequality depend on K, but not on z).
O

7.3 Computation of the quantities a;(6,) and b;(0,), 1 <k <o — 1, and proof of
Proposition 3.3

The following proposition provides the expression of the functions ag(-) and bg(-) in Theorem 3.2.

Proposition 7.3 Let the assumptions and notation of Theorem 3.2 prevail. Then, for any x €
(0, \E[Ze?]) and k =1,...,0 — 1, we have

2k

77/}(2k £) 0,
ap(6:) =) W >
=0
¢

(_1)m1+...+mg

mq!1mimgl2ime - mypllme
(ma,...,mg)€S,

Tl ( E[Z7+2e%7] ])’”J’ (—D)F2(k +m1 + ... +mg) — 1!

S G+ D0+ 2)E[Z2%7 (AE[Z2e0- 7))k

o 2%k e(m1+...+mn)91(ml +. _|_mn) (1 —e—9x) (mi+...4+mp)—1 " 1)dm;
k(0z) = Z m1!1!m1m2!2!m2 - mylnlmn H(_

2k—n

szmcnfg)

(_1)m1+...+m5
(2k —n — Z mql1lmimgl2ime - im0l

E[Z7+2e f’zz] =Dk Fmy A+ A+ my) = DY
. H ( G+ + 2)1[«:[229,%2]) (A\E[Z2¢0:2])k '

Here 8,, denotes the set of ntuples of non-negative integers (mq, ..., my) such that 1-mq + 2 -
mo+...n-my =n, f®) denotes the derivative of order k € N of a sufficiently smooth function f
and fO) = f. The derivatives of the function 1(-), defined by (56), can be computed by using the
recursive formula:

Mo eMe(0s) (m1) (g (mi) (g
(n) _ i€ ¥ ( x) 4 ( :c)
¥ (Gm)—n!z/\ > R ey neN,
=1 mi1+mo+...+m;=n
where the sum is taken over all the my,...,m; € N such that m; + ...+ m; =n, and

go(")(ﬁm):/ (E[H (s, My)"el=H M) g 7zneb2]) ds.
0
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Proof. The general expression of the functions ag(-) and bg(-) can be computed following the
suggestions of Remark 3.2.5 in [12]. See Proposition 1 in [18] for the details. The recursive formula
for the derivatives of 1) is easily obtained by applying the Faa di Bruno formula (see Lemma 2.3).
O

Proof of Proposition 3.3.

Proof of Part ().

The lower bound is trivial. The upper bound follows immediately by applying Lemma 2.2.

Proof of Part (it).

The upper bound is trivial. For the lower bound, note that by Lemma 2.2 and Holder’s inequality
it follows

/0 (E[GGIZ] . E[GOIH(S,M1)])ds < Q;EHe@zZHLp(P)H /0 (Z — H(S,Ml))ds‘

La(P)

O

7.4 Proof of Theorem 3.4

Proof of Part (i).
Reasoning by contradiction, suppose

St—AIE[Z]t
. P ( AE[Z2)t = y(t))
11m su
el P(N(0,1) > (1))

and let {t;}r>1 C (0,00) be a divergent sequence that realizes the lim sup. The proof of (20) then
proceeds similarly to the proof of (15) in Theorem 3.1 [i.e., applying Lemma 7.1 and then Theorem
4.3.1 in [12] (in place of Theorem 4.2.1 in [12]) to reach a contradiction|. By a similar argument
we reach a contradiction if we replace the limsup with the liminf in (64).

Proof of Part (it).

From now on, for ease of notation, we denote by f the Fenchel-Legendre transform 73 , in (13). For
technical reasons (related to the application of Dini’s implicit function theorem), we assume f to be
defined in a neighborhood of AE[Z]. The relations in (21) follow (reasoning again by contradiction
as in the Part (7)) by Lemma 7.1 and Theorem 4.3.1 in [12]. As far as (22) is concerned, note that
by the definition of the function . and Dini’s implicit function theorem we have that 6. is infinitely
differentiable on the domain of f and

41, (64)

A —
T \E[Z2e9-2]

In particular, f is infinitely differentiable on its domain and, by Taylor’s formula, in a neighborhood
of AE[Z], we have

FYOBIZD (o AR[Z))2 + o((x — AE[Z])?).

