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Abstract. A cluster representation for a Hawkes process with renewal immigration is obtained.
The centre and satellite processes are indicated as a renewal process and generalized branching
processes respectively. It is confirmed that the proposed construction indeed represents a cluster
process and it is verified that it admits the desired intensity. Finally, the probability generating
functional is computed for the stationary limit case.

1. Introduction

In Hawkes and Oakes (1974), the linear Hawkes process was represented as a cluster process in
which the centre process was given as a homogeneous Poisson process of immigrants whose offspring
were given by branching satellite processes. Many generalizations of the linear Hawkes process have
been studied in works such as Costa et al. (2020) in which a process with not only self-excitation,
but also self-inhibition has been proposed. In Chen et al. (2022) a non-stationary version of the
Hawkes process has been studied. Wheatley et al. (2016) generalized the linear Hawkes process
by replacing the Poisson process with a renewal process and called it the renewal Hawkes process
abbreviated as RHP. Some methods for maximum likelihood estimation for the RHP were studied in
Chen and Stindl (2018) and furtherly refined in Stindl and Chen (2021) to improve the speed of the
computation. In this work, we obtain a cluster representation for the RHP and indicate explicitly
what the centre and satellite processes are. We use a result of Westcott (1971) to show existence of
the cluster process and verify that the construction indeed represents an RHP through its intensity.
Finally, we find the limit process for the RHP at long times and compute its probability generating
functional.

Received by the editors August 4th, 2024; accepted June 15th, 2025.

2010 Mathematics Subject Classification. 82C44, 60K35, 60G70.

Key words and phrases. Hawkes Process, Cluster Process, Point Process, Renewal Process, Probability Generating
Functional.

This research was supported by RIMS and by ISM. The first author was supported by JSPS Open Partnership
Joint Research Projects grant no. JPJSBP120209921. The second author was supported by JSPS KAKENHI grant
no.’s JP19H01791, JP19K21834 and 21H01002.

1347


http://alea.impa.br/english/index_v22.htm
https://doi.org/10.30757/ALEA.v22-53
https://luisivanhr.github.io/
https://sites.google.com/view/kyanomath/

1348 Luis Ivan Hernandez Ruiz* and Kouji Yano

A simple point process on [0,00) is a sequence of nonnegative random variables {1y, T1, T5,...}
defined on a probability space (2, F,P) such that for all n > 0, T),41 > T,, on {7}, < co} and
Tny1 = oo on {T,, = oo}. We identify the point process with the associated counting process
N(t) = > 4r<y Let (F) be a filtration to which N is adapted. An (F)-intensity of N is a
nonnegative, a.s. locally integrable process Ag(t) that is (F;)-progressive, and such that,

M(t) = N(t) - /0 No(s)ds, (1.1)

is an (F)-martingale. As a consequence, for any nonnegative process C(t) which is predictable, i.e.
for all ¢ > 0, it is measurable with respect to the o-field

P(F) =o((s,] x A;0 < s <, A€ F) (1.2)

it holds that,

EUOOO C(s)N(ds)} _ EUOOO C(s)/\o(s)ds] (1.3)

It is always possible (see e.g. Sec II. T12 of Brémaud (1981)) to find a predictable version A of Ag,
in which case, it is essentially unique, i.e. A(t,w) = A\o(t,w), P(dw)dN (t,w)-a.e. We define then the
linear and renewal Hawkes processes through their intensity.

Definition 1.1. A point process N is called a linear Hawkes process if N admits a predictable
(F¢)-intensity given as

Ab) = p + /0 Rt = w)N(du), (1.4)

where 4 is a positive constant and h is a nonnegative measurable function on [0,00) satisfying
o0
Jo h(t)dt < 1.

Note that we have (1.3) with

Mo(t) = —I—/O h(t — u)N(du), (1.5)

because the integral with respect to the Lebesgue measure stays unaltered by adding one point at
t. Thus g is an (F;)-intensity of N, and X is the predictable version of \g.

It was shown in Hawkes and Oakes (1974) that the process with intensity (1.4) can be represented
as a cluster process on [0, 00) with an homogeneous Poisson centre process of intensity p and satellites
given by generalized branching processes. These branching processes 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.

The linear Hawkes process was generalized in Wheatley et al. (2016) by replacing the immigration
Poisson process by a renewal process while keeping the structure of the offspring processes. In the
same setting as above, we consider now a marked point process, where the mark space is {0, 1} with
its o-field 2091} and the marks are random variables D;, i = 1,2, ..., that take the values D; = 0 if
the i-th point is an immigrant, and D; = 1 if it corresponds to an offspring. The random variable
I(t) = max{i; T; <t,D; = 0} represents the index of the last immigrant up to time ¢. We consider
a filtration (F;) to which N and I are adapted. Additionally, consider a function h satisfying the
assumption:

(A) h is a nonnegative measurable function on [0, 00) satisfying a := [ h(t)dt < 1.
We now give the definition of the RHP.



Cluster rep. of RHP 1349

Definition 1.2. A point process N is called a renewal Hawkes process if N admits a predictable
(F¢)-intensity given as
t_

A(t) = p(t — TI(t_)) + ; h(t —u)N(du), (1.6)
where p is a nonnegative measurable function on [0, c0) such that
f(t
p(t) = %
1— fo f(s)ds

for some probability density function f. The function p is often called the hazard function.

(1.7)

The following lemma can help us get a better understanding of the role of the hazard function in
the definition of the RHP. A proof is given in the appendix.

