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1 Introduction

Roughly speaking, point processes are stochastic processes related to the distributions of
random points in space. To make this idea more precise, we will rely on two different
approaches for their study throughout this thesis. One of such approaches is to define
point processes as random elements on a space of counting measures. This definition
allows us to understand the counting properties of the process: the distribution of the
number of points that fall in a given set. Meanwhile, another method that introduces a
notion of temporal evolution and provides a more dynamic study by incorporating all the
information collected up to a specific time is the martingale theory.

Firstly, following [19], we have established a construction of the renewal Hawkes process
as an independent cluster process and computed its probability generating functional.
Secondly, following [17], we have found convergence rate results for the Key Renewal
Theorem for spread out distributions, and for the compensator and recurrence times of a
renewal process. Finally, following [18], we have made use of the previous two results and
of martingale theory to find a law of large numbers and a central limit theorem for the
RHP.

1.1 Background: Classical Hawkes processes

Alan Hawkes [15] introduced classical Hawkes processes in 1971 as point processes with
a self-exciting nature, in the sense that previous events facilitate the occurrence of future
events. Later, in 1974, Hawkes—Oakes [16] showed that the classical Hawkes process could
be understood as an independent cluster process in which the center process is given by
a homogeneous Poisson process of immigrants and the satellite processes are given by
branching processes formed by the offspring of those immigrants. For this, they rely on
results established by Westcott [39], Kendall [22] and Lewis [25].

Classical Hawkes processes have been extensively used to model real-life phenomena
that exhibit self-excitation. To cite some examples, Ogata [31] proposed a statistical model
for aftershocks produced after a big earthquake, more recently Kim—Paini—Jurdak [23]
proposed a model for transmission of a contagious disease within a population, and Bessy-
Roland-Boumezoued-Hillairet [6] used the Hawkes process as a model for the prediction
of cyberattacks.

Estimation for classical Hawkes processes has also been treated. Ogata studied the
asymptotic properties of the maximum likelihood estimator for a wide variety of point



processes including the classical Hawkes process [30]. Bacry-Dayri-Muzy [4] proposed
a non parametric estimator for the classical multivariate Hawkes process using Fourier
transform techniques. In addition, Bacry—Delattre-Hoffmann—Muzy [5] established limit
theorems for the classical multivariate Hawkes process and this work is part of the inspi-
ration for my research.

1.2 Background: Renewal processes and renewal Hawkes processes

As a generalization to the classical case, Wheatley—Filimonov—Sornette [40] introduced the
Renewal Hawkes process (abbreviated as RHP) in which immigration is given by a renewal
process. This generalization allows for more flexibility when fitting Hawkes processes to
data sets as Stindl-Chen [34] did for modeling financial returns using Hawkes processes
where the renewals were Weibull distributed. Chen-Stindl [8] studied the evaluation of
the likelihood for the RHP and explained the challenges of computing the likelihood with
respect to the natural filtration, and Chen—Stindl [9] refined the method of evaluation to
improve the speed of the calculation.

Since renewal Hawkes processes are closely related to renewal processes, the study of
the former will require the frequent use of renewal theory. Most of the necessary results
are of rates of convergence of the key renewal theorem and convergence in distribution of
processes obtained from a renewal process. The key renewal theorem states the limiting
behavior of the solution to a renewal equation. Lindvall [26] found some of the first
results on the rate of convergence between two differently delayed renewal measures with
the aid of coupling techniques introduced by Athreya—Ney [3]. More recently, Willmot—
Cai-Lin [41] have found certain sharp estimates for the asymptotics of such solutions
under a variety of reliability-type assumptions for the inter-arrival distribution of the
renewal process. Asmussen—Foss—Korshunov [2] considered this problem in the case of
subexponential distributions. Yin—Zhao [42] studied non-exponential asymptotics in the
case of defective distributions. Sgibnev [33] treated some cases where the solution to the
renewal equation diverges to infinity.

A different approach to the study of asymptotic properties in renewal theory concerns
the limiting behavior of processes constructed from a renewal process. Gakis—Sivazlian
[12] obtained the limit distributions for the forward and backward recurrence times of a
renewal process. Meanwhile, Godreche-Luck [13] found results for occupation times of a
renewal process using Laplace transform methods.

1.3 Structure of this thesis

The structure of this thesis is the following: Section 2 contains all the necessary ideas
for the proof of our results, in particular Section 2.1 presents point processes as random
counting measures, while Section 2.2 introduces them through martingale theory. Sections
2.3 and 2.4 treat renewal theory and regenerative processes respectively. Section 3 states



the set of assumptions we made. Our results on the representation of the RHP as a
cluster process are presented in Section 4. Section 5 contains our convergence rate results
for renewal processes and Section 6 establishes our limit theorems for renewal Hawkes
processes.

2 General theory of point processes

We present an overview of the random measure and martingale theories for point pro-
cesses. Additionally, we include general theory for renewal and regenerative processes
which are necessary for the proof of our main results. Whenever the proof of some result
has been written in more detail than in the corresponding reference, it will be indicated.

2.1 Point processes as random counting measures

Some classical references for the study of point processes as part of the theory of random
measures are Harris [14] and Moyal [28]. A more recent textbook on the subject is [21].

We define point processes in a general setting. Let X be a complete separable metric
space (abbreviated as c.s.m.s.) and let B(X) denote its Borel o-field. We denote by A%
the space of counting measures v on X that are locally finite, i.e.,

v:B(X)>Bw—v(B)eZ"={0,1,2,...},
v(B) < oo, for all bounded B € B(X).

The space N )ﬁ( can be equipped with the topology of weak # convergence (denoted by w*)
defined as follows.

Definition 2.1 ([11, Section A2.6]). Let {v,}, o and v be measures in N%. We say that
v, converges to v in the wf-topology if

/Xf(s)yn(dx) — f(x)v(dx), (2.3)

n—oo X

for all bounded continuous functions f on X that vanish outside a bounded set.

We note that this is equivalent to vague convergence if X is locally compact. With the
w* topology, the space N}z is a c.s.m.s. (c.f. [11, Proposition 9.1.IV]) and we can think of
its Borel o-field, which we denote by B(NV%). Moreover, B(NV%) coincides with the o-field
generated by the maps

N.svesv(B), for BeB(X). (2.4)
With these elements, we introduce the notion of a point process:

Definition 2.2. A point process N on X is a random element N(w,-) of (N4, B(N%))
defined on a probability space (2, F,P).



A consequence of Definition 2.2 is that, for fixed w € €, the set function N(w,-) is a
counting measure on X’ and that, for fixed B € B(X), N(B) = N(-, B) is an integer-valued
random variable (the dependence on w will sometimes be dropped from the notation and
will just be implied).

Since N is a random element, we can speak of its distribution, defined as below.

Definition 2.3. The distribution of a point process N is the probability measure it
induces on (N5, BINL)), ie.

B(N:) 3 B— P(N € B). (2.5)

From the previous discussion, we can see that in order to specify a point process
it is enough to give a probability measure on (N /ﬁy,B(./\/' /ﬂy)) It is often the case that
(N /ﬂy,B(N }L),H) is taken as the canonical probability space, where II is a probability
measure on (N5, B(N%)). Let us denote by P(N%) the space of all probability measures on
N%. One characteristic of the measures in P(N%) is that they are completely determined
by their finite dimensional (or fidi) distributions.

Definition 2.4. The finite dimensional distributions of a point process N are the joint
distributions, for all finite families of bounded Borel sets By, .. ., By € B(X) of the random
variables N(By), ..., N(By), i.e.

IP’k(Bl,,Bk,nl,nk):P(N(Bl):nl,,N(Bk):nk), nl,...nk€Z+. (26)

We have the following characterization result (see for example [11, Proposition 9.2.I11]).

Proposition 2.5. The distribution of a point process is completely determined by its fidi
distributions (2.6) for all finite families (Aq, ..., Ag) of disjoint sets from a semiring A
of bounded sets generating B(X).

Because of Proposition 2.5, a convenient tool for the characterization of the law of a
point process is the probability generating functional (abbreviated p.g.fl.), which is defined
on the class = of measurable functions z : X — [0, 1] such that 1 — z vanishes outside
some bounded set.

Definition 2.6. Let N be a point process on X. The probability generating functional G
of the point process N is given as,

G2 :E[exp(/xlogz(t)zv(dt)ﬂ =E| [] =], forze=. (2.7)

teN(-)

Remark. Notice that for positive constants \q,..., Az, and disjoint bounded Borel
sets Bi,..., By, by taking

2() = exp<— Dilgi(-)) , (2.8)



we obtain

Glz] =E : (2.9)

exp (- Z )\Z-N(Bi))

which corresponds to the Laplace transform of (N(By), ..., N(Bx)).

Finally, we have a result for the convergence in distribution of point processes that
involves the p.g.fl. Let =. denote the set of functions z € = such that z is continuous.
Recall that for every IT € P(N ﬁ,) we have an associated point process with distribution

II and p.gfl. G. Let — denote the weak convergence of measures, then we have the
following fact (see for example [11, Proposition 11.1.VIII]).

Proposition 2.7. Let I1,11;, 115, ... be in P(N)ﬁ() and let G,G1, G, ... denote the p.g.fl.
for their associated point processes. Then

I, = II (2.10)
n—oo
18 equivalent to
Gnlz] — Glz], forall z € Z.. (2.11)
n—oo

While the study of point processes as random counting measures is very wide, the
elements presented in this section are sufficient for proving the corresponding results in
this thesis, especially the ones in Section 4.

2.2 Martingale approach to point processes

In this section we introduce the basic notions of the martingale theory of point processes.
This is especially important because the Hawkes processes which are the object of this
thesis are defined in terms of their intensity. We will restrict ourselves to the case of
simple point processes on RT = [0,00). In other words X = R™ and P(N({z}) =
Oor1forallz e RY)=1.

We then introduce our framework. Let {7}, ., be a sequence of random variables on
[0, 00) defined on a common probability space (€2, F,P) and such that Ty = 0 and, for all
i >0, we have T; < T; 41 on the event {7T; < oo}, and T;; = oo on{7; = oo}. Notice that
the random counting measure N given by

N(B) =) lrep, BeBRY), (2.12)

is a point process as of Definition 2.2 and also it is simple. We then identify the sequence
{15} ,,50 With the associated counting process:

N(t)=> Ln<y, t=>0. (2.13)



Let (Fi)¢>0 be a filtration to which N is adapted. It was first pointed out by Watanabe
[38] that when N is a Poisson process with characteristic intensity A,(¢) that is locally
integrable and deterministic, the compensated process

N(#) — /0 AM(s)ds, 130, (2.14)

is an (JF;)-martingale. The martingale approach to point processes uses a generalization
of this notion for the study of the evolution of N. To understand this, it is necessary to
introduce first the notion of predictability.

Definition 2.8. We say that X = (X;);>0 is (F;)-predictable if it is measurable with
respect to the o-field

P(F)=o0((s,t] x A;0<s<t<oo, A€ F). (2.15)

We now introduce the following Definition.

Definition 2.9. Let N be a point process and (F;):>o a filtration to which N is adapted.
Let A be a nonnegative, a.s. locally integrable process that is (F;)-progressive. We say
that N admits the (F;)-intensity A if the process given as

is an (F;)-martingale, in which case M is called the characteristic martingale of N and
the process

At) = /OtA(s)ds, t>0, (2.16)

is called the compensator of N.

Remark. As a consequence of Definition 2.9, for any nonnegative process C(t) that is
predictable, it holds that

E [ /0 N c(s)mds)] —E [ /0 h O(s))\(s)ds] . (2.17)

One of the neat properties of the intensity of a point process is that one can always find
a version that is predictable, in which case, it is essentially unique [7]. We present the
proofs below.

Theorem 2.10 ([7, Section II, Theorem T13]). Let N be a point process adapted to

(Fi)so that admits the (F;)-intensity X\. Then one can find an (F;)-intensity A that is
(Fy)-predictable.



Proof. Denote by A(w, t) the Radon-Nikodym derivative of the restriction of P(dw)A(w, t)dt
to P(F.) with respect to the restriction of P(dw)dt to P(F.). Let (C(t)),5, be a nonneg-
ative (F;)-predictable process. Then, we have

E [/Ooo O(S)N(ds)] - EU; C(s))\(s)ds} —E M C’(s))\(s)ds] , (2.18)

and therefore X is (F;)-predictable. O

Theorem 2.11 ([7, Section II, Theorem T12]). Let N be a point process adapted to the
filtration (F3), and X\, X\ two (F;)-intensities of N which are (F;)-predictable. Then

ANw, t) = AMw,t)  P(dw)N(w,dt)-a.e. (2.19)
In particular
ANT,) = NT,) as. on{T, <oo}l, n>1, (2.20)
AMw, t) = Aw,t)  Aw, t)dt-a.e. and A(w,t)dt-a.c., (2.21)
MNT,) >0 as. on{T, <occ}, n>1, (2.22)

Proof. Let a > 0 and take C(s) = 1,55 l(s<a)- 1t holds that C(s) is (F;)-predictable
and that A(s) and A(s) are predictable as well. Then

E[ 9>X(s) <3)ds] :E[ /0 L3N (d5>] :E{ /0 LsxpA(s)ds |, (2.23)

E[ 9>3(s) )\(s) - X(s)) ds] =0 for arbitrary a > 0, (2.24)
50 13 (5555 = 0 P(dw)A(tzdt-a.e. or P(dw)A(t)dt-a.e. Similarly, we have 1, ) 5 =0
P(dw)A(t)dt-a.e. or P(dw)A(t)dt-a.e. By definition of intensities

P(dw)N (w, dt) = P(dw)A\(w, t)dt = P(dw)A(w, t)dt on P(F). (2.25)
Now, consider C'(t) =1, ;)~5(t) LTu_1<t<7,), £ = 0. Then
Tn [e'e)
0= ]E|i/7; 1(A(s)>X(s))A(S)d51 =E /Ov 1 >)\ s) Tr_1<s<Ty) N(dS):| (226)
n—1
Tn
=E L L no)>3(s)) (ds)} (2.27)
—E 1( ooy oo |- (2.28)
Similarly, for Liyis)<3s) and we get
ANT,) = MT,,) as. on {T}, < oo}, n>1. (2.29)



Next, observe that

/0 E L oo5e | Als)ds :E[ /O 1(A(S)>X(S)))\(s)ds} (2.30)
:E{/O 1()\(5)>X(5)))\(8)d8:| (2.31)
:/0 E[ Ly oo30s | As)ds =0, (2.32)

so we conclude that A(w,t) = A(w, t), AMw, t)dt-a.e. and Mw, t)dt-a.e.
Finally, take C(t) = 1(>\(t):0)1(Tn_1<t§Tn)’ t Z 0.
Tn
E[1i0=0)1(t<o0)] = E[ / 1<A<t>=0)A(t)dt1 =0 (2.33)
T,—1

Hence \(T},) > 0 a.s. on{T,, < oc}. O

Remark. Since P(dw)A(w,t)dt = P(dw)N(w,dt) on P(F.), we see that A(¢) is the
(F¢)-predictable process given by the Radon-Nikodym derivative

Nw,t) = (%) (t,w). (2.34)

The following result is known as Komatsu’s Lemma and is useful for writing the explicit
form of the intensity.

Lemma 2.12 (Komatsu [24, Lemma 1.4]). Let (X;);>0 be a real-valued (F;)-progressive
process such that Xr is integrable and E[X1] = E[X,] for all bounded (F;)-stopping times
T. Then (Xi)i>o is an (F;)-martingale.

Proof. For any bounded stopping times S and T', we have
E[X7r] = E[Xg]. (2.35)

We take then a particular choice of S and T'. Fix 0 < s <t and take A € F, arbitrarily.
Define T and S as

T(w) =t, (2.36)

s if weA,
sw={} i ok 29

Clearly T is a stopping time, since it is deterministic. On the other hand, for any v > 0,
we have

0eF, if 0<v<s,
{S<v}=q AcF,CF, if s<wv<t, (2.38)
Qe F, if t <o,



and thus S is an (F;)-stopping time. Now

E[Xs] = E[X.14] + E[X, 1], (2.39)
E[X7] = E[X14] + E[X;14¢], (2.40)
E[X14] = E[X;14], VA€ F,. (2.41)
Therefore, we conclude that (X;):>o is an (F;)-martingale. O

Let us now introduce a predictable representation of the intensity.

Theorem 2.13. Let N be a point process and let (FN)i>o be its natural filtration. In
order for the process (X;) to be (FN)-predictable, it is necessary and sufficient that it
admits the representation

= Z f(n) (t7 w>1(Tn<t§Tn+1) + f(OO) (ta w)l(Too<t<OO)7 (242>

n>1

where (t,w) — f(t,w) are By ® FY -measurable for alln € N.

Proof. To show sufficiency, it is enough to show that for all n > 0, f™(¢,w)1,<t<T0. 1)
is (FN)-predictable. We show it for

fM(tw) = 14(w)1p(t), A€ FN,BeB,. (2.43)

Consider T4 = +00 - 14¢(w) + T,,14(w), then
£ (W) g <i<t,) = Ls() (raciera, ) (2.44)
and 1p(t) is deterministic, hence (F7)-predictable. Moreover, the process 1(TA <t<TA )
n+1

is left-continuous and {77! <t} = AN{T, <t} € F (by the definition of 7}’ ). This
means that 77 is an (F})-stopping time for all n > 0 and for all A € F7. Also
A e FY c FY .., so by definition of Fp ,;, AN{T,41 <t} € F, which means that
T2, is also an (F})-stopping time. Therefore, f™ ()11, <<, ., is (F¥)-predictable.

