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Abstract

This thesis addresses theoretical and practical questions arising in connection
with multivariate, marked, linear Hawkes processes.

On the theoretical side, the following two main topics are discussed: the
calculation of moment measures; and the existence and uniqueness of station-
ary solutions. Two different representations of Hawkes processes are used to
answer these problems. First, a Hawkes process is constructed as a recursive
Poisson cluster process. This reveals the underlying treelike structure and is
used to derive the moment measures. Second, a Hawkes process is defined as
the solution to a thinning problem and the associated minimal solution is intro-
duced. Afterwards continuations are defined and their coupling properties are
analyzed. These results serve as a basis for answering the questions of existence
and uniqueness of the aforementioned thinning problem.

The formulation and proof of these statements requires several results from
point process theory, some of which have to be extended first. Notable related
topics that are discussed are: translation-invariant measures and their corre-
sponding reduced versions; an extended notion of delta-functions and their use-
fulness in proving decompositions of moment measures; a concise construction
of Poisson cluster fields and the proof of associated moment measure formulas;
the formulation of the self-similarity structure of Hawkes processes; a general
definition of strong solutions; and finally a general notion of hazard rates and
its relation to intrinsic intensity functions.

On the practical side, issues that come up during the implementation of
parameter estimation and simulation algorithms are addressed: the parame-
terization of a reasonably large family of Hawkes processes which is suitable
for numerical calculations; the derivation of algorithms which perform the cal-
culations in a numerically efficient way; concrete examples of Hawkes processes;
and an illustrative financial case study.
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Kurzfassung

Die vorliegende Doktorarbeit beschéftigt sich mit theoretischen und prakti-
schen Fragen, die im Zusammenhang mit multivariaten, markierten Hawkes
Prozessen auftauchen.

Auf der theoretischen Seite werden die folgenden zwei Themen behandelt:
Die Berechnung der Momentenmasse sowie die Frage nach der Existenz und
Eindeutigkeit von stationdren Losungen. Zu diesem Zweck werden zwei ver-
schiedene Repréisentationen eines Hawkesprozesses verwendet: Einerseits wird
erlautert, wie ein Hawkesprozess als rekursiver Poissonclusterprozess konstru-
iert werden kann. Diese Vorgehensweise verdeutlicht die zu Grunde liegende
Baumstruktur von Hawkesprozessen und fiihrt schliesslich zur Berechnung der
Momentenmasse. Andererseits wird ein Hawkesprozess als Losung eines be-
stimmten Verdiinnungsproblems charakterisiert. Entsprechend wird eine zu-
gehorige minimale Losung dieses Problems definiert, sowie sogenannte Fort-
setzungslosungen eingefiihrt. Desweiteren werden die Koppelungseigenschaften
zweier Fortsetzungslosungen untersucht. Schliesslich werden diese Resultate
verwendet, um die oben erwahnte Frage nach der Existenz und Eindeutigkeit
zu beantworten.

Die Formulierung all dieser Aussagen und deren Beweise basiert auf ver-
schiedenen Resultaten aus der Punktprozesstheorie, welche fiir den gegebenen
Zweck angepasst und erweitert werden. Dies trifft insbesondere auf folgende
Resultate zu: Translationsinvariante Masse und deren reduzierte Versionen;
eine Erweiterung von Kronecker’s Delta-Funktion und deren Nutzen in der
Herleitung von Zerlegungen von Momentenmassen; eine kompakte Definition
von Poissonclusterfeldern und zugehorige Formeln fiir die Momentenmasse; die
Selbstahnlichkeitsstruktur von Hawkesprozessen; eine allgemeingiiltige Defini-
tion von starken Losungen und schliesslich eine erweiterte Definition einer Ha-
zardrate und der Zusammenhang mit intrinsischen Intensitdsfunktionen.
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Auf der angewandten Seite werden folgende Themen betrachtet, welche bei
der Implementation von Parameterschétz- und Simulationsalgorithmen von
Relevanz sind: Die Auswahl einer angemessen umfassenden Teilfamilie von
Hawkesprozessen, welche geeignet ist fiir numerische Berechnungen; die Her-
leitung von numerisch effizienten Algorithmen; sowie ein Fallbeispiel aus dem
Finanzmarkt zur Illustration.
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Chapter 1

Introduction

This thesis is concerned with theoretical questions that arise in the theory
of multivariate, marked, linear Hawkes processes. It addresses among other
issues the following two main topics: the calculation of second order moment
measures; the existence and uniqueness of stationary solutions of the aforemen-
tioned class of point processes. A secondary, practical aim that lead towards
this thesis was the development of flexible software for simulation and estima-
tion of Hawkes processes.

Organization of the Thesis. After an introductory chapter; the five main
chapters can be roughly split in two groups. Chapters 1-4 analyze Hawkes
processes using their representation as recursive Poisson cluster processes. In
contrast, Chapter 5 uses the theory of intensity processes, so that other aspects
of Hawkes processes can be described. For the calculation of moment measures,
the first point of view turns out to be the appropriate choice. The representa-
tion in terms of intensity processes however is more suitable for certain practical
activities such as parameter estimation with the maximum likelihood method.

The six chapters contain the following material:

e This first chapter starts with a historical overview and gives many refer-
ences. The references serve as a pointer to other results which are related
to the material of the thesis. The second section introduces Hawkes pro-
cesses in an informal way and the remainder focuses on application and
numerical issues concerning Hawkes processes.

e The second chapter introduces point configurations, analyzes translation-



invariant measures and discusses several decompositions of product mea-
sures.

e The third chapter defines point processes, introduces cluster processes
and derives moment measure formulas for general cluster processes as
well as Poisson cluster processes.

e The fourth chapter defines Hawkes processes and several related pro-
cesses. As a preparation for the next chapter, decompositions for product
measures of Hawkes processes are derived.

e The fifth chapter uses the previous results to derive explicit and implicit
formulas for the first and second order moment measures of Hawkes pro-
cesses.

e The sixth chapter introduces canonical probability spaces, intensity mea-
sures and Hawkes intensity functions. This formalism is then used to
give an alternative definition of a Hawkes process as a strong solution of
a thinning problem. The issues of existence, uniqueness and stability of
such solutions are then addressed.

As one can see from the list of contents, the statements are not kept together
with their proofs. Instead, the proofs are collected at the end of each chapter,
since they are sometimes quite long and would unnecessarily disturb the flow
of the presentation. I hope the thesis is more readable using this somewhat
unconventional layout.

Contributions. The thesis is built mainly on material from the book [DVJ03]
and on a series of papers initiated by Pierre Bréemaud. Results that are new,
partially new, or reformulations of previous results are scattered throughout
the thesis and cannot be located in a single theorem. Each chapter starts with
a short overview, a detailed list of references and a list of results that cannot
be found readily in this form in the literature, at least to my knowledge. These
introductions at the beginning of each chapter contain more specific details
than I want to give here.

Hawkes processes are very versatile processes, not only from a practical
point of view but also from a theoretical one. Some of the techniques used
to analyze Hawkes processes are applicable in more general settings than is
first apparent. To demonstrate the usefulness of some of these techniques, I
often present them in a more general form than would be necessary for the



development of later results. This hopefully means that these techniques can
be appreciated as results of independent interest. I give a short list of some of
the results that I think may be interesting:

Chapter 1. The introductory chapter is not simply a summary but contains
some material that cannot be found in the main part of the thesis. It is supposed
to be a self-contained exposition giving the information which is relevant for
empirical applications. Moreover, I give specific examples of Hawkes processes
and list relevant numerical algorithms. Since I spent a considerable time with
implementing algorithms for Hawkes processes, I included some of the hard
learned lessons in the form of suitable parameterizations and algorithms. This
means that the numerical algorithms are well-tested and ready for use.

Chapter 2. Notable results in Chapter 2 are Definition 2.13 and Theo-
rem 2.14, which explain how one can isolate the one-dimensional symmetry
of translation-invariant measures. Definition 2.28 gives an extended notion of
delta-functions, and this allows one to give an alternative Definition 2.36 of fac-
torial products of point configurations. Ordered partitions in Definition 2.24
and the associated decomposition of Theorem 2.32 allow one to write a ordinary
product of point configuration as a sum of factorial products, see Theorem 2.42.
It would be tedious to prove this result without an appropriate notation.

Chapter 3. Definition 3.9 of an extended event space allows one to enumer-
ate the points of a point process in a consistent way, independent of the actual
number of points; see Definition 3.12. The construction of a cluster family in
Definition 3.19 is based on a family of generating clusters, see Definition 3.17,
which are shifted appropriately. Theorem 3.22 gives a very convenient for-
mula for expectations of an integral where the integrator is a factorial product
measure. Using factorial decomposition from the first chapter, this leads to
compact, but non-trivial moment measure formulas, see e.g. Equation (3.7).
These formulas are more general than required later, but I left them in this
form since they are useful in their own right.

Chapter 4. The third chapter introduces Hawkes processes and related point
processes. The main challenge is not of mathematical nature but lies in find-
ing a suitable, consistent notation for the large variety of processes derived
from Hawkes processes. Proposition 4.14 and Corollary 4.22 formulate the self-
similarity properties of a Hawkes process. Lemma 4.24 contains a series of



decompositions of product measures, which are needed for the next chapter.
The reasoning behind these decomposition is explained at the beginning of that
chapter.

Chapter 5. This is the last chapter in which Hawkes processes are considered
from the point of view of recursive Poisson cluster processes. The main result
is Theorem 5.4 for the second order moment measures of a Hawkes process.
It gives compact formulas for these moment measures using the notation from
Definition 4.9, which is related to multivariate convolutions.

Chapter 6. The last chapter starts with several definitions concerning mea-
surable sets on point configuration spaces. Definitions 6.2 and 6.4 give non-
standard, but equivalent definitions of predictable o-algebra and predictable
processes. Definition 6.12 differentiates between two different versions of unpre-
dictable marks. The notion of an intrinsic intensity function in Definition 6.13
formalizes an idea which can be found implicitly in the literature. The useful-
ness of this definition can be seen e.g. in Corollary 6.40. Definition 6.33 of a
strong solution is formulated without taking reference to Hawkes processes to
point out that the same definition could be used also in the context of other
point processes. Definition 6.38 introduces an extended notion of a hazard rate,
which is then used to calculate the extinction probability in Proposition 6.39.
Definition 6.46 describes in detail the construction of a stationary solution and
calls the resulting process the minimal solution. Continuations, which are intro-
duced in Definition 6.35, are a useful tool for some of the proofs but are also of
interest if one deals with asymptotic simulation algorithms. Propositions 6.50
and 6.52 show that continuations are closely related to strong solutions and
minimal solutions. The uniqueness of strong solutions is shown by splitting the
probability space as explained in Definition 6.53. The method that is used to
prove the uniqueness in Theorem 6.55 could also be used if the process were
defined on an arbitrary probability space instead of a canonical probability
space.



1.1 A Short History of Hawkes Processes

I give a short overview of the history of Hawkes processes and illustrate with a
few examples how Hawkes processes have been applied in quite different areas.
Because they are so versatile, Hawkes processes have successfully been used in
such diverse fields as seismology, epidemiology, neurophysiology and network
modeling. A very rich source of theoretical results as well as concrete examples
of Hawkes processes and their applications can be found in the book [DVJ03].

Origin of Hawkes Processes. In the seventies, an interesting new point
process model was introduced. It implemented the idea that is variously
known as self-excitement, self-excitation or self-similarity. Clearly, the con-
cept of branching and self-exciting behavior was not new. Indeed, processes
with such characteristics had already been treated in [Ker64]. But what was
missing was a concrete, tractable point process model with a self-exciting be-
havior. The search for a model for earthquake occurrences inspired Hawkes
in his paper [Haw71] to consider self-exciting point process models. He gave
a first precise definition of such a model. From then on, this type of process
would commonly be known as a Hawkes process.

There are several equivalent ways of defining Hawkes processes. Originally,
they were described based on the intensity process. Moreover, the fact that a
Hawkes process has an underlying branching structure gives some additional
insight. It is immediately clear that the branching coefficient p of the underlying
branching process is important for the overall behavior of the process. But even
without calling p the branching coefficient, Hawkes found in his paper [Haw71]
the sufficient condition for existence, which is p < 1. This first paper mentions
also some possible applications, such as epidemics or neuronal networks, and
this turned out to be quite an accurate prediction. But it took some time until
the first serious applications of Hawkes processes appeared, initiated by Ogata
in seismology with his paper [0ga88] and related papers.

Sometime later, relations to other types of processes were discovered. The
connection to Poisson cluster processes and to branching processes was worked
out in the paper [HO74]. This observation allowed the authors to use results
from the Galton-Watson theory, which lead to the interpretation of p as the
branching coefficient. In the same paper, the authors also derive an implicit
equation for the probability generating functional. An interesting special case
occurs if the transfer function, sometimes also called the density function, is
an exponential function. This special case was further analyzed in [Oak75]. It



turns out that under this assumption, a Hawkes process is actually a continuous
time Markov process. This allows one to derive explicit expressions for the
distributions of counts and intervals that can otherwise only be described in
implicit form.

Further Progress. Already in his first paper, Hawkes briefly discussed the
multivariate case. Parallel to new developments for univariate Hawkes pro-
cesses, all relevant results were carried over to the multivariate case. In [AdaT75],
the probability generating functional, the distribution of the forward recurrence
time and the distribution of the cluster length were extended to the multivariate
case.

For a short time, there was some hope that Hawkes processes might play
the same role as autoregressive time series in discrete time. One hoped that
one could approximate the spectrum of arbitrary point process with a suitably
chosen Hawkes process. But this hope was soon disappointed, since the spectral
measure of a Hawkes process can not be chosen general enough for this purpose.

Nevertheless, because of the flexibility of Hawkes processes, this idea was
pursued further in the paper [OA82]. The authors consider the case where the
transfer function is a linear combination of Laguerre polynomials. In this case,
the associated spectral measure has a particularly simple form. This idea was
then empirically applied to earthquake catalogues in the paper [OAKS82].

Relation to Branching Processes. There is also a different way of looking
at a Hawkes process. If one ignores the location of the event, i.e. if one ignores
the time dimension, a Hawkes process is simply a branching process. In other
words, the events are related to each other in the way as ancestors and offspring
are related to each other. As a mental picture, one can think of one or sev-
eral trees, where each node corresponds to one of the events. The root nodes
corresponds to immigrants and the branches correspond to the descendants of
immigrants.

The fact that a Hawkes process has an underlying branching process allows
one to use standard results from the theory of branching processes. Considering
for example a univariate Hawkes process without marks, then the distribution
of the cluster size can be calculated.

Otter-Dwass Theorem. The so-called Otter-Dwass formula is a recurrence
relation for the distribution of the total number of events. It was first discovered
in [Dwa69]. It can be applied in the case of a univariate Hawkes process without



marks and one can show that the total progeny has a so-called Borel-Tanner
distribution, see [Tan53] or Section 7.2.2 of [NLJO05]. More about the general
theory of branching-processes can be found in [Jag75].

An alternative proof for the Otter-Dwass formula was given in [Boy71],
which uses an argument based on formal power series. Underlying is a certain
functional equation for the moment generating function of the total number of
events. Originally, this functional equation was found by [Goo49] and [Ott49],
see also [Fel68].

Multivariate Extension of Otter-Dwass. In the multivariate case the
situation is unfortunately not as pleasant. [Ott48] showed that the problem
of finding the distribution of the total progeny in the univariate case can be
reformulated as the solution of a certain functional equation. This functional
equation can then be solved using Lagrange expansion. Later on, Lagrange
expansion was generalized to the multivariate case by [Goo60]. This paper also
mentions the connection to multivariate branching processes.

Independent of the advances in the theory of branching processes, [CS72]
defined a new family of probability distribution, which they called the Lagrange
distributions. Since both use the same mathematical tools, it is not surpris-
ing that there is an intimate connection between Lagrange distributions and
branching processes. This connection was pointed out once more in [Goo75].

More about the family of Lagrangian probability distribution can be found
in the book [CF06].

Parameter Estimation. Over the following years, Hawkes processes re-
ceived more and more attention, especially in the context of seismology. Early
development can be found in the papers [VJ75] and [Ada76]. One problem
that arose was the lack of an efficient method for parameter estimation. For
the first empirical applications, the parameters were estimated using spectral
analysis techniques. But this method was considered less and less satisfactory.

What is now considered the classical maximum likelihood method for point
processes was first described in the paper [Rub72], and applied to Hawkes pro-
cesses in the papers [VJ78] and [0za79]. In the accompanying paper [VJO82],
the authors use the maximum likelihood method and analyze a catalogue of
earthquake data. The properties of the maximum likelihood estimator was
analyzed in [Oga78]. Since the computational power at that time was not suf-
ficient for real-world data sets, the numerical parameter estimation remained
difficult.



Advancement Within the Scope of Seismology. Hawkes processes did
not get much attention for some time afterwards. But they were considered
again in the paper [Oga88] as one candidate model among others for the pre-
diction of earthquakes. In this paper, different models were compared with the
help of residual analysis and Hawkes processes turned out to be superior to
alternative models at that time. The specific Hawkes process used by Ogata is
known today as the ETAS (Epidemic Type Aftershock-Sequences) model.

More and more extensions of the original specification of a Hawkes process
were proposed. To this day, extensions of the original ETAS model are one
of the standard tools in seismology. Basically, all these models belong to the
family of Hawkes processes. A good review of the early evolvement of the
Hawkes process in the context of seismology can be found in [UOM95] and
[Oga99].

Ogata’s Modified Thinning Algorithm. At a first glance, it seems easy
to simulate a Hawkes process. Since a Hawkes process can be defined via its
stochastic intensity process, the following observation leads automatically to
a simulation procedure: Assume the past of a Hawkes process is known up
to a given time, say t. Then the Hawkes process behaves as it were a Poisson
process, at least in the short time period after time ¢ until the first event occurs.

This leads to a straight forward simulation method which is not specific to
Hawkes processes. At least theoretically, this method can be used to simulate
all point process models which are defined by their stochastic intensity process.

This simulation algorithm and its theoretical foundation go back to a thin-
ning procedure given [LS79]. The general idea is to construct a Hawkes process
as the stochastic thinning of a homogeneous Poisson process according to the
intensity process. In the context of Hawkes processes, this simulation method
was first used in [Oga81]. This algorithm is sometimes called Ogata’s modified
thinning algorithm. Later on, it was extended to the multivariate case and to
space-time Hawkes processes in [MVJ92] and [Oga98].

For practical applications, this is still the standard algorithm. A more
comprehensive description can be found in the book [DVJ03].

Simulation of Stationary Hawkes Process. Often one wants to simulate
the stationary version of the process in a finite time window. Unfortunately,
the standard method for the simulation method described above does not work
in this case, as the past of the process is not know and cannot be simulated,
at least not completely.



If one ignores the past of the process and simply starts to simulate the
process at some given time, one speaks about an approximate simulation. In
this case, one is actually simulating a transient version and not the stationary
version of the process. But if one simulates for a long enough time interval, the
so-called burn-in period, then the transient version converges to the stationary
one. This is a consequence of the stability properties, which are described be-
low. Since the deviation between the transient and stationary process becomes
negligible, this simulation method is good enough for practical applications.

Perfect Simulation. A simulation method which directly simulates the sta-
tionary version without approximation is a so-called perfect simulation method.
The idea is to incorporate somehow the effect of past observations without ac-
tually simulating the past of the process. In the context of point processes, this
type of simulation method has first been described in [BK02].

The idea is to use a so called coupling from the past algorithm. The original
idea goes has been developed for Markov chains and goes back to [PW96], see
also [FT98].

A coupling from the past method for a univariate Hawkes process was first
given in [MRO5] This paper also explains that the general coupling from the
past method is not good enough. An additional problem specific to Hawkes
processes arises, but this can be solved using what the authors call a dominated
coupling from the past algorithm. This extended version of the original coupling
from the past algorithm has first been described in [KMOO].

Once an exact simulation algorithm had been established, it was possible
to compare the performance of the approximate simulation algorithm. In the
paper [MR06], various measures for the deviation of the approximate from the
exact simulation algorithm are given.

Development of Theoretical Foundation. The theoretical foundation of
Hawkes processes was lifted to a higher level by a series of papers initiated by
Pierre Brémaud. The first important paper in the series is [BM96], where suf-
ficient conditions for the existence of stationary versions were given. Actually,
the more general case of non-linear Hawkes processes was considered. In the
precursor work [BM94] by the same authors, similar techniques had been used,
but not in the context of Hawkes processes.

This paper also discusses the conditions under which a non-stationary ver-
sion converges to an associated stationary version. One of the essential ideas in
the proof is an iterative procedure in the spirit of the proof of Picard’s existence



theorem for ordinary differential equations. Actually, the same technique had
already been used by [Ker64] to derive similar results, long before the mod-
ern formulation of point process theory. Moreover, some results concerning
multivariate Hawkes processes were given.

The existence and stability results were then extended in [Mas98] to the
multivariate case and to the case of marked Hawkes processes. Some more pa-
pers followed, which extended the theoretical foundation further. An important
step was also the calculation of the spectral measures in [BM02].

An interesting situation occurs if the branching coefficient is exactly one,
i.e. if the branching process is critical. In [BMO1], it was shown that it is
possible to construct Hawkes processes in this critical domain. Such a process
is in some sense self-sustaining, i.e. it does not need new immigrants arriving
over time any more.

For approximate simulation methods it is important to have a rough es-
timate of how large the burn-in period should be. Therefore, one needs to
know more about the rate of convergence of a transient Hawkes process to its
stationary version. In the univariate case, bounds for the rate of convergence
were derived in [BNTO02]. The results were then extended in [Tor02] to more
general processes, including multivariate Hawkes processes.