f(z) = f(AE[Z]) + f'(AE[Z])(z — AE[Z]) +
Note that 0yg[z) = 0 and so f(AE[Z]) = 0. A straightforward computation yields
fl(x) =0, + 20, — N0, E[Ze%Z] =0, and f"(x)=40..
Therefore,

1

f'(AE[Z]) = Oxgiz) =0 and  f"(AE[Z]) = O)\gy = NE[Z2]’
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So, as x — AE[Z], we have

1

W(w — AE[Z])? + o((z — NE[Z])?).

fz) =

In particular, as t — oo, by the expression of v(-) we have

(b)) = y®? <y(t)2> 7

t

which gives the claim.

Proof of Part (iii).

Note that, in particular, y(t) = o(t'/?), and therefore by the previous Part (i) we have that the
relations in (21) hold. In the previous Part (ii) we noticed that f is infinitely differentiable on its
domain with f”(-) = . Therefore, the kth derivative of f is given by f®(z) = 6%V, k > 1. By
Taylor’s formula, as z — AE[Z], we have

H(k_l)

Aigz] (x — )\E[Z])k + o((z — AE[Z])™).

NE

fz) =

ol
||
N

In particular, as ¢ — oo, by the expression of v(-) we have

(k—1)

m 0 k m
2)\k/2 AELZ] y(t) (y(®)
kZQ (AE[Z?] o o e ) (65)
Note that
y@"
+)ym (] po t m
lim -0 (ytfn)ﬂ > = lim yé:ﬂf)tlim ( ‘7{(_)1> —0, (66)
00 0o prrt © \¢2 " m
where we used the assumption on y(-). Moreover,
m g(k 1) k m H(k 1) k—2
2)yk/2 AELZ] y@®)" _ 21 2)yh/2 XELZ 7] y(t)
2 (AE[Z?] P G +kz3 (AE[Z?] T
m—2 (G+1) j
1 Deiz) (y®))’
—y)? | = (\E[2?))+2)/2_2ElZ] < 00, ast— oo,
y(t) 5 ; G+2) " oo, as 00

(67)

The claim follows combining (21) with (65), (66) and (67). Finally, the recursive formula for eg\IE)[Z]’

2 < j < m—1, easily follows by the Faa di Bruno formula (see Lemma 2.3). The proof is completed.
7.5 Proof of Propositions 4.1 and 4.2

Proof of Proposition 4.1.
Proof of Parts (i) and (ii).
The claim follows by applying Theorems 3.2 and 3.4. To this aim, we show that, under the foregoing
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assumptions, one has (11) (then, due to the fact that Z := Ny(]0,00)) satisfies (6), one also has
that condition (10) holds). We start noticing that, for ¢ > 0, we have

/ " (Vi([0, 00)) — Ny ([0, 5])) ds = / T ([0.Z)) — Na([0, 8])) ds

— 1L > 1) /too(Nl([O,L]) — N[0, 8))1(L > s) ds
< (L — )" Nu((t, L)), (68)

where xt := max{x,0}. For an arbitrary ¢ > 1, set p; := “om > g, m €N, and let py :=
m/(m—q). Note that p1,p2 > 1 and (p1) "+ (p2) ! = 1. Therefore by Hélder’s inequality we have

< E[((L — t)JF)m]l/mE[Nl((t’ LDqﬁE]l/(qﬁg)'

La(P)

| [ ovo.z) = mio.s
For 6* € (0, a) fixed, we have
BN (¢ 21) )07 < B (0,00) 1) < S HEL B 0) s D,

where z — [z] denotes the ceiling function. So

H /tooWl([O,L]) — Ni([o, s]))ds‘

ooy < FVEL(L = 0y (69)

Let o € N be arbitrarily fixed and set 6 := om + 1. Since (L — ¢)* is a non-negative random
variable, for any ¢t > 1 by Markov’s inequality we have