For necessity, we know that P(F;) is generated by sets of the form {T" <t} where T’
are bounded stopping times. We can restrict ourselves to processes X; = l;<g), where S
is a finite (F}¥)-stopping time. If we stick to the convention Ty = 0 and T, = 0o, then

Lu<s) = f: Loy W <t<Tin) T Lie<s) Lo <t<o0) (2.45)
n=0
= i Lr,<t<snTyy) T Uro<t<saTo 1) (2.46)
n=0
- Z L, <t<(Tut Ru)AToi1) T Ul <t<(Too 4 Roo) Ao 1) (2.47)
n=0
= i Le<Tnt Ro) WTn<t<Tir) T Lt<Toot Roo) LT <t<o0) (2.48)
n=0
where each 1<z, +r,) is By ® .7-"%\; -measurable. O



We can now introduce the following result that allows us to compute the intensity
explicitly. For a comprehensive exposition of this see for example [7, Ch.3, T7]|. Let us
denote S,11 := T,+1 — T, and assume that the conditional distributions of S, given
Gr, = o(Ty,...,T,) admit densities, i.e. for alln > 0 and B € B(R,),

P(Sni1 € B|Gr,) (W) = / 9" (w, )dt = G (w, B), (2.49)

B

where (w,t) = ¢+ (w,t) are Gy, ® B(R, )-measurable. Also, for all n > 0, B € B(R,),

P(S,41 € B | Or,) (w) = / ¢ (w, )dt = G (w, B), (2.50)
B

where gt (w,t) = Y7 gD (w, t,4).
Note that P(S,+1 =00 | Gr,) =1— [, gt (t)dt.

Theorem 2.14. Under the previous assumptions, if we define process

(n+1) (¢ _
gt - T,)
Alt) = Z G+ ([t — T, a)) r, <<ty (2.51)
n>0
t

A(t) :/ A(s)ds, (2.52)
0
then N(t NT,) — A(t NT,) is a Gi-martingale for all n > 0.

Proof. Notice that the processes defined are right-continuous and adapted, hence they
are G;-progressive. We want to use Komatsu’s Lemma 2.12. Let us check that the other
hypothesis holds, i.e.

E[N(S AT,)] = E[A(S AT,)], (2.53)

for all n > 0 and all finite G;-stopping times S. By [7, Theorem A2.T33|, we know that
S admits the representation

S A Tn+1 = (Tn + Rn) VAN Tn+1 on {S S Tn} s (254)

with R, nonnegative G, -measurable random variables, and the convention T, = oc.

10



We have

E[A(S AT,

SATy
) /0 =0 GUtY (u — Ty, 00]) (T <u<Tjyp) AU

n SATy,
- Z/o G(j+1)([u ~ T, o)) 1(Tj§u<T]-+1)du

L j=0
[n=1 SATj 4
=F Z/
Lj=0
T;+R;
=]E

GUHD (u — Tj, o0]) Lz <u<ryyydu 1(527’;')]

gla+1( (u—T})

RjAS; 41

Lj=0

G(]+1 (u—1T;,00])

g(]"rl
:E / GU+D(r, ])1(0<u<s]+1 ydr Ls>1;)

RjASjt1 (G+1)
E g7 (r)
=K —d | |
- [/0 GG ([r, o0]) R CE )
L7=0

[ RjNSj+1 (j+1)
= gv o (r)
_]E Z E |:/0 mdr

J+1)(r)
G+ (r, Ddr 1(S>Tj)]

o]

L7 <u<t; n)du Lis>T, )]

(2.55)

(2.56)

(2.57)

(2.58)

(2.59)

(2.60)

(2.61)

(2.62)

Notice now that given Tj, we can regard I?; as a constant, we then compute the conditional
expectation, by integrating with respect to the conditional density of Sj;; given Gr,, as

E /
0

This means that

(5+1)
g (r) dr

(j+1) RjNu
= it
gTJ} _/o ’ (U)/o G

RJ
/ g(j+1
0

11

(§+1) ([r, oo])

R, (+1) -
970 G+1)
/ Gﬂ+1)([r oo])dr/,r gV (u)du

J
/0 G ]—i—l) ([T OO]) —n o arG ([T, oo])

drdu

(2.63)
(2.64)
(2.65)

(2.66)

(2.67)



Now, computing the left hand side of (2.53), we have

EIN(SAT,)] =E nz_:(N(S ATj1) = N(SAT))) 1(5>Tj)] (2.68)
=K nZ(N((Tj + Rj) ANTj1) — N(S AT})) 1(527})] : (2.69)

Lj=0

Here notice that if Nz, g1y, — Nsar; = 1, then Tj + R; > Tjqimplies R; > Sy, so

[n—1

E|> (Nary+ryaty e — Nory) L=
Lj=0

n—1
- Z 1(Rj25].+1)1(52T].)] (2.71)

Lj=0

(2.70)

n—1
=E ZE[l(Rjzst) | gTj] 1(52Tj)] (2.72)

L7=0

n—1
=K Z]P)(Sj'H < Rj | QTJ.) ]‘(S>Tj)] . (2.73)

Lj=0

Therefore

E[N(S AT,) —E[A(SAT,). (2.74)

Z/ n+1) d’l“ 1 (5>1)

Hence, by Komatsu’s Lemma 2.12 N;ap,, — Aiar, is @ Ge-martingale, which finalizes the
proof. O]

Remark. Theorem 2.14 remains valid if

n+1 T )
Z G(n+1) ]) 1(Tn§t§Tn+1)‘ (275)

We have covered all the basic theory of the martingale approach to point processes
that we require for this thesis. One particular kind of point process to which we apply
the previous results is the renewal process, which we present in the following Section.

2.3 Renewal Theory

We introduce now the basic definitions related to renewal processes and state some general
results that we apply in subsequent sections. Consider 7y, 7,... a sequence of i.i.d.
random variables on (0,00) defined on a probability space (2, F,P) with interarrival

12



distribution function F'(z) = P(r; < z) for « > 0. Additionally, consider a random
variable 75 on [0, 00) defined on the same space, which is independent of 71,75, ..., with
delay distribution Fy(z) = P(19 < x), © > 0, not necessarily equal to F. We will work in
the setting of the following definition.

Definition 2.15. Let {§n}n20 be the sequence of partial sums given as

~

S, =1+1+--+T7 n>0, (2.76)

to which we associate the counting measure

N(B) =) 1.cp. BeB(0,)). (2.77)

n>0

In particular, we identify the renewals {S\n}nzo with the delayed renewal process

N(#t) = N([0.1]) =) 15 - (2.78)

n>0
If instead we consider the partial sums
So=0, and S,=n+---+71, n>1 (2.79)

then

N(t) == N([0,]) =Y 1gs,<n (2.80)

n>0

is called a zero-delayed or pure renewal process.

Notice that since the inter-arrival distributions do not have an atom at x = 0, then
necessarily S, 11 > S, on{S, < oo} for all n > 0, which implies that the renewal process

is a simple point process, i.e. P(]/\\T({x}) =0or1forall z > 0) = 1. From the definition

of N, the following processes can be derived.

Definition 2.16. Given a renewal process N, the backward recurrence time {A;},~, and
forward recurrence time {B,},-,, are given for t > 0 as

At - t - SN(t)—17 Bt - SN(t) - t (281)

It is notable that {4;},., and {B;},., are time-homogeneous strong Markov processes
(c.f. [1, Proposition V.1.5]). Denote by (F});>0 the augmentation of the natural filtration
generated by the renewal process, given for each ¢ > 0 by (N (s);0 < s < t). The process
N is increasing and predictable, hence, by the Doob—Meyer decomposition theorem, it
has an a.s. finite compensator A such that the process

M:=N—A, (2.82)

13



is an (F}¥)-martingale.

If we assume that m™! := fooo xF(dx) < oo, it is possible to make a delayed renewal
process stationary, in the sense that for any ¢ > 0 the distribution of the increments

{N (t+s)— N (t)} does not depend on ¢, by choosing the delay distribution F{, equals
s>0
to I1(dt) = 7w (t)dt with density 7 given as

7(t) == mE(t) :=m(l - F(t)), t>0, (2.83)

in which case, the corresponding backward and forward recurrence times, zzl\t and Et
respectively, have common distribution II for all ¢ > 0 (see for example [10, Proposition

4.2.1)).

Throughout this thesis, if f and g are both functions, we will denote their convolution
as

Frot= [ ' F(t = s)g(s)ds, (2.84)

whereas, if F' is a measure on [0,00) and ¢ is a function, the convention that F' * g is a
function is used, and we write

Fxg(t) = /Otg(t — s)F(ds). (2.85)

We sometimes identify the measure F'(ds) with its cumulative distribution function F'(t) =
fot F(ds). If F' and G are both measures, we will denote their convolution as

FG(t) = /tF(t — $)G(ds) = /tG(t — $)F(ds). (2.86)

The Key Renewal Theorem states the limiting behavior of the solution to the renewal
equation

t
Z(t) = z(t) +/ Z(t —u)F(du), t>0, (2.87)

0
where z : [0,00) — [0,00) is known, Z : [0,00) — [0,00) is unknown and F' is a given
probability distribution on [0,00). If additionally z is bounded on finite intervals, i.e.

Supg<s<7 |2(t)| < oo for all T' < oo, then the only solution to (2.87) which is bounded on
finite intervals is given by

Z(8) = @ 5 2(t) = /Otz(t —u)d(du), t>0, (2.88)

where the increasing function ®(t) = ®([0,t]) is given as

=) F, (2.89)

n>0
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with
t
F*0 =5y, and F*"D(t) = F™ % F(t) == / F*(t — s)F(ds), t>0. (2.90)
0

The function ®(t) is called the renewal function, and its induced measure ®(dt) is called
the renewal measure. One renewal equation of particular importance is that generated by
the density 7 in (2.83). As we can see below, such renewal equations have linear solutions.

Lemma 2.17. Assume that m~! := fooo xF(dx) < oo holds. Then, the renewal equation

¢
Z(t) = z(t) + / Z(t — x)F(dz), (2.91)
0
has the linear solution Zy(t) = mt, t > 0, if and only if
t—
= m/ F(z)dz, (2.92)
0
where F =1 — F.
Proof. Let us suppose that equation (2.87) has a linear solution Zy(t) = mt, which entails
/ m(t — x)F(dx). (2.93)
Solving for z(t) we get

=mt — /Ot m(t — x)F(dx) (2.94)

— /0 " / ' quF(d) (2.95)
ot — /0 " /0 " Plde)du (2.96)
_ /0 mde — /O i F (@) (2.97)
- [ 1= P (299

= /t mF(z)dz. (2.99)

Reversing the order of the above steps we can see that the function z(t) = |, P mF(z)da

0
generates a renewal Equation with solution

/ / 2)dad(du). (2.100)

The proof is now complete. n
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One of the properties that is often required from the function z to know the asymptotic
behavior of Z is that of being directly Riemann integrable (abbreviated d.R.i.). This
property is defined as follows.

Definition 2.18. Let z be a nonnegative measurable function, and let A > 0. Define

Zn(x) =sup 2(y), z,(z) =inf 2(y), =« € I"= (nh,(n+1)h]. (2.101)
ye]f{ yGIﬁ

We say that z is directly Riemann integrable if fooo Zn(d)dx is finite for some h and

/000 Zn(z)de — /000 zp(x)de — 0. (2.102)

h—0

We the state the most typical form of the Key Renewal Theorem.

Theorem 2.19. Suppose that m™! := fooo xF(dz) < oo and the function z in the renewal
equation (2.87) is d.R.i. Then

o0

Z(t)=D*z2(t) — m z(z)dz. (2.103)

t—o00 0

For a proof of this Theorem see for example [1, Section V.5] for an analytic proof and
[10, Theorem 4.4.1 and 4.4.11] for a probabilistic proof.

While there are many sufficient conditions for a function being d.R.i., for a certain
class of renewal processes such a condition can be dropped for a simpler one. This is the
case when the inter-arrival distribution F' of a renewal process is spread out.

Definition 2.20 ([1, Sec VII. p.186]). A distribution F' on [0, 00) is called spread out if
for some n > 1, there exists a nonnegative measure G such that 0 # G < F*" and G is
absolutely continuous with respect to the Lebesgue measure. The measure G is called an
absolutely continuous component of F*".

It has been shown that when F' is spread out, the renewal measure can be written
as a sum of a finite and an absolutely continuous component (see Stone [35]). This
decomposition is not unique, as it depends on the absolutely continuous component from
Definition (2.20). For our purposes, it is convenient to select uniform components, i.e.
measures of the form

G(dz) = cl(gp(z)dz, (2.104)

where 0 < a < b < 0o and c is a positive constant. This can always be done as shown in
the following Lemma.

Lemma 2.21. (see e.g., VIL.1.2 from [1]) If F is spread out, then F*™ has a uniform
component on (a,a +b) for some a,b,ng > 0.
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Proof. Since F' is spread out, there exists a measure G and an n > 0 such that 0 # G <
F*™ and G has a density g with respect to the Lebesgue measure. Suppose, without loss of
generality, that ¢ is bounded with compact support. Choose continuous functions g, € L
with compact supports such that

lg — gkll, = / l9(t) = g(H)| dt — 0. (2.105)
Then
sup g * g(x) — g * g(2')] < sup |gi(2) — gu(2)]| /g(y)dy — 0. (2.106)
lz—a’|<é |z—2'|<d -0

So gi * g is uniformly continuous. Since
l9* = g+ gell. < llglluc llg = gell, — 0. (2.107)

we see that ¢*? is continuous as a uniform limit of continuous functions, hence there exist
a,b,d > 0 such that g**(z) > § for = € (a,a + b). Finally, take ng = 2n, and then

Go(dz) = 61(qasp (z)dz (2.108)

is a uniform component of F*™0. ]

We can then write Stone’s decomposition for the renewal measure.

Theorem 2.22 (Stone [35]). If the inter-arrival distribution F is spread out, then we
can write ® = @1 + Oy, where Py and Py are nonnegative measures on [0,00), Py is
bounded (i.e. ||z, , < 00) and @1 has a bounded density p1(x) = dPy(x)/dx satisfying
1(x) 2 m.

The following proof is taken from Asmussen [1] with a slight correction.

Proof. Let GGy denote the uniform component of F*™ which was given in the proof of
Lemma 2.21, and g, its density, given as

G
wfa) = 1y @), w20 (2.109)

and define H := F*" — ;. We then note that

no—1
O =) F*xdy, (2.110)
k=0
where
Do =) F (2.111)
n=0
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We can check by induction that

n—1
o :(H + GO)*n _ GO 5 ZF*(n—k—l)no * H*k + H*n’ (2112)
k=0

so ®, becomes

00 n—1
ESY (GO s Y FrrEUno s gk oy H*”) (2.113)

n=0 k=0
=G * Z H** « Z [rn=k=Dno 4 Z H*™ (2.114)
k=0 n=k+1
=Go* Y H™ %Py + Z H* (2.115)
n=0 n=0

Then a decomposition of @y is given as ¢y = <I>(()1) + (1382) where
=Y " H", ofY = Gox 0 « By, (2.116)

Since ||H||,, =1 —Goll;, <1, we have that

1 1
= = < 0. (2.117)
tov. 1-— ||H||tV ”GOHt.V.

o5

(1)

Moreover, since Gy is absolutely continuous, so is @', with density gp(()l) = <I>(()2) * (Do *go).
From Blackwell’s renewal theorem (c.f. [10, Theorem 4.4.1]) we have that

G
1Golly.y. O((z —a—bx—a)) — — HGOHtV , (2.118)

b z—00

q)o * go(l')
From the subadditivity of the renewal function (c.f. [1, Theorem V.2.4]):
Qo((r —a—b,x—a]) < Py(b) forall x>0, (2.119)

and the total finiteness of QD(()Q), we have from the Dominated Convergence Theorem,
(2.117) and (2.118) that

S (2.120)
t.v.

T—00 no

oD(z) = / B s ol ~ )8 (dy) — 2 Gol, [0
0

Finally, using (2.110) and (2.115), we decompose ® as & = &; + &, with

no—1 no—1
¢y = ZF*k*@(()Q), b, = ZF*k*GO*CIDéQ)*@O:GO*QD(()?)*Q), (2.121)
k=0 k=0
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where

no
[2]l;.,. = TGl < 00, (2.122)
t.v.

and Gy * <I>(()2) * @ has density p; = CDE)Q) % (® * go) such that

o1(x) = / &+ go(z — ) BD(dy) — m|Goll,.,
0 T— 00

o H = m. (2.123)
t.v.

Moreover, this density is also bounded since from subadditivity we have

1Go |Go

® x go(z) = thV O([zr—a—b,x—a)) < thV d(b), (2.124)
from which we conclude that
|P * goll, < HG+H”‘<I>(b) < 00 (2.125)
1l < 12 5 gl 51 27 ((@ = = b, — a]) < o0, (2.126)
which concludes the proof. O

In the remainder of this thesis we use the decomposition given by (2.121). We proceed
now to state a version of Theorem 2.19 for the case of spread out distributions.

Theorem 2.23 ([1, Corollary VIL.1.3]). Let m™* := [~ 2F(dz) < oo and let z be bounded
and Lebesgue integrable with z(x) — 0 as x — oco. Then

oo

b xz(t) — m z(x)dz, (2.127)

t—o00 0

provided F' 1s spread out.

Proof. From Stone’s decomposition, we can write & = &; + ®5 as in (2.121). Then
Z(x) = @1 % z(x) + Py * 2(x). (2.128)

Using the boundedness of z and the finiteness of the measure ®,, we have from the
Dominated Convergence Theorem that

Oy % z(x) + Do * 2(x) :/ 2(y)p1(z — y)dy + / 2(z — y)Py(dy) (2.129)
0 0
—m z(y)dy + 0- ®y(dy). (2.130)
The result is proved. O
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To finalize this Section, let us utilize renewal equations to derive some other important
tools for the prove of our results. The first of those is the distribution of the forward
recurrence time, which can be found through a renewal argument as follows.

Lemma 2.24. The distribution function of the forward recurrence time is given for x > 0
as

P(B, < z) = /tF((t—u,t—l—x—u])CI)(du). (2.131)

Proof. Write Z,(t

~—

=P(B; < x), and z,(t) = P(B; < x;7y > t). Then,

Zy(t) =z (t) + P(B; < ;7
¢

(B: <z |1 =u)F(du) (2.133)

IN

t) (2.132)

=z,(t) +

t

=2z,(t)+ [ P(By_, <x)F(du) (by the Strong Markov property of B;) (2.134)

=z, (t) + t

S— s =

Z(t —u)F(du) = /Ot 2, (t — u)P(du). (2.135)

Now, analyzing z,(t), we have,

2 (t) =P(By < ;71 > t) (2.136)
=P(r —t <x;71 > 1) (2.137)
=F(t+x) — F(t). (2.138)
Therefore, we obtain,
t
Z.(t) :/ F((t —u,t +x —u]) &(du), (2.139)
0
which concludes the proof. n

Finally, we can find the following results for ® whenever the inter-arrival distribution
has a finite second moment.