Lemma 1.3. Let 11,70,... be i.i.d. random variables that have absolutely continuous distribution
F with density f. Define the renewals Sy =0, S, ;=71 +---+7,, n > 1 and the associated counting
process Ng(t) = > ;50 ls;<ty, t > 0. Let (Fi)i>o be a filtration to which Npg is adapted. Then Ng
admits the predictable (Fy)-intensity

ult = Sxpy1) €20, (18)

We see that the intensity for a process with i.i.d. interarrivals is given precisely by the hazard
function shifted to the last arrival of such process. Notice that if we consider those interarrivals as
exponentially distributed with parameter 1/u with g > 0 a constant, then that makes the hazard
function the constant p, and we recover the definition of the linear Hawkes process (1.4). By
adjusting the hazard function, we have control over the structure between immigrants.

The paper is organized as follows. A general framework for the theory of point processes and
the definition of a cluster process are presented in Section 2. In Section 3 we propose a cluster
representation for the RHP. In Section 4 we show that such a cluster process indeed exists. The
verification that our representation admits the intensity of an RHP is discussed in Section 5. Finally,
Section 6 and Section 7 are dedicated to the computation of the probability generating functional
for the general RHP and the stationary limit process of the RHP respectively.

2. Theoretical backgrounds for point processes

In the following, the symbol of a measure v on [0, 00) is used as well for its cumulative function
v(t) = v([0,¢t]). Conversely, the symbol of a non-decreasing right-continuous function v(t) on [0, co)
is used as well for its Stieltjes measure v(dt) such that v(t) = v(]0,t]). For example, for a delta
measure concentrated at a point a € R, d,(dt), the symbol J,(x) represents the function that is
identically zero for z < a and identically one for x > a.

2.1. The probability generating functional. Let X be a complete separable metric space and write
B(X) for the family of all Borel sets of X. Denote by = the class of measurable functions z : X —
[0, 1] such that 1 — z vanishes outside some bounded set. A point process N on X is characterized in
law (c.f. Corollary 9.2.1V of Daley and Vere-Jones (2008)) by a consistent family of finite dimensional
distributions

P(N(B1),...,N(Bg)) € -), (2.1)

for disjoint bounded sets Bj, ..., By in B(X). The law of N is then characterized by a probability
generating functional (p.g.Al.),

Glz] = E[exp ( /X logz(t)N(dt)>} —E| [[ #()| forzez, (2.2)

teN(-)
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since for constants Aq,..., A\; and disjoint bounded Borel sets By, ..., By, by taking

—exp( Z)\ 1p,(- ) (2.3)

we obtain

Glz] = (2.4)

exp< Z)\N )

which corresponds to the Laplace transform of (N (Bl), ..., N(Bg)). Notice that for the p.g.fl. to
be well defined, one must make sure that the argument of the exponential function in (2.2) is finite
with probability one. This holds in general for point processes that are a.s. finite (N (X) < o0 a.s.),
but one could achieve this by restricting the functions z to the class = (for details see Lemma 2 of
Westcott (1972)).

2.2. Cluster processes. Let X and ) be complete separable metric spaces. Although cluster pro-
cesses are defined in a general setting Daley and Vere-Jones (2003, Section 6.3), the case of interest
is when X = Y = R, so there is no loss of understanding if the reader assumes X = Y = R. Let ./\/')u(
stand for the set of counting measures v on X which are locally finite in the sense that v(B) < oo
for all bounded set B € B(X). We write B(Nf{,) to denote the o-field generated by all the maps
/\/')ﬁ( > v+ v(B) for B in B(X), and 73(./\/?() to denote the space of probability measures on /\/'ﬁ(
The convolution of T and ' € P(N%) is defined as

(I« IT) (U) = / Ly T(dD)IT (') for all U € BAE). (2.5)
NEXNE

If we have two independent point processes N(-) and N'(-) on X', we can then use (2.5) to write the
law of their sum. Let II(-) = P(N € ) and II'(:) = P(N’ € -), then

O+II'=P(N +N'€-). (2.6)

We can also write an expression for the p.g.fl. If we denote
Gnlz] = E[exp/log z(t)N(dt)} , and Grplz] = E[exp/log z(t)N'(dt)] , (2.7)
where the expectation is taken w.r.t. IT and II' respectively, then the p.g.fl. of N + N’ is given as
Griuw[2] =E {exp / log 2(£)(N + N/)(dt)] (2.8)
=GulzlG[2]- (2.9)

Definition 2.1 (Ch.6 p.165 of Daley and Vere-Jones (2003)). 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(NV%) the function

y—P(N(-|y) € U) (2.10)
is B(Y)-measurable.

The construction of a cluster process involves two components (Vere-Jones, 1970): a point process
N, of cluster centres whose realization consists of the points {y;},~, C V), and a family of point
processes on X', namely { N;(- | y); ¥ € Y}, whose superposition constitute the observed process. We
formalize this idea through the convolution in P (N )ﬁ()
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Definition 2.2. Let N, be a point process on Y and {Ns(-|y): y € YV} a measurable family of
point processes on X. (The family {Ns(- | y) : y € Y} is considered to be mutually independent
and to be independent of N..) Then, the independent cluster process on X, with centre process N,
and satellite processes {Ny(- | y) : y € Y}, which we denote by

NO= [ NG loNday = Y N o), (2.11)
\ yGNc(')
is defined in law as
P(N € U) = /ﬁ P(N,(- | 1) € U)P(N, € dp), (2.12)
Ny
where P(N,(- | ) € U) for pu(-) =, 0y,(-) € /\/'Jﬁ, is defined as the infinite convolution

P(Ns(- | p) € U) = (L, Ly, %) (U) for U € BE), (2.13)
with IT,(U) = P(Ny(- | y) € U) for U € B(N%) and y € V.