More Abstract Notions of Self-Excitement. The concept of self-excite-
ment was considered from a more abstract point of view in [KS96]. The authors
define self-exciting behavior as an abstract property of the stochastic intensity
process which defines the point process. This more general class of positively
self-exciting point processes also contains Hawkes processes.

In the paper [VJ05], a class of self-similar measures is introduced and an-
alyzed. But self-similarity is a concept defined for random measures and has
a-priori nothing to do with self-excitement. But it was shown in this paper
that a subset of Hawkes processes are also self-similar.

Applications in Network Modeling. Hawkes processes, especially non-
linear Hawkes processes, define quite a large class of point processes models.
It is therefore no surprise that several classical models can be reinterpreted as
Hawkes processes, sometimes with a few modifications. A list of such models
can be found in the paper [Mas98], For example the loss network model studied
by [Kel85] and [FY96] is actually a non-linear Hawkes process. Moreover, this
paper proposes Hawkes processes for the description of spontaneously excitable
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random media. Another area where Hawkes processes might be used are neural
networks. A suitable specification of a Hawkes process is given in [BM96].

Applications in Finance. If one wants to model stochastic processes in
finance with Hawkes processes, there is an additional difficulty, that people
using Hawkes processes in seismology and other areas of science did not come
across. In seismology, one has the advantage that the theoretical foundation of
geophysics gives some strong directions of how one should choose the parame-
terizing functions of a Hawkes process. But as this is not the case for financial
data, one first has to gain some experience about suitable choices of Hawkes
processes.

Empirical comparisons suggest that Hawkes processes have some of the typ-
ical characteristics of financial time series. Financial data have been analyzed
using Hawkes processes e.g. in the papers [CDDMO05] and [Bow07]. In the book
[MFEO05], self-exciting processes are used for the calculation of conditional risk
measures, such as the Value-at-Risk.

Hawkes processes have also been used in connection with risk processes, that
is to model the surplus process of an insurance portfolio. Some first results were
obtained in [AA06]. The authors derived a Cramér-Lundberg approximation
of the ruin probability and other asymptotic estimates. Actually, the paper
considers only shot noise Cox processes, and not a Hawkes process. But the
results were extended to Hawkes processes in [STO08].

Applications in Credit Default Modeling. Another area of finance where
Hawkes processes have been considered is credit default modeling. Hawkes
processes have been proposed as models for the arrival of company defaults in
a bond portfolio, starting with the papers [GT05] and [GGO05].

A important observation is also the fact that Hawkes processes of Markov
type, i.e. Hawkes processes with exponential transfer functions, are actually
affine jump-diffusion processes. This relation was described first in [EGGO7].
With the help of the theory of affine jump-diffusions, one can then analyze
price processes related to certain credit derivatives.

Pricing formulas in the context of affine jump-diffusion processes have been
derived in [DPS00]. These processes have the advantage that analytical formu-
las for Laplace and Fourier transforms can be found. This leads to analytical
solutions for various pricing problems.
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1.2 Hawkes Processes Informally

This section gives a short introduction to Hawkes processes and discusses some
of the main notions. The focus will be on a specific class of multivariate,
marked Hawkes processes and associated algorithms. It is not the purpose of
this chapter to prove results nor to introduce the definitions in a rigorous way.
Instead the concepts are presented intuitively.

The targeted audience for this introduction is therefore anyone who wants
to have a quick overview of what Hawkes processes are all about and how they
could be used in practice, without entering into technical details. The following
definitions, propositions and theorems are all stated in an informal way, but I
give references to the rigorous formulation in the main part of the thesis.

There are basically two ways how one can define and represent Hawkes
processes; and each one has its advantages and disadvantages. This thesis
covers both of them: Firstly, a Hawkes process can be constructed as a recursive
Poisson cluster process, see Chapter 4. Secondly, it can be defined in terms of
its intensity function, see Chapter 6. In this first chapter I will only consider the
latter representation, i.e. I will give an informal definition of Hawkes processes
using intensity processes.

Classification of Hawkes Models. There is no generally accepted defi-
nition of a Hawkes process. The original definition given by Hawkes in his
paper [HawT71] is quite specific. Today, one usually calls a far larger class of
point process models Hawkes processes. This thesis treats only linear Hawkes
processes, see Definitions 4.20 and 6.19. But one can also define more general,
non-linear Hawkes processes.

An additional distinction can be made whether the Hawkes process is uni-
variate or multivariate or whether it is unmarked or marked. A mark is an addi-
tional value attached to each of the points and carries some information about
this point. In this introduction I consider the case of multivariate, marked
Hawkes processes and assume for simplicity that the marks are real numbers.

It is clear that if one wants to go the full way and finally implement algo-
rithms for Hawkes processes, one has to restrict oneself to a reasonable subfam-
ily of all possible Hawkes process models. This is the reason why I consider in
this introduction not the most general case of multivariate Hawkes processes.
But the subset of Hawkes processes defined below is still large enough for the
majority of serious empirical applications.
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Parameterization and Parameter Domain. I will consider only Hawkes
processes whose transfer functions are separable in some specific way. A simi-
lar, but less restrictive condition is also discussed in the main part of the thesis;
see Definition 6.25. One can easily find different parameterizations of a given
Hawkes intensity function, which all lead to exactly the same Hawkes process.
From a theoretical point of view this does not matter, but for numerical pro-
cedures it can make a big difference. Let me explain in a few words what sort
of problems an inappropriate parameterization can bring.

As it is the case for all non-trivial models, the model parameter vector, say
0, cannot be arbitrarily but has to lie in some set of valid values, say D C R™.
The set D consists of all parameter values where the model is well-defined.
For Hawkes processes, the restrictions on the parameters are fortunately quite
tractable. The precise results can be found in Chapter 6, but I will give a
summary below.

Even though these conditions are mathematical fairly simple, they are not
trivial. It is clear that choosing a parameter vector @ that lies outside of D
leads most likely to meaningless or absurd results. It is also clear that if 0 is
inside D but close to the boundary, the same numerical problems may occur,
even though the parameter vector is valid from a mathematical point of view.

Assume one wants to estimate the parameters of a Hawkes model given
some data using a standard numerical minimization algorithms. It is then
important that the restrictions on @ are as simple as possible, since otherwise
it is difficult to prevent the minimization algorithm from moving outside the
domain of valid parameter values D. For the same reason, the range of valid
values for one parameter should depend on as few other parameters as possible.

Hawkes processes with separable transfer functions are especially suitable
for numerical implementation. This is the reason why I restrict myself in this
introduction to these functions. What this actually means is explained in
Definition 1.9 below.

What Does Multivariate Mean?. The term multivariate point process can
mean two different things. To avoid any misunderstanding, I will call the two
types of multivariate point processes genuine and pseudo multivariate point
processes. An informal definition is:

1.1 Definition (Multivariate point process). In both cases, let d > 1 be
the number of components. Assume the points are indexed over some countable
set .
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(1)

(2)

Figure 1.1: Genuine multivariate point process

Genuine multivariate point process. The events are triples of the form
(t;yd;i, z;), where t; € R, d; € {1,...,d} and a; € R, for i € .. The three
components have the interpretation:

t; : time,
d; : component index,

x; : mark value.

Consider the i-th event, which occurred at time t;: The component index
d; looks like it is another mark in addition to z;. But this would be the
wrong interpretation. Instead, the component index d; assigns the event
t; to the component d;.

Pseudo multivariate point process. The events are given by tuples of the
form (t;,zi1,...,%iq), where z;,; € R, for i € &, j € {1,...,d}. The

14



Figure 1.2: Pseudo multivariate point process

components have the interpretation:

t; : time,

x;,; : j-component of the vector-valued mark x;.

Consider again the i-th event, which occurred at time ¢;: This time, there
is no component information d; and conceptually one may think that the
event t; lies in component one. On the other hand, there are d mark
values z; ;j, which define a mark vector @; := (2;,1,...,%iq)- O

The difference between a genuine and a pseudo multivariate point process is
also illustrated in the Figures 1.1 and 1.2. Both times, a realization of a three-
dimensional point process is displayed.

Note that Definition 1.1 is an informal definition. Compare this with the
formal Definitions 2.33 and 3.4. Indeed, there are some technical conditions
that need to be mentioned: Clearly, the time and mark values need to be
random variables, i.e. they need to be measurable functions defined on some
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probability space. Moreover, the point process should not be “explosive”, i.e.
there should be no subsequence, say (k;);>1 € .#, such that the limit lim; o t,
exists. In order to exclude processes of this type, one usually assumes that the
point process is locally-finite, i.e. that in every bounded time interval there are
only finitely many points. Moreover, a Hawkes process is always a simple point
process. This means that no two points occur at the same time, i.e. there are
no multiple points. Hence, one always has ty # t;, for k # [,

At the moment it does not matter what the set .# is. But when I discuss
concrete algorithms later, it is better to have a specific set. Since .# is count-
able, one can always assume that .# := Z. In this case, assume that the points
are ordered in the obvious way, i.e. that ¢ < t;, if & <.

Event Spaces. From a mathematical point of view, a pseudo multivariate
point process is actually a univariate point process with mark space RY. When
I give the rigorous definition of point configurations in the Chapter 2, I will
not distinguish between genuine and pseudo multivariate processes. Instead, I
will introduce the more general concept of event spaces and mark spaces.

A pseudo multivariate process is then point process with event space E := R
and mark space X := R? On the other hand, a genuine multivariate pro-
cess is a point process with event space E := (R,...,R) and mark space
X := (R,...,R). I mention event and mark spaces only to point out that
the distinction between genuine and pseudo multivariate point processes can
be avoided if one uses a more abstract notion of point processes.

In this introduction I will not use more abstract concepts and I therefore
always distinguish between genuine and pseudo multivariate point processes.
This also means that I have to give separate definitions, once for the genuine
case and once for the pseudo multivariate case.

Analogy to Time Series. A short remark for the reader who is more fa-
miliar with multivariate time series than with multivariate point processes:

1.2 REMARK (ALTERNATIVE INTERPRETATION). A univariate, marked point
process is in some sense a time series with random, unevenly spaced time
intervals. Similarly, a pseudo multivariate point process is in some sense a
multivariate time series with unevenly spaced events in time. On the other
hand, a genuine multivariate point process is conceptually something else and
one cannot easily find an analogy in terms of time series. &
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Integral Notation. In dealing with point processes it is common to use
integral notation to express sums over all events of the point process. The
deeper reason for this notation is the fact that a point process is actually a
random measure, see Definitions 3.1 and 3.4. The following notation treats
only the case of a univariate point process, but the extension to a multivariate
one is trivial:

1.3 NOTATION (INTEGRAL NOTATION). Let (#;,z;) be an enumeration of all
events of N, where 7 lies in some countable set .#. The usual notation for the
sum over all events is:

Ft,a)N(dt x dz) = f(ti,2:),

RxR ies

where f is some arbitrary function such that the sum is well-defined. O

Hawkes Intensity Function. As explained, one can define a Hawkes process
either as a recursive Poisson cluster process, or one can define a Hawkes process
by specifying its intensity function. In this introduction, I will only look at the
second representation. The reason is that in order to calculate the likelihood
function one needs the intensity process, and therefore this is the suitable
representation if one wants to fit a Hawkes model to a set of empirical data.

In Chapter 6 so-called transfer functions are introduced, see Definition 6.19.
I will not give the definition of transfer functions here, since in this first chapter
I consider only a special case of transfer functions, so-called separable transfer
functions, see Definition 6.25. To avoid technical notions, I directly define the
Hawkes intensity process using decay and impact functions, see Definition 1.9
below.

Immigration Intensity. Before I give the definition of the Hawkes intensity
function, I introduce and explain all the relevant pieces in turn. The immigra-
tion intensities are just constants, but what is important is their interpretation:
Every event of a Hawkes process is either an immigrant or a descendant. The
immigration intensities govern the frequency at which new immigrants arrive
in each of the components:

1.4 Definition (Immigration intensity). Let d > 1 be the number of com-
ponents. Depending on the version of multivariate Hawkes process, assume the
following constants are given:

(1)  Genuine multivariate. Let n; > 0, for j € {1,...,d}.
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(2) Pseudo multivariate. Let n > 0.

The parameters above are called the immigration intensities. &

Decay Function. A Hawkes process is characterized by the following prop-
erty: Whenever an event occurs, the intensity is increased for some time, i.e.
events arrive at a higher frequency. This increase causes secondary events,
which are called descendants. How fast this effect decays in time is governed
by the so-called decay functions:

1.5 Definition (Decay function). Assume an event has occurred at time
s € R and fix some t > s. Let At :=t — s denote the time lag. The functions
wj, w given below are called the decay functions:

(1) Genuine multivariate. Let wj, for j € {1,...,d}, be functions of the
form:

U}J : R+ — R+.
Interpretation: If there is an event at time s, the intensity of component

J at time t is increased proportional to w;(At).

(2) Pseudo multivariate. Let w be a function of the form:
w : R+ — R+.

Interpretation: If there is an event at time s, the intensity at time ¢ is
increased proportional to w(At). O

Note that the intensity is not increased by the amount w(At), but only by a
value proportional to w(At). This becomes clear if one looks at Definition 1.9,
since w(At) appears as multiplicative factor in the definition of the intensity
function. When numerical algorithms are discussed later, the functions given
in the next definition will be quite convenient:

1.6 Definition (Related functions). Let w;—1 . 4 and w be decay func-
tions, as in Definition 1.5.

(1) Cumulative decay function. Define for j € {1,...,d} and ¢ > 0 the
functions:

w;(t) = /Ot w;(s)ds and w(t) := /Otw(s)ds.
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The first part refers to the genuine multivariate case and the second part
to the pseudo multivariate case.

() Quantile function. Let € > 0, usually a very small number. In the
genuine case, define for all j € {1,...,d} the quantile ¢; > 0 such that
the following equation is satisfied:

/00 w;(t)dt = .

a5

In the pseudo multivariate case, take w instead of w; and define ¢ > 0
correspondingly. O

Impact Function. The amount by which the intensity increases after an
event does not only depend on the time lag but also on the mark value of
the triggering event. The influence of the mark value is governed by the im-
pact functions. The impact functions describe again only the relative effect of
an event, since they appear as a multiplicative factor in the definition of the
intensity function.

1.7 Definition (Impact function). The functions g given below are called
the impact functions:

(1) Genuine multivariate. Let g, for k € {1,...,d}, be a family of mea-
surable functions of the form g : R — R, . Interpretation: Assume the
triggering event is in component d; and has mark value x;. The intensity
of all other components is then increased proportional to g4, (z;).

(2) Pseudo multivariate. The family of impact function ggy—,.. 4 is defined
in the same way as above; but the interpretation is different: Assume the
triggering event has the vector-valued mark x; € R?. The intensity is
then increased proportional to Hizl 9 (Ti k) O

Note that in the genuine case, there are d impact functions but only one mark
value x;. One always takes the impact function gq, corresponding to the com-
ponent d; of the triggering event. This emphasizes once more the fundamental
difference between the genuine and the pseudo multivariate case.

1.8 Definition (Branching coefficients). The parameters 9,5, 9 given be-
low are called the branching coefficients and the matrix @ is called the branching
matrizc:
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(1) Genuine multivariate. Let 95, > 0 be constants, for j, k € {1,...,d},
and define the matrix:

Q= (ﬁjk;j,ke{l,...,d}).

Interpretation: Given that there is an event in component &, the intensity
of component j is increased proportional to 9.

(2) Pseudo multivariate. Let ¥ > 0 be a constant, and for consistency with
the previous case, define the 1x1-matrix @ := ¢J. Interpretation: Every
event increases the intensity by an amount proportional to . &

Now all required ingredients have been introduced and I can finally define the
Hawkes intensity function. A rigorous definition of an intensity process is given
in Definition 6.10 and Remark 6.11. But roughly speaking, the intensity value
A(t) at time ¢ measures the probability that an event occurs in the infinitesimal
time interval [¢, ¢ + dt).

1.9 Definition (Hawkes intensity process). Let d > 1 be the number of
components.

(1) Genuine multivariate. Let wj, gr, n; and ¥, be as in the definitions
above. Define for j € {1,...,d} and ¢ € R the family of Hawkes intensity
processes by:

d
() =y + Zﬁjk/( w;(t — $)ge(@)Ni(ds x da). (1.1
k=1

—00,t)XR

(2) Pseudo multivariate. Let w, g, n and ¥ be as in the definitions above.
Define for ¢ € R the Hawkes intensity process by:

d
w(t — s) [H gk(xk)}N(ds x dz). (1.2)
k=1 &

Note that a genuine multivariate Hawkes process has d intensity processes,
whereas a pseudo multivariate Hawkes processes has only one intensity process.
Once more, this indicates that the two versions are quite different.

A®) ::77+19/

(—o0,t) xR

1.10 REMARK (HAWKES INTENSITY PROCESS). The following comments refer
to the genuine case but apply to the pseudo case as well:

(#) The functions wj, g; and the parameter 1,; are determined only up to

20



multiplication by a constant. Below additional normalizing conditions
are introduced, so that in the end all terms are uniquely determined.

(i4) The case where one has a mixture of marked and unmarked components
is included in this specification for the Hawkes intensity. Indeed, assume
component k € {1,...,d} has no marks. Then define the void impact
function:

gk ‘= 1.

With this impact function, the unmarked component k can be treated as
if it were a marked component. The void impact function is introduced
only for notational convenience in order to treat all components in a
unified way. &

Mark Distribution. The intensity process given above is the so-called time-
intensity process. It describes only the dynamics of the ground process, i.e.
the process without the marks. For a full specification of a marked point
process, one needs to know the so-called time-space-intensity process. For the
theoretical background, see Definitions 6.9, 6.10 and 6.19.

At this point, it is not necessary to introduce another theoretical concept.
Indeed, the Hawkes processes I consider here have marks which are independent
of the past of the process. In other words, the mark distribution is not influ-
enced by previous events and stays always the same. It is therefore enough to
specify the mark distribution, and then the complete dynamics of the Hawkes
process are defined.

1.11 Definition (Mark distribution). Let f;, for j € {1,...,d}, be prob-
ability densities on R, the so-called mark densities.

(1) Genuine multivariate. Given that there is an event in component j at
time ¢, the mark X associated to this event is independent of the past of
the process and has distribution:

X~ fj.

(2) Pseudo multivariate. Given that there is an event ¢, the vector-valued
mark X € R is obtained as follows: The components X ; are independent
of each other and also independent of the past of the process and the
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distribution of X is given by:
X:(X1,...,Xd),where X~ fj. o

Note that in both cases there are d mark densities f;, but the way they appear
in the definition is quite different.

As explained in Remark 1.10, one needs additional assumptions if one wants
the branching coefficients 95 to be uniquely determined. To this end, I assume
that the decay functions w; and the impact functions g; always satisfy the
following conditions:

1.12 CONVENTION (NORMALIZING CONDITIONS). In the genuine multivariate
case, assume that the following two normalizing conditions are satisfied:

/o wj(t)dt =1 and / gk (z) fr.(x)dz = 1,

— 00
for all j,k € {1,...,d}. In the pseudo multivariate case, replace w; by w. <
Let me explain the reasoning behind these normalizing conditions:

1.13 REMARK (ADVANTAGES AND DISADVANTAGES). The normalizing condi-
tions are specifically designed such that the parameters ¥;; correspond to the
branching coefficients of the underlying branching process. This is the reason
why 9,1 are called the branching coefficients in the first place. Without these
normalizing conditions, the parameters 1,5 could not be interpreted in this
way. There are advantages and disadvantages that come with these normaliz-
ing conditions:

(1) The big advantage is that the branching coefficients 1,5, appear explicitly
as parameters in the model. As explained below, the branching coef-
ficients determining whether the Hawkes model is well-defined or not.
Without these normalizing conditions, the branching coefficients would
be non-trivial functions of the model parameters.

(#) There is also a disadvantage: Assume fj is the mark distribution of com-
ponent k. Then the associated impact function gx needs to be specifically
adapted such that the normalizing condition is satisfied. Especially for
numerical implementation, this means a lot of additional work; but the
benefits of this parameterization by far outweigh the disadvantages. <
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To get a better understanding of what these normalizing conditions imply in
a concrete situation, have a look at the list of examples of distributions and
impact functions given in Section 1.3 below.

Hawkes Process. I give in Chapter 6 a precise definition of a Hawkes pro-
cess. Actually, I will consider so-called strong solutions of a certain thinning
equation. A Hawkes process is then defined as the solution to this thinning
equation, see Definition 6.33. It is easier to derive theoretical properties if the
Hawkes process is defined on a specific probability space, which I called the
canonical probability space, see Definitions 6.3, 6.28 and 6.30.

For the purposes of this chapter, the underlying probability space is not
important, and I therefore define a Hawkes process directly with the help of
the associated Hawkes intensity process. See also Definition 6.10 for a precise
definition of an intensity process.

1.14 Definition (Hawkes process). Let (Q,.%,P) be a probability space.

(1) Genuine multivariate. Let N be a genuine multivariate point process
as in the first part of Definition 1.1. Assume each component Ny, k €
{1,...,d} has intensity A\x, as given in Equation (1.1).

(2) Pseudo multivariate. Let N be a pseudo multivariate point process as in
the second part of Definition 1.1. Assume N has intensity A as given in
Equation (1.2).