E[((L —t)")™] = m/ooO u™ T P((L — )T > u) du

o0
= m/ umTIP(LO™ > (w4 )7™) du
0
m—1

< mE[LO™ /w“d
<mEIL™] ) g

= E[L'™] /OOO (1 dz

21/m + t)@m

0 z +t

© 1
= B[]t~ / d
[ ] 0 2’9 + 1 *

>~ 1
< E[Lf™¢—(0-1) +/ _ = (2= (0-1)
E[ It <1 2 1dz Ky 't ;

where the quantity which multiplies t=(0=1 depends on ¢ since m = m(q). So

E[((L _ t)-l—)m]l/m < (,{((12))1/mt—(9—1)/m < (K((]2))1/m t—a’

where we used the definition of 6 and the fact that ¢ > 1. Combining this latter inequality with
(69), for any o € N fixed and t > 1, we have

H /too(l\h([O,L]) — Ny ([0, 5])) dSHLq(p) < gt
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where k1= /i((ll)</<.3((]2))1/ ™. Therefore, for any o € N fixed we have

<t 9, forallt>1.

—_ )

La(P)

supr | /tOO(Nl([O, 1]) — N[0, 5)) ds|

q>1

Thus condition (11) holds, and the proof of (i) and (i7) is completed.
Proof of Part (iii).
The claim easily follows by Proposition 3.3. Here, we limit ourselves to note that by (68) we have

/0 T (Z-Ni(0.5)ds < L7,

and so the upper bound in (30) and the lower bound in (31) follow, respectively, by the upper
bound in the Part (i) of Proposition 3.3 and the lower bound in the Part (i7) of Proposition 3.3,
and Holder’s inequality.

O

Proof of Proposition 4.2.

Proof of Parts (i) and (ii).

We are going to apply Proposition 4.1, and so we verify the assumptions therein. We already
noticed that Z := N;([0,00)) satisfies (6). So we only need to check (29). Let {U,},>1 be a
sequence of independent random variables with the same law as By 1,1, independent of Z. Since V,
defined by (35), has the same law as

and V is an upper bound of L, we have
L<L':=) U, (70)

Such random variable L’ has all the moments finite, indeed for any & € N, using Minkowski’s
inequality we have

7z k
E (Z Un> < E[ZME[U}] < oo, (71)
n=1

where the latter term is finite due to (36) and the fact that Z satisfies (6). The proof is completed.
Proof of Part (iii).

By the random walk perspective to branching processes (see e.g. [20] p. 90), we have that Z has
the same law of the hitting time to zero of the random walk {Z] },,>¢ defined by

Z(/]:l Z;L::P1,1+...+P17n—(n—1), n €N,

i.e.

ZLinf{neN: Z, =0}
(we define the right-hand side equal to +oo if {...} = 0). So

1 n
P(Z > n) S]P’(Z;L>O):IP’<HZ:PL;C > 1) <e Me neN, (72)
k=1
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where the latter inequality follows by the Chernoff’s bound (see e.g. [20] Theorem 2.19 p. 68, and
recall that E[P; ;1] < 1). Standard convexity arguments (combined with the subcritical assumption)
guarantee a, € (0,00). A straightforward computation shows that (72) implies E[e?4] < co V 0 < a,,
which completes the proof.

Proof of Part (iv).

Let {Z;};>1 be independent copies of Z and let K be the random variable defined at the beginning
of Subsection 4.1. For any 6 € (—o0,b.), by standard computations we have

E[e] = S Ele? T % | Ky = K]py
k>0
=" S E[e")ip, = G, , (E[e?]) < o0 (73)
k>0

As far as the moments of Z are concerned, we combine the Faa di Bruno formula with the elementary

relation:
n

o (@) = X (1)1 PP, nen (71)

dan
k=0
for sufficiently smooth functions f and g. For any 6 € (—o0,b.), by (73) and (74) we have

d” 07 0 — (n) d* YA
@E[e J=e")" I ﬁGpl,l(E[e D

By the Faa di Bruno formula we have

(4) 0z 4™ 10 07 d™i o 07
d* 0z . GPl 1(IE[e ) g E[e””] 7 K[e??]
_— — Ll s dogm1 d0m™i
157 G P (E[7]) —k.z Z,! > R e k€N,
=1 mi+mo+...+m;=k
where the sum is taken over all the mq,...,m; € N such that my +...+m; = k. The claim follows

recalling that

dn
E[Z"] = < —Ele"7]|
2" don & ]9:0
and that

ng,l(l) =E[Pa(Pig—1)...(P1—(i—1))]

is the ¢th factorial moment of P; 1.
Proof of Part (v).
Differentiating (73) with respect to 6, for any 0 € (—o0, b.) we have

E[Ze"] = G, , (B[e"?]) + "E[Ze"]C, | (E[e"?]) = E[e"”] + "E[Ze"?] Gy, | (E[e™?]),
where the latter equality follows by (73). Therefore

P E e@Z
B(2e"7) - - _eGG;[JM(]E[eQZD' (75)

Differentiating again we have

oz L+ € (G (B[P7]) + G | (E[eP7]))
(1 -Gl | (E[e?4]))?