We now give an expression for the p.g.fl. of the independent cluster process in the following
Theorem (see for example, Equation (3) of the discussion by Moyal on page 37 in Neyman and
Scott (1958)). For completion of this paper, a proof is included in the appendix.

Theorem 2.3. Let N be an independent cluster process with centre process N. and satellite processes
{Ns(-|y): y€YV}. Let G.[z] denote the p.g.fl. of the centre process and G|z | y| the p.g.fl. of
Ng(- | y). Then G[z], the p.g.fl. of N(-), is given by

Glz] = G [Gslz | -]]  for any z € =. (2.14)
A necessary and sufficient condition for the superposition (2.11) to define a point process on

X, see Ch. 6 Equation (6.3.1) of Daley and Vere-Jones (2003), in which case we say that the
independent cluster process exists, is that for every bounded set B € B(X),

NB) = [ N(BlpNdp) = 3 N(Blp<oo as (2.15)
Y yeNe()
Equivalent conditions for verifying (2.15) were presented in Westcott (1971), namely the following

theorem and its corollary.

Theorem 2.4 (Westcott (1971, Theorem 3)). Under the assumptions that the clusters are identically
distributed, i.e.

No(-|9) S N(- =y |0) Jorally e, (2.16)
and that the clusters are almost surely finite, namely
Ng(X]0) <00 as., (2.17)

the independent cluster process N exists if and only if for every bounded set B € B(X),
/ P(Ny(B | y) > 0) No(dy) < o0 a.5. (2.18)
Yy

We give its proof in the appendix for completeness of this paper.

Corollary 2.5 (Westcott (1971, Corollary 3.3)). Let X, = R and assume the following conditions:
(1) sup, E[N.(I —t)] < oo for all bounded interval I.
(ii) Ny(-|t) L Ny(-—t|0) for all t € R.
(111) E[Ns(R | 0)] < oc.
Then (2.18) is satisfied.
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We give its proof in the appendix for completeness of this paper.

3. Construction of the RHP

Understanding the cluster structure of the RHP plays an important role in proving limit theorems,
as was done in Hernandez Ruiz (2025) by allowing to treat the immigration process with the tools
of renewal theory, or in Bordenave and Torrisi (2007) where a Large Deviation Principle was derived
from the cluster representation of the linear Hawkes process. The cluster representation has also
been used for perfect simulation of the linear Hawkes process in Chen (2021).

By changing the form of the immigration process, we have the liberty to adjust the spacing
between clusters, which gives more freedom for application purposes. While the family trees formed
by the offspring of the immigrants have the same structure as those presented by Hawkes and
Oakes (1974), in that work, they miss to provide a mathematical expression of the process as a
superposition of the clusters generated by each immigrant. In this section, we obtain such a formula
and use it for the computation of relevant quantities in subsequent sections.

Before proceeding, we make a remark on the notation used.

If f and g are both functions, we will denote their convolution as

frglt) = /0 £t — s)g(s)ds, (3.1)

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

F*g@y:[;gp—@Fm@. (3.2)

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

FxG(t) = /0 F(t—s)G(ds) = /0 G(t — s)F(ds). (3.3)

3.1. The centre process. In the RHP, immigration is given by a renewal process, which naturally we
take as our centre process. Let 7,71, 72,..., be positive i.i.d. random variables whose probability
distribution function

F(t) :=P(r <), (3.4)

satisfies the assumption:

(B) 7 has finite mean m ™! := E[r] and its distribution function F' has a density f, i.e. F(t) =

t
fo f(s)ds.
The epochs of the renewal process correspond to the partial sums Sy =0, S,, = 71 + -+ + 7y, to

which we associate the counting process Ng(t) = 3 ;5 l{s,<s}- For each n > 0 and = > 0, the
distribution of S,, is P(S,, < z) = F*"(x), where

F*(z) = do(2), l”“*”@ﬂzi/mFmﬁv—yﬂde- (3:5)
0

The mean number of events up to time ¢ is given by the renewal function,

o(t) = E[Ng(t)] = > F*(t). (3.6)

n>0
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Note that ® is an increasing function. Since the distribution function F' has a density f, the
renewal measure ®(dt) is absolutely continuous w.r.t. the Lebesgue measure with density ¢(t) =
D ons f(¢) for all t > 0, c.f. Proposition V.2.7 in Asmussen (2003).

Denote by (Ff);>0 the augmentation of the natural filtration of the renmewal process
0(Npr(s);0<s<t), and take the hazard function u(¢) as in (1.7). We use Lemma 1.3 to see that

ARr(t) == p(t — Snp—)-1), (3.7)
is the predictable (F)-intensity of Ng.

3.2. 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 centre processes. In order to represent this structure, we use a
notation similar to Neyman and Scott (1958). The renewal process will be named a zero-th order

centre process NC(O)(-) = Ng(+).