In this case, N is called a Hawkes process. &

As already mentioned, the branching coefficients ¥/;, determine whether the
Hawkes model is well-defined or not. The regularity conditions I give below
rely on the spectral radius of the branching matrix Q:

1.15 Definition (Spectral radius). Let Q) be a dxd-matrix and denote the
spectrum of @ by A(Q). The spectrum is the set of all (in general complex-
valued) eigenvalues of Q). The spectral radius is then defined as:

Spr(Q) :=max{|A|: A € A(Q)}. &

Since the branching coefficients 9,5, are explicit model parameters, it is easy
to determine whether the model is well-defined or not. The next theorem is a
reformulation of Theorem 6.55:

1.16 Theorem (Regularity condition, informal). In order for a Hawkes
model to be well-defined, the following conditions need to be satisfied:
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(¢) The branching matrix satisfies:

Spr(Q) < 1.

(i) The decay functions satisfy, for all j € {1,...,d}:

o0
/ tw; (t)dt < oo.
0

In case of a pseudo multivariate model take w instead of w;. O

Likelihood Function. The standard way to estimate the parameters of a
Hawkes process model is to maximize the likelihood function. In order to
define the likelihood function, one first has to fix an observation period D, i.e.
the time interval during which the data has been collected. I will always use
the observation period D := [T}, T*], for fixed times T, < T*.

The compensator will be useful for the calculation of the likelihood function.
Recall Definition 1.6 of the cumulative decay functions w; and w:

1.17 Definition (Compensator). For all t € D define in the genuine and
pseudo multivariate case:

t t
A ) = / A (s)ds and A = [ As)ds.
T. T.
This is the general definition. For a Hawkes process one obtains:

(1) Genuine multivariate. For j € {1,...,d} and t € [Ty, T*]:

d
Ajt: 19]'
) ; /(

+ Uj(t - T*)v

[mj(t — ) — (T, — u)} g () Ni(du x dz)

00,t) XR

where the convention is used that w;(t) =0, if ¢t < 0.

(2) Pseudo multivariate. For t € [T, T*]:

A(t) = 19/( - [w(t ) — (T, — u)] [ﬁ gk(xk)}N(du % dz)
o0, )x k=1

=+ W(t - T*)a
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where the convention is used that w(t) = 0, if ¢ < 0. O

The general definition of the likelihood function of a point process is given
in Definition 6.16. The likelihood function for a Hawkes process is derived in
Proposition 6.27. It is a function of the model parameters, 8 say, and the n
observed events. The vector 0 is the concatenation of the parameters of the
decay and impact functions, the branching coefficients and the parameters of
the mark distributions. Moreover, the likelihood depends on the choice of the
observation period D. In summary, the likelihood is a function of the following
form, for the two versions of multivariate Hawkes processes:

Lpn, (9; (ts, diyxi)i:L.‘.,n) and Lp, (0; (ti, i, ... 7-73i,d)i:1,...,n)-
To avoid cluttering the notation, I write from now on simply L.

1.18 Proposition (Hawkes likelihood). Let N be a Hawkes process and
assume one has observed N in the time interval D = [Ty, T"].

(1)  Genuine multivariate. The log-likelihood is given by:

d
logL = Z/ log A\ (t) N, (dt x dz)
=1 [T, T*] xR

+;/{

log f;(z)N;(dt x da) — > A;(T™).
T., T*]xR .

j=1

(2) Pseudo multivariate. The log-likelihood is given by:

log L = / log A(t)N(dt x dx)
[T.,T*]xRd

d
N Z/ log fi (z)N(dt x dz) — A(T*). o

k=1 Y [T, T*] xR4

Consider the integrals above: Note that the integrands in these integrals either
depend on t or on the mark values x or xx, but not on both. This becomes
relevant later, when I discuss numerical algorithms for the calculation of the
likelihood function.

Residual Process. Once one has fitted a Hawkes model to some given data,
one usually wants to assess how good the model fits the data. A standard
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method to check the goodness-of-fit is to consider the so-called residual process.
One basically obtains the residual process as follows: Assume the estimated
Hawkes model is correct; in other words, assume that the data have been
generated by this Hawkes model. Moreover, assume one is able to somehow
exactly calculate the intensity process. Then transform the point process in
time and space according to the estimated model, as indicated in the next
definition. The resulting point process is then the residual process.

Note that it is not possible to calculate the intensity process exactly in
practice, since one can observe the Hawkes process only during a finite time
interval but the intensity process is a function of the infinite past of the process.
For the following construction, use the notation given in Definition 1.1:

1.19 Definition (Residual process). Assume one has observed n events of
a Hawkes process in the time interval D. Depending on the type of the process,
apply the following transformation:

(1) Genuine multivariate. The residual process is given by the following time
and space transformed point process:

(Tlad17xl)a a(Tn;dnaXn)~

Note that this is again a d-dimensional, genuine point process. The pair
(T4, Xi), for 1 <4 < m, is obtained as follows:

7= Ng, (t;) and Xi = Fu,(t:),

where F} is the cumulative distribution function associated to the mark
density f;, see Definition 1.11.

(2) Pseudo multivariate. This time, the residual process is of the form:
(7—17X1,17"'7X1,d)7 7(TnaXn,17"'aXTl,d)'

The residual process is again of the same class as the original process,
i.e. it is a d-dimensional, pseudo multivariate point process. The tuples
(Ti, Xi1,-- -, Xi,d) are calculated according to:

7= At), xin = Fi(zin), o Xid = Fa(wia)- ¢
The next theorem states that given the model is correct, the residual process is a

Poisson process with iid standard uniformly distributed marks. This statement
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goes back to [Wat64], [Mey71] and [Pap72]. Modern formulations are given in
Theorem T16 of Section I1.6 of [Bré81] and in Theorem 7.4.1 of [DVJ03].

One could formulate the following theorem for the same observation period
[T, T*] that has been used for the likelihood function. But the theorem is easier
to formulate if one assumes, at least conceptually, that the observation period
is the unbounded interval [T, c0). Loosely speaking, if one takes the interval
[T., T*], one observes only a finite number of points. The residual process has
then also a finite number of points and can therefore not be a Poisson process
on RT. Indeed, the residual process would be a truncated Poisson process. To
avoid this complication, I take instead the infinite time interval [T}, co):

1.20 Theorem (Random time change, informal). Take a Hawkes process
with strictly positive immigration intensities, i.e. assume that n;,n > 0; see
Definition 1.4. Moreover, assume that the mark distributions F}; are absolutely
continuous.

(1) Genuine multivariate. Assume the compensator processes A; are known.
Define the residual process in the same way as in the first part of Defini-
tion 1.19, but this time assume the observation period is [Ty, 00). Then
define the residual process:

(Tla dla X1)7 (7-2; d2a X2)a

Let R denote be the representation of this sequence as a random measure.
Then the projections R;(dt xR), for j € {1,...,d}, are independent stan-
dard Poisson processes on R x R. Moreover, the marks are independent
of R;(dt x R) and are iid uniformly distributed on [0, 1].

(2) Pseudo multivariate. Assume the compensator process A is known and
the observation period is [Ty, 00). Define the time transformed point
process R, consisting of the sequence of events:

(71,X1,17~~,X1,d)7 (727X2,1,~~;X2,d),

Then the projection R(dt x R?) is a standard Poisson process on R, x R?
and the marks x; := (Xi1,---,Xi,a) are independent of R(dt x R?) and
iid uniformly distributed on [0,1]¢ C R9. &

The projections R;(dt x R) and R(dt x R?) are sometimes also called the ground
processes, see Section 6.4 in [DVJO03].

The above theorem can be used to assess the goodness-of-fit of a Hawkes
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model. If the Hawkes model is inappropriate the residual process is not a Pois-
son process and one should be able to detect this. At least, the residual process
can be analyzed graphically to detect deviations from the Poisson assumption.
Moreover, statistical tests can be used to quantify this deviation, which then
leads to a classical goodness-of-fit test statistic.

Simulation. Let me finish this short exposition of Hawkes processes with
the discussion of a simulation algorithm. I will only look at the genuine mul-
tivariate case. The corresponding algorithm for the pseudo multivariate case
is easier, since one basically can use the simulation algorithm for a univariate
Hawkes process. The presented algorithm is a multivariate extension of Algo-
rithm 7.5.IV in [DVJ03], where it is called Ogata’s modified thinning algorithm.

The simulation algorithm consist of two loops: The inner loop determines
for every component a candidate event and the outer loop selects among the
candidate events the next true event. I explain below the workings of the two
loops.

Inner Loop. The inner loops starts off directly after a new event has been
generated, say at time ¢ in component j. It determines a sequence 71,...,7q
of potentially new events, each 7; belonging to component k, and returns this
sequence to the outer loop. The outer loop then selects exactly one of these d
potential events and nominates it as the new event, say at time 7 in component
r. Indeed, it defines 7 := min{r,..., 74} and sets r such that 7 = 7,.. The
outer loop then discards all other events 7, # 7, and starts the inner loop
afresh.

To understand why there are two stages, one has to look more closely at
how the inner loop determines a candidate event. Conceptually, the inner
loop samples simultaneously an event for each component, since it is not yet
clear in which component the next event will lie. The true next event is then
determined by the rule “the first one wins”.

Two-Stage Rejection Sampling. Let me explain this idea from another
perspective: Assume the inner loop is sampling a candidate event for compo-
nent k € {1,...,d}. Clearly, whenever an event occurs in one of the other
components | # k, this also affects the intensity process of component k. But
unfortunately, at this stage in the algorithm it is not yet known in which com-
ponent the next event will occur.
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Since the inner loop somehow has to make an assumption about the other
components, it simply pretends that there are no events in the other compo-
nents. Notice that this assumption is indeed valid in the time interval (¢, 7,),
i.e. until the first event 7. occurs, but becomes invalid after time 7.

Now assume the inner loop generates a new event in component k at time
Tg. If another event has occurred in the mean time, i.e. if 77 < 7% for [ # k,
then the assumption under which 75, has been generated has become wrong,
and in consequence the event 7 is invalid. But if on the other hand 7 is the
first event, i.e. if 7, < 7; for all [ # k, the assumption that there are no events
in (¢, ) is justified and 7y is a valid event.

It is now the task of the outer loop to sort out the invalid events generated
by the inner loop. The outer loop simply compares all the potential events
generated by the inner loop and rejects all of them except the first one. Hence,
the true next event is 7 := min{ry,...,74}.

Thinning procedure. Let me now explain the inner loop in more detail:
Since the inner loop simply assumes that the other components contain no
events after time ¢, one can calculate the intensity process A\ after time t.
Actually one can calculate the so-called hazard rate, which I denote by )\z,
Simply speaking, the hazard rate is the intensity process under the additional,
artificial assumption that there are no events after time ¢t. I write “artificial”
since the point process usually has events afterwards, and it is therefore not
an assumption in a strict sense. See also Definition 6.38, for a more precise
definition of hazard rates.

Now assume one has calculated the hazard rate )\:. It is then quite simple
to generate the next event. Basically one needs to generate an inhomogeneous
Poisson process with hazard rate )\Z, and then take the first event. The inner
loop does this by constructing a thinning of a homogeneous Poisson process.
But there is one problem one has to address: A straight-forward thinning
procedure could become very inefficient, since the intensity could decrease to
zero very fast, and hence a large number of trial events would be rejected.

Adaptive Thinning. The algorithm solves this efficiency problem as follows:
It assumes the hazard rate is monotonically decreasing after time t. It starts
with a homogeneous Poisson process with constant intensity A := A/ (¢). Then
the first event of this homogeneous Poisson is generated, say at time s, and
the algorithm checks whether it belongs to the thinned process or not. In case
it does, this event becomes the candidate event 7. Otherwise, the algorithm
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takes a new homogeneous Poisson process, this time with constant intensity
A= /\2' (s). This procedure is repeated until a valid point is found.

Burn-In Period. For simplicity, the algorithm I present below starts at time
to := 0 and assumes an empty initial state, see also Definition 6.34. This
means the algorithm starts with no points defined initially; but one could easily
change that. If the regularity conditions from Theorem 1.16 are satisfied, then
the simulated Hawkes process converges in a strong sense to an associated
stationary Hawkes process. The details of this convergence are explained in
Proposition 6.52, and especially Theorem 6.55 and its proof.

This implies that the first few events generated by this simulation algorithm
should not be used. In other words, one has to let the algorithm run for some
time, the so-called burn-in period, before one uses the generated events.

1.21 Algorithm (Simulation). Consider a d-dimensional, genuine multivari-
ate Hawkes process. The notation A;(t) for the intensity process used so far is
not suitable for the description of this algorithm, since it might not always be
clear which points are used to calculate the intensity. To specify exactly which
points are included in the calculation, I use the following notation:

)\](tln) = )‘j (t}(tlv d17 xl)a ey (tna d’ru xn)) .
This means that the intensity at time ¢ is calculated assuming the n events
given above define the past of the process.

(I) OQuter loop initialization. Define ty := 0, but this is not yet counted as
an event.

(1) Quter loop iteration. The iteration variable is n and iterates through
n > 1. First start the inner loop:

(i) Inner loop initialization. Define for j € {1,...,d} the values:

Tn,j,0 = tn—l-

Note that the intensity process t — \;(t) is left-continuous with
right-hand side limits. Hence, the following right-hand limit is well-
defined:

/\n,j,O = /\j(tn_1—|n — 1) = im )\j(t|n — 1)

1
t\tn— 1
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Note that the event at time ¢,,_; increases the intensity in the open
interval (¢,—1,00). In other words, the intensity is not yet influenced
by this event exactly at time ¢, _;. This explains why one has to
take the right-hand limit, since otherwise event number n—1 would
not be taken into account.

(i) Inner loop iteration. The iteration variable is r and iterates through
r > 1. Sample a standard exponential random variable E,, ;,; and
define:

Trgir = Tngr—1+ Enjr/Anjr—1,  Angr = Xj(Tngrln —1).

Note that A;(-|n—1) by definition is the intensity based on the first
n — 1 points sampled so far. Since 7, j,, does not correspond to any
of these points, one does not need to take the right-hand limit as
before. Actually, the intensity is continuous at 7, ;, so it does not

matter. Now sample a standard uniform random variable U,, ;; and
define:

Un jr = UnjrAnjr-1.

Check the condition uy_j,» < Ay, j.r, and if so stop the iteration.

(##i) Inner loop finalization. When the iteration has terminated, define:
Tn,j *= Tn,j,r-

Then continue in the outer loop.

Back in the outer loop, define the pair (¢,,d,,) as follows:
tn = MiNje(1, . ) Tnjs d, = arg MiNjery  a} Tn,j-

Now sample a random variable X,, 4, with distribution F,;, and define:
T = Xp d,-

The following triple defines a new event:
Add the triple (¢,,d,,x,) to the output of the algorithm.

Check some terminal condition, e.g. check whether the number n of events
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generated so far is sufficient. Otherwise continue with the iteration in the
outer iteration, now for n + 1 instead of n. &

Note that an actual implementation has to consider some more details: E.g. it
is necessary to make sure that none of the two loops repeats infinitely, which
could happen if the Hawkes model is not well-defined.

1.3 Examples of Hawkes Processes

So far I gave only the definition and described the properties and interpretation
of the decay functions, impact functions and mark distributions. It is now
time to give some concrete examples. Clearly, the following list cannot be
complete. Instead it mentions some of the more obvious functions one could
take. One can obtain already quite many Hawkes models if one considers all
possible combinations of decay functions, mark distributions and associated
impact functions.

Decay Functions. For simplicity, I consider only the genuine multivariate
case. In the pseudo multivariate case, omit the index j in the following def-
initions. Let j € {1,...,d} be the component index. Note that both decay
functions given below satisfy the normalizing condition from Convention 1.12.

Exponential Decay Function. Let a; > 0 be parameters and define for
t > 0 the exponential decay function:

w;(t) = o exp{—a;t}.

Associated to the decay functions are the cumulative decay functions w; and
the quantile functions g;, see Definition 1.6. For the exponential decay function
they are given by:

In(e)

w;(t) =1 —exp{—a;t} and 4G ="
J

where € > 0 is some fixed value.

1.22 REMARK. The exponential decay function has an important property: A
Hawkes process with exponential decay functions is actually a Markov process if
one includes the intensity as part of the state of the process. As a consequence,
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there exists a more efficient algorithm for the calculation of the intensity pro-
cess. This is especially important for the numerical calculation of the intensity
process, which is discussed in the next section. Hence, if one has no specific
preferences, one should preferably take an exponential decay function. O

Power Decay Function. Let o; > 2 and 3; > 0 be parameters and define
for t > 0 the power decay function:

(o —1)B;
(1 -+ ﬂjt)af '

Note that the restriction a > 2 is required such that the second condition of
Theorem 1.16 is satisfied, i.e. such that [ tw;(¢)dt < oo holds. The associated
cumulative decay functions w; and the quantile functions g;, for a constant

w;(t) =

€ > 0, are given by:

1
w;(t)=1—(1+p;t)) " and ¢; = 7 [exp{f(aj —1)"'Ine} — 1].
J
As a historical side remark, the ETAS model for earthquake modeling uses a
power decay function. See the original definition of the ETAS model given in
Section 2.1 of the paper [Oga88]. In the context of earthquake modeling, the
decay function is called Omori’s Law and is defined as:

K

w(t) = Gor

where K, ¢ and p are some parameters. Note that Omori’s Law does not
satisfy the normalizing condition from Convention 1.12. It is therefore not a
decay function in the sense used so far; and this explains the notation w.

One-Sided Mark Distributions. Below follows a list of common distribu-
tions which may be useful in a practical application. Since the impact functions
differ for one-sided and two-sided distributions, I split the distributions in two
groups and start with the one-sided ones.

Recall from Convention 1.12 that the impact functions need to be adapted to
the corresponding distribution. Since the integral in the normalizing condition
has to be finite, one cannot take any pair of distribution and impact function.
I will focus only on a few standard types of impact functions, although one
could think also of more complicated ones:
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1.23 Definition (One-sided impact functions). Let o, 3,y > 0.

(1)

(2)

(3)

Non-normalized. Consider the following three functions:
§(r) = a+ pz + ya?, glx) = a%, g(x) = exp{az}.

In the first case assume that at least one of «, 3, is strictly positive;
and in the other two cases assume a > 0. Note that these functions are
not impact functions, since they do not satisfy the normalizing condition
given in Convention 1.12. Hence, one could call them non-normalized
impact functions and this is the reason why the notation g has been
used.

Normalized. Now assume X has some distribution f, see also Defini-
tion 1.11. Then define the impact functions:

a+ Bx + ya? _a® _ exp{ax}
o T FEX T ExT YW = gxep 9@ = E[exp{aX}]’

g(z) =

These impact functions are now the normalized versions. Clearly, whether
a certain impact function is compatible with a given distribution f de-
pends on whether the associated moments are finite or not.

Degenerate impact function. As a degenerate case one can always take
the void impact function g(x) = 1, which simply ignores the marks, see
also Remark 1.10. O

Note that the normalized impact functions depend not only on the three pa-
rameters «, (3,7, but implicitly also on the parameters of the distribution of X.
This becomes clear if one looks at the examples given below.

Special Functions. Some of the distributions and impact functions that

follow below contain special mathematical functions. For completeness, I list

them with their definitions:

1.24 Definition (Special functions). The definitions for the following spe-
cial functions can be found e.g. in the book [AS64].

(%)

The error function is defined for > 0 by:

erf(z) = %/0 e dt.
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It is related as follows to the cumulative distribution function ® of a
standard normal distribution:

d(x) = %(1 + erf{%}) and erf(z) = 2@(:5\/5) — 1.

See Equations 7.1.1 and 7.1.22 of [AS64].

(#) The gamma function and lower incomplete gamma function are defined
for Kk > 0 and = > 0 by:

F(H):/ titetdt, 7(/{,3:):/ tFtetdt.
0 0

See Equations 6.1.1 and 6.5.2 in [AS64].

(i)  Gauss’ hypergeometric function is defined as:

T P (1 — et
2F1(a7 b’ G, Z) - r(b)l‘*(c _ b) /0 (1 — tZ)a dt

See Equations 15.1.1 and 15.3.1 in [AS64]. For the exact domain where
this function is defined, see the same reference. O

For all impact functions that follow below, assume the three parameters «;, 3,y
lie in the appropriate range, as specified in Definition 1.23.

Exponential Distribution. The exponential distribution is defined on the
half line (0,00) and has one parameter A > 0. The density and cumulative
distribution function are:

n(x) = Nexp{—Az} and Fy(z) =1 —exp{—\z}.
The first two and higher order moments are:

2 INa+1)

E[X] = B[X?) = 5, B[x] = =]

X7
Two suitable impact functions are:

A2 A

9@) = STy @t e, @)=
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Gamma Distribution. The gamma distribution is defined on the half line
(0,00) and has two parameters n > 0 and o > 0. The density and cumulative
distribution function are:

_ n1exp{-z/0} an oy = 2z/o)
Fre@) =2 on ¢ Pl =gy

The first two and higher order moments are:
E[X] = o, E[X?] = n(n +1)o?, E[X°] =

Two suitable impact functions are:

a+ Bz + yx?
a+ Bno +n(n+1)o?’

g(z) =

gla) = D,

Inverse Gamma Distribution. The inverse gamma distribution is defined
on the half line (0,00) and has two parameters n > 0 and o > 0. The density
and cumulative distribution function are:
o —0 v(n,0/x)
z)=——x T lex {—} and F, ()= ————=,
f"?»O'( ) 1—\(77) P T 7]10'( ) 1-\(77)

where ~ is the lower incomplete gamma function, see Definition 1.24. A finite
first moment requires 77 > 1 and a finite second moment requires n > 2. In this
case, the first two moments are:

2

o o
E[X] = and EX? = —————.
M= AT )
Under the restriction that 1 > 2, a suitable impact function is:
—1)(n-—2
g(z) = (n—1n—2) (a + Bz + yz?).

a2 =30 +7?) + B(—=20 +10) + 702

Log-normal Distribution. The log-normal distribution is defined on the
half line (0,00) and has two parameters p € R and o > 0. The density and
cumulative distribution function are:

2

1 —(Inz — p) 11 Inz —p
f#aa(x) - N exp{ 20.2 }7 FF"’U(:E) - 5 + §erf{ O’\/i }7
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where erf is the error function, see Definition 1.24. The first two and higher
order moments are:

E[X] = exp{ ;} E[X?] = exp{2u + 207},
2
E[X“] = exp{a,u + 5 }

Two suitable impact functions are:

(2) a+ fBr + ya?

x) = )

g a+ Bexp{p+ 02/2} + vexp{2u + 202}
20 + ooy

g(x) zexp{—f}m .