Lemma 2.25. Suppose that the distribution F has finite second moment o + # Then

1
O(t) —mt — =(m?c® +1). (2.140)
t—o0 2
Proof. Set z(t) = m [ F(y)dy in (2.87). We know then that the solution to this equation

is given by

/ /t Pla)ded () (2.141)
/ / 2)dzd(du) / / 2)dad(du). (2.142)
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From Lemma 2.17, we know that the second summand is equal to mt. Let us look at the
other integral,

/Oof(x)da::/OO/OOF(dy)dx:/OOO/Oyda:F(dy):/OOOyF(dy):% (2.143)

= / / 2)dz®(du) = /0 t %m@(du): /0 tfb(du):@(t). (2.144)

Using these two arguments, we obtain
Zo(t) = ®(t) — mt. (2.145)

We can immediately see that Zj is nonnegative. Now, observe that z(¢) is d.R.i. In effect,
it is monotonically decreasing, then it is enough to show that it is integrable.

/ H)dt =m / / z)dzdt (2.146)
—m / / 2)dtdz (2.147)

:m/o o F(r)d (2.148)
=m /000 :E/;O F(dy)dx (2.149)
=m /OO :z:/y xdzx F(dy) (2.150)

—m/ —F =3 (0 +i). (2.151)

This shows that z(¢) is d.R.i., hence we can apply the Key renewal Theorem to find the
limit

0<d(t)—mt = / / z)dx®(du) —m z(t)dt (2.152)
—00 0
Lo o
=0 < O(t) —mt — §(m o’ +1) (2.153)
0

Lemma 2.26. In the same context as Lemma 2.25,

mt < ®(t) < mt +m?o” + 1 (2.154)

Proof. The left side of the inequality has already been proved in the previous Lemma. For
the right side, consider T1 and T5 independent random variables with the same distribution

P(Ty >t)=m ft x)dz. Let t > 0, from the subadditivity of ® we get,
d(t) = IE[CD(t)] =E[®(t+T) — Ty + Ty — T3)] (2.155)
<E[®(t +T1 — Tp)] + E[®(T, — T1)] (2.156)
= ®(t) <E[E[®(t + Ty — T3) | Th]] + E[E[®(T2 — T1) | T2]] - (2.157)
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From the independence of T and T5,

E[@(t+ T, — T) | Th] = /OOO Bt + Ty — 5)Fr(ds) (2.158)
_ /0 h /0 T () Fr, (ds) (2.159)
_ /0 o /0 T B (49)B(du) (2.160)
_ /0 T B4 Ty — u)B(duw) (2.161)

t+T4 t+T1—u -
:/ m/ F(s)ds®(du) (from definition of F,)
0 0

(2.162)
=m(t+ 1)) (from Lemma 2.17) (2.163)
Similarly, E[®(T; — T1) | T5] = mT5. Then,
O(t) <E[m(t+T1)] + E[mTy] = mt + 2mE|[T}] . (2.164)
Let us then compute E[T}],
t
E[T] :/ ms(l — F(s))ds (2.165)
0
t 00
:/ ms/ F(du)ds (2.166)
0 s
:/ / msdsF(du) (2.167)
o Jo
h —mu2F(d y= (024 2 (2.168)
0 2 2 m?
So we ultimately get,
mt < ®(t) < mt +m?o? + 1. (2.169)
[
From the previous Lemma, it is easy to check that
o(t) — mt)" 202 + 1)
0 < lim (()—m) < lim (ma—+) =0, (2.170)
t—o0 t—o0 t
which implies that for all £ > 0,
o(t) — mt)*
lim SO =MD" (2.171)
t—00 t

This concludes the treatment of renewal processes. However, in the next Section we
review some basic results for a more general class of processes.
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2.4 Regenerative processes

We now turn to the notion of regenerative processes. Intuitively, such processes evolve in
cycles between the epochs of a renewal process. Formally, we have the following definition.

Definition 2.27 (Sec VI. p.169 in [1]). Let {X;},., be a stochastic process with state
space E. We call {X;},., regenerative (pure or delayed) if there exists a renewal process

(pure or delayed) {gn} = {To+ 7+ +7a} such that for each n > 0, the post-S,,
process

O X = <Tn+1, iz, ... ,{X§n+t}t20> , (2.172)

is independent of 7g,...,7,, and its distribution does not depend upon n.

Now, let {Xt}f,zo be a regenerative process. It will be useful to compute the distribution

of the maximum of X := maxo<;<1 X¢ for any 7" > 0. To do this, we use the following
result of Rootzén and give its proof in slightly more detail than presented in [1, Proposition

VI1.4.7].

Theorem 2.28 (Rootzén [32]). Assume that E is a real interval and define

G(z) :=Po(X,, <z), Fr(z)=PXr<z). (2.173)
Then,
Jim [|Fr =G =0. (2.174)

In the delayed case with G having finite support we need additionally,

IP’({O > max {k) — 0. (2.175)

..... n—00

Proof. First we look at the function z(1 — 27), v € Ry, z € [0, 1].

d

52(1 —2)=1-2"—~2" =0, (2.176)
1

Y _ ’ 2177

T 1y (2.177)

which means that
1 1/
20 = (m) (2.178)
is a critical point. Computing the second derivative,

d2
@z(l —2") = =927 = = =2 (v +9%) < Oforall z € (0,1). (2.179)
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Since the function vanishes at the endpoints of the interval, we can conclude that z
corresponds to a maximum, with value,

LT+ 1 -1+y (2.180)
:ﬁ (2.181)
¥

~A S (2.182)

Therefore, the function is bounded by v. Hence, for all 7', z, and e,

1G(2)" — G(z)"079)| <. (2.183)

Define k3 = |mT(1 & 6) | for some § > 0. Then
Fr(@) 2P(Xsy ., < 2) (2.184)
>P (N(T) +1< ’ﬁto?}é’é; § < :c) , (2.185)

because {N(T) +1< k;, max &, < x} C {SN(T)+1 < x} Further,

0<k<k}
P N(T)+ 1<k}, max & < x) (2.186)
0<k<k}
=P max & <z | — IP’(N(T) +1>kj, max & < x) (2.187)
0<k<k} 0<k<k}
>P| max § <z | — IP’(N(T) +1> k;;i) (2.188)
0<k<k}

=P| max & <z | — IP’( max & < z,& > max §k> —P(N(T)+1>kf) (2.189)

1<k<kf 1<k<kf k=l
>P max & <z | — IP’(&) > max §k> —~P(N(T)+1>kf). (2.190)
1§k§k;§ k=1,....n

We can see from the assumptions that the second term on the r.h.s. tends to zero as
T — oo. In the case of the third term on the r.h.s. convergence to zero also occurs due to

N(T)+1 1
= <1 .S. 2.191
T [mT(1+06)] 1+0 -5 (2.191)
so by the Dominated Convergence Theorem
N(T)+1
P(# > 1) — 0. (2.192)
k‘T T—o0
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From the independence of the &, we get,

IP’( max fkﬁx) :P<§1 <y, 6 §x> (2.193)
1<k<kf T
ki
= < = b :
P(rtrg}l( X; < x) G(z)"r, (2.194)
S0
Fr(z) > G(z)* + o(1), (2.195)
independently of z. We can say,
Fr(z) — G(z)™" > G(z)" — G(2)™ + o(1). (2.196)

Now, G(z) <1 and limp_, % =1+, so there exists T} € T s.t. for all T" > T,

mT < ki <mT(1+ 26), (2.197)
GM — GT < GITH2) _ T 9§ A 0 uniformly in z. (2.198)
—
Therefore,
. . . o mT
thilggf (glgrzlg [Fr(z) — G(z) ]) > 0. (2.199)

Now we look for an upper estimate. We have,

Fr(z) =P(N(T) + 1>k, X7 < 2) + P(N(T) + 1 < ky, X7 < ) (2.200)
<P (N(T) +1>ky, max & < x> +P(N(T)+1<ky). (2.201)
k=0,1,...kx.

This last argument hold for the following reason: on the event N(T') + 1 > k., N(T)
cannot be any smaller than k. This entails T > Sy () > Sk;, and hence,

{NT)+1>kp, Xy <z} C {N(T) +1> kqj,k:(l)g?.}ik; § < x} : (2.202)
Moreover,
IP(N(T) +1> k;,k max _ &k < x) +P(N(T)+1 < ky) (2.203)
=0,1,...,k]
<P (k mex § < a:) +P(N(T)+1 < k). (2.204)
=1,....k;
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By a Dominated Convergence argument, as before, we have
P(N(T)+1<ks) — 0, (2.205)
T—o0

which gives us the upper estimate

lim sup (sup [Fr(z) — G(az)mTD <0. (2.206)
T—o0 x>0
We conclude that
lim sup |Fr(z) — G(z)™"| = 0. (2.207)
T—o00 x>0
The proof is complete. O

With this, we have covered all the general theory that is necessary for the proof of our
results. We now proceed to state the assumptions under which said results were obtained.

3 Assumptions

Now that the necessary theoretical framework for the proofs of our results has been
established, we proceed to introduce the Hawkes processes and the set of assumptions
under which our results hold. Hawkes processes are defined through their intensity.

Definition 3.1. A point process N is called a classical (univariate) Hawkes process if N
admits an (F;)-intensity given as

A(t) = g+ /Ot h(t — u)N(du), t>0, (3.1)

where p is a positive constant and h is a nonnegative measurable function on [0, 00)
satisfying [~ h(t)dt < 1.

In (3.1), the intensity A of NV contains not only the constant rate x at which immigrants
arrive following a Poisson process, but also an additional term relative to N. For this
reason, Hawkes processes are also known as self-exciting processes.

The notion of classical Hawkes processes can then be generalized in the following way.
Let {T}},, be a point process on [0,00) with counting process N and {D;},.,, be a
sequence of {0,1}-valued random variables. For any index j such that D; = 0, we say
that the point 7j represents an immigrant, and if j is such that D; = 1, we say that
T; represents an offspring. Define for any ¢ > 0, I(t) := max{i; T; <t,D; =0}, ie.
the index of the last immigrant up to time ¢. Consider a filtration (F;);>o to which N
and [ are adapted. Additionally, consider a function h and a probability distribution F'
satisfying the assumptions:
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(AO) h is a nonnegative measurable function on [0, 0o) satisfying a := [ h(t)dt < 1.
(B0O) F is a probability distribution on [0, c0) with finite mean m™' := [* 2 F(dz) <
oo and density f,ie. F(x)= [ f(s)ds.

Then, we can define the RHP through its intensity.

Definition 3.2. A point process N is called a renewal Hawkes process if N admits the
(F)-intensity,

AE) = p(t = Tr) + /0 h(t — u)N(du), (3.2)

where h satisfies (A0) and p is a function on [0, co) satisfying

ft)
ult) = —0 (33)
L— [, f(s)ds
for the probability density function f in (B0). The function pu is often called the hazard
function.

Additionally, we introduce the following assumptions:

(A1) The function h is bounded and h(t) — 0.
—00
1

(C0) F is a spread-out probability distribution on [0,00) with finite mean m~"' :=
JoS aF(dz) < oo.

Remark. Note that (BO) implies (CO).

In the following, Section 4 makes use of assumptions (A0) and (BO) only. Since
Section 5 only treats with renewal processes, assumptions will be limited to (B0) and
(CO0). Section 6 will make use of assumptions (A0),(B0) and (A1l). Whenever any
additional assumptions are needed, it will be indicated accordingly.

4 Cluster representation for renewal Hawkes processes

It was shown in Hawkes—Oakes [16] that the process with intensity (3.1) can be represented
as a cluster process on [0,00) with an homogeneous Poisson center process of intensity
4 and satellite processes given by generalized branching processes. These branching pro-
cesses consist of inhomogeneous Poisson processes of characteristic intensity h that start

at each one of the previous points of the process up to time t. We want to generalize this
to the case of the RHP.

The goal of this section is to obtain a cluster representation for the RHP and indicate
explicitly what the center and satellite processes are. Our proof for existence of the cluster
process is based on a result of Westcott [39] and we will use the uniqueness of predictable
intensities of Theorem 2.11 to verify that the proposed construction indeed represents
an RHP. Finally, we find the limit process for the RHP at long times and compute its
probability generating functional.
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Definition 4.1. In the same context as Definition 3.2, let /N be a renewal Hawkes process
adapted to a filtration (F;);>0. The (F;)-predictable intensity for IV is given as

() = it — Try) + /0 h(t — u)N(du). (4.1)

Note that we still have the property (2.17) with the predictable version (4.1) because
the integral with respect to the Lebesgue measure stays unaltered by adding one point at
t.

Before continuing with the construction of the RHP, it is necessary to review some
basic theory of Galton-Watson processes.

4.1 Galton—Watson processes

Galton—Watson processes are a particular kind of branching processes that provide simple
models for population dynamics. All of the results in this section were consulted in [14].

Definition 4.2. Let (Z,),>0 be a sequence of integer-valued random variables recursively
defined by

Zn—1

Zn=Y Xpp n>1 (4.2)
k=1

where { X, : n,k > 1} forms a family of i.i.d. nonnegative integer-valued random vari-
ables with common distribution (py,),>0 and independent of Z,. For each n > 0, the
random variable Z,, is interpreted as the size of the n-th generation of a given popula-
tion, and (Z,),>o is called a Galton-Watson Process (abbreviated GWP) with offspring
distribution (pn)n>o-

Remark. Throughout this thesis, we will assume that in the GWP Z; = 1 with
probability one.

Proposition 4.3. The probability generating function (p.q.f) of Z,, E[SZ"], 15 given by
the n-fold composition 0°*(s) = (6 o --- 0 0)(s), where 0 is the p.g.f. of the offspring
distribution (py)n>0. Moreover, if E[Z1] = p, then E|Z,] = p™.

Proof. In effect, let |s| < 1, notice that

E[s?] =5, E[s?] =0(s) = ans”. (4.3)
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For n > 1 we have

E[s%+] =E [SZfQO Xn+1,k] (4.4)
= B(Z,=jE [k X1 ] (4.5)
:Zp(zn = 1) (6(s))’ (4.6)
=E [Q(S)Z"] ) (4.7)

By induction we then see that

E [s7"+] =E [0(s)”] = 6°" (6(s)) (4.8)
=E [s71] = 6°0 T (s)

The expectation can be obtained by differentiation, for n > 2,
0, (s) =E [Z,s""; Z, > 1], (4.10)

and Z,s?7-! is nonnegative and increasing as s 1 1. By the monotone convergence theo-
rem,

0'(1)=E[Z,] <o (4.11)
On the other hand,
. d Zn
E[Z,)] :liﬁl $E [s7"] (4.12)
: d o(n
:lslgl £6 ™) (s) (4.13)
o d o
:181%{1 59 =D (4 (s)) (4.14)
=lim (6°=D(6(s))) 0'(s) (4.15)
= (°"V(1)) 9 (1) (4.16)
=pE [Z,,—1] . (4.17)

By induction, we obtain E [Z,] = p". O
Proposition 4.4. The multivariate joint p.g.f. for Zy,..., Z, in the GWP is given by

E[s7" - 2" = 0(s10(s2 -+ 0(50-10(5,)) -+ ) (4.18)

29



Proof. Consider the filtration
Fon=0(Zyp,Xmr :m<n,keN), (4.19)

and notice that Z,, is F,-measurable forall n > 0. Computing the expectation

Z1 7, _ Al Zn-1 7,
E[sl R ”] =E |E [51 eSS

For| (4:20)

_ Z1 Zn—l VA
=E |s7" -5, ] E [sn”

P (1.21)

- 2oy
Z T T Xk
=K 811 R SnillE |:Snzk0 n

Far| (122)

=E _3121 e sfﬁ}lé’z”‘l(sn)] (4.23)
=E :slzl gt (sn,le(sn))z’“l] (4.24)
—E Sf L (sn_lﬁ(sn))} _ (4.25)
=0(s10(s2 - 0(s,_10(sn)) - +)), (4.26)

where the last equality was obtained by taking conditional expectation iteratively. O]

The total size of the GWP is the sum of the number of individuals from all generations,
including the original ancestor. The following proposition allows us to find the p.g.f. for

the size of the GWP.

Proposition 4.5. Let ¢,,(s) be the p.g.f. for the size of the GWP up to the n-th generation
Lo+ 21+ -+ Z,, in other words,

Pn(s) = E[sotAtt2n] (4.27)
Then the following recurrence relation is satisfied

On+1(s) = s0(¢n(s)), n=>0. (4.28)

Moreover, the p.g.f. ¢(s) for the total size of the GWP Z = Zy+ Z1 + ..., i.e.

o(s) = E[sﬂ : (4.29)
satisfies the relation

¢(s) = 50(¢(s)). (4.30)
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Proof. Once again, consider the filtration (4.19). Computing the expectation

Dy (s) = [0 7t ] (4.31)
=E [s%] E [s71F 7] (4.32)

7] (13

=sE |E |:8Z1+'“+Zn+1

=sE |s% ... s%"E [SZ"“

_ FnH (4.34)
=sE [SZI 5707 (s)] = .. (4.35)
=5 B | [s0(s0(s - 0(s0(s)) - - ))]Zl] , (4.36)

where the p.g.f. 6(s) inside the expectation is iterated n times. Comparing this to the
p.g.f. from Proposition 4.4, we notice that it corresponds to the joint p.g.f of

dn(s) =E [8Z0+Z1+---+Zn] — sF [SZI . SZn} — 5?(50(5 e gfg(s)) . ))j (4.37)
thus
Oni1(s) = SE [$n(5)"'] = 0(¢n(s)). (4.38)

Notice now that the sequence
gZot ot an (4.39)

is decreasing in n, dominated by 1 since |s| < 1, and converges pointwise

lim sZot+Zn — gZotZit.. _ o7 (4.40)
n—oo
Then, by the Dominated Convergence Theorem
: R Zo+Z1++2Zn
nh_)ngo On(S) —nh_{goE [s ] (4.41)
R [lim sZO+Zl+'“+Zn} (4.42)
n—oo
—E [37} = ¢(s) (4.43)
Taking limits on both sides of (4.38) and using the continuity of 6(s)
i 6,1(5) =l 50(0n(5) (444
o(s) = sb ( lim qbn(s)) : (4.45)
n—oo
¢(s) = 50 (¢(s)) (4.46)
which is the result we wanted. [
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If the generation n has zero offspring, we say that the population went extinct at
generation n. Let T := inf{n : Z, = 0}, we call T the extinction time. The events
{Z, = 0} is the same as the event {T" < n}. Define

E, = 0,(0) = P(Z, = 0) = P(T < n). (4.47)

The sequence of events {T" < n} is increasing and U,en{7T < n} = {T' < oo}. From the
monotonicity and continuity of the probability measure it is obvious that the sequence
{E,} is non decreasing and converges,

lim E, = lim P(T <n)=P(T < x0) = E. (4.48)

n—oo n—0o0

Proposition 4.6. Let E = P(T < o0), then E =1 for p < 1, while E < 1 for p > 1,
where E is the unique root of 0(s) = s strictly between 0 and 1.