/
1,

E[Z2%e%%] = Ele
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Recall that, for any z € (0, \E[Ze%?]) we denote by 6, € (—o0,b.) the unique solution to
ME[Ze%%] = x. Using (73), we rewrite the relation (75) as

E[GGZ]

G, , (E[7Z])

Gp, , (E[?7])

E[Ze%?] =

1 — E[ef?]

Taking 6 = 6, in this relation, we have

r E[ef+Z]
N Gp, , (Elef=7]) 7

O P,
1-— E[e Z] Gpij(]};[eezzh

and so g, = E[e?+?] is solution to (38). The expressions of 0, and E[Z%e%#] are readily obtained
by (73) and (76), respectively. The proof is completed.

Proof of Part (vi).

For a fixed r > 0, let {N,gj )(‘)}jzl be independent and identically distributed point processes on
[r, 00) with the same branching structure as Ny, but ancestor in r (when r = 0 they are independent
copies of Ni). Hereon, we denote by N,gj )(s) the number of points of Nﬁj ) on the interval [r, s] and
by @ the law of B; ;. For any § € (—o0,b.) and s > 0, similarly to (73), we have

Ee®N1 (0] = N gD | Ky = k]p,

k>0
(4)

=2 E {GQ(HE% o) 1 = 4 P

k>0

k
(1)
=e> p ( / E[e?Nr (5)]Q(dr)>
>0 [0,00)

(1)
=e’Gp,, ( /[0 )E[eeNT (3)}Q(dr)>.

By this relation, (73) and the mean value theorem, we have (since N,El)(s) =0 for r > s)

B (9] - B[e7] = ¢f (G ( / E[eer(s)]Q(dr)) - Gpl,lm[e%)
[0,00)
- </ E[eeN”s’JQ(dr)—E[e”1> 0 (©)
[0,00) ’

— e ( /[O }(E[em‘%n ~ ER™)Q(dr) + (1~ B[ DQU((s oo>>> P (6);
for some

min egNﬁl)(s) T 2 max eeN’ED(S) r el .
5e< {/{0700)1@[ Q(dr), E| ]}, {/[Om)E[ 1Q(dr), E| 1})

Since £ > 0, a simple computation shows that Gjpl 1(§) > p1. Therefore

E[e/N1 (0] _ g[e?7] < of (/
[

0 }(E[eml“s’] — E[Z))Q(dr) + (1 — E[?Z])Q((s, oo>>) P

< plee(l - E[eez])Q((S’ OO)), for any 0 e (Oa bc)a
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and

E[e!M105D] — E[e??] > p1e?(1 — E[e"“])Q((s,00)), for any 6 < 0.
The claim follows combining these inequalities with (30), (31), (70) and (71).
(]

7.6 Proof of Proposition 5.1

We only prove Part (7). Indeed, mutatis mutandis (i.e. applying Theorem 3.2(iz) in place of
Theorem 3.1) the proof of Part (i7) is similar. We start noticing that the upper bound is a simple
consequence of the inequality ¥rpnr(u) < Yor(u), u > 0, and (46). As far as the lower bound is
concerned, note that, for any u,d > 0, we have

1
YipNr(u) > P(Syqg —cud > u) =P <iu; >c+ d) . (77)

By the strict convexity of the function
(0,a) 37 = AE[YZ] — 1) — e,

we have A\E[Ze¥?] — ¢ > 0. Set d := (AE[Ze¥?] —¢)™! > 0 and z := ¢+ d~! = AE[Ze"?]. By the
“net profit” condition and the fact that E[Ze%?] > E[Ze%?] > 0, we have z € (AE[Z], \E[Ze%?]).
Moreover, a straightforward computation gives

0, =w and 20, — /\(E[eazz] — 1) = w(AE[Ze"?] — ¢).