Let {Ngn)(‘ | t); t €10, oo)} . be a sequence of measurable families of point processes which is
n>

considered to be i.i.d. and to be independent of NC(O), such that Ns(n)(~ | t) has the same law as
Ng(- | t) whose p.g.fl. is given by

El J[ 2@ —exp</ooo(z(x+t)—1)h(x)d:r>, (3.8)

2EN;(-|t)

with h satisfying (A). If we take z(x) = e~ for A > 0, we have
E[e*/\NS([O’OO)“)] = exp ((e)‘ - 1) / h(x)dx) = e_a(l_eﬂ), (3.9)
0

which shows that N ([0, c0) | t) 4 Poi(ar). More generally, take disjoint intervals (ay, b1, .. ., (ag, bx].
If we substitute the function

[ e (2 € (ay,bi]),
w={1" CEEm, 610

into (3.8), we obtain

k b;
E[e—xlmaal,blno o e—AkNS((ak,bkno} - Hexp<(e—xi _ 1)/ hz — t)dx) . (3.11)
i=1 &
This shows that { Ns((a;, b;] | t)}f:1 is mutually independent and

N ((ai,bi] | £) < Poi </b W — t)dx> , (3.12)

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

Given that there is a centre at g > 0, we construct higher-level centre processes Nc(n), forn > 1,
from a superposition of the processes Ns(n) with the following recursive structure:

NO(C [ to) =, NI to) = > NEFU(| e, (3.13)
teNI (- to)
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where N[EO)(- | to) is the original immigrant at to and NE")( | to) represents its n-th generation
offspring. We define as well some processes of interest, namely, the total number of n-th generation
descendants,

NGy =Y N L), (3.14)
toGNR(-)
and the complete offspring of the imimigrant at ¢y (including the immigrant),
(- [to) = > NI(- | to). (3.15)
n>0

We take the processes defined as in (3.15) as the satellite processes of our construction for a centre
located at tg. Finally, the RHP is given by the superposition:

L/ Ne(- [ )Ng(dt) = Y Y NI(- | to). (3.16)

to€ENg(-)n=>0

Note that (3.16) can also be written as

=37 > NM( [ to) = Nr()+ Y NM(). (3.17)

n>0t0€NR( n>1

4. Validity of the construction

We are concerned with whether our construction of the RHP in fact represents a valid cluster
process, since in the original work by Wheatley et al. (2016) no result of existence was provided.
In the following, we show that with the assumptions made for its construction, (3.16) is a valid
definition.

Theorem 4.1. Let Ny be a point process on [0,00) such that
sup E[Ny(I —t)] < 00, for all bounded interval I C [0,00), (4.1)
t

and that is independent from Ng”) - t); te 0,00 . If h is a function satisfying (A), then
n>1

the cluster process defined as

> D NI ), (4.2)

t0EN(-) >0

with immigrant process Ng, exists and has a.s. finite clusters.

Proof: Using Corollary 2.5, the existence of the cluster process is proved if we can show that con-
ditions (i)-(iii) hold.

Claim (i) is satisfied by assumption.

Claim (ii) follows from the construction of the satellites as superposition of inhomogeneous Poisson
processes with p.g.fl. (3.8) that originate at previous points of the process and the observation (3.12).

Finally, to prove claim (iii), let ¢y > 0 and consider N.(- | tp) a cluster with centre at ¢y. Let
us call Z,, := Nén)([O,oo) | to) for n > 0 and Z := N.([0,00) | to) so that Z, and Z represent
respectively the number of n-th generation points and the total number of points in the cluster.
These random variables satisfy:

anl
= Z Xn,kv
k=0
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Nén)(- | to) = {Yl(n), . .,YZ(:)} for n > 0, and X, := Ns(n)([O, 00) | Yk(nfl)). 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 a. Then Z is given by the total size of the
Galton—Watson process. From the Galton—Watson theory, see e.g. Harris (1963, Theorem 6.1, p.7),

we know that P(Z < co) = 1 if o < 1, and the p.g.f. of the cluster size m(u) = E[uﬂ, 0<u<l
(c.f. Section 13.2, p.32 in Harris (1963)) satisfies,

m(u) = wexp{alr(u) — 1]},

from which we can conclude that 7'(1—) = ]E[?] = ﬁ We then see that the three assumptions

needed are satisfied, which concludes the proof. ]
We now see that our construction (3.16) is a cluster process.

Corollary 4.2. If h is a function satisfying (A), and Ng(-) is a renewal process satisfying (B),
then the cluster process defined as in (3.16) exists and has a.s. finite clusters.

Proof: Using Theorem 4.1 it is enough to note that N satisfies (4.1), which follows from the bound,
E[Ng(t +a) — Ng(t)] < ®(a), for all a >0, (4.3)

(see for example Sec. V, Theorem 2.4, p.146 of Asmussen (2003)). Let I be any bounded interval in
[0,00) and write |I| for its Lebesgue measure. Then, from (41.3) we can see that E[Ng(I)] < ®(|I])
and we can conclude that,
sup E[Ng(I —t)] <sup ®(|I —t|) = ®(|I|) < oco. (4.4)
>0 >0
This completes the argument.

The cluster structure of the linear Hawkes process has been thoroughly studied. For example,
Reynaud-Bouret and Roy (2006) found tail estimates for the length of a cluster and for the extinction
time of a cluster, and Daw (2024) computed the distribution for the length of a cluster. Because
the branching structure of the processes treated in Theorem 4.1 is the same as that of the linear
Hawkes process, then results on the properties of the clusters, like the ones mentioned, generalize
directly to these new processes. O

5. Verification of the intensity

In this section we show that the process constructed in the previous section admits the desired
intensity of an RHP. We point out that in the Lemma 1 of Hawkes and Oakes (1974), an informal
argument was given for the case of the linear Hawkes process by appealing to the structure of an
age-dependent pure birth process. Here we give a formal argument appealing to the uniqueness of
predictable intensities.