Pareto Distribution. The Pareto distribution is defined on the half line
[0,00) and has two parameters u > 0 and p > 0. The density and cumulative
distribution function are:

_pp _ BN
fll"p(x) = W and Fpﬂp(l’) =1- (3;‘ +M> .

A finite first moment requires p > 1 and finite second moment requires p > 2.
In this case, the first two moments are:

H 2 24
E[X]| = and EX* = —F7—.
M= S P )
Under the restriction that p > 2, a suitable impact function is:
—1(p—2

alp—1)(p—2) + Bulp — 2) + 22

Rayleigh Distribution. The Rayleigh distribution is defined on the half line
(0, 00) and has one parameter o > 0. The density and cumulative distribution
function are:

2 2

folz) = %exp{—;?} and Fa(x)zl—exp{%}.
The first two and higher order moments are:

E[X] = ov/7/2, E[X?] = 202, E[X?] = 0%2°/2D(1 + o/2).
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The moment generating function is:
2.2

E[exp{aX}] =1+ cra@exp{%} {erf(%) + 1} .

Three suitable impact functions are:

gla) = 2 Or T ®) =
o+ Bo\/T/2 + 2y0? 0@29/21(1 + /2)’
o) exp{ax}

Y + oo /m/2exp{02a2/2} [erf (0o /v/2) + 1] '

Weibull Distribution. The Weibull distribution is defined on the half line
(0,00) and has two parameters £ > 0 and o > 0. The density and cumulative
distribution function are:

oo = 5 e ()Y By =1 e

O \0o

The first two and higher order moments are:
1 2 2 2 a « o
BlX]=ol(1+-), EXY=o2(1+2), EX7=0T(1+2).
K K K
Two suitable impact functions are:

a+ Bx + yx? i

o T+ D 4yor1+ ) 9= raray

K

g(x) =

Two-sided Mark Distributions. Two-sided distributions are defined on
the real line R instead on the half-line (0,00). This time, I consider only the
polynomial and exponential impact function, since for the distributions given
below a power impact function would lead to intractable formulas. Moreover,
the polynomial and exponential impact function are slightly altered to account
for negative mark values:

1.25 Definition (Two-sided impact functions). Let «, 3,7 > 0.

(1) Non-normalized. Consider the following three functions:

g(z) = a+ plz| +ya?, 9(x) = exp{az[}.

Since these functions do not necessarily satisfy the normalizing condi-
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tion given in Convention 1.12, one could call them again non-normalized
impact functions.

(2) Normalized. Now assume X has distribution f and define the normalized
impact functions by:

a+ Blz| + ya?

exp{a|z|} o
a+ BE[|X|] +yE[X?]

9(z) = E[exp{alX[}]’

g(z) =

The same remarks apply as in the one-sided case: Note that the impact func-
tions do not only depend on the explicit parameters «, 3,y, but also implicitly
on the parameters of the associated distribution. Also recall that one can al-
ways take the void impact function g(z) = 1, which simply ignores the marks.

Centered Normal Distribution. The normal distribution is defined on the
whole real line R and has one parameter ¢ > 0. The density and cumulative
distribution function are:

)= —=en{-s) R = j(rar{-2}),

where erf is the error function. The first two moments of | X| are:
E[|X|] = ovV2r—1 and E[X?] = o2
The moment generating function of |X| is:

E[exp{a|X|}] = exp{3a’c”} (1 + erf{%}).

Two suitable impact functions are:

2) = a+ Blz| + ya? (2) = exp{—a?c?/2 + alz|}
o+ BoV2r—1l + 7027 g 1+ erf(ao/\/i)
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Student t Distribution. The Student t distribution is defined on the real
line R has one parameter v > 0. The density and cumulative distribution are:

I(3(v+1))
NN

ZRIPTCL S )
2

fu(l') _ (1 + xQ/V)*(l/le)/Z7

F,(z) = % +xI‘<

where oF; is Gauss’ hypergeometric function, see Definition 1.24. A finite first
moment requires ¥ > 1 and a finite second moment requires v > 2. In this
case, the first two moments of | X| are:

L(3(v-1)) v
E[|X|] = 27 d EX% = —:.
X)) = Vi/r =2 an X7 = 2
Under the restriction that v > 2, a suitable impact function is:

_ VTLL (3v) + (v = 2)T(3(v — 1))

(6] X IQ .
VA= 2T (1) (ot el +10°)

g(z)

1.4 Numerical Algorithms

This section discusses numerical algorithms for the maximum likelihood param-
eter estimation and the simulation of Hawkes processes. Since these algorithms
are meant to be used in real world applications, care has been taken to choose
efficient algorithms.

Often it is numerically more efficient to calculate only an approximation for
some expression. The algorithms below calculate only approximations to the
intensity and compensator processes. But the deviation from the exact value
can be chosen to be as small as possible, so that one still obtains accurate
results. Moreover, recall that it is not even theoretically possible to calculate
all processes exactly. E.g. the intensity process is defined as a function of the
infinite past, but one is obviously only able to observe a finite time period. See
also Remark 6.18, which explains the difference between the realized and the
observed point process.

In consequence, there are usually two formulas for some expression: An
exact one and an approximation. To remain mathematically correct, I make a
clear notational distinction between these two:
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1.26 NOTATION (THEORETICAL VS. EMPIRICAL VALUES). Let z be some ob-
served quantity. The following notational distinction is made:

z: observed value, Z: estimated or approximated value. O

The above notation agrees with the usual notation for an estimated value used
in statistics. Recall that the observation period is D := [Ty, T*], and the
observed point process is given by the sequence of events (t1,...,t,), see Def-
inition 1.1. By assumption, the time points t; are strictly increasing. I will
always represent the observed point process using this notation.

Likelihood Function. The likelihood function for the two cases of Hawkes
processes are given in Proposition 1.18. This subsection explain how the dif-
ferent parts of the likelihood function can be calculated efficiently.

1.27 Algorithm (Hawkes likelihood). Assume one has observed a Hawkes
process on D and the points are represented as in Definition 1.1.

(1) Genuine multivariate. Define the following estimator:

n d
log L = Z log j\d )+ Z log fa,, (Tm) ZA] ).
j=1

m=1 m=1

(2) Pseudo multivariate. Define the following estimator:

n n d
log L =Y logA(tm) + Y > log fu(wm) — AT™). &

m=1 m=1 k=1

Intensity Process. Without any changes, the algorithm for the calculation
of the intensity process would have quadratic complexity, i.e. the computational
time would increase at the order of n?, where n is the number of observed events.
To avoid this, the sum in the following algorithm is truncated and only the first
few terms are calculated. The parameter ¢ is used to adjust the precision of
this approximation.

1.28 Algorithm (Intensity process). The following algorithms can be used
to calculate the intensity processes approximatively:

(1)  Genuine multivariate. According to Definition 1.6, one can assume that
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(2)

w;(At) = 0, for At > g;. This leads to the approximation:

d
0=n+Y 0 w;(t = 5)gi () Ni (ds  da).
k=1

[tfq]‘ ) XR

For the calculation of the likelihood function, one needs to know the
following values, see Algorithm 1.27:

A, (t1), -, Aa, ().

Given the observed Hawkes process, one therefore has to calculate for
1 <i<nandj:=d; the values:

i—1

Nt =m 4+ Y Lt <oy P i (i — ) ga,, (€m)-

m=1

One remark concerning the indicator 1y, 4, <4,3: An implementation of
this function does not really calculate this indicator function. Instead,
start the summation at m := ¢ — 1 and continue with the summation
backwards as long as (t; — t,,) < g; is true. As soon as this condition
becomes false, stop the summation.

Pseudo multivariate. According to Algorithm 1.27, for the calculation of
the likelihood function one needs to know the following values:

Mt1), - Ata).

With the same reasoning as in the genuine case, these values can be
approximated by:

i—1

5‘( ')—71"‘1921{1‘4 <qw(t {f[ l'km:| &

m=1

For exponential decay functions, the intensity processes can be calculated more
efficiently using a recursive scheme:

1.29 Algorithm (Exponential decay function). If the decay functions are

exponential, use the following algorithm instead of Algorithm 1.28:

(1)

Genuine multivariate. Assume the decay functions are exponential func-
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tions of the form:
w;(t) = aj exp{—o;t}.

Assume the values A;j(r) are known, for some r € R. Then one has for
all ¢ > r that:

d
Aj(t) =m; + Zﬂjk/ aje” (=) gy (2) Ny (ds x dx)
k=1 (=

00,t) XR

d
=n; +e (=) Zﬁjk/ aje” ) gy (w) Ny (ds x de)
k=1 (=

o00,r) xR
d
+ Zﬁjk/ aje*af(tfs)gk(x)Nk(ds x dzx)
=1 [r,t) xR

=n;+ e—ai(t=r) [/\j(r) _ 773}
d
+ Zﬂjk/ aje_aj(t_s)gk(m)Nk(ds X dx).
k=1 [rt) xR

Assume now one has observed a Hawkes process on D. The initial values
Aj(t1) are not known and need to be estimated. To this end, define for
j€{1,...,d} the values:

Aj(t1) = ;.

Then calculate for all 2 < ¢ <n and 1 < j < d the values:

Nj(ti) = mj + em T[N (tig) — g

—Oéj (ti—tifl)

+19jydi71aje gdi71($i71)~

Note that in order to calculate the likelihood function, one only needs
the values Ag, (t;), see Algorithm 1.27. This algorithm however has to
calculate all values A;(;), due to the recursive nature of the procedure.

(2) Pseudo multivariate. Assume the decay function is given by:
w(t) := aexp{—at}.

Now assume the value A(r) is known for some r € R. Then one has for
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all t > r that:
A(t) =n+e " [A\(r) - ]

+v et S)[ﬁ } (ds x dx).

[r,t) XR

This leads to the following recursive procedure. The first value of the
intensity process is estimated by:

At1) = 1.
Then calculate for all 2 < ¢ < n the values:

d
A(ti) = n+e D [Nt ) =] +dae™ 1D TT grl@rioa). O
k=1

For the calculation of the likelihood function one additionally needs to know
the compensator values, see Algorithm 1.27. The next algorithm shows how
the values A;(T™), A(T*) can be calculated efficiently:

1.30 Algorithm (Compensator for likelihood calculation). The follow-
ing algorithms calculate the compensator values at the terminal time 7™ ap-
proximatively:

(1)  Genuine multivariate. The value that needs to be calculated is:

A (T*) = +Zz9]k/ @, (T* — s)gi(2) Ni(ds x da).

(=00, T*)xR

Now use the approximation w;(At) ~ 1, for At > ¢;. Substituting this
above leads to:

d
]\j(T*) =n;(T" = T.) + Zﬁjk/ gk (x)Ni(ds x dx)
k=1

(=00, T*—q;) xR

d
+ Zﬁjk/ w; (T™ — s)gr(x)Ni(ds x dz).
k=1

[T* _QJ'vT*)XR

Now assume one has a observed a Hawkes process on D, using the no-
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tation from Definition 1.1. The above expression can now be written
as:

Aj(T*) = 77j (T* — T*) —+ Z H{T*ftmgqj}ﬁj,dmwj (T* — tm)gdm (.’L‘m)

m=1

n
+ Z Lt 54,305, dm G (Tim)-
m=1

As before, an implementation does not actually need to calculate the two
indicator functions. Instead, it starts the summation at m := n and
counts backwards until (7% — ¢,,) > ¢; becomes true. At that point, it
assumes w; (T — t,,) = 1 and continues with the summation.

(2) Pseudo multivariate. With the same reasoning as in the genuine multi-
variate case, one obtains:

n d
MT) =0T =) +9 3 L0 (T = )T = 1) [ T] g m)]
m=1 k=1

n d
+0) L(0,q,) (T~ tm) [H gk(l“k,m)] :
m=1 k=1

Concerning the indicator functions, the same remark as above applies.

For the calculation of the residual process, one basically needs to calculate
the compensator values, see Definition 1.19. One could now simply take the
above algorithm and calculate the compensator values at the times ¢; instead
at the terminal time 7. But this would be rather inefficient. The following
algorithm is more suitable if one wants to calculate all compensator values at
all time points and not only at the terminal time..

For the following algorithm it is more convenient if one only has one quantile
to deal with instead of d different quantiles, see Definition 1.6. To this end,
define in the genuine multivariate case ¢ := max{q,...,q4}

1.31 Algorithm (Residual process). Assume one has observed a Hawkes
process on D.

(1) Genuine multivariate. Using the same type of approximation as in the
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first part of Algorithm 1.30, one obtains:

i—1
Aj(t) = mi(ti = T) + D Vet <y ©5 (ti = tn) g, ()

m=1
i—1

+ Z Lt —tr>q} Vjsdon G (Tm)-

m=1

This formula has to be evaluated for all 1 < ¢ < n. As one can see, the
product in the second sum remains the same for all m. To avoid that this
term is calculated repeatedly, define a sequence of intermediate values:

O1(to), ..., Oalto), ... ,01(t1),...,04(t1), ... ,01(tn),...,04(tn).
This sequence is calculated recursively, where one starts with:

O1(tg) =0, ... ,BO4(tp) =0.
Then calculate for all 1 <4i <n and all 1 < j < d the values:

0;(ti) = O;(ti—1) + Vj,a,9a; (%:)-

The values A;(t;) can now be calculated as follows: Fix some t; and take
myg such that (t; — tm,) < ¢ < (t; — tmy—1). Since the sequence t;—1,..
is ordered and strictly increasing, one can always find such an index my.
Then calculate:

A](t )= n;(ti — Z U5, dmwj (ti = tm)gd,, (Tm) + ®j<tmofl)-

m=mygo

(2) Pseudo multivariate. Using the same approximation as in the genuine
multivariate case, one obtains:

i—1

A(ty) = n(t; = Ti) + 0 Z L=t <qy(t [

m=1

HE&

ka:l

i—1

+9) Ly t,>q) {H (@k,m)

m=1 k=1

U

.
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Again calculate first a sequence of intermediate values:
O(tg), O(t1), ... ,O(tn).

This sequence is calculated recursively, where one starts with:
O(tg) = 0.

The remaining values are calculated for 1 < i < n according to:

d
O(t:) = O(ti—1) + 9 [ [ gr(wra)-

k=1

The values A;(t;) can now be calculated as follows: Fix some ¢; and
choose mg such that (t; — tm,) < ¢ < (t; — tmy—1), as before. Then
calculate:

i—1 d
) =n(ts = T) +9 Y lti =) [ [T 96 (wem)] + Oltme-1).
k=1

m=mg
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1.5 An Illustrative Case Study

In this section we apply a Hawkes model to financial data and discuss some
of the practical issues. The following exposition is not an exhaustive analysis
but serves more as an illustration of the theory developed. In an actual study,
one has to take more care about how the data are prepared and what kind of
Hawkes process is selected.

The Data. We consider daily closing values from the Dow Jones Industrial
Average from 1985 to 2005. There is an important point we need to discuss
first: This data set is a time series, as most other financial data too, and not
a point process. The “events” occur at a deterministic rate of exactly one per
day, except for weekends and holidays. It would therefore almost certainly lead
to nonsensical results if we fitted a Hawkes model directly to this time series.
Hence, the raw data is not suitable for further analysis.

We are going to look at extreme values only, and one might motivate this as
follows: The market reacts to a variety of external events, which in turn show up
in the Dow Jones Index as smaller or bigger value changes. One can now make
the simplifying assumption that the majority of small price changes is some sort
of noise, whereas only a minority of bigger price changes is caused by relevant
external events. It is then plausible that these bigger price changes contain
most of the relevant information for future price changes. This motivates to
look at extreme values only.

Extracting Extreme Values. For simplicity, we consider values that are
above or below two thresholds. In other words, we remove all values in between
these two thresholds from the data set. If we then subtract the correspond-
ing thresholds from these values, we obtain the exceedances. Note that this
procedure introduces “gaps” into the time series. The time intervals between
the events are no longer of fixed length. The transformation is illustrated in
Figure 1.3. The lower and upper thresholds are chosen such that there are in
each case 10% of the data beyond the threshold. In other words, the lower and
upper thresholds are the empirical 10% and 90% quantiles.

Note that a fixed threshold may be over simplistic. We consider a period
of 20 years and one should not assume that the time series is stationary over
this long time period. Price changes that are considered as extreme in one
year may be considered as quite ordinary in another year. Therefore, it would
probably be better to take a threshold that varies over time. This issue will
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Figure 1.3: Dow Jones Industrial Average from 1985 to 2005

not be pursued further here.

Specification of a Hawkes Model. As explained earlier, it is more conve-
nient for practical applications to take separable transfer functions. Since we
want to demonstrate some practical issues, we are going to choose a Hawkes
model that is convenient in a pedagogical sense and not necessarily the optimal
choice.

Clearly, the Dow Jones Index is a one-dimensional time series. But the
number of components of the data set and the number of components of the
Hawkes process do not need to coincide. Hence, we do not necessarily need to
take a univariate Hawkes model to describe this data. This means that there
are many more Hawkes models that can potentially be used. To emphasize
this point, we choose specifically a two-dimensional Hawkes model. The first
component describes the negative returns and the second component describes
the positive returns. In terms of Definition 1.1, we are therefore speaking about
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a genuine multivariate Hawkes process.

We now specify the Hawkes model used in detail. Every two-dimensional
genuine Hawkes model has the following parameters: The two immigration
intensities 71, 72 and the four branching coefficients 911, 912, J21, Ua2; see
Definitions 1.4 and 1.8.

Recall the Definition 1.5, where we have introduce decay functions. A two-
dimensional genuine multivariate Hawkes process has two decay functions wy,
wy. For simplicity we use the same decay function w for both components.
We take the exponential function w(t) = aexp{—at}. See also Remark 1.22
that explains why this decay function should be preferred if one has no other
preferences.

As mark distribution we choose a Pareto distribution. Each component has
its own mark distribution, see Definition 1.11. Hence, let us assume that the
negative and positive exceedances both are Pareto distributed, each component
with its own set of parameters. We take the parameterization from Section 1.3,
which is:

Py

fi(z) = W

Finally we need to select a suitable impact function; see Definition 1.7. We
take two linear impact functions g1, gs, one for each of the two components.
From Section 1.3 we obtain that the linear impact function corresponding to a
Pareto distribution is:

(pj = D(pj —2)
¢ (pj — )(pj —2) +Yju;(pj —2)

Note that we have removed the quadratic term and renamed the parameters.

gi(x) = (¢j + ;).

In summary, the specified Hawkes model has the following 15 parameters:

M n2, Y11, Y2, Va1, Vo2, «, p1, p2, pa, p2, 1, P2, Y1, Yo
Parameter Estimates. We estimate these parameters using the maximum
likelihood method. The likelihood function is given in Proposition 1.18. The

parameters are estimated using a numerical minimization algorithm. For the
chosen data set we obtain the following parameter estimates, rounded to a
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Figure 1.4: Estimated intensity processes

reasonable number of digits:

m = 0.021 e = 0.029 1911 =0.61 ’1912 =0.16 1921 =0.60 1922 = 0.061
a=0015 p; =56 p2 =72 =36 pg=42
¢ =047 ¢y =1.1 1 =022  1hy =0.0

We do not give any error bounds for these parameters, as they are not relevant
for the discussion below.

First Inspection of Parameter Estimates. The first question we need to
answer is whether these parameters specify a well-defined Hawkes model or not.
This depends on the following parameters, which specify the global structure
of the Hawkes process: The immigration intensities 71, 72 and the branching
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coefficients 11, P12, P21, ¥22. Consider first the branching matrix:
0.61 0.16
@= (O.GO 0.06) '
The branching matrix ) describes the mean number of “children” of an event.

For example, an event in component 2 has in the mean Q12 = 0.16 children in
component 1.

Spectral Radius. An important characteristic of a Hawkes model is the
spectral radius of its branching matrix, see Definition 1.15. For the above pa-
rameters, one obtains Spr(Q) = 0.744. Since Spr(Q) < 1, the Hawkes model is
indeed well-defined. Clearly, one needs to be aware that there is some uncer-
tainty associated with the estimate for Spr(@). Hence, it might be very well
possible that Spr(Q) > 1 within some error bounds. Note that the degenerate
case where (Q = O would mean that the Hawkes process is actually a Poisson
process. (D2 is the 2 X 2-matrix consisting of zeroes.)

Mean Number of Descendants. The branching matrix gives only the num-
ber of direct descendants. The following matrix gives the number of all descen-
dants in all generations:

(o Q) — 1y (2.40 0.57)_

2.18 0.43

Note that (15 — Q) ™! counts the number of descendants including the originat-
ing event. Hence one has to subtract the identity matrix 15. Consider again a
concrete example: The numbers above tell us that every event in component 2
has in the mean 0.57 descendants in component 1. Descendants include all
directly or indirectly caused events of the root event.