The lower bound follows by these relations, (77) and Theorem 3.1.

7.7 Proof of Theorems 6.1 and 6.2

In this section we prove Theorems 6.1 and 6.2. In particular, we emphasize that the proof of
Theorem 6.2 exploits the ideas and the techniques developed in [13].
Proof of Theorem 6.1. We divide the proof in two steps. In the first step we prove the inequality

[ (i) — 1] < (Hu ()] + Ha(t)[€[**) exp(H1(t)[€|* + Ha(D)EP*Y), ¥ (2,€) € (0,00) xR, (T8)

where

Gi€) = E[eiﬂst/t”@“>1e*“*"cwﬂw“f) t>0,¢ER, (79)
“)d
t) == Ac*\/1 + (Btan(ra/2))? fo \/i S, t >0, (80)
and
)\0204
Hy(t) == 5 [1+ (Btan(ra/2))?], t>0. (81)

In the second step we conclude the proof.

Step 1: Proof of (78).

For any t > 0 and £ € R, by Lemma 2.2 and the expression of the Laplace functional of a Poisson
process (see e.g. [8]), we have

t t
E[ei65:/17°] — exp (A / (s GEF()/1/) _ 1)d5> — exp <)\ / (e e EF(®) _ 1)d5>  (82)
0

0
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Again, by the scaling property of the Lévy exponent 7.4 5(-) and its definition, we have

o, L i .
Tle,a,B8 <1§t2°‘> = TNec,a,B <(tl/§)1/a> = \/inc,a,ﬁ(lg)a t> 07 5 S R7 (83)

and 7oy1/a 4 5(1) = AMea,s(i€) , § € R. By these relations and (82), for any ¢t > 0 and § € R, it
follows

t
¢t(1§) = exp <)\/ (e%nc,a,ﬁ(iﬁtl/(ZQ)F(S)) - 1) ds — A\/inc,a,ﬁ(ig)>

0

t 1 . 1
“=Me,a,8(IEF(5)) :
= exp )\/ (eﬂn’ B — 1= —=Neap(i& ) ds)
< 0 \/{f 'B( )

t 1 . 1 . 1 . ]_
c,a (lgF(S)) Ne,a ,3(15) nc,a,ﬁ(lf) .
= exp )\/ evi'lees —eVvtio® ds + Mt <e\/f — 1= —ncpa, 1§)>
(84)

By Lemma 2.2 and the definition of the Lévy exponent 7. g(-), for any t > 0, s € (0,¢) and £ € R,
we have

(i6) ’eﬁ max{Re(ne,a,5 (1F(5))),Re(ne,a,5 (1))}

1 i . i 1
e\/fnc’a’ﬁ(lgF(S)) — eﬁnc’a’ﬁ(lg)’ < % nc,ayﬁ(iéF(S)) = Ne,a,B

[e3

1 _——
= e s (EF()) = e (i6)le P (o)

= \}EH —if tan(mwa/2)sgn(€)|]|c€|* — |C£F(s)|a‘e—ﬁl

= ¢*/1+ (Btan(ra/2))?

cgF(s)|*

(1— F(S)cx)e—\%kﬁF(S”a

Vi

€%

Therefore, for any ¢ > 0 and £ € R,
t . .
A / (cvtom s (EFED _ o atensli©) qs| <y (1)), (85)
0
Applying Taylor’s formula with integral remainder to the function

uncya,g(iﬁ)
ur—e Vi wuel0,1],

for any t > 0 and ¢ € R, we have

e, o, (16) : : 2 1 e, o, 8 (i8)
e VvVt —1= nc,ajz(lf) + (nc,a,i(1§)> / (1- u)euiﬂ du.
0

Therefore, for any ¢ > 0 and £ € R,

1 i 1 . A . «
BY (f< Do1- ﬁnc,a,/s(ls))) | < Sleas(OR = Hat)lg, (86)

where Hs(+) is the constant function defined in (81). Note that in (86) we used the relation

ig
Ne,a,B 1/a>
u : Vi U | eg]o
o) _ |, ((u> e vl oy e,
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which follows by (4) and Lemma 2.2. By Lemma 2.2 and max{Rez,0} < |z|, z € C, we have
le* — 1] < |zlel®l, zecC.