Theorem 5.1. Assume that h is a function satisfying (A), and that Ng(-) is a renewal process that
satisfies assumption (B), then the cluster process defined as in (3.16) has the predictable intensity

(1.6).
Proof: Define the random variables

Di= { 1 (otherwise), (5.1)
and the function I(t) = max{i; T; < t,D; = 0} as before. We construct the filtration (F:):>0 by

the augmentation of the natural filtration (F7):>o defined as

ff:a(N§">((a,b]); 0<a<b<t, n:o,1,2,...), t>0. (5.2)
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Notice that in the definition of the intensity (1.6), the term ,u(t — Tl(t,)) is only affected by
the terms that come from the renewal process. This is because the points T7;_y all correspond to
immigrants. Since Ng(t) = min{i : S; < t}, let us then denote Ngr(-) ={T; : D; = 0} ={S51, S2, ...},
and notice then that

p(t = Trpy) = p(t — Snpe—y-1), t>0. (5.3)
Consider now an arbitrary (F)-predictable process C(u) = 141 4(u) for A € F and 0 < r < ¢.

Then
E[/C’(u)N( } [1A/ Ng du]%—E{lA/r > NI (dw)

n>0

(5.4)

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

[1A / Ni du} _ [ / tu(u—SNR(u_))du] :E[lA / t u(u—TI(u_))du] | (5.5)

We also have,

E 1A/ > N (du) | =E 1A/ > > NMU(du | x) (5.6)

r r
n>0 n>0 EN(n)( )

=S"El1a Y NEI((rt] o) (5.7)

Because of the independence property of a Poisson point process, we have independence of
{Ngnﬂ)((r, t|x); t >r,x> 0} from F,. v O’(Nc(n)>, and by (3.12) we obtain

ZE 14 Z N ((r, 4] | 2) ZE 14 Z / u—x) (5.8)
n0 2eNI () n20 2eN ()

=E |14 /0 h < / t h(u — :c)du) > N (dx) (5.9)

n>0

—E :1A /0 h ( / t h(u — :c)du) N(dx)] (5.10)
|1, /: </Ou h(u — :c)N(d:c)) du] . (5.11)

From the chain of equalities we obtain the identity

E [ / C’(u)N(du)] _E [ / C(u){,u(u — Th) + /0 " hu— a:)N(d:c)} du] , (5.12)

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

A() = pu(t — Tyoy) + /0 Wt —2)N(dz), ©>0. (5.13)

O
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Remark. In order to appeal to the results of Westcott (1971) in the proof of Theorem 4.1, we
have made use of assumption (A), in particular, the condition that [ h(t)dt < 1. In the case of
the linear Hawkes process, this condition can be relaxed to prove non-explosiveness by asking only
local integrability of the function h, i.e. that for any 7' > 0, the integral fOT h(t)dt < oo, and use a
result of Massoulié (1998) to conclude. Nevertheless, this strategy cannot be directly applied to the
RHP without making further regularity assumptions on u(x), since it becomes necessary to bound

p(t = Try) — p(t — TI’,( t)) where T and T” correspond to different immigration processes with the

same inter-arrival distribution. The fact that we can obtain non explosiveness properties from the
cluster construction emphasizes the importance of having an explicit cluster representation.

6. 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

() = { j(t) g S ER (6.1)

Since {ZT}T>0 is decreasing in T for z € Z, and all 27 are dominated by the constant 1, it is a
consequence of the DCT that

Grl] = lim Ggl2'], (6.2)
where
Gl =Y E| T ") Na(0,7) = n (63)
n=0 TENR(-)
=po(T) + Y E[2(S1) -+ 2(Sn) s Na((0,T]) = n] (6.4)
n=1

o0 T T—s1 T—sn-1
(@) + o) [ [ [ e s fs0) - Fon = s, (69
n=1

but this expression cannot be furtherly simplified in general.

Now we focus on the p.g.fl. for the satellite processes. A cluster whose centre is located at tg, for
some tg > 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 and Oakes (1974), and we
provide a proof using our construction.

Theorem 6.1. Let tg > 0. The p.g.fl. for a cluster starting at ty, namely

Gelz | to] = E [exp /0 " Jog 2(t)NL(dt | to)] , (6.6)

satisfies the functional relation

G|z | to] = z(to) exp{/ooo(Gc[z(x +) | to] — 1) h(a:)d:c} . (6.7)
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Proof: Let tg > 0. We want the p.g.fl. for the cluster

(-1 t0) =Y N(- | to), (6.8)

n>0

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

Gz | tg) = E [exp /00 log z(t) ZNc(i)(dt | to)] : (6.9)
0 =0
Denote Fy :={Q,0} and F,, := o( ( | to), - c(n)( ] to)). We have,
n+1
Gz | to] =E |exp / log z(x) Y N (dz | to)] (6.10)
o n+1 '
=E exp/log z(x) (5t0(dx) + ZNé’)(dx | t0)>] (6.11)
i=1
=2(to)E exp{ / log z(z) Y _ NI(dz | to)}] . (6.12)
=0

Note that the above expectation can be written as,

E exp{/log z(x)zn:NéiH)(dx | to)}] (6.13)

=0

=E|expq > Y / log z(z) N+ (dz | y) (6.14)

=0 ye N (o)

Using that the processes N§i+1)(- | y) are an i.i.d. family and independent from Nc(i)(- | t9), we can

rewrite the above expectation as,

E | exp Z Z /logz(x)N§i+1)(dx | ) (6.15)

=0 yeN{ ([to)

—E -ﬁ H E :exp{/log 2(z) NI (da | y)}

=0 yeN (Jto)

=E f[ 11 E:exp{/logz() NG+ (dx|y)H , (6.17)

=0 yeN (Jto)

J-',;] (6.16)

where the tower property was recursively applied to obtain (6.16). Now we use that for any i > 0

and ¢t > 0, Ns(i)(~ | t) 4 Ns(i)(~ —t|0). Furthermore, since the

{NI(- =] 0)}iz0, (6.18)
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form an i.i.d. sequence of point processes, we can exploit the independence of
the {Néz)(- —t]0)}7, and write