Proof. There are two trivial cases. One of them is py = 0, in which £ = 0 because Z,
can never become zero. The second case is when 0 < py < po + p1 = 1, so that 0(s) is a
linear function and #(1) = 1, so £ = 1. We assume then that 0 < py < pg+p1 < 1, which
means that 6(z) is strictly convex. The extinction probabilities for the n-th generation
satisfy the following recurrence relation

Eng1 = On11(0) =0°7FD(0) = 0(6°(0)) = 6(E3,) (4.49)
=iy = 0(E,). (4.50)

Taking the limit as n — oo in (4.50) and using the continuity of § we obtain
E=0(E), (4.51)

therefore F' should be a root of g(s) := 6(s) — s. Let xo be the smallest positive root in
(0,1]. O(s) is increasing for s > 0, thus

From F; < zy and # being increasing, we get by induction that

0<E,<xzy forall neN (4.53)
= lim £, = xo. (4.54)
n—o0

Computing some values of g and its derivatives

g(1)=0, ¢(0)=6(0)>0 (4.55)
g1)=0(1)-1=p-1 (4.56)

Since 0 is convex, 0 is increasing and ¢” = #” > 0. Considering the cases for p we have
that if p <1, from (4.56), ¢’(1) <0, thus

gd(s)=0(s)—1<#(1)—1 forall se]0,1], (4.57)
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so g will be decreasing, and hence the only possible root is xy = 1.

If on the other hand p > 1, ¢’(1) > 0, and by continuity of ¢, there exists §; > 0 such
that ¢’(s) > 0 forall s € (1 —dy,1]. In this neighborhood, ¢ is increasing, and since
g(1) = 0, that means that in the neighborhood g(z) < 0. Since ¢(0) is nonnegative, by the
Intermediate Value Theorem, there should be a root s; of g(s) in (0,1]. Let us suppose
there is another root sy in (0, 1] and without loss of generality assume that s; < s. Then
we have g(s1) = g(s2) = g(1) = 0, hence, by Rolle’s Lemma, there exist a,b € (0, 1] with
$1<a<sy<b<1andg(a) =g (b) =0, which implies ' (a) = 0'(b), contradicting the
strict convexity of §. Thus, the root zy should be unique in (0, 1], and this finalizes the
proof. O

With the last Proposition we finish the exposition of the necessary results from the
Galton—Watson theory. We now proceed with the introduction of cluster processes.

4.2 Cluster processes

Cluster processes are defined in a general setting. Let A and ) be complete separable
metric spaces. As in Section 2.1, (N ,ﬁ(, B(N. ,ﬁ()) denotes the measurable space of counting
measures v on X which are locally finite with its Borel o-field B(N i,) Let also P(N %)
denote the space of probability measures on N%. The convolution of II and II' € P(N3)
is defined as
(IT I1') (U) = / loswery AIT(dY) for all U € BNVE).  (4.58)
/\//ﬁY ><J\/(ﬁY

If we have two independent point processes N(-) and N'(-) on X, we can then use (4.58)
to write the law of their sum. Let II(-) = P(V € -) and II'(-) = P(N’ € -), then

IxI' =P(N +N' €. (4.59)

We can also write an expression for the p.g.fl. If we denote

Gul2] :E[exp / 1ogz(t)N(dt)], and Grv2] :E[exp / logz(t)N’(dt)}, (4.60)

where the expectation is taken w.r.t. II and II' respectively, then the p.g.fl. of N + N’ is
given as

Crar[2] =E {exp / log =(£)(N + N’)(dt)} (4.61)

Definition 4.7 ([10, Ch.6 p.165]). A (symbolic) measurable family of point processes on
X is a family {N(- | y) : y € Y} where for all y € Y, N(- | y) is a point process on X', and
for all U € B(N%) the function

y—P(N(-|y) € U) (4.63)
is B())-measurable.
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The construction of a cluster process involves two components: a point process N, of
cluster centers whose realization consists of the points{y;},., C ), and a family of point
processes on X, namely {N,(- | y);y € Y}, whose superposition constitute the observed
process. We formalize this idea through the convolution in P (N ﬁg)

Definition 4.8. Let N. be a point process on Y and {N,(- | y) : y € Y} a measurable
family of point processes on X. (The family {N (- |y): y € Y} is considered to be
mutually independent and to be independent of N,..) Then, the independent cluster process
on X, with center process N, and satellite processes {Ns(- | y) : y € Y}, which we denote
by

/N | )N (dy) = ZN y). (4.64)

YyEN(-)

is defined in law as

P(N € U) = / BN | 1) € U)B(N € dn), U € BNG), (4.65)

y

where P(N(- | p) € U) for p=73%".0,, € Njﬁ, is defined as the infinite convolution
P(N,(- | 1) € U) = (I, T,y ) (U) for U € BAR), (4.66)
with IL,(U) = P(N,(- | y) € U) for U € BN%) and y € V.

We now give an expression for the p.g.fl. of the independent cluster process in the
following Theorem.

Theorem 4.9. Let N be an independent cluster process with center process N. and satel-
lite processes {Ns(- | y) : y € Y}. Let G.[z] denote the p.g.fl. of the center process and

Gslz | y] the p.g.fl. of Ng(- | y). Then G|z], the p.g.fl. of N(-), is given by
Glz] = G |Gs[z | ]| for any z € =. (4.67)

Proof. In the definition of the p.g.fl. we take expectation with respect to the law of N(-)
given by (4.65), and we obtain

Gl2] =E {exp / logz(m)N(dI)} (4.68)

-/ Ju; (E|ew [ rogztaN.fas | )] ) BV € ) (169)

:/ HGz]y P(N, € du) (4.70)
NE

Y \yepu(-)
E| I[ Gl 14 (4.71)
yEN(")
=G [Gs[z | -], (4.72)
concluding the proof. m
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A necessary and sufficient condition for the superposition (4.64) to define a point
process on X, in which case we say that the independent cluster process exists, is that
for every bounded set B € B(X),

N(B) = / Ns(B | y)Ne(dy) = Z Ny(B|y) <oo as. (4.73)
Y yeN()
Under the assumption that the process has almost surely finite clusters, i.e.

Ny(X |y) <oo as. foralye), (4.74)

equivalent conditions for verifying (4.73) were presented in Westcott [39], namely the
following theorem and its corollary.

Theorem 4.10 ([39, Theorem 3]). The independent cluster process N exists if and only
if for every bounded set B € B(X),

/y}P)(Ns(B | y) > 0) N.(dy) < o0 a.s. (4.75)

We give a more detailed proof than that in [39].

Proof. Let B € B(X) bounded, then the probability generating function (p.g.f.) for
the random variable N(B) is obtained by evaluating the p.g.fl. of N in the function
€(u) =1—(1— z)1p(u) where z is a constant in (0,1). We obtain

B[] =8 [ {~ [ Quts [nN(an)}]. (4.76)

where we defined Qp(z | y) := —logE [zM:(B")]. Considering now the sequence {z, }nen
given by z, =1 — % we can compute

B(N(B) < 00) = lim E [2,"] (4.77)
= lim E {exp {—/yQB(% | y)Nc(dy)H (4.78)

& [exp {- [ QuCen [ N0} (4.79)
n—oo y
The last equality is the result of applying the Monotone Convergence Theorem to the in-
creasing sequence {—Qp (2, | ¥) }nen and using the continuity of the exponential function.
Hence P(N(B) < o0) = 1 if and only if
lim [ Qp(z, | y)Ne(dy) =0 as. (4.80)
n—oo

Since 0 < Qp(z, | y) < 1 and Qp(z, | y) 4 0 as n — oo, this is equivalent, by the
Dominated Convergence Theorem, to

/QB(Z | y)Ne(dy) < oo for some 0 < z <1 aus. (4.81)
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Notice that if 0 < a < x <1,

—loga

l—x<—logx <c(a)(1—2z) forc(a):= 1 :
—a

Since z is a constant in (0, 1),
2 Ns(Bly) >E H SN(Bly) | — g, N(B)
y'ENe(")
and Qp(z | y) := —log 2N+ we have from (4.82)
1—EzNPW < Qp(z | y) <d(z) (1 - E2MEW),

for ¢(2) := ¢ (EzV®). Hence, condition (4.81) holds if and only if

/ (1- ]EzNS(B‘y)) N.(dy) < oo forsome( <z<1 as.

Additionally,

ZIP’ (B |y)>n)z Y B(N(B | y) =m)
m=n+1

Mg ||M8

P(N:(B |[y) =m) p 2"

m=1 n=0
> 1—2zm
=S PINU(B | y) = m)——
m=1
1
_ 1 — EN(Bly)
1—2 ( < ) )

since 1 — 2z = 0. Hence condition (4.85) holds if and only if

n=

Z{/ B|y)>n)N0(dy)}z”<oo for some 0 < z <1 as.

(4.82)

(4.83)

(4.84)

(4.85)

(4.86)

(4.87)

(4.88)

(4.89)

(4.90)

Since P(N4(B | y) > n) is decreasing in n, we see that condition (4.90) holds if and only

if

/ P(N,(B | y) > 0)N.(dy) < 00 as.

(4.91)

]

Corollary 4.11 ([39, Corollary 3.3]). Let X,y = R and assume the following condi-

tions:

(i) sup,E[N.(I —1t)] < oo for all bounded interval I.
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(i) N,(-|t) L N,(-—t]0) for all t € R.
(iii) E[N,(R]0)] < oo.

Then (4.75) is satisfied.
We give a simpler proof than that in [39].

Proof. Notice that
E[Ns(I | t)] > E[Ng(I |t); N(I|t) >0] >P(Ns(|t)>0), (4.92)

because Ny(I | t) is integer-valued. From (ii), we have
E[N,(I | )] = EIN.(I — ¢] 0)]. (4.93)
Taking expectation in (4.75) and using (4.92) and (4.93) we have

/MMUHDNEWMMS/HMU—HMEWMM (4.94)

:4<Ahxmmmmwmoﬁwwm1 (4.95)
:A<4hﬂwmmmm>MMMUMH (4.96)

~ | BINT — )] ELN. du | ) (4.97)
<E[N,(R | 0)] sup E[N.(I — t)] < o0, (4.98)
from (i) and (iii), which implies (4.75). O

4.3 The center process

In the RHP, immigration is given by a renewal process, which naturally we take as our
center process. Let 7,7,7y,..., be positive i.i.d. random variables whose probability
distribution function

F(t) :=P(r <t), (4.99)
satisfies the assumption (B0), and let 75 = 0.

The epochs of this zero-delayed renewal process correspond to the partial sums Sy = 0,
Sp =71+ -+ 7,, and we denote its associated counting process as Ng(t) := >, Lig,<i}-
For each n > 0 and z > 0, the distribution of S,, is P(S,, < z) = F*"(x), where

FO2) = Go(z),  FH)(g) = /0 " (e — y)F(dy). (4.100)
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The mean number of events up to time ¢ is given by the corresponding renewal function,
O(t) =D F(t). (4.101)
n>0

Since the distribution function F' has a density f, the renewal measure ®(dt) is absolutely
continuous w.r.t. the Lebesgue measure with density () = >, o, f™(t) for all t > 0 [1,
Proposition V.2.7].

Denote by (F?)i>o the augmentation of the natural filtration of the renewal process
0(Ng(s);0 < s <t), and take the hazard function u(t) as in (3.3). We use Theorem 2.14
to see that

Ar(t) i= it — Sy 1), (4102)
is a predictable (F/*)-intensity of Ng (a more detailed proof is given later in Section 6).

We will also want to consider a delayed renewal process where Sy is replaced by a
positive random variable Sy independent of 71, 7, ..., with distribution function Fy not
necessarily equal to F. The partial sums S,, = Sg+ 71 + --- + 7 have the associated
counting process Ng(t) = >, 1{@@}, where the distribution of S,, for n > 1 is given by

P(S, < z) = Fy * F*(z) for z > 0.

4.4 The satellite processes

One feature of the RHP is that in addition to immigrants being able to generate offspring,
these offspring themselves can generate further offspring. Thus, offspring points could be
described as higher-level center processes. In order to represent this structure, we use
a notation similar to Neyman—Scott [29]. The renewal process will be named a zero-th

order center process NC(O)(-) := Ng(+).
Let {N&’“ (-]t); telo, oo)} be a sequence of measurable families of point processes
n>1
which is considered to be i.i.d. and to be independent of N!”, such that Ns(n)(~ | t) has
the same law as Ny(- | t) whose p.g.fl. is given by

B I[ ) :exp</ooo(z(x+t)—1)h(x)dx>, (4.103)

zENs(|¢t)

with h satisfying (A0). If we take z(z) = e for A > 0, we have
E[e_’\NS([O’OO)‘t)} = exp ((e_’\ —1) / h(x)dx) = efa(lfe_k), (4.104)
0

which shows that Ny([0, 00) | ¢) 4 Poi(a). More generally, if we substitute the function

={1 e, (105)
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into (4.103), we obtain

b;
E[e”\le((“l’bIHt) e N “’“b’“”t Hexp( 1)/ h(x—t)dx). (4.106)

i

This shows that { N,([a;, b;) | t)}1_, is mutually independent and

N.([as, b;) | t) < Poi (/b h(z — t)dx) : (4.107)

or in other words, Ny(- | ) is an inhomogeneous Poisson process with intensity h(z —t)dz,
where we understand h(xz) = 0 for z < 0. In particular, we see that {Ns(- | t) : ¢ > 0} is a
measurable family of point processes.

Given that there is a center at ty > 0, we construct higher-level center processes Né"),

for n > 1, from a superposition of the processes N™ with the following recursive structure:

NO( [ tg) =0y, NUFD(-[H0) = Y NOFI(|2), (4.108)
teNT (o)

where N(- | to) is the original immigrant at ¢, and NI | to) represents its n-th
generation offspring. We define as well some processes of interest, namely, the total
number of n-th generation descendants,

NG = Y NO( | to), (4.109)

toENR(")

and the complete offspring of the immigrant at ¢, (including the immigrant),

(- [to) = > NM(- | to) (4.110)

n>0

We take the processes defined as in (4.110) as the satellite processes of our construction
for a center located at ty. Finally, the RHP is given by the superposition:

/N ONa(d) = 3 STNO( | h). (4.111)
toENR(-) n=>0

Note that (4.111) can also be written as

=3 3" N t) = Na() + D NI(). (4.112)

n>0tgeNRg(-) n>1

4.5 Validity of the construction

We are concerned with whether our construction of the RHP in fact represents a valid
cluster process. In the following Theorem we show that with the assumptions made for
its construction, it is a valid definition.
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Theorem 4.12. If h is a function satisfying (A0Q), and Ng(-) is a renewal process sat-
isfying (BO), then the cluster process defined as in (4.111) exists and has a.s. finite
clusters.

Proof. Using Corollary 4.11 , the existence of the cluster process is proved if we can show
that conditions (i)-(iii) hold.

Claim (i) can be obtained by using the fact that
E[Ng(t +a) — Ng(t)] < ®(a), forall a >0, (4.113)

(see for example [1, Sec. V, Theorem 2.4, p.146]). Let I be any bounded interval in [0, o)

and write |I| for its Lebesgue measure. Then, from (4.113) we can see that E[Ng(I)] <

®(]7]) and we can conclude that,

sup E[Ng(I —t)] <sup ®(|I —t|) = ®(|I]) < o0 (4.114)
>0

>0

Claim (ii) follows from the construction of the satellites as superposition of inhomo-
geneous Poisson processes with p.g.fl. (4.103) that originate at previous points of the
process and the observation (4.107).

Finally, to prove claim (iii), let ¢y > 0 and consider N.(- | tp) a cluster with center at
to. Let us call Z, := N(Sn)([(), o) | to) for n > 0 and Z := N,([0,0) | to) so that Z, and
7 represent respectively the number of n-th generation points and the total number of
points in the cluster. These random variables satisfy:

Z'n,fl
Zn = E Xn,ky
k=0

N o) = ™, V) for n > 0, and X, == NIV([0,00) | V" V). This shows
that the variables Z,, form a Galton—Watson process with offspring density h, and that
the number of points per generation follows a Poisson distribution of parameter o. Then
Z is given by the total size of the Galton-Watson process. From the Galton-Watson
theory [14, Theorem 6.1, p.7] we know that IP’(? < oo) =1if a < 1, and the p.g.f. of the

cluster size m(u) = E[ui], 0 <u <1 [14, Section 13.2, p.32] satisfies,

m(u) = wexp{afr(u) — 1]},

from which we can conclude that 7/(1—) = E[ Z | = -1-. We then see that the three

assumptions needed are satisfied, which proves the existence of the cluster process repre-
sentation for the RHP. O

4.6 Verification of the intensity

In this section we show that the process constructed in the previous section admits the
desired intensity of an RHP. Let us consider a cluster process N(-) ={T,T5,...} given
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by (4.111). Define the random variables

_ [ 1 (ifTi € Na(")),
D = { 0  (otherwise), (4.115)

and the function I(t) = max{i; T; <t,D; = 0} as before. We construct the filtration
(Ft)i>0 by the augmentation of the natural filtration (F});>o defined as

F=0(N"((a,b]); 0<a<b<t,n=0,1,2..), t>0. (4.116)
Notice that in the definition of the intensity (4.1), the term ,u(t — Tl(t_)) is only affected
by the terms that come from the renewal process. This is because the points Tj;_y all

correspond to immigrants. Since Ng(t) = min{i : S; < t}, let us then denote Ng(-) =
{T;: D; =0} ={51,5s,...}, and notice then that

pu(t = Tre—y) = p(t = Snpe—y-1), t>0. (4.117)

Consider now an arbitrary (F;)-predictable process C(u) = 141¢.4(u) for A € F, and
0 <r <t. Then

EUC(U)N ] {1A/N3du]+1E

Since Ag(t) is an (JF;)-intensity of Ng, the first term on the R.H.S. equals

[1A/ Ni du] - [ /Tt,u(u—SNR(u_)_l)du] :]EllA /Tt,u(u—TI(u_))du}.