Mean Intensity. Finally we calculate the mean intensity of the two compo-
nents. Recall that 71, 12 describe the intensities of the immigrants. Define the
vector 1 := (n1,72)T. The mean intensity of the Hawkes process is given by:

_ 0.0873
(1 - Q)" 'n = (0.0871) '

The two values are almost identical. This is indeed expected, since there are
the same amount of negative exceedances than there are positive exceedances.
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Original Process

Hence, the mean intensities should be close to each other.

Figure 1.5: Barcode plot

Estimated Intensity Processes. To obtain a first visual idea of the es-

Residual Process

Poisson Process

timated Hawkes process, we consider the estimated intensity processes. The
two intensity processes are plotted in Figure 1.4. Note that the processes are
almost identical. Again this is not a coincidence, since the two components are
strongly influenced by each other.

Goodness-of-Fit Analysis. There are many ways of graphically assessing
the goodness-of-fit of the estimated model. The plots we show here are all based
on the residual process, see Definition 1.19. Since we have a two-dimensional
Hawkes process, there are two residual processes. If the chosen model is ap-
propriate, the residual processes should be two independent compound Poisson
processes. One could call the residual processes also the declustered processes.
One expects that the events are spread out evenly over the time interval, and
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there should be no clusters any more.

There is not a unique, best way how one can check whether a given process
is a Poisson process. But there are some obvious methods one can use. A
Poisson process has several characterizing properties and we may check them
in turn.

Barcode Plot. We look only at the ground processes of the residual pro-
cesses, i.e. the residual processes without their marks. The marks can easily
disturb the plots more than they are helping. Consider the plot in Figure 1.5,
which one could call a barcode plot, for its obvious appearance. The first panel
shows the original data set. A vertical bar is drawn for every event, irrespec-
tive of the corresponding mark. To distinguish between negative and positive
returns, two different shades of gray are used. The second panel shows the
residual process. Again, vertical bars are drawn for each event and different
shades of gray are used for two components.

The residual processes are both defined on their own time scale. Moreover
they are different from the time scale of the original process. Hence, we need
to adapt the different time scales in order to compare the original process with
his two residual processes. To this end, the time scales of the original process
and the two residual processes are all normalized to the unit interval.

It is difficult to assess by eye whether the residual processes are indeed
Poisson processes. It might look like the residual processes still exhibit some
clustering. To get a better idea of how much irregularities one should expect in
a Poisson process, the third panel shows a genuine Poisson process. It has been
generated using the estimated mean intensities for the two residual processes.

The purpose of the barcode plot can therefore be summarized as follows: If
the model chosen is appropriate, one should see a clear difference between the
first and the second panel in terms of clustering. At the same time, the second
panel should not exhibit more clustering than the third panel does.

Durations. The lengths of the time intervals between the events are called
the durations. Since the residual processes should be Poisson processes with
unit intensity, one expects that the durations are exponentially distributed with
parameter one. We check this property next. Consider the two Q-Q-plots in
Figure 1.6, one for each component of the residual process. The theoretical
quantiles are plotted on the horizontal axis and the empirical quantiles on the
vertical axis. The left Q-Q-plot refers to the residual process associated with
the negative returns and the right hand side refers to the positive returns.
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Durations

Figure 1.6: Q-Q-plot for durations

Residual Process. Recall the following characterizing property of a Poisson
process: Conditioned on the number of events, the location of the events is
uniformly distributed in the observation interval. We can check this property
again with a Q-Q-plot. To this end, we scale the time domain of the residual
processes to the unit interval. Assume therefore without loss of generality that
the events of both residual processes are given by a sequence t;—; .. ,, where
to =0 and ¢, = 1.

Note that the quantile function of the standard uniform distribution is the
identity function. The Q-Q-plot is therefore the plot consisting of the points
(%,ti), for i = 1,...,n, where t; is the i-th event. If one interchanges the
horizontal and vertical axis, one obtains a plot consisting of the points (t;, ).
But this is simply the rescaled counting function C'. Recall that the counting
function in this case is defined as C(t) :== ;" | Ly, <4y, for t € [0,1]. The plot
of the function t — %N(t) is shown in Figure 1.7, again for the negative and
positive returns separately.
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Residual Process

Figure 1.7: Counting function of residual process

Kolmogorov-Smirnov-Test. The counting function C' is the also the base
of a statistical test. Indeed, the Kolmogorov-Smirnov-Test is based on the
value of the maximal deviation from the diagonal d,, = sup,¢(o1j|C(¢) — |-
This connection to the Kolmogorov-Smirnov statistic allows us to add error
bounds to the plot. The two pairs of dashed lines correspond to the 95% and
99% error bounds.

We can also perform a formal Kolmogorov-Smirnov-Test using the test
statistic d,, from above. For the first component of the residual process, which
refers to the negative returns, we obtain d,, = 0.0496 with associated p-value
8.9%. For the second component we obtain d, = 0.0392 with associated p-
value 28.5%. Hence, neither component rejects the null hypothesis on a 5%
confidence level.
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Chapter 2

Counting Measures

This chapter is not directly related to Hawkes processes. Instead, it introduces a
few elementary concepts, most notably reduced measures, point configurations
and an extended notion of Kronecker’s delta function. The presented definitions
and related results are a preparation for the next chapter which deals with
higher order moment measures of point processes.

2.1 Motivation and Objectives

The book [DVJ03] has served as a general source for this chapter. The following
lines give an overview over the approach chosen and explain in what sense the
presentation differs and extends the material from the mentioned reference.

Reduced Measures. The first part deals with reduced measures, see Defini-
tion 2.13. Reduced measures appear naturally if one looks at moment measures
of stationary point processes. The main idea behind reduced measures is to
isolate the one-dimensional symmetry of a translation-invariant measure, see
Definition 2.9. Basically, a translation-invariant measure can be represented as
the product measure of the reduced measure and the Lebesgue measure. The
precise statement is formulated in Theorem 2.14.

The reason why reduced measures are useful, and even needed, is explained
in Section 8.1 of [DVJ03]. The authors look at translation-invariant measures
from the more general perspective of measures on topological groups. In this
setting, translation-invariant measures satisfy an invariance property under a
group of transformation. One can then use some of the powerful results from
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the theory of measures on topological groups. More about this theory can be
found in Appendix A2.7 of the above reference. The main result is a factoriza-
tion theorem, see Lemma A2.7.I1 and Lemma A2.7.II1. For further background
one can consult also [Bou63] or [Kri74], Section 2.6.2 about disintegration of
invariant measures under a group of transformations.

I decided not to embed translation-invariant measures in the more general
theory of measures on topological groups. Instead, I give a direct, self-contained
proof of the factorization result, see Theorem 2.14, using only elementary math-
ematics. In this way, the abstract theory of measures on topological groups can
be avoided, and a explicit definition can be given, see Definition 2.13.

Factorial Product Measures. The next part of this chapter deals with
so-called factorial products of point configurations. Although the idea behind
factorial products is quite simple, a formal definition is not that accessible. In
[DVJ03], factorial products are first defined on a specific family of rectangular
sets, where factorial products of the number of points are taken. And in a
second step, these partially defined measures are then extended to factorial
product measures. For details consult Section 5.4 and Proposition 5.4.I in
[DVJO03].

Results concerning factorial product measures are essentially combinatorial
statements. Moreover, there is an inherent relation between factorial products
and partitions of sets of the form {1,...,n}. That partitions of this form can be
quite helpful if one deals with moment measures has already been observed by
[Kri74], see especially Section 2.6.4 therein. This means that factorial product
measures exhibit a certain underlying complexity that can not be avoided and
one has to deal with sometimes complicated expressions.

I present an alternative definition for factorial product measures: The idea is
to define an extended notion of Kronecker’s delta-function, see Definition 2.28.
Moreover, to exhibit the relation to partitions more explicitly, I introduce a
second extension of Kronecker’s delta-function, see Definition 2.29. Using this
notation, results concerning factorial product measures can then be formulated
in compact form.

I think this approach offers an interesting alternative. To my knowledge,
delta-functions of the kind introduced here have not been used systematically
in the context of point processes. The notation chosen has the advantage
that combinatorial statements can now be formulated in standard algebraic
notation, see e.g. the decomposition given in Theorem 2.32.
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Decomposition of Product Measures. The last part of this chapter ap-
plies the results concerning the delta-functions in the context of point configu-
rations in order to derive a series of decomposition formulas, see Corollary 2.41,
Theorem 2.42 and Corollary 2.43. These decompositions become important as
soon as one is dealing with moment measures of point processes, the reason be-
ing that factorial moment measures are often easier to deal with than ordinary
product measures. Point processes and moment measures are the topic of the
next chapter.

2.2 Event Spaces

We call the space in which the points of a point process lie the event space.
Often the event space is simply R and is interpreted as the time line. If one has
a marked point process, that is each of the events has a mark attached to it,
then these marks lie in a different space, the so-called mark space. This section
defines these two spaces and points out in which way they differ.

We will use below several times disjoint unions. For completeness, recall
the following standard definition. Note that the actual representation of the
disjoint union is not relevant. Important is only that a disjoint union strictly
distinguishes between elements from different sets. Clearly, one could think of
other, conceptually equivalent definitions:

2.1 Definition (Disjoint union). Let 27,..., Zy be a family of arbitrary
sets. The disjoint union of this family is defined as:

d
,%”1u...u%d::{(j,x)e{l,...,d}xU%k:xG%}. &
k=1

The next three definitions introduce event, mark and state spaces. The defi-
nitions are almost identical. But since these spaces are not used in the same
way, it is justified to given them separate names.

The event space is the space where the points live, most often this is the
time axis. The mark space contains additional values which are attached to
these points. If one combines the event space and the mark space, one obtains
the state space. An event is completely described once its location in the state
space is known.

There are several reasons why we introduce a specific notation for event
spaces. One reason is that we want that the notation for event and mark
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spaces is compatible. Another explanation is given in Remark 2.10.

2.2 Definition (Event space). Let “L)” denote the disjoint union.

(1) Let e > 1 be an integer and define the one-dimensional univariate event
space by E := R°.

(2) Let e = (eq,...,eq) be an index vector, where e; > 1 for j € {1,...,d}
and define the component spaces E; := R . The multivariate event space
IE is then defined by:

E=E U...UE,4.

We sometimes call |E also the combined event space, if we refer specifically
to this disjoint union. &

It is important to note that the multivariate event space IE is the disjoint union
and not the Cartesian product of the component spaces E;. It is not uncommon
that some of the component spaces X; coincide, and hence the disjoint union
is indeed needed.

2.3 Definition (Mark space). See the remark following this definition for
more about regularity conditions.

(¢) Univariate mark space. Let X be an arbitrary, measurable space. It is
called a mark space if it is used in connection with marked point config-
urations.

(i)  Multivariate event space. Let X;, for 1 < j < d, be univariate mark
spaces. Define the disjoint union

X:=XU...UXq,.

Sometimes, when we specifically refer to this disjoint union, we call X
also the combined mark space. &

Note that one cannot define point processes on arbitrary spaces. This means
that the underlying event space needs to satisfy some mild technical conditions.
Since we use only Euclidean spaces as event spaces, no further conditions are
required.

2.4 REMARK (REGULARITY CONDITIONS). The following comments explain
the minimal assumptions one has to impose on the event and mark spaces:
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(i) Regularity conditions for event spaces. There are several of minimal as-
sumptions for event spaces: If one only wants to define a Poisson pro-
cess on some space, the event space E has to be at least a measurable
space. See the Poisson process existence theorem by Kingman and Mecke,
Proposition 10.4 in [Kal97].

If one wants to define more general processes on E, more regular
spaces are required. For example a Cox process cannot be defined on
an arbitrary space measurable space, see the existence theorem for Cox
processes, Proposition 10.5 in [Kal97].

There are two standard regularity assumptions one can find in the
literature: A common assumption is that X is a complete, separable
metric space. This is the assumption made throughout the book [DVJ03].
Another common assumption is that X is a locally compact, second-
countable Hausdorff space. This assumption is made in the book [Kal97].

Note that we define all point processes on the event space E, which is
by definition of the form R€¢. Hence, the event spaces used in this thesis
satisfy certainly the minimal requirements.

(#) Regularity conditions for mark spaces. What regularity conditions the
mark spaces have to satisfy depends on their exact use. In our case, we
do not define any sort of point processes on the mark spaces. Hence,
we do not need to impose any regularity conditions on the mark spaces,
except that they are measurable spaces.

The above considerations show that the mark spaces can be very
general spaces. Hence, obvious choices as e.g. X := R” or X := N” are
certainly valid. &

Before we define point configurations, we want once more to clarify the differ-
ence between event and mark spaces. These two spaces are very closely related
and it might seem easier to combine these two spaces and to define only one
space, the so-called state space. Every point would then takes a value from this
state space. But as we see later, especially when one deals with simple point
configurations, it is important to clearly distinguish between the event mark
and the mark space.

For completeness, we mention the notion of a state space anyhow, although
we will not deal with state spaces, and always distinguish between event and
mark spaces.

2.5 REMARK (STATE SPACE). Let E, X and E;, X, be event and mark spaces
as in Definitions 2.2 and 2.3.
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(1) Univariate state space. Define Y := E x X. Consider a point configuration
of E with marks in X. Then every point of this point configuration can
be identified with a unique element from Y.

(2a)  Multivariate state space. The following space has the same interpretation
as in the univariate case:

Y::Ylu...l_le:(ElxXl)LI...LI(]deXd).

(20)  Common event space. Consider the special case where all event spaces
coincide, i.e. E; = E;, for all ¢,j. In this case, the above disjoint union
can also be written as:

Y=ExX=Ex (X;U...UXy). o

Usually the event space is R and interpreted as time. In the multivariate case,
this means that E := E; = ... = E; = R. Hence, the case where all event
spaces coincide, as in the last part above, is not an exception but the standard
situation.

Some Notation. We will often deal with Cartesian products of the compo-
nent spaces [E;. To this end, we introduce the following notation:

2.6 NOTATION (INDEX VECTOR). Let E be d-dimensional event space. Take

a vector j € {1,...,d}", which in this context is called an index vector. Then
define:
EY =K, x...xEj,. o

Note that the univariate and multivariate event spaces are all based on the real
line R. Hence, we will often use the Lebesgue measure:

2.7 NOTATION (LEBESGUE MEASURE). Let Agm denote the Lebesgue measure
on R™. &

For readability, we will not always mention measurability conditions, but nev-
ertheless assume they are satisfied. Hence, we follow the convention:

2.8 CONVENTION (MEASURABILITY OF SETS). Let & be any of the spaces in-
troduced above, i.e. let & be one of the spaces E, [E or X, X; or even a Cartesian
product of one of these spaces. Always assume that:
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(%)

(4)

Measurability of sets. Whenever we take a subset £ C &, we will implic-
itly assume that E is measurable with respect to the Borel-o-algebra on

é.

Measurability of functions. Whenever we take a function f on &, we will
implicitly assume that f is measurable with respect to the Borel-o-algebra

on &. &

Signed Measures. Before we deal with translation-invariant measures, let
us restate some common definitions:

2.9 Definition (Properties of signed measures). Let E be a univariate
event space.

(%)

(42)

(iid)

()

A signed measure p on E" is called locally-finite, if p™(E) < oo and
u (F) < oo, for all bounded E C E™.

A signed measure p on E™ is called finite, if both, the positive part
put(E™) < oo and the negative part p~ (E") < oo, are finite.

A locally-finite, signed measure pu on E™ is called translation-invariant if

for all bounded E C E of the form F := F; x ... x E,, with E;, CE and
all z € E:

p({E1+ 2} x ... x {Ep + 2}) = p(Ey x ... x Ey).

A locally-finite, signed measure p on E™ is called symmetric if for all
families {E1, ..., E,} of bounded sets and all permutations 7 of the set
{1,...,n} of the form {o(1),...,0(n)} one has:

M(El X ... X En) = M(Eg(l) X ... X Eg(n)). <>

Note that in last two parts of the above definition, one has to assume that the
sets Fj are bounded, since the measures are only locally-finite.

Let us give a short explanation why the notation E for an event space
is used, instead of simply writing R™: The reason is that one can represent

R™ =

E" = (R®)" in different ways. Two obvious choices are:

=1, n:=m or e:=m,n:=1.

Clearly, in both cases one obtains E™ = R™, but as we show in the next remark,

they are not equivalent:
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2.10 REMARK (REASONING BEHIND EVENT SPACES). Let us demonstrate that
the notions of translation-invariance and symmetry do not coincide in these two

cases:

(1)

(%)

()

(2)

(%)

(4)

Case e := 1, n := m. Clearly, one has E = R and E” = R™. We check
what translation-invariance and symmetry mean in this situation:

Translation-invariance. A measure p on E™ is a translation-invariant if
and only if

u({El—&—z}x...x{Em—l—z}):,u(Elx...xEm),

for all By CE =R and z € E = R. Hence, u is invariant under shifts
along the “diagonal” of the Euclidean space R™.

Symmetry. Now assume p is a symmetric measure on E™. Then for all
permutations { E,(1), ..., Ey(n)} of a sequence of bounded sets £, C E =
R, where 1 < k < n:

P(EL X oo X Ep) = p(Egy X ... X Eg(y))-

Case e := m, n := 1. Clearly, one has E = E™ = R™. Again we check
what translation-invariance and symmetry mean in this situation:

Translation-invariance. A measure p on E™ is a translation-invariant if
and only if

w(E +z) = p(E), for all ECR™ and z € E=R™.

In other words, w is invariant under all shifts of the Euclidean space R™.
Since only multiples of the Lebesgue measure have this property, u is
therefore a multiple of the Lebesgue measure.

Symmetry. By definition, p is symmetric on E if and only if
w(E) = u(Ey), for all E C R™,

for all permutations m = {o(1)} of the set {1}. As there is only one such
permutation, this condition is trivially satisfied for any measure p. &

In summary, depending on the exact definition of E”, one obtains different
notions of translation-invariance and symmetry.
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2.11 REMARK (CONVENTION). In the remainder of this chapter, we implicitly
assume the following:

(1) Whenever we take a measure p, we assume it is either non-signed and
locally-finite or alternatively it is signed and finite.

(i) Whenever we take a function f, we implicitly assume f is bounded if
we integrate f with respect to a finite, signed measure, and we assume
f non-negative if we integrate f with respect to a locally-finite, signed
measure. &

Note that the second assumption is not really a restriction. It only guarantees
that integrals of the form [ f(z)u(dz) are always well-defined. In the case
where f is non-negative and p is a non-signed measure, the integral can in fact
be +00, but we consider this case also as acceptable and well-defined.

2.3 Translation Invariance

In this section, we analyze some properties of translation-invariant measures.
The main result is the representation in Theorem 2.14, where the relation
between translation-invariant measures and the so-called reduced measures is
established.

2.12 Definition (Linear transformations). Let E be an event space and
take some 1 < k < n.

(1) Projections and embeddings. Define the linear mappings:

I<k> :En_l — E" I<k>(y) = (yluy27' .. 7yk71u07yk7‘ .. 7yn71)7

(~)<k> :E" — E* L zF) = (T1, ey 1y Tl -+ 5 Ty)-

(2) Shear of the Fuclidean space. Define the linear mappings E” +— E™:

o ¥ (y, 2) == 1% (y) + 21,,, for y € E" ! and 2z € E,
70 (@) = (2 — 21,1, 21), for x € E",
where 1,, is a vector consisting of ones, of length n. &

The above functions have the following interpretation: I*) takes a vector y €
E"~! and inserts a 0 at position k, whereas (-){*) takes a vector & € E" and
removes the k-th component. Moreover, o‘¥) shifts the space E" along its
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hyper-diagonal by the amount z. In the same way, 7* shifts the space E" in
the opposite direction. As a consequence, 7% is the inverse of o{*).

The following definition is motivated by Proposition 8.1.1 in [DVJ03]. Let
D C E be a fixed set with Ag(D) = 1. The actual choice of D is not relevant;
indeed the unit cube in E would do.

2.13 Definition (Reduced measure). Let p be a translation-invariant mea-
sure on E” and 1 < k < d. The k-th reduced measure ,FN“) is a locally-finite
measure on E"~! and is defined by:

i9(B) = [ Lo o) (@)n(de)
= /n ILBX@(:E(]“) - xkln_l,xk)u(dw),

for bounded sets B C E"~ 1. O

The above definition may seem rather abstract. It is however difficult to give
an intuitive definition for the reduced measure i without loosing mathematical
correctness. Loosely speaking, a translation-invariant measure p on E™ satisfies
a one-dimensional symmetry. Therefore it should be possible to capture the
full information content of y on the lower-dimensional space E"~!; and this is
what the measure i does.

The following theorem is the main reason why one considers reduced mea-
sures, in the first place. It explains how one can isolate the one-dimensional
symmetry of a translation-invariant measure. Note that it is a special case of
Lemma A2.7.IIT in [DVJ03], however we will give a self-contained proof.

2.14 Theorem (Reduction formulas). Let E be an event space and p a
translation-invariant measure on E™. For two functions f, g on E™, one has:

[ @tdz) = [ [ 1700w, 2)i® ()i (22
lg o ™) (@)u(dz) = 9(y, )™ (dy)d=. (2:3)
[ [ ,

Recall that the definition of the reduced measure ji*), see Equation (2.1),
depends a-priori on the set . But with the above theorem one can easily show
that the definition is a-posteriori independent of :
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2.15 Corollary (Consistency of definition). Take a translation-invariant
measure g on E” and fix some 1 < k < d. Let D1,Dy C E be two sets with
Ae(D1) = Ag(D2) = 1. Now denote with fi1‘*) the reduction with respect to
D; and with fi*? the reduction with respect to Dy. Then

o (k o (k
i = i
Hence, the definition of the reduced measure is independent of the choice of

the set . &

Note that we anticipated this result in Definition 2.13 and used from the be-
ginning on the notation ji*), where no distinction on the set I is made. The
above corollary justifies this notation.