The claim follows combining this elementary inequality with (84), (85) and (86).
Step 2: Conclusion of the proof.
By (78), for any ¢t > 0 and £ € R, we have

b1 — s 6204
1¢t(itlﬂi®>—1\g<xcm Frantrarphl I’;“ “lepe+ 2 [+(ﬁtan(m/2))2]§l2“>

fo (1-F |§‘a )\020‘
t

X exp </\c°‘\/1 (Btan(mwa/2))? [ + (5 tan(ﬂa/2))2]\§|2a> .

(87)
The right-hand side of this latter inequality goes to zero as t — oo, indeed by de I’Hopital’s theorem
and the fact that F(-) is a distribution function, we have
¢

lim = [ (1= F(s)®)ds = 0.

t—oo t 0

The claim then follows by Lévy’s continuity theorem noticing that, for any ¢ > 0 and £ € R,

. < ¢ )_ E[ei(g/tl/@a))t*l/(?&)St] E[eié(st/tl/a)]

ltl/(Qa) - e\/inckl/a7a’ﬁ(i(§/t1/(2a))) - oleat/a q,56) 7 (88)

where the latter equality follows by (83).
U

Proof of Theorem 6.2. By (78), for any ¢t > 0 and £ € R, we have (87), which, for n € (0,1], we

rewrite as
[ (t/()> -1< (ﬁfn)\a 2o ep (HalWego, Hojgpe) (s
where .
1—-F(s)%)d
Hy,(t) —)\ca\/l (Btan(ra/2))? fO( tn(S) ) s’ t>0,

and Ha(-) = Hj is defined by (81); note that Hy1/5(-) = Hi(-), where Hi(:) is defined by (80).
Letting Px denote the law of a random variable X, we consider the signed measure

pe(dx) :=Pi_1/ag,(dz) — Pg(dz), t>0,

and note that

i (€) == E[el(S/1/)] _ E[ei¢5] = E[el¢"] (wt (igl) ‘1>’ t>0,¢€R,

t2cx

where the latter equality follows by (88). Therefore, by (89) and (4), for any ¢ > 0 and £ € R\ {0},
we have

‘/@éﬁ [ et 1“11, <t> _1‘

< (fll,r]()|£‘a—1 H2|€’2a 1> exp <_>\|C§|a + Hlﬁii(t)ma + }f|€|2a> . (90)

ti=n ti=n
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Let p(-) be the kernel function provided by Lemma 2.13 in [13], and for ¢ > 0 and z,a € R, put
pe(x) = e tp(x/e), fo(x) == L(_oo) * pe(x), and foc(x) := fo(z — a). Here the symbol  denotes
the convolution product. We continue by first proving the Part (i) of the theorem, and then the
Part (#i). We present a proof which is a little bit more technical than the necessary since we provide
a constant involved in the big O notation.

Proof of Part ().

We only prove the claim under the assumption (53). Indeed, if g ¢ A, then ny +¢ € A for any
€ > 0 sufficiently small. So let ny € A and let t* > 0 be such that

fo(l — F(s)%)ds .

gg o [0, 00).
For an arbitrarily fixed
"0 70
el— ,1— , 91
ve (o oy
we define
e(t) :== 1 t>0, Kp:= A" (92)
T RO ey 2T \am) ©

and consider the family of functions {f, . }¢>0. By Proposition 2.14 in [13], we have that the
functions f, .(;) are smooth test distributions in T1(R) (we refer the reader to Definition 2.9 on p.
11 of [13] for the rigorous definition of such space) with Fourier transform compactly supported on
the interval ” o

I = [_Kot(l—no)(’Y‘f‘a(Tono))’Kot(l—ﬂo)(’ﬁ‘m)] (93)

and [|0fq )l L1 (r,az) = 1- Note that
ay—1<0. (94)

Indeed, by (91) and the fact that o < 1/(1 —np) (since 9 > (o — 1) /), we have

LU R <0.