(4.119)

1A/ > N du]. (4.118)

T n>0

We also have,

1A/ ZN”“ (du)

n>0

=E|1,4 / > > NMY(du | @) (4.120)

T n>0 EN(n)( 3

=Y El{la > N |a)|. (4.121)

n=0 zeN™ ()

Because of the independence property of a Poisson point process, we have independence
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of{NgnH)((r, t]|x); t >rax> O} from F, Vv U(NC(")), and by (4.107) we obtain

ZE 1a Z N (4] | ) :Z]E 14 Z /th(u—x)du (4.122)

n20 zeN{™ () n=0 zeNi ()"

) _1,4 /0 h ( / t h(u — :L‘)du) > N,gn)(dx)]

n>0
(4.123)

g1, /O h < / i a:)du) N(dx)} (4.124)

-E|1, / t ( /0 i — @N(d:::)) du}  (4125)

From the chain of equalities we obtain the identity

E [ / C(u)N(du)] _E [ / C’(u){ 1t = Trusy) + /0 " - x)N(dx)} du] (4126

which may be extended to all (F;)-predictable processes C'. Thus, we can say that N
admits the predictable (F;)-intensity

() = ult — Try) + /0 bt — 2)N(de), >0, (4.127)

4.7 Probability generating functional for the RHP

In this section we investigate the p.g.fl. of the RHP. The difficulty of finding the complete
p-g.fl. lies on the fact that the renewal process is not a finite point process. We begin
with the p.g.fl. of the renewal process.

Denote p,(T) := P(Ng((0,7]) = n) for T > 0 and any nonnegative integer n, and for
any z € = and T" > 0 define

(t) = { i(t) g § g (4.128)

Since {27} is decreasing in T for z € E, and all 2" are dominated by the constant 1,
it is a consequence of the Dominated Convergence Theorem that

Grlz] = lim GglzT], (4.129)

T—o0
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where

:ZE [T = @) Ne((0.7]) = n (4.130)

TENR(")

=po(T +ZJE (51) -+ 2(5n) s Nr((0,T]) = n] (4.131)

NGRS NS / / e [T s s Fs sy
"~ (4.132)

but this expression cannot be further simplified in general.

Now we focus on the p.g.fl. for the satellite processes. A cluster whose center is located
at tg, for some ¢ty > 0, is formed by the immigrant that originated it together with all
the generations of its offspring. The following relation has been already established in
Hawkes—Oakes [16], and we provide a proof using our construction.

Theorem 4.13. Let ty > 0. The p.g.fl. for a cluster starting at ty, namely

Gelz | to] = E[exp/ log z(t)N.(dt | to)} : (4.133)
0
satisfies the functional relation
Ge[z | to] = z(to)exp{/ (Gelz(x+-) | to] — 1) h(x)dx} : (4.134)
0
Proof. Let tg > 0. We want the p.g.fl. for the cluster
Ne(- | to) =Y NI(- | o), (4.135)
n>0

Let us call G the p-g.fl. of the cluster up to generation n, namely

G [z |t = E exp/ log z(t) ZNc(i)(dt | to)] ) (4.136)
0

=0

Denote Fy :={Q,0} and F, := O’( ' to), ., N | t0)>. We have,

exp{/log z(x)i]\/c(”l)(dx | to)}] : (4.137)

Note that the above expectation can be written as,

E exp{/log z(x) zn:Nc(iH)(da: | to)}] (4.138)

=E | exp Z Z /log 2(x) N (dz | ) (4.139)

=0 yEN(z)( Ito)

ngJrl)[Z | to] = Z(to)E
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Using that the processes N{'™) (| y) are an i.i.d. family and independent from Nc(i)(- | to),
we can rewrite the above expectation by recursively applying the tower property,

=EHHE

E | exp Z > / log z(z) NV (dz | y) (4.140)

=0 yGN(Z)( to)

log z(z) N (dx | y)} ‘]—]} (4.141)
yeN (lto)

=0 ye N (Jto)

{/
—E ﬁ I Ele {logz NG+D (dx|y)}] (4.142)
ot/

=E H H E|exp{ [ logz(z + y)N" ) (dz | O)}] (4.143)

=0 yeN{ (-[to)

_E ﬁ 11 exp{ / log +(z + y) NV (dz | 0)} (4.144)

L'=0 yeNE (fto)

=E |exp Z Z log z(z 4+ y)N"™D(dz | 0) 3 | . (4.145)

=0 yeND (-Jto)

Writing the summation above as an integral w.r.t. the counting measure Nc(i)(- | to) and
using Fubini’s Theorem we get,

E

=K

exp Z 3 / log +( + ) N (dz | 0) (4.146)

=0 yeN{ (Jto)

_exp{//log 2(x +y) ;Nc(i)(dy | to)Ns("H)(dx | 0>}] (4.147)

H E
L2eN{"TV(|0)

exp{/log z(x +y) ZNc(i)(dy | to)}] (4.148)

=0

I[I G&k@E+) ) (4.149)

L2eN{"TD(|0)

IT  GY00) ]|, (4.150)

LzeN{"TV(|0)

where in the last expression we introduced z,(-) := z(z + -). We recognize the p.g.fl. of
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the process Ny(- | 0) and from equation (4.107), we have
GU[z | to] =2(to)Gs[GM[2. | o] | 0] (4.151)

—2(to) exp{/ooo(G§”> (22 | to] — 1) h(x)dx}. (4.152)

Now, we want to take the limit as n — oco. First notice that for any measurable function
z such that 0 < z(y) <1 for all y > 0 and 1 — z vanishes outside a bounded set, it holds
that

im [T [ =@=][ II = 159
n—oo
=0 e ND (Jt0) 20 4N (o)

Since,

E H H z(z) | < oo, (4.154)

20 2e N (-Jto)

we have from the Dominated Convergence Theorem,

lim Gz )= Im EIJT [T =@ =E|]] I =@|=0Gl=tul

=0 1e N (o) 20 2e NP (Jto)
(4.155)

this means that F,, converges to F' pointwise. Now, since (0 < G (22 | to] < 1 for all
n > 0 and ‘G((;n)[zg: | to] — 1| h(z) < h(z) with [;°h(z)dz < oo, from the Dominated

Convergence Theorem we get,

G.lz | to] = lim G|z | to] = 1i_>m 2(to) exp{/ (Gg") 2 | t0] — 1) h(a:)dx} (4.156)
n—oo n—oo 0
—2(to) exp{ |Gl =) h(w)dx} | (1157)
0
which concludes the proof. O
4.8 The stationary RHP

As pointed out in Lemma 2.17, under assumption (B0), we can obtain a stationary version
of the renewal process Ng by considering an appropriate delay distribution Fj which has
a density given as

folt) =m(1— F(t)) t>0. (4.158)
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In the stationary case, the p.g.fl. for the renewal process can be computed on the entirety
of [0, 00). For this, we use the general formula [10, (5.5.4) in Sec. V. p.146] to expand the

p.g.fl. of the point process Ny as

= 1
=1+ — [ (2(@1) = 1) (2(ze) — DM (day x - x day), (4.159)
1 k' Rk
where the factorial moment measures My (-) for Ny, are given for A;, ..., A, € B(R) and

nonnegative integers ki, ..., k, such that k., > 1and k1 +---+ k. =k as
Migg (A x - x ARD) = B[N (Ay)|B]- - [N (A,)) 5] (4.160)
with the factorial powers defined as

[k]:{g(n—l)-~(n—k+1) Ellzﬁ?()l,)’,n), (4.161)

n

for any nonnegative integer n. We use the formula [10, (5.4.15) in p.139] for the stationary

renewal process and see that the factorial measures of Ny have densities on 1 < - -+ < x3,
given by [10, (5.4.15) in Sec. V. p.139]

My (day x -+ - x day) = mdaip(xe — x1)das - - (@ — Tp—1)day, (4.162)

where we recall that m™' = E[r] and ¢ = 37 o, f*". We can rewrite the integral in
(4.159) using the factorial densities to obtain

Rz]zl—i—;H/O /961 /xk_ [2(z1) —
- ez(zg) — Ndazyp(zg — x1) -+ - (a0 — S )dag. (4.163)

Consider now a RHP in which we have replaced the center process Ng for its stationary
version Nr. We denote this process by

/ N[ ONg(dt) = > 3 NO( | o), (4.164)

t()GNR( ) n=0

whose p.g.fl. G[z] = @R[Gc[z | ] is given as

. ( c[Z | tk] - 1)dt190(t2 —t1) -ty — tp—1)dty. (4.165)

Since an RHP with p.g.fl. given by (4.165) has a stationary center process and its satellite

processes satisfy N.(- | to) 4 N(-—to | 0) for ty > 0, from Vere-Jones [37] we can conclude
that the process is stationary and we call it the stationary renewal Hawkes process.
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Example 4.14. In particular, consider the renewal process N r(+) to be an homogeneous
Poisson process of constant intensity p > 0. In this case, the renewal density is constant
o(t) = p for all t > 0, and m = pu. We have

Qe =1+> = OO---/M(Gc[z|sl]—1)--.(Gc[2\sk]—1)dsl---dsk (4.166)

k=1 ° 0 0

1+§_:’;—T(/Ow(ac[z 5] — 1)ds)k (4.167)

=1
1

( / WGl | 5] - 1)ds ) (1168)

k
k!

—exp{ | s] — 1)ds } (4.169)

Now observe that the p.g.fl. for the satellite processes satisfies

Gelz | 1] = Gelz | 0] = Gel2(t +-) [ 0], (4.170)

M

so we get

Glz] = exp{/ u(Gelz(s++) | 0] — 1) ds} : (4.171)
0
which is the p.g.fl. obtained by Hawkes—Oakes in [16] for the classical Hawkes process.

Finally, let us come back to the general case. We can relate the RHP with the stationary
RHP in the limit through the following result.

Theorem 4.15. Let N be an RHP and N be the stationary version (4.164). Then, under
assumptions (A0) and (B0),

N(-+t) -% N(), (4.172)

t—o00

where N’Hg s equipped with the topology of vague convergence.

The proof of this Theorem follows from the convergence of the renewal process to its
stationary version (see for example [1, Sec. VI. Example 2a]),

Ng(-+ 1) Hioé Nr(). (4.173)
Heuristically, we could say that

N+0) = [ N+t 9)Naldy (4.174)

R
L [ Ny - ONe(dy (4.175)

R
— [ N [Ny 1 (4.176)

R
% [ No(- | y)Na(dy). (4.177)

t—o0 R
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This result can be formalized by the convergence of the p.g.fl. Let =. denote the class
of continuous functions z : R — (0, 1] such that 1 — z vanishes outside a bounded set.
Then, to prove (4.172) it is enough to show convergence of the p.g.fl. of N to that of N
for z € =, (c.f. [11, Proposition 11.1.VIII]), which we do as follows.

Proof. Let G|z], @[z] be the p.g.fls. of NV, N respectively, and Gg|z], @R[z], the p.g.fls.

A~

for Nr and Ng respectively. Notice that the p.g.fl. of N(- + t) is given by G[z(- — t)],
then for z € Z,,

Gl=(- — 1)) =GrlGelz ¢ | -] (4.178)
—GrlGz |- —1]]. (4.179)

Note as well that z € =, implies

Z(-) =Gz | 1] € =, (4.180)
since for to > 0 and z € =,
}Hﬁ Ge[z | t] :tlg%E[exp/o log z(s)N.(ds | t)} (4.181)
=limE [exp/ log z(s + 1) N.(ds | 0)} : (4.182)
t—to 0

and the integrals are nonpositive, so the exponential functions inside the expectation are
dominated by the constant 1. Applying the Dominated Convergence Theorem once and
using the continuity of the exponential function yields

lim G.[z | {] =E {exp{ lim /0 " log 2(s + ) N(ds | O)H , (4.183)

t—to t—to

and N.([0,00) | 0) is a.s. finite, thus applying the Dominated Convergence Theorem once
more and using the continuity of the logarithm and z, yields

tlLI% Gelz | t] =E {exp /000 log z(s + to) Ne(ds | O)} : (4.184)
=E {exp /OO log z(s)Ne(ds | to)} (4.185)
=G|z | to(]]. (4.186)

And from (4.173) we have
GrlE(-—1)] — Gglz] for 7 € E.. (4.187)

In summary

Gla(- —t)] — G[z] forall z € &, (4.188)
which proves (4.172). O
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This last result implies that the p.g.fl. for the stationary RHP can be used as an
approximation to the p.g.fl. of the general RHP as t — oo.

As we have seen throughout this section, many properties of the RHP depend on the
properties of the corresponding renewal process. It is of particular interest for us the
asymptotic behavior of the RHP. Because of this, the next Section is dedicated to finding
necessary asymptotic results for renewal processes.

5 Decay rates for renewal processes

Since there is an imbedded renewal process in an RHP, as was shown in Section 4, it is
only natural that some of the results on the asymptotic behavior of renewal processes
will be of aid for establishing limit theorems for the RHP. The purpose of this section is
twofold. First, we want to establish power law decay rates for the Key Renewal Theorem
under the assumption of existence of moments. In particular, we are interested in the case
of a spread out inter-arrival distribution. We obtain these results by means of a coupling
argument as was done in the proof of the following Theorem (see for example [1, Theorem
VII.2.10]).

Theorem 5.1 (Lund-Meyn-Tweedie [27]). Assume that the distribution F' is spread out
with finite mean m™ = [* xF(dz) < oo and that for some n >0, [~ e™F(dz) < occ.
Take 0 < € < n. If the function z in (2.87) is measurable with z(x) = O(e™°%) as ¥ — oo
for some § > €, then

O z(z) = m/ooo z2(y)dy + O(e™) as z — oc. (5.1)

Secondly, we want to study the convergence in distribution of the recurrence times and
compensator of a renewal process as elements of the cadlag space D([0,1]). We do so by
noting that these processes evolve in cycles between renewals and satisfy the regenerative
property of Section 2.4.

We proceed then to state our results. The following Theorem improves the error term
in Theorem 5.1.

Theorem 5.2. Suppose that F satisfies (CO) and E[r{] = [~ 2* F(dz) < oo for s > 2.
Let z : [0,00) — [0,00) be a measurable function that is integrable, bounded, and z(x) =
O(z™") as © — oo forr > 1. Then, forq=s—1,
b xz(x) = m/ z(y)dy + O(mmax{l_r’_Q}) as x — oo. (5.2)
0

Moreover, if z(xz) = o(z™") as * — oo, then (5.2) holds with o(z™>1="~4Y) instead of
O (xmax{l—r,—q}) ]

The next result establishes the speed of convergence in distribution for the compensator
of the renewal process.
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Theorem 5.3. Let N be a zero-delayed renewal process satisfying (B0O). For any p > 0,
the convergence in distribution

(i [A(TU) — A<SN(TU)—1)]> L 0 (53)

p
T vel0,1] T—o0

holds in the Skorokhod topology.
Finally, we have the following Theorem that establishes the speed of convergence for
the recurrence times.

Theorem 5.4. Let N be a renewal process satisfying E[r{] = [[*a* F(dz) < oo for
s > 1. Then, the convergence in distribution

<%(ATU, BTU)) — (0,0) (5.4)

vel0,1] T—e0

holds in the Skorokhod topology.

5.1 Coupling for renewal processes

Throughout this section, we will suppose that (C0) holds and we will review some known
consequences of this assumption. Given a finite signed measure y on the measurable space
(2, F), denote by ||u||, ., the total variation norm

bl =, S0 (n(B1) = p(B) (5.5

Note that for measures, the total variation reduces to |||/, , = p().

Consider two stochastic processes { X/}, {X{'},5o, With the same state space and
defined a priori on different probability spaces. By a coupling of X', X", we mean a

pair <)? " X ) and an associated random time T (coupling time), defined on a common

probability space with
)'Z/ g X! )'Z—// i X (5 6)
and such that
X/ =X/, forallt>T. (5.7)

We want to make use of the coupling inequality. Let { X/}, {X{'},o be stochastic
processes and 7 < oo be a random time defined on a common probability space such that
X{ =X/ forallt > T. Then,

IP@X € ) —PO.X" € ), < 2P(T > 1), (5.8)
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where 6; stands for the shift operator given for any ¢t > 0 as
{0: X}, = Xiys, (5.9)
for any stochastic process X.

For two arbitrary probability distributions A and p, we define a measure A A i as

AA () = /(f A Q)M+ ), (5.10)

where f and g are the densities of u and v with respect to u + v given by the Radon—
Nikodym derivatives

o da ~ dp
f= O+ 9= A+ (5.11)
Then we have
AN () = /(fA g)dv, (5.12)
ifA() = [ fdv and p(-) = [ gdv for an arbitrary dominating measure v. Notice that
/(f— g)dv =1-1=0, (5.13)
implies
f—g)dv =— f—g)dv. 5.14
fi == [ 7= (5.14)
As a consequence,
A= plls. Z/‘f—ﬁ‘ dv (5.15)
= (f = §)dv — (f = §)dv (5.16)
/{f>§} /{fsa}
=2 [ (f-9dv (5.17)
fa
=2 /(f— FAGdy (5.18)
=2(1—[[AAplly) - (5.19)

The following Lemma is sometimes referred to as maximal coupling.

Lemma 5.5. Given two probability distributions F', G on a measurable space (X, B(X)),
there exist random variables X, Y defined on a common probability space (2, F,P) such
that X has distribution F, Y has distribution G, and

|F ~ Gl = 2P(X #Y). (5.20)
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Proof. Write 6 := |F AG|,, and H =6 '(F A G) and define the distributions

F—0H G —-0H
;o r_
F' = 5 G' = 5 (5.21)
It is clear that
F:5H+(1—5)F’, G:5H+(1—5)G’. (5.22)

Now we take independent random variables £, X', Y/ and Z defined on a common proba-
bility space (2, F,P) and such that X’ has distribution F’, Y’ has distribution G’, Z has
distribution H, and £ ~ Bernoulli(d). Define

X=£(Z24+(1-0X, and Y :=¢&Z+ (1-¢)Y, (5.23)

and notice that X has distribution F', Y has distribution G, and
1
P(X£Y)=PE=0)=1-6=[F—Gl,,. (5:24)

by (5.19). 0

5.2 Construction of the coupling

We follow the construction of the coupling presented in [36]. First, we have the following
Lemma for the forward recurrence time B; that has been introduced in Definition 2.16.