2.16 Proposition (Properties of reduced measures). Let E be a univari-
ate event space.

(1) Linearity. Let w1, ps be translation-invariant measures on E™ and take
aq,00 € R, Then, for all 1 < k <n:

= (k) (k)

[ fix + afin] ™ = aujiy + cofiy

(2) Anti-symmetry in two dimensions. Let u be a translation-invariant mea-
sure on E2. Then

i (dy) = @ (—dy).

(8) Density of reduced measure. Let u be a translation-invariant measure on
E™. Assume it has the density m with respect to the Lebesgue measure
Ag». Then, for all 1 < k < n, the reduced measure ji*? has the density

) (y) = / im0 o®)(y, 2)dz.

Moreover, for (y,z) € E*~! x E, one has:
m* (y) = [m o o'®](y, z), almost everywhere,

with respect to the Lebesgue measure. O

Since the last equation above does not necessarily hold for all z € E, it cannot
be used as a definition for m*). Indeed, this is the reason why the definition
of m*) contains an integral over the unit interval I.
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2.4 Symmetric Measures

As we have seen in the previous section, for a general translation-invariant
measure g on E™ there exist n different reduced measures. But if the measure
w is additionally symmetric, all reduced measures coincide and one has to deal
only with a single reduced measure, which is then called the reduced measure.
This is the content of the next proposition:

2.17 Proposition (Reduction of symmetric measures). Let u be a sym-
metric, translation-invariant measure on [E™. Then the reduced measures coin-
cide, that is 1% = {0 for all 1 < k,1 < n. Hence, there is only one reduced
measure, which is denoted by i = %), O

In the case of a symmetric measure i, some of the previous statements can be
formulated in a more compact form. To this end, identify an element x € E"
with the pair (&, z,) from the space E"~! x E:

2.18 REMARK (ALTERNATIVE DEFINITIONS). Let p be a symmetric, transla-
tion invariant measure on E™. An equivalent definition for ji is:

i(B) = / w(B+ x, X dxy,) = / 1pxp(& — Zn, p)p(dE X dzy,),
D n

for bounded sets B C E"~!. If additionally i has the density m, then [ has
the density

m(y) = /Dm(y + z,2)dz, for y € Er1, o

The reduction formulas can also be restated in a more compact form:

2.19 Corollary (Reduction formulas in the symmetric case). Let u be
a symmetric, translation invariant measure on E". For two functions f, g on
E™ one has:

[ t@wtde) = [ [ o+ z ot (24)
/n 9(& — xp, ) pp(dE X dayy) = /E/]En_l 9(y, 2)ji(dy)dz. (253

One can write the transformation formulas also in a more intuitive way, as we
show next. The disadvantage is that the following notation is less suitable for
formal calculations:
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2.20 REMARK (INTERPRETATION & INTUITIVE NOTATION). Let p be a sym-
metric, translation-invariant measure on E™.

(1) Transformation formulas in terms of sets. For twosets E C E"~ !, F CE,
one has:

wexp) = |

ExXF

(B (F) = /

ExXF

pdax dy) = [ jlde = )y
EXF

jlda)dy = [ uldw—y x dy).

EXF

(2) Transformation formulas in terms of differentials. In terms of differen-
tials, the above two equations can be written as:

plde x dy) = [i(de — y)dy, fi(dx)dy = p(dz —y x dy). o

Next, we consider some special cases of translation-invariant measures and
determine their reduced counterparts:

2.21 Proposition (Reduction of Lebesgue measures). Let E be a uni-
variate event space.

(1) Lebesgue measure on the Euclidean space. Consider the Lebesgue measure
on E™:

w1 (dx) := Agn (dx).
The reduced measure is again the Lebesgue measure, i.e.:
fir(dy) = Agn-1(dy). (2.6)
(2) Lebesgue measure on the diagonal. Let 07, for z € E", denote the Dirac-

measure on E”, i.e. the measure with unit mass at the point z. Consider
the measure

iz (d) ::/5(z,...,z>(d"’)d37
E

on E™. The reduced measure is:

fiz(dy) = 05~ (dy). (2.7)
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When we analyze moment measures of Hawkes processes, integrals of a similar
form as in the definition of reduced measures will appear. But this time, the
underlying measure v is not translation-invariant. It is nevertheless convenient
to introduce a symbol for this type of reduction, in analogy to the reduced
measure:

2.22 Definition (Pseudo-reduction of symmetric measures). Let v be
a finite (not necessarily translation-invariant), symmetric measure on E™. De-
fine the pseudo-reduced measure v by:

V(B) = /EV(B +x, X dx,) = /n 1p(& — xn)v(dE x day,),

for bounded sets B C Er L. &

Note that in contrast to the reduced measure i, the integration domain is E
and not the unit cube D. Also note that v has additionally to be symmetric,
whereas for the regular reduced measure, p does not need to be symmetric.

When we deal with moment measures of Hawkes processes, translation-
invariant measures with a special form will show up. In the next proposition,
we take a closer look at some of these special cases:

2.23 Proposition (Reduction of derived measures). Let E be a univari-
ate event space.

(1) Multivariate underlying measure. Let vq be a finite, symmetric measure
on E™. Define the translation-invariant measure p; on E™ by:

w1 (dx) == / v (de — w)dw.
E
The associated reduced measure is

fir(dy) = i (dy). (2.8)
(2) Product of univariate underlying measures. Let v be a finite, symmetric
measure on E. Define the translation-invariant measure py on E™ by:

n

uo(dx) := H [/]E vo(dzxy, — wi)dwg | -

k=1

70



The associated reduced measure is

fiz(dy) = [W(E)]ndy (2.9)

2.5 Partitions and Delta-Functions

In the next definition, we introduce ordered partitions and three different ways
to represent them: As a family &2 of sets; as a function ¢; and as a vector p.

2.24 Definition (Ordered partitions). The following three representations
of a partition of the set {1,...,n} will be used interchangeably. The ordering
of the sets is part of the definition, hence they are called ordered partitions.

(%)

()

)

Family of sets. If & is a partition of {1,...,n}, then there exists an
m > 1, such that one has the representation:

P ={S1,...,Sm}, where each S, C {1,...,n}.

Index function. Let &2 be a partition as in the first part. Define for
i=1,...,n the function ¢ by:

(i) :=r, where r is such that i € S,.

In other words, ¢ assigns element i to the set S,;). Hence, & can
equivalently be represented as a function of the form:

e:{1,...,n} = {1,...,m}.
If ¢ is given, then the notation &, is used to denote this partition.

Index vector. Let & be a partition and ¢ its representation as an index
function. Define the associated index vector

p:i= (gp(l), ce <p(n)) € {0,...,m}".

In other words, p; = r if and only if ¢ € S, for all s = 1,...,n. If the
vector p is given, the associated partition is denoted by & . &

In case that either ¢ or p are used to define a partition, we call &, or &, the
induced partition. We add some more useful notation related to partitions:
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2.25 NOTATION (PARTITIONS). The following notation refers always to or-
dered partitions:

(1) Size of a partition. The number of sets of a partition is called its size.
Hence, for a partition & = {S1,...,S,,}, one writes |Z| = m.

(2)  Family of all partitions. Let ™ denote all ordered partitions of {1,...,n}
and let 7, denote all ordered partitions of size m of {1,...,n}, i.e.

P = {gaeqsn : |<@|:m}.

(3) Refinements. For two partitions &, 2 € P we say 2 is a refinement of
L if all sets of & can be written as a union of sets in 2. In this case,
the notation 2 < & is used. O

The following remark focuses on the index function ¢ but is true also for an
index vector p:

2.26 REMARK (INDUCED PARTITION). Take an index function ¢ and consider
the induced ordered partition &,. Clearly, for general ¢, the mapping

v:{1,...,n} = {1,...,m}.

does not need to be surjective. As a consequence, the size m := |Z,| can be
strictly smaller than m. If it happens that m < m, one can always choose an
equivalent index function ¢, i.e. an index function ¢ with &z = &, such that

e:{l,....,n} = {1,...,m}.
Hence, one can assume without loss of generality that m = m. &

Next we introduce some notation that helps to deal with sub-vectors and other
manipulations of the components of vectors. We will use this notation for all
vector-like objects for which it makes sense to refer to single components.

2.27 NOTATION (INDEX NOTATION FOR VECTORS). Let Eg, for 1 <k <d, be
a sequence of univariate event spaces. Consider the product space

E;, x...xE,, , where j, € {1,...,d}, for 1 <k <n.
Take an element y from this product space, i.e.

y=(Y1,...,Yn), where y, € E; , for 1 <k < mn,
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and introduce the following notation:
(i) Let S C{1,...,n} be given and assume that:
yi = yj, forall 4,5 € S.

In terms of delta functions, see Definition 2.28, this condition is equivalent
to 65D (y4) = 1. Now choose an arbitrary (which one is irrelevant) i € S
and define:

Ys ‘= Yi-

(i) Let S C {1,...,n}, where S = {i1,...,4n}, for some m > 1, be given.
Then define the vector:

Ys = (yi17 cee 7yim)'
(i) Let & € P, be given and assume that:
yi =yj, forall 4,5 € S, all 1 <r < m.

In terms of delta-functions, this condition is equivalent to §(151 (ys,) =1,
all 1 <r < m. Then define the vector:

Yz = (YSys -1 Y8, )-

(i) Let j € {1,...,d}™ be given and define the vector:

y(j) = (Y- Yjm)- &

It should be emphasized that ys and ys are only well-defined in a specific
context, i.e. only if y satisfies the corresponding condition. Also note that in
the definition of yg, one always has i; # iy, for j # k. But in the definition of
y) it can happen that jj, = j;, for j # k. Moreover, yg is a scalar but Yg is a
vector.

For the next definition recall Notation 2.27:

2.28 Definition (Delta functions). Let E be a univariate and E be a mul-
tivariate event space.
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(1a)

(1b)

(2a)

(2b)

Univariate ordinary delta function. For € E™ define:

5(n H T 1 ifxg =z, forall 1 <k, l<n,
0 otherwise.

Multivariate ordinary delta function. For j € {1,...,d}" and y € B
define:

5(" (‘7 y H]l{]k =jL, Y=y} — 6( ()6(n)(y)
k1l

Univariate factorial delta function. For x € E™ define:

x) = H Laytay =

ey

1 ifap#zforalll <k<l<n,
0 otherwise.

Multivariate factorial delta function. For j € {1,...,d}" and y € EW)
define:

o ](‘7 Y) H LGy #Gry)y = 1 — §(n)(j7y)‘ %
k2l

As an extension of the above delta-functions, we consider the case where we
have given an ordered partition and the components are only compared on the
sets of this partition:

2.29 Definition (Delta functions linked to partitions). Let E be a uni-
variate and IE be a multivariate event space.

(1)

Ordinary partition delta function. For a partition & € 7, define:
8 (x H(;(\S D(xg)
For j € {1,...,d}", a vector y € EU) and a partition & € P, define:

67 y) = [ 895V s, ys,)

r=1
{1 if jr = Ji, yx = yi, for all k,1 € S, for all r,

0 otherwise.
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(2) Factorial partition delta function. For a partition &2 € B}, define:
517N (@) := 6™ (25)6 ) () = 61 (zg,, ...,z H 5US=D(

For j € {1,...,d}", a vector y € EY and a partition & € Br, define:
3175, y) = 0§, y2)5 ) (4, y)

= 50 ((G5105.). -+ (s 5,.)) ﬁ (805D (g 18050 (g )]

! Jjx = 71 and yr = y;, for k,1 € S, for all r,
Jk #EJiory, £y, for ke S, 1 €8, for all r # s, &

0 otherwise.

2.30 REMARK (INTERPRETATION). The delta-functions given in the above def-
inition can be interpreted as follows:

(1) Ordinary partition delta function. 6(?)(x) indicates whether all com-
ponent values xj are identical in each of the groups S, of the partition.
§(?)(4,y) indicates whether all component indexes j and the component
values y;, are identical in each of the groups of the partition.

(2) Factorial partition delta function. 6%)(z) indicates whether in each
group S, all component values xj are identical and component values
from two different groups are distinct. 6[?1(j,y) indicates whether in
each group S, the component indexes jr and component values xj are
identical and components from two different groups are distinct. &

There is a convenient way to formulate the fact that a partition 2 is a refine-
ment of another partition &2:

2.31 REMARK (REFINEMENTS AND INDEX VECTORS). Let &2, 2 € P" be two
ordered partitions and assume p € {1,...,n}" is the vector representation of

P, ie. P = Pp. Then:

2 < P, — 52 (p) = 1. (2.10)
o

The following theorem is the main result of this section. It is the reason why
delta-functions have been introduced, in the first place.
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2.32 Theorem (Delta-function decomposition). Take a univariate event
space E and a multivariate event space IE.

(1) Univariate decomposition. For all x € E™:

n

1= Y 7@ =>" > ). (2.11)

Pepn m=1 PcP

(2) Multivariate decomposition. For all j € {1,...,d}" and y € E@):

1= > G,y = > 93G,y). (2.12)

Pegpn PLP &

As soon as one deals with higher order moment measures of point processes,
factorial product measures are often easier to handle than ordinary product
measures. Formulas of the kind given above allow one to decompose ordinary
moment measures into factorial moment measures. This will be explained in
more detail in the next chapter.

2.6 Point Configurations

The next definition is borrowed from Section 6.1 in [DVJ03]. The natural
topology on the point configuration space will be introduced in Chapter 3. As
long as only fixed, i.e. deterministic point configurations are considered, the
topology is not relevant, but it will become important as soon as one considers
stochastic point configurations, i.e. point processes.

The general case of multivariate, marked point configurations is introduced
stepwise. Note that throughout, we exclusively consider simple point configura-
tions and do not bother to introduce notation for general point configurations.
We start with the case of univariate, unmarked point configurations and extend
the definition stepwise:

2.33 Definition (Point configuration). Let E, [E be event spaces and X,
X be a mark spaces, see Definitions 2.2 and 2.3.

(1a) Univariate, unmarked point configurations. Let A (E) denote the family
of all locally-finite, simple counting measures on E. A counting measure
v is simple if and only if:

v({u}) € {0,1}, for all u € E.
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(1b) Univariate, marked point configurations. Let A (E x X) be all simple
point configurations on E x X. Then define:

N (E) = {y e N(ExX):v(duxX) e JV(E)}.

The notation v(du x X) refers to the projection of v onto its first com-
ponent, and is called the ground process. Hence, a point configuration
from A%(E) has a locally-finite, simple ground process. In consequence,
A% (E) is in general a strict subset of A (E x X).

(2) Multivariate point configurations. A multivariate point configuration is a
vector of univariate point configurations. Define the space

N (E) = {(V(l),...,u(d)) ) € Mg (E)), ) € {1,...,d}}. &

We will always use the definition above for the space of simple, multivariate
point configurations. But one could also give the following stricter definition
of simple, multivariate point configurations:

2.34 REMARK (COMMON EVENT SPACE). Consider the same situation as in
the multivariate part of Definition 2.33. But this time, assume that not only
the ground processes v/(7) (duxX;) are simple, but also the joint ground process
Z?Zl v (du x X;). This leads to the definition:

d
N (E) = {,, € M(E): Y v (dux X)) € /V(E)}.
j=1
Note that A% (E) is in general a true subset of A%k (E). o

It might not be obvious why there are two versions of multivariate point con-
figurations. To clarify this, consider the following example:

2.35 REMARK (WEAK AND STRONG SIMPLICITY). Assume all event spaces co-
incide and assume for simplicity that E; := R, forall j € {1,...,d}. One should
interpret R as the time axis. The difference between A% (E) and A% (E) can
now be explained as follows:

(i) Separate event spaces. Take some v € Ak (IE) and fix a time ¢ € R. Since
each component %) is a simple point configuration, /) has at most one
point at time ¢. But it is not excluded that several components have
an event at time ¢. This shows that although v consists of simple point
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configurations, if one considers all components simultaneously, v is not
any more simple.

(i) Common event spaces. This time take some v € A5x(E) and fix again
a time t € R. As before, each component »¥) has at most one point at
time ¢. But this time, at most one component can have a point at time
t. This means that if one considers all components simultaneously, v is
still simple.

One could call point configurations from these two spaces also simple in a weak
sense and simple in a strong sense. &

2.36 Definition (Product measures). In the univariate case let v € 4 (E)
and in the multivariate case let v € A (IE).

(1) Univariate product measure. For m > 1 define the ordinary product
measure (™ and the factorial product measure v by:

H (dzy), v (da) = 6 ()™ (da).

Note that v vl"l € #(E™).

(2) Multivariate product measure. Let n > 1 and j € {1,...,d}". Define the
ordinary product measure %) and the factorial product measure v19! by:

V9 (d H @) (dyp.), l(dy) = 6" (4, y)v9) (dy).

Note that ), vl € A/ (EW)). o

Under certain conditions, a higher order factorial product measure can be writ-
ten as a product of lower order factorial product measures. This is the content
of the next proposition:

2.37 Proposition (Separation of product measures). Let E be a univari-
ate and E = (Eq,...,E;) be a multivariate event space. Take a sequence of
integers ni,...,nq > 1 and define n := ZZ:1 n.

(1) Take a sequence of sets of the form:

Ava, oo Aipy oo Aan, o Adngs
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where Ay ; CE, all 1 <34 < ny, 1 <k < d. Furthermore, assume
ApinBj=0,foralll1 <i<ng, 1<j<mn,ifk#L
Then, for a point configuration v € 4 (E), one has:
d ng d ng
y[n]<>< X Ak,i) _ H ,,[m](x Ak,i)' (2.13)
k=11i=1 k=1 i=1
(2) Define for all 1 < k < d the index vectors
i = (k,..., k), where j, € {1,...,d}".

Let j := (j;---J4) denote the concatenation of the sequence j,_; g4
Then, for a point configuration v € 4 (IE@)), one has:

d
1/[.7] (dy) — y[j1"'jd] (dyl X ... X dyd H Jk] dy]g (214)
kel ¢

It is possible to enforce the condition on the index vector j given in the second
part above with a suitable delta-function. This leads to the following equivalent
way to write the second part above:

2.38 REMARK (SPECIAL CASE OF SEPARATION FORMULA). Assume the index
vector j is of the form j = (j1,...,Jn), for scalars ji € {1,...,d}. Then:

8171 (5) ) (dy) = 87 (5D (dy). o

2.39 Theorem (Complete decay of product measures). Let E be a uni-
variate and E = (Eq,..
n>1.

.,E4) be a multivariate event space. Fix an integer

(1) Univariate case. For a function g on E one has:

[ a@)s @ dz) = [ gwptao). (2.15)

where 1 <4 < n is arbitrary.
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(2) Multivariate case. For j € {1,...,d}" and a function g on E; one has:

/ ()0 (G, ) (dy) = 5 (j) / a(w)/9 (dy), (2.16)
EG)

E;
where 1 < i < n is arbitrary and j := j;. O

Note that 60" (5) = 1 if and only if j is of the form 5 = (j,..., 7). Indeed, one
could have simply assumed that j = (j,...,7) in the second part of the above
theorem. But the way it is formulated, the formula can be used in all other
cases too, and this without case distinction.

Sometimes the formulas in the above theorem appear under a slightly differ-
ent disguise. Since this might not always be obvious, we state these alternative
versions, too:

2.40 REMARK. Let E be a univariate and E = (Eq,...,E;) be a multivariate
event space and fix an integer n > 1. For a function f on E” one has:

F(@)6™ (@)™ (de) = /IE Fa, . 2)lda).

]:EVL
For j € {1,...,d}" and a function g on E} one has:
(@3 G (dy) = 67G) [ o Do) o
E@) E,;

2.41 Corollary (Partial decay of product measures). In the univariate
case, let v be a point configuration on E, &2 € B and p be the vector repre-
sentation of .

In the multivariate case, let j € {1,...,d}", & be the associated partition,
P < P be arefinement, p be the vector representation of & and v be a point
configuration on IE.

(1) First version, univariate case. For a function g on E™ one has:

m

[ 9w ™ ay) = [ gz,

m

/ 9(y2)5'?) ()™ (dy) = / o)™ (dax),
. (2.17)
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(2) First version, multivariate case. For a function g on EU#) one has:

[ a6 G iay) = [ glawtida),
EG Rl > (2.18)
/ 9512 (G, y)v D (dy) = / )07 (dr).
EG) (a;)
(3) Second version, univariate case. For a function f on E™ one has:
F@)d ™ (dy) = | f®)p!™ (dx),
g B (2.19)
F)s 7y (dy) = [ fa®P)lm(de).
En Em

(4) Second version, multivariate case. For a function f on W) one has:
[ 1@ Gy ) = [ @) da),
EG@) Ez) (2.20)

F@0 G dy) = [ ) ), 6

E®G)

The above formulas are used to prove the next theorem. This theorem is
motivated by Section 5.4 in [DVJ03], especially by the subsection Ezercises
and Complements, but as formulated below, it is more general:

2.42 Theorem (Factorial decomposition). In the univariate case let v €
A (E) and in the multivariate case let v € A (IE). Fix an integer n > 1.