N§”“>(. —110) from

E(I] [] E exp{/logz(az) NG+ (dz|y)}] (6.19)

|=0yeN (1)

=E|[] I E exp{ / log z(x + y) N (dz | O)H (6.20)
_iZOyENC(.i)('\tO) -

=E|[] I E exp{ / log z(z + y) NV (dz | 0)} ;5-] (6.21)
|=0yeNO (1)

=E ex /log 2(z +y) N (dz | O)} (6.22)
=0 yen (Jto)

=E |exp Z Z /log 2(z +y) N (dz | 0) 3 |, (6.23)
L U wen )

where (6.21) was obtained by once again recursively applying the tower property, but in reverse
order compared to (6.16). Writing the summation above as an integral w.r.t. the counting measure

(l)( | tp) and using Fubini’s Theorem we get,

E | exp Z Z log z(z + y) NV (dz | 0) (6.24)
i =0 ye N (-Ito)
=E exp{//log z2(z+y) ZNC(i)(dy | to) N®+D (dz | O)}] (6.25)
L =0
=E H E [exp{/ log z(z + y) Z NO(dy | to)}] (6.26)
2NV (o) =0
This last step follows from the independence of N (-] 0) from the {N ® (- | to) } . Furthermore,
E H E exp{/logz x+y) ZN (dy | to }] (6.27)
| zeN{" TV (|0) =0
=E IT &YW+t (6.28)
2N (10)
=E| I W) ], (6.29)
| zeN{"TV(|0)
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where in the last expression we introduced z,(-) := z(z + ). We recognize the p.g.fl. of the process
Ng(- ] 0) and from equation (3.12), we have

G2 | to] =2(to)Gs [Ggm 2. | to] | o] (6.30)

—(ty) exp{ /0 OO(GE”) e | 10] 1) h(x)dx} . (6.31)

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

Tim II II =@=I1 II =@ (6.32)

=0 5e N (fto) 20 2N (Jto)
We have from the DCT,

. (n) s . _
nhﬁnolo GV|z | to] = nlgngoE H H z(x)| =E H H z(z)| = G|z | to], (6.33)
=0 2e N ([t0) 120 e NI (-[to)
this means that F;,, converges to F' pointwise. Now, since 0 < Gg") [z | to] < 1 for all n > 0 and
G (22 | to] — 1| h(z) < h(x) with [§° h(z)dz < oo, from the DCT we get,

Gelz | to] = lim GU[z | to] = lim. z(to)exp{ /0 h (G@ 2 | to] — 1) h(x)dx} (6.34)

—stto)exp] [ (Gl | 0] - 1) ) | (6.35)

which concludes the proof. O

7. The stationary RHP

A delayed renewal process is a renewal process in which we replace Sy by a positive random
variable Sy independent of 71, 79, ..., with distribution function Fy not necessarily equal to F. The
partial sums S, = Sp+71+- - -+ 7, have the associated counting process Ng(t) =, 1{§_<t}, where

the distribution of §n for n > 1 is given by P(S’\n <z)=Fy* F*(x) for x > 0.

Under assumption (B), we can obtain a stationary version of the renewal process Ng by consid-
ering a delayed renewal process with the same interarrival distributions as Ng, but with a suitable
distribution Fp for the delay Sp. Such a distribution has a density (c.f. Proposition 4.2.1 of Daley
and Vere-Jones (2003)) given as

fo=m(l—F). (7.1)
In the stationary case, the p.g.fl. for the renewal process can be computed on the entirety of [0, c0).

For this, we use the general formula (5.5.4) in Sec. V. p.146 from Daley and Vere-Jones (2003) to
expand the p.g.fl. of the point process N as

~ > 1
Grle) =143 k,/ (2(1) = 1)+ (2(ex) — ) Mygg(day x - - x da), (7.2)
_ RE
where the factorial moment measures Mjy)(-) for Np, are given for Ay, ..., A, € B(R) and nonneg-

ative integers kq,...,k, such that k, > 1 and k1 +---+ k. =k as
Mg (AF) - Al = B ([N (AR [N (4B (73)
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with the factorial powers defined as

n[k}:{g(n—l)-..(n—k‘-{-l) Ellzi?;),n), (7.4)

for any nonnegative integer n. We use the formula (5.4.15) in p.139 from Daley and Vere-Jones
(2003) for the stationary renewal process and see that the factorial measures of N have densities
on xry < --- < xp given by expression (5.4.15) in Sec. V. p.139 from Daley and Vere-Jones (2003)

My (dzy x -+ x dxg) = mdzrp(rr — 21)dws - () — T)—1)dTk,s (7.5)

where we recall that m~ = E[r] and ¢ = Y, -, f**. We can rewrite the integral in (7.2) using the
factorial densities to obtain B

—1+zk,/ [

-~ z(xg) — 1)dzro(x2 — 1) - - - (T — Sk—1)dTk- (7.6)
Consider now a RHP in which we have replaced the centre process Ny for its stationary version
Npg. We denote this process by

(/N ClONp@) = Y DTN | t), (7.7)
toENR( ) n>0

whose p.gfl. G[z] = GR[Ge|z | }]] is given as

GZ]:Hgg/ooo/tloom/t:((;c[z|tl]_1)m

- (Gelz | tr] = D)dtrp(ta — t1) - - @(ty — tp—1)dty. (7.8)
Since an RHP with p.g.fl. given by (7.8) has a stationary centre process and its satellite processes

satisfy Nc(- | to) 4 N¢(-—to | 0) for tg > 0, from Vere-Jones (1970) we can conclude that the process
is stationary and we call it the stationary renewal Hawkes process.