Lemma 5.6. For a zero-delayed spread out renewal process, there exist positive constants
b and d such that the distributions of the B, with t > d have a common uniform component
on (0,b). That is, for some 6 € (0,1) and all t > d,

IP’(u<Bt§b)2(5U;u, 0<u<uv<b (5.25)

We give a more detailed version of the proof found in [1, Lemma VII.2.8].

Proof. From Lemma 2.21 we have that for some ng > 1, F*"° has a uniform component on
an interval, so there exist constants 0 < p < g and n > 0s.t. F*"(v)—F*"(u) > n(v — u)
for0<p<u<wv<gq. Let

. Cd) (P+q

~—

(5.26)

When p < z<a,0<u<wv<b, we have (u+ z,v+ z) C(p,q), and hence from Lemma
2.24 we have

P(U<Bt§b)—/tF((t—i-u—s,t—i—b—s])fb(ds). (5.27)
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Note that
O(ds) =D F(ds) > Y F(ds) = F*"7) « d(ds), (5.28)

n>0 n>ng—1

from which we can say that

P(u < B, < b) (5.29)
/ Log(s)F((t+u— s1,t+ b — s1]) ®(dsy) (5.30)
0
_ / / Lussi (s + 52) Lo (51) F(ds2)®(dsy) (5.31)
0 0
> / / Lt putro] (51 + 82) 1o (51) F(dso) (F*07Y % &) (dsy) (5.32)
0 0

_ / / / Lol (53 55 + 50) Lo (53 + 50 F(dso) P00 (ds)®(dsy).  (5.33)
0 0

It is easy to see that

1(t+u,t+v}(52 + S3+ 54)1(t7p,t7a]<34) (534)
> 1t utto] (52 4 83 4 54)1j0,4—a] (54) 10,045 (53), (5.35)
>1(tqu 0] (82 4 83+ 54)Lj0,q(83 + S4), (5.36)
hence
/ / / 1 t+u t+v] S9 + S3 + 84)1[0 t](Sg + 84)F(d82>F*(n0_1)(ng)CI)(dS4> (537)
o Jo Jo
> / / Ltsutio) (52 + 83 + 84) L—pit—a) (84) F (dso) F*0 71 (ds3)®(dsy)  (5.38)
o Jo Jo
_ / / Vsl (51 4+ 55)Lempr—al (50 F™ (ds5) ®(dsy) (5.39)
o Jo
:/ Fo((t 4w — sa,t+ v — 54])(dsa). (5.40)

Using (5.27) and (5.40), we obtain the inequality
P(u < B, < b) > /t: F((t+u—s,t+ v — 5])B(ds) (5.41)
z/pa F((u + 2,0 + 2]) B(t — dz) (5.42)
2/pan(v+z—u—z)<1>(t—dz) (5.43)
=n(v —uw)[®(t —a) — ®(t — p)]. (5.44)

Using Blackwell’s renewal theorem, we have

O(t—a)—d(t—p) —_ m(a — p) = mb. (5.45)
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So, for 0 < § < min{1, mnb*}, there exists d > 0 such that for all ¢t > d,

O(t—a)— Pt —p) > o (5.46)
thus, for all ¢ > d,

P(u< B, <b) > (5.47)
The proof is complete. 0

We proceed with the construction of the coupling for the forward recurrence time of
the renewal process.

Lemma 5.7 (Chapter 10, Theorem 6.2 from [36]). Let{S,}, -, be a zero-delayed renewal
process satisfying (CO), and B ={B:}, its forward recurrence time. Let {S, nso be

the stationary version of the renewal process whose forward recurrence time B= {B\t}t>0
has stationary distribution I1. Then, the underlying probability space can be extended to
support a coupling (S, S’) of S and S and a geometric random variable o such that the
coupling event occurs in a o number of trials.

Proof. Let the positive constants b, d and ¢ be as in Lemma 5.6 so that for all ¢ > d, the
distribution of B; has a common component U where U has uniform distribution pu on
(0,b). Define a Markov process (ng, k) x>0 in [0,00) x [0, 00) in the following way:

~

(770’;7\0) = (8073\0)’ and (nk»ﬁk) = (SNkav ]\7ka)7 k > 17 (548>
where

Then, since B is a time-homogeneous strong Markov process, we can see that conditionally
n (Mg, Mk) = (s,5) the random variables

5k+1 = N1 — L, Bk—f—l = ﬁkzﬂ — Ly, k>0, (5-50)

satisfy

P(Brs1 € A, Bry1 € A | (M, M) = (5,5)) = P(B((5-9) 4 +a)— € A)P(B((s-35),+a)— €

Thus, from Lemma 5.6,

P((Bust, Brsr) € - | (s ) = 020 @ pu, b > 0. (5.52)

Using [36, Chapter 3, Corollary 5.1], we can extend the underlying probability space to
support 0-1 random variables Iy, I, ... such that for £ > 0,

(S,8, 1o, Iy, ..., Tey) AL i, given (0, ), (sas Tesn))s (5.53)
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and
P(Iy = 1|, ) = 67, (5.54)
P((Brt1, Brv1) € - | (s i) = (5,5), [y = 1) = p® p. (5.55)

Fix an m > 1. Because of (5.53) and the fact that ((n;,7;), (7i+1,7i+1)) is a measurable
mapping of (7, k)i, we have that for 0 <i <m

(S,S. Io, Iy, ..., Ii_y) WL I;  given (m, 7). (5.56)
In particular, for the m-tail of the Markov sequence it holds that

(Mmetks Dk Je>1 AL L given (g, Tk )imo, Lo, - - - Lic1) (5.57)

thus,

(Nt 7/7\m+k>k21 Ty given (e, Mi)ios Lo, - - - Im—2) »
(nm—i—k; ﬁm-i—k)kZl J—l—[m—Q given ((77k, ﬁk);cn:Oﬂ [07 s 7Im—3) )

(Dmtkes Dn i1 LDy given (nx, i) ilo,
which combined with the Markov property of (7, 7x)r>1 we can use to deduce that
(e Tt )1 AL (0 T )i Loy - - -3 Ine1) - GEVED (1, T )- (5.62)
Using (5.53) on I,, we obtain that
(e e )izos Loy - -+ Tm—1) AL T given (s i) (Mones s )i>1) (5.63)
which in addition to (5.62) gives
(s M )i0s Lo - - -5 Tm—1) AL (L (ks N J=1) @1ven) (i ) (5.64)

Once again, by using (5.53) repeatedly we note that for each n > 1

(ks s Ik)ZL:() W lin  given ((Mmak, ﬁm+k)k21, L1y Dgn—1) (5.65)
(nka ﬁkv [k)zlzo J—|—Im—i-n—l given ((nm-i-ka ﬁm—i—k)k:zla Im+l> cee 7Im+n—2) ) (566)

: (5.67)
(nku ﬁlm [k)zl:(] J-I—[erl given (nerk: ﬁerk)kZl- (568>

We note from (5.64) that

(s o> I )iy AL (Mt Ttk k=1 gIVeRL (M, s I )- (5.69)

We can then conclude that

(nkv ﬁ]ﬂ Ik)znzo iis (nm+ka ﬁm+k7 Ierk)kzl given (Um; ﬁrm Im)a (57())
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hence, (Mg, M, Ix)k>0 is a Markov process. Furthermore, from (5.54) and (5.64) we know
that the random variables I1, I, ..., are i.i.d. and P(I; = 1) = §2. Thus,

=inf{k >0:1; =1}, (5.71)

is geometrically distributed with P(c = m) = (1 —6%)™§. Now, recall that ny = 0 (which
implies 79 V 7o = 7o) and define

T:=L,+U="1T,, (5.72)
where for n > 0,
To=mo+d+ > (B;VBi+d) +U. (5.73)
i=1
Let us define as well
K:=N,_, K:=N,,_. (5.74)

Since o is a stopping time with respect to the Markov process (0, Mk, I ) k>0, We obtain

P((Brr1,Brr) €| (1e,780) = (5.9)) (5.75)
=B((B1.B) €| tmo i) = (5.3, o = 1) = pop (5.76)

In other words, 8,41 and B\UH are i.i.d. with distribution p and (5,41, Ba+1) is independent
of (ny,7,) and thus of L,. From which we get that

Sk =Not1 = Lo + Poy1 < Ly + Bo‘+1 = Tot1 = Sk-. (5.77)
And due to L, + 541 = L + U, the processes S and S have a common renewal at 7.

Taking S’ = S and S with the same renewals as S before 7 and with the same renewals
as S after T gives the desired coupling. H

Remark. Due to (5.54) and the fact that (ng, M, Ix)k>0 is a Markov process, we have
for i € {0,1} and k > 1 that

P((n0,0) € -, Io = 1)) = P(lo = i) P((mo, 7o) € -), (5.78)
and

P> k) € - ke = 0| (M1, Ti—1) = (5,5), I, = 0) (5.79)
=PIk = i) P>k k) € - | (M1, 1) = (5,5)) - (5.80)

Since the event

{O’Im}:{10:0,11:0,...,Im,1:O,Im:1}, (581)
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we have that for any Borel sets Dy, D1, ..., D,,_1,

P((UO; ﬁO) S -D07 R (nm—la ﬁm—l) S Dm—l; g = m) (582)

:/ N / P((nm_l’ ﬁm_l) € duy—1, L1 =0 ‘ (77m—2, ﬁm—Q) = Up—2, I;p—2 = 0) T

Do Dyt
(5.83)
< P((m,m) € duy, Iy = 0| (o, M0) = uo, Lo = 0) P((m0, 7o) € dug, Iy = 0) (5.84)
=P(L,, = 1)P(Ln—1 = 0)---P(Lo = 0)P((no,70) € Do, - - -, (hn-1,Gm-1) € Dim—1),
(5.85)
hence,

P( nO:ﬁO) S '7-"7(77m—177/7\m—1) € '70-:m) (586)
=P(o = m)P((10,70) € - (-1, Thm—1) € *) - (5.87)

5.3 Decay rates for the Key Renewal Theorem

We work in the same context as the previous section. For the coupling time 7 constructed
in Lemma 5.7 we have the following result that we prove along the lines of [26].

Lemma 5.8. Assume E[1] < oo for s > 2. Then, E[TY < oo forq=s—1.

Proof. Let us find some estimates for E[B}]. Consider first

E[B, =E[Sn@)]| —t (5.88)
=m 'E[N(t)] — ¢ (5.89)
=m O (t) —t. (5.90)

Since ®(t)/t —m for any €y > 0 we can find a ¢y > 0 such that
—00
O(t) <(eg+m)t, for all t > to, (5.91)
O(t) <P(ty) + (o +m)t, forall t > 0. (5.92)
Hence, for any arbitrary p > 0, there exists a constant a, such that
E[B] <a,+pt, forallt>0. (5.93)

For E[BY/], we can use Lemma 2.24 to find

E[BY] — /0 t /0 TRt — u+ dz) ®(du) (5.94)
< /0 t /t OO 27 F(dz) ©(du) (5.95)
< < /0 h a:qF(dx)) B(#), (5.96)
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where [~ 29F(dz) < oo. Then, using (5.92) with ¢y = 1, we find positive constants a,
and by independent of £ such that

E[Bf] <a;+bt, t>0 (5.97)
and by Fatou’s Lemma also

E[B!] < liminfE [Bq

n—00 t=1/n

} <ai+bit, t>0. (5.98)

Since there exist constants as and by such that (d + x)? < ag + bexd, for all z > 0, we
have

E[(d 4BV Bk)q} < ap+ bOE[(ﬁk v Ek)Q] . (5.99)

From (5.51) we have

i e ) R
E <5k N 5k) (M1, h—1) = (y,y)] (5.100)
<82+ 52| mr, ) = <y,y>} (5.101)
=E _B?@—y>++d>—} + E[B(q<y—a>++d>—] : (5.102)
Then, from (5.98), we obtain

E| (B Vv B\k)q | Mk—1, ;}\kq} <2a; + 2byd + by |Mk—1 — M1 (5.103)
=2ay + 2byd + by | Br—1 — Bt (5.104)
<2a1 + 2byd + by (Bi—1 V Br_1). (5.105)

We define a3 := 2(a; + b1d) and bs := by to write
E[(ﬁk V Bi)® | me, ﬁk—l} < az + by (Br_1 V Br1). (5.106)

Now we shift our attention to E[/Bk V B\k} for £k > 1. We follow the same steps as in
(5.102) (but with ¢ = 1), and use (5.93) with p = 1/2 to find a constant a, such that

_ ~ | -
E |:6k V B | Mk—1, 771:—1] <2a,+d+ D) <5k—1 \ 5;:—1) . (5.107)

By taking conditional expectation given (nx_2, Mk—2), (Mk—3, Mk—3), - - - , recursively and us-
ing (5.93) with p = 1/2 we ultimately obtain

BBV B [ 0,70 < ap(24 1+ + 2279) 4 d(1+27 4o 4 275) 42750 V i)
(5.108)
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which can be simplified by recalling that 17 = 0 and by noting that for any & > 1:
2414 4+22F <4 1427 4. 2% <2 and 27% < 1. In summary,

B[V Bi | 0, h0] < da, + 2+ 7o = as + 7, (5.109)

where a4 := 4a, + 2d. Now note that since 7 is taken from the stationary distribution II
and 0 < g < s—1, then

E[nd] :/0 z'mF (r)dx (5.110)
__m [T enpq 5111
1) Y (dy) < co. (5.111)

There are two notable cases. Let us focus first on the case ¢ = s — 1 > 1. In this case
co := E[(d+ 1)1 < co. We take the expectation on both sides of (5.109) and (5.99),
which together with (5.106) yields

E[(d + BV Bk)q} <as + by (a3 n ng[(ﬁk v ék)q]) (5.112)
Sag + bg{(lg, -+ bg(a4 + C[))} . (5113)
We take a, = as + ba{as + bs(as +¢o)}. Because ¢ > 1, we can apply Minkowski’s
inequality to obtain that
n ~ 1/q
E[T9]Y? <E[(d + 70)]"" + ) _E [(d + BV Bk)q] + (b)) (5.114)
k=1

<cy? +nallt 4 b, (5.115)

Since {¢ = m} is independent from 7T,, by (5.87) and (5.73), and since ¢ has geometric
distribution, we have

E[T9 =E[T7] (5.116)

= i E[TYP(c = n) (5.117)

n

Il
=)

(C(l)/q + na;/q +0)96%(1 — 63" < oo, (5.118)

NE

<

Il
o

n

because (1 — §%)" vanishes exponentially.

For the case where ¢ = s — 1 < 1 we use the subadditivity of the function =z — z9,
x >0, to get

E[TY =E (Z(dﬂL@kVBk)*FU) ;Uzn] (5.119)
k=0
<E[(d+ )] + Y E[(d+ BV B) o] + (5.120)
k=1
=Co F ZE[E [(d + BV Bi) Loz | 0, ﬁo” + b9 (5.121)
k=1
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Since 0 < ¢ < 1, we can apply Holder’s inequality with p > 1 such that ¢ + % =1 to
obtain

E [E[(d + B V B\k)ql{chk} | 70, ﬁo“ <E [E [(d + BV Br) | o, ﬁo]qE[l{azk} | 105 7o 1/;;}
(5.122)

<E [dq + E[ﬁk vV B | ng,ﬁo] q} Po > k). (5.123)

From (5.109) we know that

-~ 14
E[ﬁwli’k | no,no} < aj + 1, (5.124)
hence,
E[E|(d+ BV B Loy | o, 7| | <(d7 + af + B[] B(o > )7 (5.125)
—c,P(o > k)P, (5.126)

where ¢, := d? + aj + E[nj] < co. The random variable o is geometrically distributed so
P(oc > k) = (1 — §?)k. From the above, we have that

E[T) <co+ b+ ) cy(1 = 0% < o0, (5.127)
k=1

since (1 — 02)*/? decreases exponentially in k. This ultimately means that E[TY] < oo for
0 < ¢ < s—1, which concludes the proof. O

Before proceeding, let us make the following observation. Let h : [0,00) — [0,00) be
a non-decreasing function with lim; .., h(t) = 0o and suppose that E[h(T)] < oo for the
coupling time 7, then, by the Dominated Convergence Theorem,

h(O)P(T > t) <E[h(T) Y74 ] —0 (5.128)
which means that
1
P(T >1t) = o(m) as t — 00. (5.129)

We use the previous remark to prove the following Lemma.

Lemma 5.9. Let {S,},>0 be a zero-delayed renewal process that satisfies E[T5] < oo for
s > 2. Then, forq=s—1,

IP(B; € ) — H()||,, =0(t™?) ast— oo, (5.130)
where 11 is the stationary distribution given in (2.83), and

Py([z,00)) = 0(z79) asz — 00, ¢i1(z) =m+o(z7?) asz — . (5.131)
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Proof. Let ¢ = s — 1. Notice that the function h : [0,00) — [0, 00) given by h(t) = t7 is
non-decreasing and E[7 Y] < oo, by Lemma 5.8. By definition of IT and 7 we have

IP(B, € ) — ()|, = HIP’(Bt e)—P(Bie)| <2B(T>1), (5.132)
and thus, from (5.129),
tlgilo t|P(B, € ) — II(4)],,. < tlggo 2t'P(T > t) =0, (5.133)
which implies
|P(B; € -) —TI(-)||,,. = o(t™") ast— ooc. (5.134)

Now consider Stone’s decomposition & = &; + $, obtained from the uniform component
Go with density go(z) = %hagmﬁb}, x> 0. Since H = F* — Gy < F, from the
finiteness of E[7}], we get that

/ z*H(dz) < oo, (5.135)
0
and hence,
/ r°Py(dr) < o0, (5.136)
0
and
lim sup xq/ ®y(dt) < lim t10y(dt) = 0, (5.137)
=00 [z,00) #7720 Jlw,00)
from which we get that
®y([z, 00)) = 0(279) as z — . (5.138)

From [1, Sec. V. Theorem 2.4 (iii)] we have that for a general renewal process

O((x—a—b,x—al) (5.139)
=E [N(:c—a—b)—i-b - Naz—a—b} (5140)
_ / "B — OP(B,.y € ) (5.141)
- [ ep-on@e) + [ 00— P, s € a0 - (5.142)
Since
b
[ 00 - P € 00 - e < 00) BB € ) -, (G143
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we can use (5.134) and Lemma 2.17 to obtain,

/0 (b — )TI(dE) + / B OP(Bowy € de) ~T(dE)]  (5.144)
=mb+o((z —a—1b)"7) (5.145)
=mb+o(z77). (5.146)

In other words, ®((z —a — b,z — a]) = mb+ o(x™?) as x — co. From Stone’s decompo-
sition the density ¢, is given as

or(o) = [ 0ol — o ay) (5.147)
0
where from the previous reasoning

D x go(z) —m ||Gol|,, = o(z™?) (5.148)

||t.v.