1< a-— —
L [

For t > 1 and £ € I;, we have
\ilja _ ,ﬂa!ft\a < Kot -1

A
- K@ (1—no)(ay—1)| ¢ < 2 a
5t el < legl® (95)

where for the latter inequality we used that t=m)(va=1) < 1 gince t > 1 and ya—1 <0 by (94).
Let ¢ > 1 be such that
JoL=F(s)")ds _ e
t ~ 42)\H5'

Note that such a ¢’ exists since the left-hand side of (96) tends to zero as t — oo by de 'Hopital’s
theorem. By (96) we have

for any ¢t > t'. (96)

Hi (1) o Ac Ac”
tlfon() S AC \/1 + (ﬁtan(ﬂa/Q))Qm = T, for any t Z t/. (97)
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By (90), (95) and (97), for any t > ¢ := max{t',t*} and £ € I, \ {0}, we have

[ (§) 1€t ! Aleg|®
L9 < (s ) e (51), g
where
*)d
K := Xe®\/1 + (B tan(ma/2))2 supf0 8.
>t tno

We note that, for any v, k, p > 0,

o0 () 2T (¥
/ |§|V—1e—n|§\9 d¢ = 2/ gy—le—;if/’ d¢ = 2/ x(V—l)/pe—mL‘ dl‘l/p _ (p) ’
R 0 0

pm”/ﬂ

(99)

where T'(+) is the Euler gamma function. In particular, for any ¢ > ¢, the function & (8 g
integrable. Therefore by Remark 2.11 in [13] we have that the extended Parseval formula applies
and, letting f = [ze i€z f(x) dz denote the Fourier transform of f € LY(R,dz), we have

‘]E[fa,s(t)(st/tl/a)] - E[fa,e(t)(s)” = ‘ / fa et df‘
Hafa,s t)||L1 (R,dz) ,ut
< Pt /Q 9 ag (100)
= % 3 ‘ d¢, for any t > ¢, (101)

where in (100) we used the elementary inequality |f(§)\ < |1 fll 21 (,de), for any £ € R. By (98) and
(99), for any ¢t > t”, we have

(=€) a1, -2l gl Hy 20-1,-2d% |gjo
[ ae< 755 [ e e+ [ a

Kl 4 @ 8 4 K4 22 2H, 1
= =m0 Aae™ t al2c?2e — daco LT Nee ) #1-m0”

where the latter inequality follows noticing that ¢” > 1. Combining this with (101), for any ¢ > t”,
we have

’E[fazf(t) <St/t1/a)] - E[fa,a(t) (S)” < 2 (K{ + 21{2) L

TAoct e ) tl-mo
2 2H2 1
< Sae K - B 102
~ mAac? ( r ACQ) (A=m0) (5y) e®),  (102)
where - -
0 / 2
B := K4+ 222
T ( 1 )\ca>

and the inequality (102) is a consequence of v < 1 — ﬁ and t” > 1. By Theorem 2. 15 in [13],

noticing that S has a density with respect to the Lebesgue measure bounded above by c)\l — 7l (l)
(see Subsection 2.3), we have

C

dice tl/a <
Kol (St/ ,5) t(l—no)(wm)

for any ¢t > t”,
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where

. 2 ,  2H> (4Hz)=T () “1\1/3 | o4/3
¢:= égg {(1 o <7T)\ozc°‘ <K1 * )\ca> * 432 N2/ (41 +¢7) 437 ' (103)

The claim follows noticing that

nf 1 1
11q<1 0 (1=n0)(v+=g—)  tl=mo’
<r=lmaaeng ¢ o(1=mo)

v e (—i,min{Q—;,;H (104)

and define £(¢) and I; as in (92) and (93) with 1/2 in place of 1o, i.e.,

> t”

__mg
a(l—ng)

Proof of Part (i1).
We take

1
)i =———, t>0 105
)= ey 120 (105)
and Iy = [—¢(t)"',e(t)""]. Then we consider the family of functions {f, . }e>0 (the function

fae is defined at the beginning of the proof) which, by Proposition 2.14 in [13], are smooth test
distributions in T7(R) with Fourier transform compactly supported on ;. Note that the relations
(95) and (97) hold with 1/2 in place of ny. By the assumption (54), it follows

Hl(t)<Ki
VA

for any t > 0,

where H(+) is given by (80) and

KY := Xe®\/1 + (B tan(ma/2))2 /000(1 — F(s)%)ds € [0,00).