(1) Factorial decomposition. In the univariate case, let f be a function on

E". In the multivariate case, let 7 € {1,...,d}™ and f be a function on
E@. Then:
f( v (da) Z Z / Fx®)wlm(da),
m=l FEPL (2.21)

fap Oy = 3 [ ) )

EG) s,

(2) Symmetric, factorial decomposition. In the univariate case, let fi be a
sequence of functions on E, for 1 < k < n. In the multivariate case, let
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j€{l,...,d}" and fi be a sequence of functions on E;,. Then:

/[kﬁlf”k](" ()= Y Z/ T fitwn) | v da),

m=1 ZecPr, r=1 ieS,
n | 2|
V) [i]
/IE(j)[kayk} D (dy) = %g/wﬂ [T 5]
(2.22)
¢

In the next corollary, we consider two special cases of the above decomposition
formulas: First we evaluate the n-fold product measure on a set of the form
Ay X ... x Ay; and then we take a closer look at the special case n = 2.

2.43 Corollary (Common special cases). Let E be a univariate and E =
(Eq,...,Eq) be a multivariate event space.

(1) Factorial decomposition for sets. Fix an integer n > 1. In the univariate
case, let Ay C E , for 1 < k < n. In the multivariate case, let 7 €
{1,...,d}™ and Ay CEj,, for 1 <k <n. Then:

y(")(Alx...xAn):zn: Z y“’”(ﬂ A X ... X ﬂ Ai),

m=1 PcPpr, i€s) 1€Sm
n
y(j)(Alx...xAn):Z Z V[jy](ﬂAix...x ﬂAl)
m=12ePn LY €51 i€Sm

(2) Two dimensional special case. In the univariate case, let f be a function
on E2. In the multivariate case, let 1 < 4,5 < d and f be a function on
E(9) . Then:

»@ — 121 v
[ 1wy = [ s + [ 1)

L s = [ @ s [ . o
EGi5)

EGI)
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Proofs for Chapter 2

Let us state two obvious properties of the linear transformations o*) and 7*):

2.44 Lemma (Isometric transformations). For all 1 < k < n one has that:
(1) Invertibility. o‘*) and 7¢*) are inverse functions of each other, i.e.:

70 6 o) = 5th) 6 k) — e,

(2) Isometry. For the determinants of the Jacobi matrices of o(*) and 7¢*)
one has:

oM (y, = ) (g
det(a(;i)))det< &i )):1. &

The above lemma shows that o*) and 7¢¥) are space preserving transformations
of E™. This fact will be used for parameter substitutions in integrals over E™.

PrROOF (LEMMA 2.44): Fix some 1 < k < n.

(1a) Invertibility of o. For y € E"~! and z € E one has:
[T<k> o 0<k>] (y,2) = (k) (I<k> (y) + zln) — (k) (I<k> (y)) + 7R (zln)
- (19w = 19 @), 1 1))
+ (121l = Ll ln-, [21a)s )
= (4,0) + (211 — 211, 2) = (y,2).
(26)  Invertibility of 7. Let ej denote the k-th unit vector in E™. Note that

1R (a:<k>) =z — xex, as well as I* (xxlp1) = 2kl — xp€4L-
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k)

Therefore, 7(¥) is invertible, since:

[O’<k> o T<k>] (x) = ok (w<k> — xklnflvmk)
= o® (@™ 0) — ¢ (z1,_1,0) + o*) (0, 21)
=I1® (2®) — 1% (2,1, 1) + 21,

= (:L’ — xkek) — (l'kln — xkek) + xrl, = x.

(2) Isometry. The statement is only shown for 7("). By symmetry, the result
then also holds for all other 1 < k < n. First note that

" (x) = (2™ — 2,1, 1, 2,)

= (xl —Tp, T2 — Tny.- ., Tp—1 — x’naxn)‘

Therefore, the Jacobi matrix of 7™ and its determinant are:

1 -1
(n) - : (n)
or'™ (x) . ], det(aT (:c)) _ 1L
ox 1 -1 ox
1
The statement for o™ follows, since o{™ is the inverse of 7{™. O

PROOF (THEOREM 2.14): The following fact is used below: Since ¢‘*) and
74, are volume preserving bijections, for any two functions f, g on E" one has:

f(@)de = / [f oo™ (y, 2)dy dz,
En En
/n 9(y, z)dy dz = / [go7™](z)dz.

Now fix some 1 < k < n.

(&) First transformation formula. Take A C E"~! B C E and let f be of
the form:

f(@) == Ta(x™) ().

84



Due to [I¢(y)] W _ y and [I%) ()], = 0, one obtains:

[£o0®](y,2) = £(1M (y) + 21,

- JlA([I<k>(y) +21,,] <’“>) 13([I<k> (y) + 21,,] k)
= ]lA(y + Zln_l)]lB(Z).

Now start with the right hand side of Equation (2.2):

[ oo™ iw2nt @y):

E JEn-1

/EILB(Z) {/E_ 1a(y + 21,_1) 2" (dy) | dz
:/EILB(z) [0 (A — 21,_1)]dz.

Note that {A — 21,_1} denotes the set A shifted by (—z1,,_1). Substi-
tuting the definition of (%) yields:

()= [18G)] [ a1, e 07 @n(an)] s
= /E 15(2) {/n ILAX]D(a:U“) — 2zl + zln_l,xk)p(dm)}dz
= / Ip(xgk) {AlA(w<k> —xrl, 1+ zln,l)]lB(z)dz},u(dw).
After substituting z — (z + ) in the inner integral, one gets:
()= [ 1o [ 1a@® +21,0) a(an -+ 2)dz] (o)
_ /E{/ La(@® + 21,01) 1 + )T (ay)u(de) | dz.

Since p is translation-invariant, the measure p(da) and its shifted version
u(de+1,z) are identical. Hence, one may substitute & — (& —1,2) and
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then obtains:
(..)= /E{/n 1a(z*)1p(2) 1p(zk — z),u(da:)} dz
_ / 1a(@®)1 5(2x) [/E In(z) — z)dz}u(d:c)
= [ ta@)ipntie) = [ f@ulda),
In the one but last equality the fact that D is a unit cube has been used.

The statement for general functions f now follows by approximation with
elementary functions and monotone convergence.

(i) Second transformation formula. The second formula follows immediately
from the first one. To this end, define f(z) := [go 7] (z). Now substi-
tute this function into the first transformation formula and use that

[foa®](z)=[gor™® oc®](z) = g(x). O

PROOF (COROLLARY 2.15): Let D C E be a third set with Ag(D) = 1. For
arbitrary B C E"~! define:

9(y, z) := 1(y)lp(2),
where y € E"~! and 2 € E. Due to Equation (2.3), one has:
il ) =i B) [z = [ [ 1s@i ay)]e:
=[] i) = [ fgorMi@na).
Note that the right hand side is independent of the choice of D;. Hence, the

same result is obtained if the calculation is made for fio'*) instead of ji; %),
Therefore, as claimed:

i) = [ lgor¥)@n(de) = i () o

PROOF (PROPOSITION 2.16): Let E be an event space and fix some n > 1.

(1) Linearity. The linearity of the reduction operation follows from the lin-
earity of o(*) and 7).
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(2)  Anti-symmetry in two dimensions. By assumption, p is invariant under
simultaneous shifts of all components. A transformation of this type is
given by the following mapping from E? onto itself:

1 21 + (T2 — 71) = 9, To > To + (T2 — 11) = 229 — 71.

Therefore, for all functions f on E2:

. f(z1, 20)u(dry X dxg) = . f(za, 229 — x1)p(dzy X das).
E E

Applying this formula for f(z1,x2) := Ipxp(a2 — 21, 21) gives:

/2<1>(B) = /Du(d:vl X B+x1) = /]E2 Ipxp(r2 — 21, 71)p(dz)
= /]E2 1pxp((2z2 — 21) — @2, 32) p(dex)
_ / gyl - @, 22)p(de)
— /DH(—B + 29 X dag) = i (- B),

for all sets B C [E, and this proves the claim.

(3a) Density of reduced measure. Take some A C E"~!. We need to show that
the following expression is equal to ji(A):

[ 1w @)y
= [ 1@ [ 15@lmo ¥y, 2)dz]ay

/ Lasn(y, 2)[m o o®)(y, 2)dy dz.
Er—1xE

Now apply the mass-preserving substitution z — 7% (x) = (y,2) and
use that o(*) o 7¢k) = idg.. Hence:

(..)= /n [Laxp o T<k>] (x)m(x)dx = / [Laxp o T<k>} (z)p(dx)

n
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Next apply Equation (2.3) for g(y, 2) := Laxn(y, z). This leads to
o= [ [ty i@y = [ 1a@)i® )
E JEr—1 En—1
And this shows that (%) is indeed the density of the measure (%)

(80) Relation to sheared density. Repeat the previous calculation, but take
now a general set B C E instead of ID. This leads to

/, ]leB(.%Z)[m00<’“>](y’z)dydz:/ Laxg(y, 2)i*) (dy)dz.

n

Therefore (m o o{¥?) is a density for the measure j2(*) (dy)dz. But since

m{¥) is also a density, it must hold that:
[m o o®](y, z) = m™ (y), for almost all (y,z) € E" ! x E,

with respect to the Lebesgue measure. O

PROOF (PROPOSITION 2.17): Consider the substitution that switches the po-
sitions of xz and z; of a vector € E™, i.e. the substitution given by

(xh...7mk,...,xl,...7$n)—»(xl,...,xl,...,ka..,xn),

for any two 1 < k,l < d. Note that if one switches the positions of x; and z; in
the expression 7¢*) (), this leads to the change 7 (z) — 7 (). Now take
some set B C E"~!. Since p is a symmetric measure on E”, it is invariant with
respect to this substitution, and this shows:

" (B) = / [1xp o 7] (z)p(d)

- / [t 0] (@)u(da) = i (B). o

PrROOF (REMARK 2.18): As all reduced measures are identical, one may choose
without loss of generality the one with index k := n.

(¢4) The first statement is a reformulation of the definition of the n-th reduced
measure.

(1) We need to check that m as defined in Remark 2.18 is the density of f.
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Let B C E*! and first note that:

i(B) = / u(B + 0 xdo) = [ [Laeo 07 (@)n(de)

n

_ / [Lpsp 0 7] ()m(x) dz.

After applying the measure-preserving substitution (y,z) — o™ (y, 2),
one obtains:

/n [1exp o T<”>] (x)m(x)dx
- /n Lpxp(y, 2)[moo'™](y,2)dydz
= /IE | 1gxp(y, 2)m(y + z, z)dydz

/En 15(y) [/Dm(y+z,»2)d2}dy:/3m(y)dy-

And this shows that 7 is indeed the intensity of fi. O

PrROOF (COROLLARY 2.19): Since all reduced measures coincide, one may con-
sider without loss of generality the n-th reduced measure. The two trans-
formation formulas for the symmetric case are then simply reformulations of
Equations (2.2) and (2.3). |

PrOOF (PROPOSITION 2.21): Note that in both cases, the measures are sym-
metric and therefore one may take without loss of generality the n-th reduced
measure.

(1) Reduced Lebesgue measure. Since (y,z) — o' (y, x) is mass-preserving,
one has for B C E"~! that:

A\gn (B) = /n []le]D o T<”>} (x)dx = /]E[]]-BXD o 7<”>} (a<”> (y, z))dydz
— [ Loes(y.2)dyd: - /  Ln(y)dy = e (B).

(2) Reduced Lebesgue measure on the diagonal. First note that for a function
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f on E™ one has:

| t@atde) - / / e ()]

Now choose f(x) := [1gxp o 7(™](z). Since 7" (z,...,2) = (0,_1,2),
where 0,,_; € E"! is the zero-vector, the claim follows from:

i(B) = [ B+ xdn) = [ [Lso o) @)ulda)
= /E[IIBX@ ) 7—<">] (zy...,2)dz = /E 15xp(0n-1,2)dz
— 15(0, 1) /}E Ip(2)dz = 15(0n_y) = 67\ (B). 0

PROOF (PROPOSITION 2.23): Recall the definitions of the regular reduction
given in Definition 2.13 and of the pseudo-reduction given in Definition 2.22.

(1)  Multivariate underlying measure. For all @ € E", let @ = (&, z,,) denote
the concatenation of the two components & € E*~! and z,, € E. Then,
for a set B C E™1 one has:

f1(B) _/ [le]D)OT< >](w)ﬂl(dw)

/ L (& — 2, 00 i1 (0 X dity)

n

/ Lpxp(Z xn,xn)[/Elq([d:Ic—w] X [dxn—w])dw}

n

ﬁ

EJ

/]E Ipxn(® mn,xn)ul([dfn —w] X [dx, — w])dw
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Now substitute &€ - & + w and x,, - =, + w, such that:
(... = /E . 1pxp(& — Zpn, Ty + w)r1(dE X dzy,)dw
= / 1g(x — zp) [/E Ip(z, + w)dw| vy (dE x day,)
= / 1p(& — x,)v1(dE x dx,) = v1(B).

(2) Product of univariate underlying measures. We first show that us is a
multiple of the Lebesgue measure Ag» on E™: For a sequence of sets
Ai CE, where 1 < k < n, one has:

n

u2<>n< Ak) = ﬁ / va (A — wg)dwy, = H [v2(E)Ag(Ag)]
k=1 k=1"E

k=1

- [VQ(E)]"AEH(;( Ak).

k=1

Therefore po(dx) = [v2(E)] "dx. But the reduction of the Lebesgue mea-
sure on E" is given in Equation (2.6). Due to the linearity of the reduction

operation, one obtains as claimed:
fio(dy) = [Vz(E)]ndy ad
PROOF (THEOREM 2.32): Recall that the factorial d-functions are defined by:
(@) = 8" ()0 " (@), 075, y) = 0" (G, y2)0 ) (5, ),

for & € P, see also Definition 2.29.

(1) Univariate decomposition. Take some &2 € P" with size |Z2| = m.
Clearly, 61”l(x) = 1 if and only if both 6[™(x5) = 1 and §(?)(x) = 1.
Recall that for € E™ one has:

6“’”(939:) =1 — T =x, all k,1 € S,,
8P (x) =1 — xy # a1, all k € Sp,1 € S,,
for all 1 <r <m and all 1 < p # ¢ < m. This shows that 5[9](:1:) =1if

and only if the components of @ coincide for indexes that lie in the same
set S, and differ for indexes that lie in different sets S),,.S,, for p # q.
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For given € E™, there is exactly one partition, say 2 € ", which
groups together all components of & with the same values. Hence, one
can find a partition 2 such that:

o2l (x) =1 and 517N (x) =0, for all 2 € P : P + 2.

Therefore, the sum over all partitions is one, as claimed.

(2) Multivariate decomposition. The first equality is shown in the same way
as in the univariate case. It remains to check the second equality:

The second equality follows if one can show that 6%1(j,y) = 0, for all
& € P" which are not refinements of &;. But due to Equation (2.10),
if 2 is not a refinement of &, then §(?)(j) = 0, such that:

075, y) = 6" (G, y2)5' 7 (3, y)
= 8" (jr, y)8' 7 (§)8' ") (y) = 0,

where m := | 2. O

ProOOF (PROPOSITION 2.37): By definition, the sequence of sets (A ;) con-
sists of the d groups

Avt,e o Army oo Adds e A,

In the same way as the sequence (A ;) has been grouped, one can split a vector
x € E™ up in the form:

x = (xy,...,2q), where x, € E™ for 1 <k <d.

In the multivariate case, one can find an analogue decomposition of a vector
y € EU) that parallels the decomposition of j:

y=(yy,...,y,), where y, € EUs) for 1 <k < d.
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(1) First note that

d ng d ny
LIl (Z:(li(lAk,i) = / LHH]IA’” T } ") (dar)
/n [ﬁ ﬁhm (ki } (@)™ (dx). (2.23)
k=1=1

Recall that 6! (z) = 1 if and only if all components of 2 are distinct. In
terms of the sub-vectors x;, one can rewrite the delta-function as:

(nw,ny) d
1 EE 1) CEE
kAL i k=1i#j

For convenience, define:

d ng
o) =[] [ 140 ()

k=1i=1

[1]

Now assume & € E™ is such that Z(x) = 1. In other words, zj; € Ak,
for all k,i. Take k # [ and since Ag,; N A;; = 0, it must hold that
T, # 14, and this means that 512l (xk,i, 1) = 1. Therefore, for  with
E(x) = 1, one finds

d
= H H(S[Q](xk,i;k,] H nk] a:k

k=11i#j k=1

U

It is now clear that the following equation holds for all € E", even if x
is such that =(z) = 0:

2(x )5[n] =Z(x H(;[nk] x).
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Substituting this in Equation (2.23) gives:

v["](;< X Ai) = /E E(w)otl (x)v " (de)

k=1i=1
d
[ =z (LT ] ez
d ng
1L, [t asamnt o)

= H plel (X Ay z)

=1

(2) According to the definition of §"!(j,y), and since j, = (k,...,k), one
has:

d
ot (5, y) = ol ((jl, v da)s (Y- .,yd>) =TT "Gr wp).

k=1

The statement now follows with:

U

Wl (dy) = 61" (5, y)v9) (dy) = [H em } [ﬁ V(jk)(dyk)}

d
H[(;[m oy ) (dy, } Hy[m dy,.). O

2.45 Lemma (Equivalent formulations of simplicity). Let E be an event space
and v a point configuration on E which does not need to be simple, i.e. v
not necessarily lies in the space A(E). Then the following statements are
equivalent:

(1) ve N(E),ie. vis simple.

(2) For all functions f on E:

/f v(dx) /f v({ehu(de),
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(8) Foralln>1and1<i<mn and all functions g on E:

/ g(5)0) ()™ (da) = / g(x)v(dz). (2.24)

PrOOF (LEMMA 2.45): Let xg denote the counting measure on E, that is let
XE(A) := card(A) be the number of elements in A C E.

(1—2) Note first that for any point measure v on E:

v(dz) = v({z})xe(dz).

Since v is simple by assumption, one has v({z}) € {0,1}, for all x € E,
which is equivalent to v({z}) = [1/({10})]2 Hence, for a function f on E:

/ f()v(dz) / F@w({a})xe(de) / F(@) ) e(da)

/f v({ah)u(de).

(2—3) Prove by induction: First note that the statement is trivial for n = 1.
Now assume the statement has already been shown for some n > 1. Use
the notation © = (&, x,), for x € E® and & € E»"!, x, € E. Then, for
all 1 <17 < n, one has:

= [ a8 @) @) )
B ~/IE{/ 9(#:)0?) (11, 3:)0™ (i)V(n)(di)} v(drn41).

Now with the induction assumption applied to g(#;)6® (2,41,2;), one
gets:

()= [[[ 025D @, 2pwtaz)vida )
— [ seni vl hriden) = [ glonap(dn,)
E E

(3—1) Fix some z € E and define g(z) := 6 (2, 2). Then, due to the assump-
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tion applied for the case n = 2, one can see that:

() = [ 6 awtdn) = [ 55 (ar, 220 ()

= [ Uenlonar®(de) = v/ ({(2))) = (D]

This shows that v({z}) € {0,1}, i.e. v is simple. O

PROOF (THEOREM 2.39): The univariate formula is Equation (2.24), so there
is nothing to prove. It remains to show the multivariate case:

Assume without loss of generality that §(")(j) = 1, since otherwise both
sides vanish. But 6™ (j) = 1 implies that j is of the form j = (j,...,7),
such that 6" (5,y) = 6 (y). Moreover, EW) = E? and v = [ The
multivariate case now follows due to Equation (2.15) with:

/ g™ (G, ) (dy) = / 9(y:)6™ ()] (dy)
K@) n
-/

j

) (dy) = 5G) [ g ). 0
E;

PrROOF (REMARK 2.40): For the same reason as in the proof of Theorem 2.39,

we only need to check the univariate case. If one defines g(x) := f(z,...,x), one

obviously has f(2)6" (x) = g(x;)6™ (), for all 1 < i < n. By Equation (2.15)

it then follows:

J

2)6") ()" (dx) = 2)0 (2)v ™ (dx) = z)v(dx
[ H@p @) = [ @)@ i) = [ glapwldn)

E

:/Ef(a:,...,a?)z/(dx). n |

For the proof of Corollary 2.41, we need an intermediate result that allows us
to switch between what we have called the first and the second version. This
is the content of the following lemma:

2.46 Lemma (Conversion between first and second version). Let n > 1.

(1)  Univariate conversion. Let &2 € P and p the vector representation of
. Then for every function f on E" there exists a function g on E™,
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such that:

SV ) f(y) =6 (y)glyr)  and  g(x) = f(xP).  (2.25)

(2) Multivariate conversion. Let j € {1,...,d}", & <« & a refinement and
f a function on E@). Then there exists a function g on EU#) such that
Equation (2.25) is satisfied. &

PrOOF (LEMMA 2.46): As the univariate case is a special case of the multi-
variate one, we only show the latter:

We show the statement only for functions of the form f(y) = [T/, fx(yx),
where fj, are functions E;, . The general result then follows by approximation
and monotone convergence.

(i) Flirst equality. Assume &2 is of the form & = {S1,...,S,,}. Define:
(@) =[] file), g(x) =[] g+ (2r).
€S, r=1

Let y € EY be such that 6(”)(y) = 1. Then y; = y;, for all 4,5 € S, all
1 <r < m, so that one can write yg, := y;, see also Notation 2.27. The
first equality now follows from:

w) = 11 et = 1T T1 5] = [I1 I #tos)]

r=14€S, r=1ieS,

k=1
[ﬁ } 9(Wsy, - Ys.) = 9(y»).