Example 7.1. 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 ¢(t) = p for all
t >0, and m = pu. We have

_1+Zk,/ / e[z ] s1] = 1) (Gelz | sp] — 1)dsy - - - dsy, (7.9)
_1+; . (/ 2] 5] = 1)ds )k (7.10)

gj </ Gul2 | 5] = 1)ds )k (7.11)
:exp{ [z | 5] — 1)ds } (7.12)

Now observe that the p.g.fl. for the satellite processes satisfies
Gz | t] = Ge[z | 0] = Ge[z(t+ ) | 0], (7.13)

w‘)—l

S0 we get

2] = exp{/ooo W(Golo(s + ) | 0] 1)ds}, (7.14)
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which is the p.g.fl. obtained by Hawkes and Oakes (1974) for the linear 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 7.2. Let N be an RHP and N be the stationary version (7.7). Then, under assumptions
(A) and (B),
N(-+1t) -5 N(), (7.15)

t—o0
where Nﬂi 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 Sec. VI. Example 2a in Asmussen (2003)),

Ng(- + 1) t%@ Nr(). (7.16)
Heuristically, we could say that
N(-+1) = /R No(-+t | y)Nr(dy) (7.17)
4 / N(- | y — t)Nr(dy) (7.18)
R
- /R No(- | ) Nr(dy + 1) (7.19)
2o L Nel- 1) Na(dly) (7-20)

This result can be formalized by the convergence of the p.g.fl. Let =, denote the class of continuous
functions z : R — (0, 1] s.t. 1 — z vanishes outside a bounded set. Then, to prove (7.15) it is enough
to show convergence of the p.g.fl. of V to that of N for z € = (c.f. Proposition 11.1.VIII in Daley
and Vere-Jones (2008)), which we do as follows.

~

Proof: Let G[z], G[z] be the p.gfls. of N, N respectively, and Gg[z], Gg|z], the p.gfls. for N and
Npg, respectively. Notice that the p.g.fl. of N(- +t) is given by G[z(- — t)], then for z € =,

Glz(- = )] =GrlGe[z— | - ]] (7.21)
=GR|[G.lz |- —1]]. (7.22)

Note as well that z € =, implies
Z(1) =Gz | -] € B, (7.23)

since for tg > 0 and z € =,
thj% G|z | ] :tlg?OE [exp/0 log z(s)Ne(ds | t)] (7.24)
=limE [exp/ log z(s + t)Ne(ds | 0)] , (7.25)
t—to 0

and the integrals are nonpositive, so the exponentials inside the expectation are dominated by the
constant 1. Applying the DCT once and using the continuity of the exponential function yields

lim G|z | ] =E [exp{ lim /0 " log 2(s + ) No(ds | O)H , (7.26)

t—to t—to



Cluster rep. of RHP 1363

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

lim Gu[» | ] =E [exp / log 2(s + o) Na(ds | 0)} , (7.27)
t—to 0
o0
=E [exp/ log z(s)N¢(ds | to)] (7.28)
0
=G|z | to). (7.29)
And from (7.16) we have
GrlE( — )] — Gglz] forZeZ,. (7.30)
In summary
Glz(- — t)] b Glz] for all z € B, (7.31)
—00
which proves (7.15). O

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. It is also interesting that the limit point process is
not a linear Hawkes process, since the hazard function p(t) is not necessarily a constant unless the
distribution of interarrivals F' is an exponential from the beginning. As an example of application
of the cluster structure, we look at the first moment measure for the stationary RHP.

Proposition 7.3. Let N be a stationary RHP. Then, under (A) and (B) we have,
E[N(B)] = |B| ;= BeB(®), (7.32)
where |B| denotes the Lebesgue measure of B.

Proof: We compute the expectation directly using the cluster structure as

E[N(B)] =E| Y Ne(B]|to) (7.33)
L toeNR

=E| Y N(B-t]0)]. (7.34)
L toeNR

We condition on the process N r to obtain

E Z No(B -ty |0)| =E |E Z No(B —to | 0)|Ng (7.35)
toENR | toENR
=E|E /NC(B—t | 0)N(dt) JVR” (7.36)
L R

=E /R E[N.(B — t | 0)] NR(dt)}, (7.37)

where the conditioning on N r disappears using the independence of the satellite processes from N R-
Now we exchange the order of the integral with the expectation to write

E[ /R E[N.(B —t | 0)] ]VR(dt)} - /R E[N.(B —t| 0)]E[ﬁ3(dt)}. (7.38)
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From the stationarity of N we have that E[]\Af R(dt)} = mdt, thus,

/ E[N.(B — t | 0] E[Na(dt)| =m / E[N.(B — ¢ | 0)] dt (7.39)
R R
—mE / Nu(B—t] O)dt] (7.40)
=mE //13 +(s)Nc(ds | 0)d } (7.41)
=mE //lgs(t)dth(ds | 0)] , (7.42)
L/RJR
where the last equality follows from Fubini’s theorem. Finally, we get,
mE [ / / 1o ()dEN,(ds | 0)] (7.43)
RJR
—mE [ / B N,(ds | 0)] (7.44)
=m |B|E[N.([0,00 | 0)] (7.45)
1
=m |B| ——. A4
m|B| (7.46)
The proof is complete. O

8. Appendix

We start this section by giving a proof of Lemma 1.3.