Combining this with (90), (95) and (97) (again with 1/2 in place of 1), for any ¢t > ' and £ € I;\ {0},

we have
‘[Ité(-f)’ - <Ki/£|a—1 - H, ’€|2a—1> exp <_)\’C§|a> . (106)

t t 2

As in the proof of Part (i), we have that, for any ¢ > ¢/, the function & — @ is integrable, and
one can apply the extended Parseval formula to get (101), with £(¢) defined by (105) and ¢’ in place
of t”. By (106) and (99), for any ¢t > ¢/, we have

~(_ 1 e o o™ o
[P ag < B [ et ag o 22 [ g5 ag
It é. t It t It

K4 H 8 4 ([, 201
=t ale® t al2c2e  )aeo L5 Nee |t

Combining this with (101) (with (¢) given by (105) and ¢’ in place of ¢"), for any ¢ > ¢', we have

H.
El et (S/8%)] = Elf ey (S]] < — (Kg N 22) 1

TAoc™ e )t
2 2H, 1
< K// _— _ = B/ t 1
— mac® ( 1T )\Ca> t%(,ﬁ_é) 5( )v ( 07)
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where

2Ky 2H,
B = K/ +—
TAac® ( 1t )\CO‘>

and the inequality (107) is a consequence of 7 < 2—% and t' > 1. By Theorem 2.15 in [13], noticing
that S has a density (with respect to the Lebesgue measure) bounded above by T (l), we

1
amel/@ a
have

C/
t%(v-i-
where the constant C” is defined as C'in (103), but with K7’ in place of K. The claim follows taking

the infimum over v, which satisfies the constraint (104). Indeed, if o € (1,2], then 1/a < 2 — 1/a,
and so

diol (S¢/%, S) < for any ¢ > t/,

1y
o)

1
inf —_—ta, t>
—1/a<y<min{l/a,2—1/a} +3(0+35)

if, instead, « € (0,1], then 1/a > 2 — 1/a, and so

inf =t t>t
—1/a<y<min{l/a,2-1/a} +3(7+3)

O

7.8 Proof of Lemma 2.2

For ease of notation, let a; := Rez; and b; := Imz;, ¢ = 1,2. Hereon, without loss of generality, we
assume aj > as. We have:

‘ezl o 622’ _ |ea1+ib1 - ea2+ib1 + eaz—l—ibl o ea2+ib2| — |ea1 _ o™ + eaz(l o ei(b2—bl))|‘

By the mean value theorem we have e — e?2 = (a; — ag)e, for some ¢ = c(ay,a2) € [az,a1].
Therefore

le*t — 2| = |(a1 — az)e’ + (1 — 27| < [(a1 — az)e™ + e™2(1 — eP27PV))],
Setting o := a1 — a9 > 0 and 8 := by — by, we have
(a1 — az)e™ + (1 — el®2701))| = ¢¥ | + ¢~ (1 — )| = e | + (1 — cos B — isin B)].
The claim follows if we prove the inequality
la+ e (1 = cos ) — ie ®sin 8] < /a2 + 2. (108)
Indeed |z, — z| = \/a2? + 2 and
la+e (1 —cosf —isinf)| = |a+e “(1 —cosf) —ie” “sin j].

Note that (108) is equivalent to

fila, B) == [a+e (1 —cos B))* + e 2%(sin B) < o? + 2 = fola, B). (109)
To prove this latter inequality, we start noticing that fi(c,0) = fa(a,0) = o? and

fi(a, B) = a® 4+ 2ae7%(1 — cos B) 4+ 2 2%(1 —cos B) = a® + 2(a + e e (1 — cos ).
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Then we distinguish two cases: 5 > 0 and 8 < 0. Assume first 5 > 0. For any v > 0, we have

afl(Oé,’)/) — 2(04—}-67&)67&8111")/ < 27: 3f2(047’)/)’

oy 0
where we used the elementary inequalities siny < |siny| <|y| =7 and 0 < (o +e7%)e™ < 1 (the
latter follows by the elementary relations e* > 1+ a > e~ + «; recall that a > 0). Therefore

fo 5o
fled) = 0+ [ 04 < pao+ [TOD gy~ pap. o)
0 87 0 87
and the claim (109) for 8 > 0 is proved. Now, assume S < 0. By (110) we have fi(a,—f) <

fa(a, —p) and the claim (109) for 8 < 0 follows noticing that f;(a, —f8) = fi(e, ), i = 1,2.
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