Notice that

/;/2(@ #go(x —y) —m [|Goll,.,.) B (dy) (5.149)
< sup [0 golw —y) = ml|Goll,, | [ @] = o), (5.150)
y'<z/2 t.v.
and
[ (@t - miGl,..) o () (5.151)
<1 # gollo + m [ Goll,.,.) 6 ((2/2,00)) = o(z™), (5.152)
from which we conclude that
pr(a) =m|Goll,. | ®67)|  + o) (5.153)
=m + o(z™7), B (5.154)
by (2.117). O

We proceed to the proof of Theorem 5.2.

Proof of Theorem 5.2. We prove the case where z(x) = o(x™") as © — oo and the case
for z(z) = O(x™") as x — oo follows similarly. Assume that 0 < ¢ < s — 1. We compute
the convolution explicitly using Stone’s decomposition.

B % 2(x) = / " — y)@a(dy) + / " (@ — y)euy)dy. (5.155)
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The first integral can be split as

x z/2 x
/O 2o — )y (dy) = / 2o — y)®s(dy) + / 2z — 4)®s(dy). (5.156)

/2
where
z/2
[ 2 pwatan)| < s 1211921, = ofa) (5.157)
[ o= )atan)| < Pl a((2/2.00) = ola™) (5.158)

The second integral can be written as
x

x x/2
/0 2(y)er(z —y)dy = /0 2(y)e1(z — y)dy + / , 2(y) o1 (z — y)dy. (5.159)

From Lemma 5.9, we have ¢ (z) := ¢1(2) —m = o(x™9) as & — oo. This entails,

z/2 z/2

/ 2(y)er(z —y)dy S/ 2(y) |Z1(z —y)| dy (5.160)
0 0
< s B [ =)y (5.161)
y'>x/2 0
=o(x™7) (5.162)
On the other hand,

/ JRUETS y)dy\ <[ R (5.163)

x/2 x/2
SII%HOO// z(y)dy, (5.164)

x/2

Let € > 0 be arbitrary. Since z(z) = o(z™") as x — 00, there exists zy > 0 such that
a" |z(x)| < € for all x > . Then, for all x > 2z,

| Ewldy<e [ yray (5.165)
x/2 x/2
(z/2)'"
-_— Nl
<o, (5.166)
from which we obtain that
// |z(y)|dy = o(z'™"). (5.167)
x/2
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This means that,

/0 y)p1(r —y dy—m/ y)dy + o(x ™), (5.168)
/x/2 y)pr (z — )dy_m//2 y)dy + o(z*™"). (5.169)

Ultimately, we get,

P * 2( m/ y)dy + o(x™9) + o(x™") + o(z'") + o(z79) (5.170)
=m / y)dy + o(gmeti=rmah) (5.171)
which is the desired result. O

5.4 Some Regenerative Processes

In this section we exhibit that the processes of interest satisfy the regenerative property.
Let us begin with the recurrence times. Since the renewals are stopping times for a renewal
process, from the strong Markov property it is obvious that the forward and backward
recurrence times from Definition 2.16 are regenerative. We can show as well that the
compensator of a zero-delayed renewal process that satisfies assumption (BO) can be
written in terms of a regenerative process. Let p : [0,00) — [0,00) be the nonnegative
measurable function given by

/()

p(z) = W, x> 0. (5.172)

From [7, Sec. II Theorem T7], we have that the process {M(t)},, given as

M(t) = N(t) — /0 il — Syoy)du, £ 0, (5.173)

is an (F)-martingale, with compensator A:

t
A(t) = / p(u — Sney)du, > 0. (5.174)
0
Notice that A can be rewritten as
N(t)—1 .
G+ / (= Swy1)du (5.175)
i=1 SN(-1
N(t) 1 S; t
/ p(u — S;_1)du + / p(u — Sney-1)du, (5.176)
i=1 - SN(t)-1
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where the random variables &; are independent and identically distributed with

&< / pu)du i=1,2... (5.177)
0
Observe that the process
t
/ p(u — Sny—1)du (5.178)
SN(t)—1

is regenerative. In effect, let n > 0 be arbitrary, then from the strong Markov property
of the backward recurrence time A; we have

t+Sn t+Sn—SN(t4+5n)-1
/ (U — SN(t+8,)—1)du :/ p(v)do (5.179)
S 0

N (t+Sn)—1

Aty sy,
= /0 pu(v)do (5.180)

i/oAt pu(v)dv (5.181)

and since this is a measurable function whose argument is the regenerative process A,
from [1, Proposition VI.1.1], we can conclude that this process is itself regenerative.

5.5 Convergence of processes

Now we can proceed with the proof of our Theorems 5.3 and 5.4. We work in the context
of regenerative processes introduced in the previous section.

Proof of Theorem 5.3. As we noted above, for all t =1,2,...,

S; 1
o _a d
& -—/S p(s — Si—1)ds /0 p(s)ds. (5.182)

i—1

We now look for the distribution of the latter. Let x > 0, we have

f@) 41— ), (5.183)

) = 1— F(z) dz

or in other words,

exp<— /0 z,u(s)ds) — 11— F(2), (5.184)

which implies that

G(z) =P ( /0 Y (s)ds < :v) (5.185)

:]P’(exp (_ /0 s ds) > ex) (5.186)

)
=P(F(n)<l-e")=1—¢" (5.187)
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where in the last equality we used that if F'(z) = P(r; < x), then the random variable
F(71) ~ Uniform[0, 1]. This means that

/ w(s)ds ~ exp(1). (5.188)
0
We have for any p > 0 that
L IA(T0) — A(Swra1)] L s Sweds  (5.189)
sup - v)— N(Tv)-1)| = SUp —— H\S — ON(Tw)—1)AS .
ve[0,1] T v v€l0,1] v SN(Tv)—1 o
1
<— 1
=Tv 20 & (5190)

and since G does not have finite support, from Theorem 2.28, we know that Fr(z) =

P(km]\z}(); : & < m) can be uniformly approximated by G(z)™7, in the sense that
<

lim sup |Fr(z) — G(z)™"| =0, (5.191)

T—o0 >0

where G(z) = P([]" pu(s)ds < &) =1 —e . If we take x = €T? for € > 0, we have,

G(eT?)™ = (1- e_eTp)mT =exp{mTlog(l —e ")} (5.192)
=exp{mT (e (1+0(1))} — 1, (5.193)

which proves that for any p > 0

1
; — <e| = .
TIEEOP(TP krgnj\zfmé) & < e) 1 (5.194)
and hence,
1 [T d
ﬁ ; ,LL(S — SNR(Tv)fl)dS 1;2 0. (5195)
N(Tv)—1 06[0,1]
The proof is complete. O

We proceed similarly in the case of the recurrence times. As we will see, the dominating
process will be the maximum process of the inter-arrival times.

Proof of Theorem 5.4. Let p < s. Notice that

max T, (5.196)

1
sup m(Tv — Sn(re)-1) < TP k<N(T)

v€[0,1]

1
sup —— (Snre) — T0) <

— 5.197
veo) TP - TP klsnl\?()’}) ( )
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It is clear that if F\(x) := P(my < x) has finite support, the result is trivial. Thus, we
assume that F' does not have a finite support. In this case we can approximate the
distribution of the maximum by

F(z)™T, (5.198)
and by taking « = €T"/? we can compute,
F(eT"?)™" = exp{mT log(F(eT"7))} (5.199)
=exp{mTlog(1 — F(eT"/?))} (5.200)
:exp{mT(F(eTl/p)(l +0(1)))}. (5.201)
Since E[77] < oo, it follows by the Dominated Convergence Theorem that
2’ F(z) = 2’P(1y > ) < E[r]; 71 > 1] - 0. (5.202)

The previous reasoning implies that

TF(eT?) — 0, (5.203)
T—o0
exp{mT (F(eT"?)(1 + o(1))) } = 1, (5.204)
— 00
1
1 —_— < = .
i P75 g <) =1 (5:20%

from which we can conclude that

1 1
(W(T“ = Sx(ro1) s g7y (Snre) = TU))

which completes the proof. n

4 (0,0), (5.206)
ve[0,1]

With this, we conclude the exposition of our convergence rates results for renewal
processes. Nevertheless, each one of them will see an application in the derivation of the
limit theorems of the following Section.

6 Limit theorems for renewal Hawkes processes

The purpose of this Section is to establish limit theorems for the RHP, namely, a law of
large numbers and a central limit theorem, as Bacry—Delattre-Hoffmann—Muzy [5] did for
the classical (multivariate) Hawkes process via a martingale approach. In the case of one
dimension, if o := fooo h(t)dt < 1, a law of large numbers (LLN) is given as

Theorem 6.1 (Bacry-Delattre-Hoffmann-Muzy [5, Theorem 1]). We have
N(t) € L*(P) for all t > 0 and the convergence

sup [T 'N(Tw) —v — 0 (6.1)

v€E[0,1] I —af T—oo

holds a.s. and in L*(P).
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A central limit theorem (CLT) was also proved, namely,

Theorem 6.2 (Bacry-Delattre-Hoffmann-Muzy [5, Theorem 2]). The convergence

= =BV (e (62)
VT ve[0,1] ( ) ve[0,1]

holds in the Skorokhod topology, where (Wy)vepo,) s a standard Brownian motion.

6.1 Limit theorems for the renewal Hawkes process

We extend these results to the RHP. First, we have a law of large numbers, in which we
show that the mean number of arrivals can be consistently estimated as follows.

Theorem 6.3. Assume (A0, A1) and (BO). Then,

-1 . m a.s.
vSeL[BI,)l] T7"N(Tv) VT T:ZO. (6.3)

The central limit theorem for the RHP takes the form,

Theorem 6.4. Under assumptions (A0, A1) and (BO), if [;~2*F(dz) < oo, the con-
vergence in distribution

1 d
(TR vro) ~EN@0D) o @0 (6.4

ve(0,1] T—o0

holds in the Skorokhod topology, where (W (v)),c(o) i @ standard Brownian motion and

2 2
Voy tor

— 2
= , Oy

1-a)

m

2 T
IR _ 2 _
o’ 3 4+ m* Var|[r] — 2mE {7‘/0 p,(s)ds} , (6.5)

and T is a random variable such that for x > 0, P(1 < z) = F(x).

And finally, we have the following result of asymptotic normality:

Corollary 6.5. Under assumptions (A0, Al) and (BO), if [ 2*F(dz) < oo and
fooo z"h(x)dx < oo for some r > 1, the convergence in distribution

(%N(Tv) L

holds in the Skorokhod topology, where o is the same as in Theorem 6.4 and (W (v))uvejo,1)
1s a standard Brownian motion.

ﬁ) 5 (W (v)) e (6.6)

ve(0,1] T—o0

We make use of the decay rate results found in Section 5 for the proof of our limit
theorems. In the following section, we find renewal type equations whose solutions yield
useful identities for our study.
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6.2 Results for the mean number of arrivals

As mentioned in Section 4, the arrivals in the RHP are of two types: those coming from
a renewal process and those coming from the self-exciting part of the process. For the
proofs of our results, it is often convenient to work with the imbedded renewal process
separately. To make this distinction denote Ng(-) :={T;: D; = 0} ={0 = Sy, 51,52, ...}

with Sy < 57 < Sy < ..., and consider the counting process Ng(t) = min{i : S; < t},
t > 0. Then, it is clear that

,u(t - T[(t)) = u(t - SNR(t)—1>7 t Z 0. (67)
Furthermore, N is a renewal process with inter-arrivals 7; := S; — S;_; which have
distribution F', and the renewal functz’on

O(t) = E[Ng(t)] = Y _F™(t), t>0, (6.8)

n>0

where

FOz) = 0o(x), F*D(z) = /Ox Fx—y)F(dy), =>0,n>0, (6.9)

as shown in the following Lemma.

Lemma 6.6. Let 7, 7,... be i.i.d. random variables with distribution F' that satisfies
assumption (BO), and define the partial sums S,, := 11++--+7,, n > 1. Then the counting
process Nr(t) = > 50 lis,<ty, t > 0, admits the (F)-intensity ju(t — Ti)). Moreover

E[/Otu(s—T] )ds} = B(t). (6.10)

Proof. From Theorem 2.14 we know that the intensity for the process Ng(-) is given by

f(TH-l)(t - Sn)
Ar(t) = 1 s 6.11
" ; L= [0 fon (g)dg (6.11)

where for a Borel set A, we have

FOtD(A) :=P[S, 1 € A| Fs,] = / £ (2)da. (6.12)
A

In the case of Ng(-), we have that F™+Y) = [ and f*+) = f for all n > 0. We can the
substitute this in (6.11) to get

Z l{Sn<t<Sn+1} (6.13)

- Z M t - ]'{Sn<t<sn+1} (614)
n>0

- Z U(t - SNR(t)*l) Ly, <t<Sni1} (6.15)
n>0

=(t = Snp(t)-1) - (6.16)
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Now, since the process C(s) = 1(g4(s), s > 0 is (F;)-predictable, we can compute

] [ 4l — S B[ [ Na(a9)] = BNat] =00 (6a)

Finally, from the observation (6.7), the proof follows. ]

As stated in Theorem 2.22, if the imbedded renewal process has an inter-arrival distri-
bution that satisfies (B0), then the induced renewal measure ®(dt) can be decomposed
using Stone’s decomposition (2.121) as

(I) = (I)l + (I)Q, (618)

where ®5([0,00)) < oo and P, is absolutely continuous with bounded density ¢; that
satisfies

o1(t) — m. (6.19)

t—o00

In order to study the arrivals related to the self-exciting part of the process, we define the
following function:

Y(t) =D h(E), t=0, (6.20)

n>1
where A*" denotes the n-fold convolution of h. Then, we can state the following Lemma.

Lemma 6.7. Assume (AOQ) and (BO0). For any t > 0, the mean number of events
E[N(t)] is given as,

E[N ()] = &(t) +/Ot¢(t — §)®(s)ds. (6.21)

Proof. Let t > 0. Since the process C(s) = 1g(s), s > 0 is (F;)-predictable, from the
property (2.17) of the intensity and Lemma 6.7, we have

E[N(t)] =E [ /0 s — TI(S))ds} +E [ /0 t /0 “h(s — u)N(du)ds (6.22)
—®(t) + E [ /0 it — S)N(s)ds} (6.23)
—o(1) + /0 Bt — $)E[N(s)] ds. (6.24)

This is a renewal type integral equation for E[N(¢)]. Since the renewal function is always
finite, ® is bounded on finite intervals, and the integral equation has a unique solution
bounded on finite intervals given by

E[N(t)] = &(t) + /0 (- s)®(s)ds, >0, (6.25)

and this concludes the proof. n
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In the following, it will be useful to write the process
X(t) == N(t) —E[N(t)], t>0, (6.26)
as a linear functional of the characteristic martingale, as it is done below.

Lemma 6.8. Assume (A0) and (BO). Set
t
A(t) .= M(t) + / (s — Trs)) ds — D(¢). (6.27)
0
Then, for allt > 0, the process (X;)i>o satisfies,
X(t) = A(t) + /t P(t — s)A(s)ds. (6.28)
0
Proof. We have
X(1) = M(t) + / "Ms)ds — E[N(1)]. (6.29)
0

From the proof of Lemma 6.7 we have

t

X(t) = M(t) + /O A(s)ds — (1) — /0 h(t — S)E[N(s)] ds (6.30)
M) + /0 (s — Ty )ds + /0 /0 “h(s — u)N(du)ds — &(1) — /O h(t — $)E[N(s)] ds
(6.31)

t

M) + /0 (s = Tye)ds + /0 h(t — s)N(s)ds — B(t) — /O h(t — S)E[N(s)]ds (6.32)
=M(t) + /Ot p(s — Tyy)ds — @(t) + /0 h(t — s)X(s)ds. (6.33)
=A(t) + /t h(t — s)X (s)ds. (6.34)

Since the function p is locally integrable, then the process (A¢)i>o is a.s. bounded on
finite intervals, therefore we have a solution for X (t) given by

X(t) = A(t) + /tl/z(t —s)A(s)ds, t>0. (6.35)

The proof is complete. O

6.3 Law of large numbers

In preparation for the proof of Theorem 6.3, we need the following Lemmata.
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Lemma 6.9. Assume (A0, A1) and (BO). Then,

m

— 0. (6.36)

su
P T—o00

vel0,1]

T 'E[N(Tv)] — v

—

If additionally we assume [;° a"h(z)dz < oo forr > 1 and [;° 23F(dz) < oo, we have
for 0 <p<1 that

7" sup |T'E[N(Tv)] — v— 6.37
s |PUEN(T) oo (6.37)
Proof. We define the function
t
G(t) ::/ Y(t — s)P(s)ds, t>0. (6.38)
0

By changing the order of integration and setting W(t) = fotz/J(s)ds (note that ®(t) =
5 ®(ds)) we can rewrite G as

t
G(t) = / U(t—s)P(ds), t=>0. (6.39)
0
From the relation (f x g)’ = f’ * g, we can deduce

G’(t):/ot@b(t—s)(b(ds), £>0. (6.40)

Let us analyze the asymptotics of ¢ = ) _, h*". For this, note that we can write ¢ as
the solution to the renewal equation,

¢ =h+ Hx, (6.41)

where H := f(f h(u)du. Equation (6.41) is a defective renewal equation (i.e. H(oco) =
lim; o H(t) = a < 1) with solution ¢ = }_ . A" = h* (1 + ). In the case of a
defective renewal equation, it holds (c.f. V.7.4 in [1]),

bt) —s h() 0

= =0. 6.42
twoo 1 — H(oo) 11—« (6.42)

Furthermore, 9 is uniformly continuous since it is the convolution of the integrable func-
tion h with the bounded function 1 4 . Boundedness of ¢ can be seen from

t

Bk b = / Bt — s)h(s)ds < a A", (6.43)
0

127" < @™ IRl (6.44)
Al

< 6.45

ol < 120 (6.45
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Then from (6.42), (6.45), and the Key renewal Theorem for spread-out distributions (c.f.
Corollary VII.1.3 in [1]),