Proof: From Ch.3, T7, p.61 in Brémaud (1981) we know that the intensity for the process Ng(-) is
given by

f(n—i—l (t o S )
Ar(t) = 1 : 8.1

where for a Borel set A, the conditional distribution of the n + 1-interarrival F("*1) and its density
ft1).

FU(A) :=P[Spy1 € A| Fs,] = / FO ) (@) da (82)
A

In the case of Np(+), we have that F("*1) = F and f(**Y) = f for all n > 0. We can the substitute
this in (8.1) to get

f t— Sn
Ar(t) = Z 1—(F(t—;)1{5"§t<s"“} (8.3)
n>0 n
= Z p(t = Sn) Ls,<t<S, i1} (8.4)
n>0
= Z M(t B SNR(t)—l) 1{Sn§t<5n+1} (8~5)
n>0
=1t — Snp(r)-1) - (8.6)

This completes the proof since by taking ,u(t -8 NR(t—)—l), we get a left-continuous modification of
the intensity, and hence, the predictable version. O



Cluster rep. of RHP 1365

Now we present the proofs of some relevant results of Section 2. First, we have the expression
for the p.g.fl. of the independent cluster process.

Proof of Theorem 2.3: In the definition of the p.g.fl. we take expectation with respect to the law of
N(-) given by (2.12), and we obtain

G[z] =E [exp/log z(az)N(dx)] (8.7)
:/N)’i, <E {exp/X log z(z) N (dx | u)}) P(N, € du) (8.8)
_ /N : yg{(') Gilz | y] | PN, € dp) (8.9)
| [ Gil:ly (8.10)
YyEN(+)
=G.[Gs[z | -], (8.11)
concluding the proof. O

Next, we have the result from Westcott (1971) on the existence of the cluster process.

Proof of Theorem 2./: 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 — 2)1p(u) where z is a constant in (0,1). We obtain

B[] =& o { - [ @t 1mvan]]. (812)
y
where we defined Qp(z | y) := —logE [ZNS(B‘Z/)]. Considering now the sequence {z, }nen given by
Zn=1— % for n > 1, we can compute

P(N(B) < 00) = lim E [ZTJLV(B)] (8.13)
= i & e~ [ Qntan [ tan) | (5.14)

n—oo y
& [en {1 [ @aten V(a0 }]. (5.15)

n—oo y

The last equality is the result of applying the Monotone Convergence Theorem to the increasing
sequence {—Qp(2zn | ¥) }nen and using the continuity of the exponential function. Hence P(N(B) <
oo) = 1 if and only if

lim [ Qp(zn|y)Ne(dy) =0 a.s. (8.16)

n—oo

Since for large enough n, Qp(z, | y) < Qp(z | y) for all y € Y, and Qp(2n | y) } 0 as n — oo, this
is equivalent, by the Dominated Convergence Theorem, to

/ Qp(z | y)Ne(dy) < oo forsome 0 <z<1 as. (8.17)
Yy
Notice that if 0 < a < x <1,
—1
1—x<—-logz <c(a)(l—=z) forc(a):= o8 a (8.18)

1—a
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Since for all y € Y, Ng(X | 0) > Ng(B —y | 0), we have for all z € (0,1),
E[ZNS(B|y>] — E[ZNS(B—yIO)} > ]E[ZNS(X\O)} . (8.19)
We notice that because Ng(&X | 0) < oo a.s.,
E[ZNS(/HO)} >0 forall z € (0,1). (8.20)
Thus, E[zNS(B‘y)] is bounded away from zero for all z € (0,1), all y € Y and any bounded set

B € B(X), which implies that Qp(z | y) is finite. Moreover, (8.20) also entails that ¢(z) :=
c(E [zNS(Xm)D < 00, and so, we have from (8.18) that

1— B[N0 <Qp(z | y) <@(z) (1-E[NEW]), (8.21)
Hence, condition (8.17) holds if and only if
/ (1 - E[zNS(B‘y)D Nc(dy) < oo forsome0<z<1 as. (8.22)
Yy
Additionally,
Y P(Ny(B|y)>n)" =) 2" > P(NJ(B|y)=m) (8.23)
n=0 n=0 m=n+1
o0 m—1
— S P(NL(By) =m) Y o (8.24)
m=1 n=0
s 1—2m
=Y BB ) = m) (5.25)
m=1
_ L (1 g8l
= (1 E: ) , (8.26)

since 1 — 2z = 0. Hence condition (8.22) holds if and only if

o

Z {/yIP’(NS(B | y) > n)NC(dy)} 2" <oo forsome0<z<1 as. (8.27)

n=0

Since P(N4(B | y) > n) is decreasing in n, we see that condition (8.27) holds if and only if
/ P(Ny(B | y) > 0)N,(dy) < o0 as. (8.28)
Y
This concludes the proof. O

Finally, we have the proof of the corollary to the previous theorem.

Proof of Corollary 2.5: Notice that
E[N(I' | )] = E[Ns(I | £); No(I | £) > 0] = P(N(I [ t) > 0), (8.29)
because Ny(I | t) is integer-valued. From (ii), we have

EINL(I | #)] = EINJ(I — t | 0)]. (8.30)
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Taking expectation in (2.18) and using (8.29) and (8.30) we have

/ P(N,(I | ) > 0)E[No(d#)] < / E[N,(I — t | 0)] E[N.(d?)] (8.31)
R R

~ [([rmtwosimian o)) e 3

~ [ ([ -sterEiviiany) sivigau 0) (5.33)
= | BIN( — )] B[N @ | 0) (8.34)
<E[N,(R | 0)] sup E[N.(T — )] < o, (8.35)
from (i) and (iii), which implies (2.18). O
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