G'(0) = tlim G'(t) = m/ (s)ds (6.46)
—00 0
> *n n __ mao
:mZ/O h (s)dzs:mZa =T (6.47)
n>1 n>1
From Lemma 6.7, (2.121), and the fact that v{= = v(m + %), we have
" (T‘lE[N(Tv)] —vs o ) (6.48)
-«
[ O(Tv) ma TV (To — 5)0(s)ds
=TP S S _Jo
T (vm T ) + (Ul — T (6.49)
[ Oy (T T oi(s)d TG (s)d
—7v (Um— 2( U)"’{? 301(5) 5) —|—<UG/<OO)_¢>] (650)
N m = ei(s)ds . Jo "G'(00) = G'(s)ds )\ @y(T) (6.51)
N T1-p T1-p T1i-p '
Now we notice that
TP sup (TlE[N(Tv)] oy ) (6.52)
vE(0,1] -«
S m — i(s)ds [0 G (00) — G'(s)ds | ®y(Tw)
< su + su 6.53
ve[OI,)l] TP vE[OI,)l] TP TP (6.53)
Jo Im = @i(s)[ds [ 1G'(00) = G'(s)|ds  ®y([0,00))
< Ty + i R (6.54)

If we assume (B0) and take p = 0, the result (6.36) follows immediately from the finiteness
of the measure ®, and the convergence of G'(t) = G'(00) and (1) —m
—00 —00

For p > 0 we want to study the rates of convergence of ¢; and G’. From Lemma 5.9
we have that ¢1(s) = m + o(s™?) as s — oo. Hence,

foT lm — ©1(s)| ds _ O(logT) .0 (6.55)

Ti-p TP T
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For the second term, we have that

/000 2"Y(z)dr = i /OOO 2" (x)dx (6.56)
_i/w . /oo(gc1 bt z) (@) - Bz da - - da, (6.57)

<Z / / 2V R() - h(w)dey - day  (6.58)

—an " 1/ z"h(z)dzr < oo. (6.59)
It suffices to show that

/ |G’ (00 "(s)|ds = O(log T). (6.60)

We can proceed along the lines of the proof of Theorem 5.2 from which we have the bound

T

G(00) — C'(@)| <C [ bly)dy + /
z/2

l1(y) —m|dy + /w Y(z —y)Pa(dy), (6.61)
©/2 0

and the constant C' can be taken as m + ||¢1 —m||, < oo. Looking at the first integral
on the RHS, we notice that

/ w )dydx </ / y)dydx (6.62)
z/2 /2
< / “rda / (20) ¥ ()dy (6.63)
1 z/2
§/ m_rdx/ (2y) ¥(y)dy < oo. (6.64)
1 0
For the second term, we see that the integral is at most of logarithmic order. Indeed,
T T T 2y
[ [ e —miawae< [ [7 i) - mlasay (6.65)
1 Ja/2 1/2Jy
T
— [ vlertw) - mldy (6.60)
1/2
=0(logT). (6.67)

On the other hand,

| [ ot - meanas = [ ot [ ) <o (6.68)

This concludes the proof. n
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The next result treats the asymptotic behavior of the renewal process part.

Lemma 6.10. Under (BO0), we have almost surely that

[ s =T - 200

— 0. (6.69)

T—o00

T~ sup
t<T

Proof. We rewrite the integral term as

t t
/ p(s — Tiesy)ds —/ p(s — Snp(s)—1)ds (6.70)
0 0

NR(t)fl S]' ¢
= Z / p(s —Sj_1)ds + / (s — Snp-1)ds  (6.71)
j=1 v95i-1 SNp(t)-1
NR(t) 1 t
= Z & +/ (s — Snpr)-1)ds, (6.72)
j=1 SNp#)-1

where the §; are i.i.d. random variables. To compute their mean we use the property
(2.17) of the intensity and the fact that the process 1(s,_, s,)(t) is predictable. We have,

E[¢,] =E /S .j u(s—Sjl)ds] (6.73)
_g| /O s s (s)uls — sjl)ds} (6.74)
_g| /0 h 1<Sj_1,5j](s)NR(ds)} (6.75)

=E[NR((Sj-1, 5] = 1, (6.76)

for all 1 < j < Ng(t) — 1. On the one hand, from the Law of Large Numbers for &; we
have

I~ as
- G, (6.77)
j=1

while from the LLN for the inter-arrival times of Ng(-) we have

] — ws 1
== LN 6.78
DR (0.75)

Combining these two facts we obtain that

n n

o 1 & 1
5 / — Ty(s))ds = A Z/S 1M(s — S 1)ds = 5 d Gt m (6.79)

j=1 55~ j=1
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Since for t > 0 we may take n = n(t) such that S,_; <t <S5,

R, = %/Otu(s ~ Tyg)ds % m, (6.80)
because,
1 Sn-1 1 Sn
m/o p(s — Trsy)ds < Ry < m/o p(s — Ties))ds, (6.81)

and the limit on each side is equal to m a.s.

Furthermore, from the elementary renewal theorem, i.e.

D(t
®© . (6.82)
t t—o0
and the fact that ®(t) > mt for all t > 0, we obtain the desired conclusion. O

We can proceed with the proof of Theorem 6.3.

Proof of Theorem 6.3. We use (6.36) of Lemma 6.9, then it suffices to prove that

T' sup |N(Tw)—E[N(Tv)]| =% 0. (6.83)
ve(0,1] T—o0
Set
X(t):= N(t) —E[N(t)], t>0. (6.84)

From Lemma 6.8 we know that for "> 0 and v € [0, 1]
Tv

X(Tv) = A(Tv) + P(Tv — s)A(s)ds, (6.85)

with A(Tv) = M(Tv) + [* u(s — Ty(s)) ds — ®(Tw). Then

sup |X(Tv)| < sup |A(t)]+ sup/ W(t —s)|A(s)|ds (6.86)
ve(0,1] t<T t<T
< sup |A(t) <1 +/ (s > (6.87)
t<T
where we note that v(-) is integrable. Now, shifting attention to sup |A(t)|, we obtain
t<T
the bound
t
sup |A(t)| < sup |M(t)| + sup / p(s — Ties))ds — @(t)‘ : (6.88)
t<T t<T t<1 |Jo
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Consider the characteristic martingale M (t), and define the martingale

1
Z(t) = dM,. .
(t) /(o,t]s+1 s (6.89)
We compute its quadratic variation
2,2),= ) (Z(u) = Z(u~))? (6.90)
O<u<t
1 1 2
=> dM, — dM, (6.91)
O<u<t (0,u] S + 1 (0,u) S+ 1
1 2
— — (N(u) — N(u— :
> (e ) (6.92)
1
= ——— N(ds). 6.93
[l (6.99)

Now, by integration by parts, we obtain

P N [T 1 1 )
/o(uH)QN(du) (t+1)2_/{u+1) (t+1)]N<d) (6.:94)

/ / 8+ dsN w) (6.95)

(6.96)

_ / (8+—1)d5. (6.97)

From the previous equalities, we have

[ ] -l e B

We can analyze the second term on the RHS by using Lemma 6.7 and the increasingness
of (I)()a

E[N()] _ 2() RGPV () s
Gr e ar1 o arnp S(t+1)2{1+/0¢<t )d }H_OZO' (6.99)

Using the monotone convergence theorem and the elementary renewal theorem, we obtain,

EUOOO( ! 7 (ds)] QE{/OOO(SNI? ds] (6.100)
:2/0 Y ?’]ds 2/ T2 / Jo ols = w)e 7 (wdu (6.101)
gz/ooos+1 /0 s+1 / b(w)du < +oo. (6.102)
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This tells us that Z(-) is a martingale bounded in L?*(P), therefore, by the martingale
convergence theorem lim; ., Z(t) exists and is finite a.s. Let us recall that M (0) = 0,

and consider
t t S dM
Z(s)ds = “d 6.103
| zeas= [ [ 2as (6.103)

t J—
:/ ZJrlidMu (6.104)
0
tdM, tu41
:(t+1)/0 il ), u+1dM“ (6.105)
=(t+1)Z(t) — M(t). (6.106)

Furthermore, from the finiteness of the limit of Z(¢) it holds that

1 I a.s
—M(t)=2Z(t) — —— [ Z(s)ds — 0. 1
pr 0 =20 = [ 2 s)ds T30 (6.107)

Finally, we show that the convergence is uniform in v € [0,1]. Let 0 < ¢ < 1. For
0 < v < e, we have,

M(Tv) M (Tv) M(t)
= < —. 6.108
‘ T To |~ olite | (6.108)
Meanwhile, for e <ov <1,
M(T Mt
‘M < sup ‘J‘ (6.109)
T Te<t<oo t
Hence, we obtain,
M(T Mt
limsup( sup M) < sup ‘& €. (6.110)
T—00 ve[0,1] 0<t<oo t

Since this was done for an arbitrary e, we conclude the desired uniform convergence. [

Remark. Notice that we recover the result of Bacry—Delattre-Hoffman—-Muzy [5] by
taking the imbedded renewal process as an homogeneous Poisson process of constant
intensity m.

6.4 Central limit theorem

Lemma 6.11. Assume (A0, A1), (BO) and [, #*>F(dz) < co. Set

Q) = /Otu(s CTyw) ds — B(1), (6.111)
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and define for each T > 0,

QD (v) = (T‘1/2Q(Tv))v€[071] and MD = (T2 M(Tv)) (6.112)

vel0,1]

Then, the processes( M Q(T)) converge jointly in distribution to <0MVV, 03%), where

W = (W(v)),ep, and W = (/V[v/(v))ve[au are independent standard Brownian motions
and,
2 T
oy = N To/ % = 3+ m?* Var[r] — 2mE [7'/0 p(s)ds] : (6.113)

Proof. Since from Lemma 2.26 we can conclude that

Th—{%oT( (Tv) —mTv) =0, (6.114)

then we can look instead of Q) at the convergence of

" 1 Tv
QU (v) = — p(s — Tresy)ds — mTv| , (6.115)
VT Lo
as T' — oo. Recall our definition for §; := fs Sj_1)ds. We can rewrite,
_ 1 NR T’L)) 1
Q(T)(v) = — &+ / p(s — Snp(rv)—1)ds —mTv| . (6.116)
\/T Z ’ SNp(Tv)-1 “l
From Theorem 5.3 we know that,
1 Tv
ﬁ ; [L( SNR(Tv )dS —> 0 (6117)
NR(Tv)—-1
hence, it is enough to study the convergence of
1 Ngr(Tv)—-1 1 Ngr(Tv)-1
ﬁ Z fj — mT’U = ﬁ Z (5] — mTj) — m(T’U — SN]{(TU)*l) . (6118)
j=1 Jj=1
From Theorem 5.4 we also have,
] Ng(Tv)—1 1
F\ T~ Yo omr | = ﬁ(T”_ SNa(To)-1) —O>O 0. (6.119)
j=1

This means that Q™) has the same limit in distribution as

( 1 NR( ’U) 1

T

MY (v =75 Z —mT;). (6.120)
7j=1
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Notice that {{; —m7;},., is a sequence of i.i.d. random variables with mean zero, as

E[¢; —m7;] =1 —m= = 0. Thus, Mg) (v) is integrable, and clearly it is adapted. Now,
take 0 < 0 < v,

1 Ng(T§)—1 1 Ng(T)
E| My (v)|Frs =77 Y (& -mm)+E No > (& —mm) | Frs| (6.121)
j=1 J=Ng(T9)
] Ng(T8)-1
T
- = (& —m7) = Mg (9). (6.122)
j=1

Thus, Mg)( ) is a martingale. We have then reduced the analysis of the convergence of

)+ Q) to that of the martingale M ™) + M . Since the martingales have uniformly
bounded jumps, by appealing to a suitable Versmn of the martingale convergence theorem,
c.f.(Theorem 14.14 in [20]), we can find the limit if we compute the quadratic variation.
From Theorem 6.3 we get,

(MO, D] =S [T7V2(N(Ts) - N(Ts—))]* (6.123)
_TIN(TY) — . (6.124)

For the cross-term, we have that only the common jumps of M) and Mg) do not vanish,

T 1 - -
[Mm,M(f2 >L = S (MD(s) — MO (5-)) (Mé () — M )<3_)> (6.125)
s<v
1
:f Z<NR(TS) - NR<TS_)) (€NR(TS) - mTNR(Ts)) (6126)
s<v
1
=T Z L (Enn(rs) = MTNg(rs)) (6.127)
s<v
r(Tv)
Z —mt;) — 0. (6.128)
Finally,
1 2
(MO M) =23 (€t — mrwaces) (6.129)
s<v
1 Ngr(Tv)—-1
__ o 2 B
T L (& —mm)" ~—> mu Var[§ —mr]. (6.130)
i

Let us compute this variance:

Var[¢ — m7] = Var[¢] + m?* Var[r] — 2m Cov[¢, 7] . (6.131)
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We need to find Var[¢]. First we compute

2

E[¢’] =E

From the definition of the hazard function in (3.3) we have

(o) ~(on()) - )

=y f

(11~ /Otf@ds))?

Substituting this into (6.132) yields

(/Orl 11(s) d8>2] :/OOO log” (1 _/Otf(S)ds) F()dt.

We make the change of variable u =1 — fot f(s)ds, so du = —f(t)dt.

E

/OOO (log(l — /Ot f(S)d$)>2 ft)dt = /Ol(log(u))Qdu _9

Thus,

and hence,

Var[¢ — m7] =1 4+ m? Var[r] — 2m(E[¢7] — E[¢] E[7])

—1 + m? Varlr] — Qm(E {7 /OT pJ(S)ds} - %)

=3 +m? Var[r] — 2E |:7'/ u(s)ds} -
0 m
We therefore obtain the desired result.

We can now present the proof of the central limit theorem.

Proof of Theorem 6.4. Let us write || f|| ., = sup |f(v)]. For § > 0, we denote,

vel0,1]

ws(f) = sup [f(u) — f()].

lu—w/|<6
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(6.133)

(6.134)

(6.135)

(6.136)

(6.137)

(6.138)

(6.139)

(6.140)

(6.141)



From Lemma 6.11 we have M) —% ou W, so by Skorokhod’s Representation Theorem

there exists an a.s. convergent coupling (Z\/Z (), W), ie.,
MDD LD 25y 0 WL oy W (6.142)

Because W is a continuous process, we have

M — O'M/WH 2% 0. Hence we obtain

MO~ loa?| (6.143)
ws (M(T)) —) ws <UMW> (6144)

Set
XD () :=T~Y*(N(Tv) — E[N(T)]) (6.145)

Tv

:T_I/Q{M(Tv) + Q(Tv) + Y(Tv — s)[M(s) + Q(s)] ds} : (6.146)

0

From Lemma 6.11, it is enough to show that

(T) _ (T) _ (T) P
HX — —Q 0. (6.147)
Since &= = [ 4(t)dt,
1 1
() L @y Ty — (D) (1)
XO(0) ~ - MO(w) ~ QD) = X{P () + X (), (6.148)
where,
X@ () = / T(Tu) MT (v — w)du — ( / w(t)dt) MO (), (6.149)
0 0
Xéf’( )= / TY(Tu)Q™P (v — u)du — ( / @Z)(t)dt) Q") (v). (6.150)
0 0
We want to find a bound for
T N 1 N B (6.151)

Let us consider HX](V:[F)H . Take 0 < 6 <1 and note that

sup ‘X ‘<2 sup |M / U(u du—>2 sup |oyW(v) / U(u
v€(0,d] v€|0,4] v€E[0,d]

(6.152)
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Note also that

sup /U TY(Tu)MD (v — w)du| < HM(T)HOO /OO TY(Tu)du (6.153)
vels,1] |J§ é
= ||M @ /oow( du ~% 0, (6.154)

since HM(T)HOO LN oW ||, < oo. It is easily seen that,

d
/T@Z)(Tu)du MD (y / Y(u)du MD (v
0

<O [ slwda o

sup
veld,1]
(6.155)
and that,
5 5
sup / TY(Tu)MD (v — u)du — / TY(Tu) M) (v)du (6.156)
vels,1] |Jo 0
<o (M) / Y(u)du L ws(oa V) / (u)du. (6.157)
0 oo 0
In summary, if we denote
Gu(T,9) ::2HM(T)HOO/ ¢(u)du+< sup ‘M ‘+W5 T) )/ W(u
75 v€[0,9]
(6.158)
Carl0) = <2 sup \JMW@)H%(UMW)) / (u)du, (6.159)
v€E[0,d] 0
then,
HX}?H < Gu(T,0) =5 Gu(9) 5—i0> 0. (6.160)

For € > 0, from the Portmanteau Theorem applied to the closed set [¢,00), we have

limsup]P’(HX](\;)Hoo > e) < limsup P(Gas(T,8) > €) < P(Gai(d) > ¢) — 0. (6.161)

T—o00 T—o00 610

Since € was taken arbitrarily, that means,

(T) P
: 162
|7, 220 (6:162)
Notice that the proof of HXé?T H T—> 0 can be carried out in exactly the same way.
o0 —00
Ultimately, the previous reasoning proves (6.147), and therefore the proof is complete.
O]

83



Remark. This result reduces to that of Bacry—Delattre-Hoffman-Muzy [5] since by
taking the imbedded renewal process as an homogeneous Poisson process of constant
intensity m, then o = 0 and o), is that of Theorem 6.4.

Finally, we prove the asymptotic normality stated in Corollary 6.5.

Proof of Corollary 6.5. Taking Lemma 6.9 with p = % yields

1 m

sup |—=E|N(Tv)| —v VT| — 0. 6.163
s | BN o VT (6.163)

Furthermore, from Theorem 6.4 we know that

1 1 d
—N(Tv) — —]E[N(TU)]) — (oW (v)), : (6.164)
<\/T VT velo,1) T70° <01

from which the result follows. O]

This consolidates our treatment of the RHP and renewal processes. As for possible
room for improvement there can be further refinements for the speed of convergence in
the law of large numbers. We can as well look into convergence in L; and Ly to completely
extend the law of large numbers presented in Bacry—Delattre-Hoffman—Muzy. This could
lead to the possibility of analyzing second order properties too, namely, the estimation of
the covariance. We conclude this thesis here.
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