(%) Second equality. Let p be the vector representation of &?. Because i € S,
if and only if p; = r, one has:

PrOOF (COROLLARY 2.41): Recall that an ordered partition & € 7 with
corresponding sets {S1,..., S} can alternatively be represented as an index
vector p € {1,...,m}", see Definition 2.24.
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(1a)

(1b)

(2a)

First univariate version, ordinary measure. The statement is only shown
for functions of the form g(z) = [}", g-(x,), where g, are defined on E.
The general case then follows by approximation and monotone conver-
gence. Hence, one has in a first step:

[ 9(w0 ) e ay)

S 18 P20 R X

=1 r=1 r=1
ﬁ[/ES (5,005 (g 15D (ay, )]

Applying Equation (2.15), one gets:

(o= TT[[otemiaen] = [ gtaptiaa)

r=1

First univariate version, factorial measure. Recall that one has by defi-
nition 6171 (y) = 6(?) (y)6!™ (yz). Hence:

/n 9(y2)01 7 (y)v") (dy) = /n 9(y2)0'7) ()" (o)™ (dy)
— [ [stw)6" )| 5 (0" )
Applying the first part of Equation (2.17), one gets:
()= [ [s@3s™ @]vm de) = [ gtepida).
First multivariate version, ordinary measure. The statement is only

shown for functions of the form g(z) = [[", g-(z,), where g, are de-

fined on Ef;,,), = E;; . The general case then follows by approximation
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(2b)

(3a)

and monotone convergence. Hence, one has in a first step:
[ o) ) ay)
- [ oo ] [T )] [TT 9=t
= H / 5,001 ')(szysr)v("sr)(dysr)]~

Applying Equation (2.16), one gets:
=TI s D[ e )] = [ g da),
1 i EG2)

Since & is a refinement of &7;, the components of the vector jg are all
identical. In consequence, 5(‘9”‘)(.7'57.) =1, and this was used in the last
equality above.

First multivariate version, factorial measure. In a first step note that:
/(,) 9(y2)01 7V (G, )9 (dy)
B
= [ [90)8" (i )| 5GP ).
B

Applying the first part of Equation (2.18), one gets:

()= /E 9@ G )| ) = [ gl )

Ez)

Second univariate version, ordinary measure. Due to the first part of
Equation (2.25), one can find a function g on E™ such that

[ 18w ) = [ )i e ).

Applying now the first part of Equation (2.17) and the second part of
Equation (2.25), one gets:

()= [ s@w™ ) = [ @) )

Em
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(80) Second univariate version, factorial measure. This follows in the same
way as in the univariate case: First replace f with a function g, due to
Equation (2.25), and then apply Equation (2.17).

(4a) Second multivariate second version, ordinary measure. Due to the first
part of Equation (2.25), one can find a function g on E™ such that for all
y € E” one has 67) (y) f(y) = 67 (y)g(yz). Hence:

PGy () = 87 G) [0 ) )] = 6 (G) [0 ()g )]
=074, y)9(yz).

Together with the first part of Equation (2.18), the claim follows from:
SN GO dy) = [ alw)s ) G )
J

:/ g(m)y(m)(dm):/ F(@®H2) (da).
EUz) EUz)

(4b)  Second multivariate version, factorial measure. This is shown in the same
way as the statement above but using the second part of Equation (2.18)
instead. U

EG

PROOF (THEOREM 2.42): Recall that an ordered partition & € P77, of size
m can be represented equivalently as a sequence of sets {S1,..., S} or as an
index vector p € {1,...,m}", see Definition 2.24.

(1a) Univariate, factorial decomposition. With the decomposition form Equa-
tion (2.11), one has:

wu(")w:n x)6l 7 ()™ (da).
[ @) ) ;@%/ﬂ 1517 (@)™ (d)

Due to the second part of Equation (2.19), the statement now follows
with

Co=> Y /Emf(m(p))u[m](dm).

m=1 ZePn,

(16)  Multivariate, factorial decomposition. In the same way as above, use the
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(2a)

(2b)

decomposition form Equation (2.12). One then gets in a first step:

f(y) =) /}Em 13, y)v'9 (dy).

E@ DL P

Due to the second part of Equation (2.20), the statement then follows
with:

SRR SN (e et

PLP;

Univariate, symmetric, factorial decomposition. Define first f(x) :=
[T5—; fx(zx). Then, due to the univariate version of Equation (2.21),
one gets:

/jﬂnu}mM> )y (de)
—Z 3 F@® ) (dz),

m=1 Pepn Em

m

Now fix a partition & € B7, and denote its associated vector representa-
tion with p. Since ) = (v,,,...,,,), for x € E", the k-th component
is [£P)]; = x,,. Hence:

= ]ﬁfk([a: ) ﬁ & (Tpy )-

Assume the partition & is of the form & = {S1,...,Sn}. Recall that
the index vector p is characterized by the property that p; = r holds if
and only if i € S,.. Therefore:

m m

)= 1) = I I 40 = T TT o)

r=14i€8, r=14i€8,

After substitution of this expression in the calculation above, the claim
follows.

Multivariate, symmetric, factorial decomposition. As in the univariate
case, define f(y) := [];_; fx(yx) and then apply the multivariate version
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of Equation (2.21). The remaining steps of the proof then follow along
the same lines as in the univariate case. O

PROOF (COROLLARY 2.43): Both statements are only shown for the multi-
variate case, since the proof for the univariate case is almost identical.

(1)

(2)

Factorial decomposition for sets. Take a sequence of sets Ay C E;,,
1 < k < n, and define the functions fi(yx) := 14, (yx). Due to the
multivariate version of Equation (2.22), one has:

VI (A x ... x A,) = /113(:‘) uﬁ[ fk(yk)]y(-’i)(dy)
k=1

-y /IE(J}>H I1 fiv } 152 (dy).

PL P r=1 €8S,

Clearly, ™ is the same as the union of all 77, for 1 < m < n. Hence,
the previous expression becomes:

zi: /}E(W> H {Nics, A yr)] 371 (dy)
:i S () Ak (] 4).

m=1 PePn . PLP; i€Sy i€Sm

E4S PL P

Two dimensional special case. Let 1 < 1, j < d and define the index vector
k := (ij). According to the multivariate version of Equation (2.21), one
has:

@) (dy) = (P)) k]
EG9) Ty idy) gv;@k /]E(k9a> [y (dy), (2.26)

where p is the vector representation of &?. Note that, depending on the
values of i, j, & is equal to:

f—@k: 21 lfl#j,
2, ifi=j,
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where the two partitions £2; and 25 of {1,2} are defined as:

2, := {{1},{2}} and 2, := {{1,2}}.
Next determine the family of all refinements { & : &2 < % }. One needs
to distinguish between the same two cases as above:
{21} ifi # 7, ie. if P =2,

PP L P}t =
{ ! {{31»@2} ifi=j, e if P = Ds.

Continuing with Equation (2.26), one gets:

@) =50 3 [ Py
EC9) Py, VB
+oim Y / FyP)wFl(dy)
P, JEF?
=Sizj Y / Fly®)lk)(dy)
Pe{2,} (k)
S / Fly®)le] (dy).
Pl 2,2,y EE?)

Next determine kg for all possible choices of Z2:

Ifi # j: ko, =k,
Ifi:j: kgl =k and k32 :(Z)

Moreover, the vector representations of 2y and 25 are
=(1,2) and py = (1,1)

Therefore:

S (dy) = 6.4, / £y ™) (dy)

E(i3) E(k)

oy [ P )+ 6y [ )
E(*) E®)
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Note that one has for y € E and y € E2:

Yy =y and y®2) = (y,y).

Substituting this above gives:
F I dy) = o [ )
EG4) E(k)

Vo | F)®(dy) + 6i; / fy, ) (dy)
E(k) E®)

= | fwHdy) +6i; / fy, v dy).
) E)

E(*

If one uses that vl = v the statement follows, since for the first order
measures the ordinary and factorial product measures coincide. O
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Chapter 3

Point Processes

This chapter introduces point configuration spaces and point processes, which
are random variables with values in a point configuration space. Then, as a
first step towards the definition of Hawkes processes, so-called cluster processes
are defined and formulas for their moment measures are derived.

3.1 Motivation and Objectives

The content and notation of this chapter is based mainly on Section 6.3 in
[DVJ03]. I give a short outline of and explain the reasoning behind the chosen
approach.

Cluster Fields. One has essentially two possibilities if one wants to define
what are usually called cluster fields or cluster families: Either one restricts
oneself to random measures and their distributions alone, i.e. one does not use
an underlying probability space. This is the approach taken e.g. in the book
[MKMT78]. It has the advantage that one does not need to embed the cluster
field as a stochastic object in an underlying probability space.

Cluster Families. The alternative approach is to construct a measurable
family of point processes {K(-|y);y € E}. This approach has the big advantage
that each cluster process N(-|y) can be treated as a random variable, although
it takes values not in R but in a point configuration space. Results can then
be derived using standard notation and calculus from probability theory. But
it has also a disadvantage: One first needs to specify what the underlying
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probability space is and then one needs to give a sensible definition of a cluster
family.

Cluster Fields vs. Cluster Families. The difference between the two ap-
proaches can be illustrated with the following trivial example: Assume one has
two independent random variables X and Y and one is interested in the sum
X + Y. If the two random variables are defined on an underlying probability,
one can naturally speak about the distribution of the sum X + Y, which is
given by the convolution Fx * Fy. But on the other hand, if one is not using
an underlying probability space one can only use the distributions Fx and Fy
as building blocks. It is then not possible to speak about the sum of the two
random variables but only about the convolution Fx % Fy.

In the end, both approaches mean the same thing and lead to the same
results, only the point of view is different. Let me emphasize that the above
example is only an illustration and should demonstrate the implications that
the two different approaches entail. If one is actually dealing with point pro-
cesses and distributions thereof, the situation is far less trivial.

It appears to be better if one defines clusters in terms of a family K (-|y)ycr
of cluster processes instead of only to calculate with distributions. Unfortu-
nately, there is a small technical problem one cannot simply ignore: Assume for
simplicity E := R, then a cluster family is a family of point processes K (- |y)yer-
In other words, for each y € R, there is an associated cluster process K (-|y).
Let us call such a family a full cluster family, since it defines a cluster for every
y € E. Clearly, one is now speaking of an uncountable number of random vari-
ables, and some of the usual problems come with this: For example it is not
clear whether the mapping y — N(Aly) is a measurable function on the space
R x , for a given bounded A C R. Without such elementary guarantees, it is
impossible to build a reasonable theory.

Full Cluster Fields. Assume one has given a center process, say L, which
describes the center points, i.e. the random set of points y € E for which
a cluster K(-|y) should be generated. Assume such a center point is given
by the random variable Y;. If K(-|y),ecr were a full cluster field, as described
above, one could now substitute y — Y; and obtain K (-|Y;), but the mentioned
measurability problems would then arrive.

Sparse Cluster Fields. To avoid the above mentioned problems, I decided
to take a different road: Instead of first defining a full cluster family and then

106



substituting the center points, I directly define a sparse cluster family of the
form K(-]Y;). See Definition 3.19 for the exact definition, but the idea is as
follows: The cluster family K (-|y)yer is not defined as a separate entity but
only in conjunction with the center process L. In fact, K(-|y) is defined for all
y € E, but only if y is chosen as one of the points of L, i.e. only if y = Y;, there
is actually an associated cluster. For all other y, the cluster K (-|y) is simply
an empty point process. This explains why I call it a sparse cluster field.

To implement the above idea, a couple of steps are needed. First of all,
a suitable notation needs to be found. In Remark 3.10 and Remark 3.11 and
Definition 3.12 it is explained how one can enumerate the points of a point
process irrespective of the actual number of point there are. In a next step,
so-called generating clusters are introduced and then shifted according to the
center points of L, see Definition 3.17. Finally, the cluster family is defined
by selecting the correct shifted cluster, see Definition 3.19 for a more formal
description.

The construction explained above makes one simplifying assumption, namely
that all clusters have the same distribution. This allows us to construct the clus-
ters by simply shifting the sequence of generating clusters, see Definition 3.17.
But the same construction could also be made in a more general setting, where
the cluster distribution depends on the location of the center point y. In this
case, one would have to construct the cluster, actually the underlying probabil-
ity space, using Kolmogorov’s Extension Theorem or the Theorem of Ionescu-
Tulcea.

3.2 Point Configuration Spaces

Consider the case of a point process on the half line Ry. There are several
ways of presenting such a point process:

(#) Enumerate the points and describe the point process as a sequence (Tj)x>1
of increasing random variables.

(i) Consider the counting process X; := N([0,¢]), for ¢ > 0, i.e. the process
that counts the number of points in the interval [0, ¢].

(#@i) Interpret the point process as random measures, i.e. as a random variable
with values in some point configuration space.

In this thesis, we almost always adopt the last version and treat a point process
as a random measure. Recall Definition 2.33 of the point configuration space
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A (E). The next definition treats only the univariate case. The extension to
the multivariate case is trivial:

3.1 Definition (Measurable point configuration space). Let E := Re,
for an integer e > 1, be a univariate event space.

(1) Let C C E be a bounded set. The projection ¢ is a function on A (E)
and defined as:
o : A (E) — Ny, mo(v) == v(C). (3.1)

(2) Let n > 1 and ¢ = {C1,...,Cp} be a family of bounded sets Cj; C E.
For a vector r = (r1,...,r,) with components 7, € Ny define the cylinder
set €4 » generated by (€, r) by:

Copp 1= {1/ e N/ (E): ﬁ e, (V) = rk}. (3.2)
k=1

Note that €4, C A (E). Moreover, for all v € 4 (E) one has:
vely, = v(Cg)=rg, all 1 <k <n.
(3) For n > 1 and a family of sets € = {C1,...,C,} as above, define:
e = (Toys .-, TO,,)-
Hence, 7 is a vector-valued function with values in Ny x ... x Np. It is

called the finite dimensional projection with respect to the family €.

Note that in the definition above, one has to assume that the sets C} are
bounded, so that all projections v(C},) are finite.

In order to define random point measures, we need more structure on the
point configuration space A4 (E). To this end, we enrich 4 (E) with a topology
T(E) and define the natural o-algebra §(E):

3.2 Definition (Topology and o-algebra). Let E = R® be a univariate
event space.

(1) The topology of vague convergence T(E) on 4 (E) is the topology gener-
ated by all functions of the form:

N (E) = Ry, where Vi /]Ef(x)y(dx),
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where f is a continuous function on E with compact support.

(2) The natural o-algebra F(E) is the smallest o-algebra such that all projec-
tions of the form given in Equation (3.1) are measurable. In other words,
define:

S(E) := O'{7TC : C CE, bounded and measurable}.

Equivalently, the natural o-algebra F(E) can be defined as:

Hence, F(E) is the Borel-o-algebra generated by the topology T(E). <&

Note that the functions f in the definition of the topology ¥(E) need to have
compact support, since otherwise the integral might not be finite.

In summary, the above definitions lead to a well-defined measurable space
A (E) equipped with o-algebra F(E).

3.3 CONVENTION. Whenever we deal with the point configuration space .4 (E),
we will always use the associated natural o-algebra §F(E). Moreover, when we
write 2 C A (E), we actually mean 2 € F(E), i.e. we implicitly assume that 2
is a measurable set. O

The next definition treats only the univariate case. The extension to the mul-
tivariate case is trivial. Since F(E) is generated by the family of all projections
7c : N (E) — Np, for bounded sets C C E, one can give two equivalent defini-
tions of a point process:

3.4 Definition (Point process). Let A (E) with o-algebra §(E) denote the
measurable point configuration space on E and assume (2, &, P) is a probability
space. The following two definitions for a point process are equivalent:

(1) A function N on 2 with values in A (E) is a point process if and only if
it is measurable with respect to .% and F(E).

(i) A function N on Q with values in A (E) is a point process if and only
if all real-valued functions of the form ¢ o N = N(C) are measurable
with respect to the Borel-o-algebra %(R), for all bounded, measurable
sets C' C E. &
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3.5 Definition (Distribution of a point process). Let N be a point pro-
cess with values in A (E). The distribution, say ®x, of N is the image proba-
bility measure induced by N on the measurable space 4 (E). In other words,
the distribution @ is defined by:

() =P[N"L@)] =P[{w e 2: N(w) e 2},
where 2 C A (E). ¢

Note that the family of cylinder sets, see Equation (3.2), is an intersection stable
generator for the o-algebra §(E). Hence, one only needs to know all finite-
dimensional distributions of a point process IV, in order to uniquely determine
its distribution:

3.6 REMARK (FINITE-DIMENSIONAL DISTRIBUTIONS). The distribution @ of
a point process N is uniquely determined if for all n > 1, the distributions of
all n-dimensional random variables of the following form are known:

me o N = (N(C),..., N(C)),

where ¢ = {C},...,Cyr} and bounded C;, C E, for 1 < k < n. An alternative
way to look at this statement is as follows: Let ® be a point process distribution
and N be a point process. Then N has distribution @ if and only if for all n > 1,
all families of sets ¢ = {C1,...,C,} and all vectors r € Njj it holds that:

PIN(C) =r1,...,N(Cy) = 7’"} = B(Cq ).

For the definition of €« , see Equation (3.2). &

The following definition of moment measures is based on the Definition 2.36 of
product measures:

3.7 Definition (Moment measure). Let (Q,.%,P) be a probability space
and N either a univariate point process with values in .4 (E) or a multivariate
point process with values in .4/ (E). Furthermore, let 5 € {1,...,d}"™.

(1) The ordinary moment measure of order n in the univariate and multi-
variate case are defined by:

M) (dz) := E[N™ (dz)], M (dy) == E[ND (dy)].
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(2) The factorial moment measure of order n in the univariate and multi-
variate case are defined by:

MY (da) := B[N (da)], M3 (dy) = B[N (dy)]. o

Related to factorial moment measures is the following elementary definition. It
is taken from Section 5.2 in [DVJ03]:

3.8 Definition (Falling factorial). Let r,n > 0 be two integers. The falling
factorial of order n, sometimes also called the factorial power of order n, is de-
fined as:

rlo =1, = (e —1)- ... (r=n+1), forn > 1.

Especially, I = 0 whenever n > r. &

In order to enumerate the points of a point process irrespective of the actual
number of total points, we need to introduce some more notation:

3.9 Definition (Extended state space). Let E = R® be a univariate event
space and assume @ ¢ E is an arbitrary auziliary point. Define the extended
event space E by:

E:=EuU{2}. &

The auxiliary point & allows us to use a consistent notation, independent of
whether a point configuration v has a finite or infinite number of points. The
following remark serves as a preparation for Remark 3.11:

3.10 REMARK (ENUMERATION OF POINT CONFIGURATIONS). Let v, be a fi-
nite and v, be a countably infinite point configuration in A4 (E), i.e. as-
sume that v,.(E) = n and v (E) = oo. Clearly, one can then take a vector
(z1,...,2zn) and a sequence (y1,ya, ...) with values in E such that:

n

vi(dz) = 04, (dz), Voo(dz) = 8y, (dz). &
i=1

i=1

The same idea can now be applied to a point process. If IV is a point process
with N(E) points, we can represent N either as a random point configuration
of the form v, or of the form v,. This leads to the following non-deterministic
version of the above representation:
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3.11 REMARK (ENUMERATION OF POINT PROCESSES). Let N be a point pro-
cesses with values in .4 (E). For each n > 1, there exists a vector (Y, 1,...,Y,.,)
and a sequence (Yoo 1, Yoo 2, - - -) of random variables with values in E such that:

N(dz) = Z []l{N(]E):n} Z 5Yn1(d2’)] + ]]-{N(]E):oo} Z 6Yoc,i(dz)' <>
n=1

i=1 =1

Obviously this is a fairly complicated way to write the point process N. It would
be convenient to use always the same sequence, say (Y1, Ys,...), independently
of the number N (E) of points. This is the reason why we introduce the extended
enumeration sequence (Yy,)n>1 next:

3.12 Definition (Extended enumeration). Let N be a point process and
(Ynk), (Yoo,x) be the sequences of random variables given in Remark 3.11.
Define the extended enumeration (Y;,)n>1 by:

%] N(E) < n,
Yo = Yvm,n N(E)>nand N(E) < oo,
Yon N(E) = oo.

Equivalently, one can define Y;, also by:

Yo = LinE)<n}D + L{NE)>n,NE)<co} YN(E)n T L{N(E)=c0} Yoo n

for n > 1. &

The sequence (Y},),>1 allows us to represent the point process N in a consistent
way as an enumeration without using indicator functions. Indeed, one has now
the more compact representation:

N(dz) = Z dy, (dz).
n=0

This relies on the following observation: Since @ lies outside of E, it can never
happen that & € A, for sets A C E. Hence, if there are N(E) = n points, then

Yotk =@, for k > 1, and so dy, , (A) = 0. In this way, the artificial events @
vanish and we actually only sum over the n original events.

For the same reason that we have introduced @ to denote an event that
cannot be achieved in the event space E, we now introduce a point configuration
that is not part of the point configuration space A (E):
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3.13 Definition (Void point configuration). Let vy be some (which one
is irrelevant) fixed point configuration which is impossible to achieve on E. The
following definition would do:

vg(dz) := dg(dz). ¢

We can treat vy as a void or non-ezistent point configuration. To end this sec-
tion, let us clarify the notation concerning shifted sets of point configurations:

3.14 NOTATION (SHIFTED POINT CONFIGURATIONS). Let A C A (E) and y €
E. The following shorter notation is used to refer to a set of shifted point
configurations:

{A—y}={v—y:ved}

where a single point configuration v is shifted according to:

(v —y)(dz) :==v(dz — y).

In case one considers point configurations on the extended configuration space
A (E) instead, one needs to define for consistency additionally:

(& —y):=g2, for all y € E. O

3.3 Point Process Clusters

In this section we look not only at one point process but at a whole family of
point processes. At least conceptually, the idea is that every point of the event
space has an associated point process. We call this point the center and the
point process the associated cluster, and the union of all clusters the cluster
swarm. In a first step we introduce the necessary notation:

3.15 Definition (Cluster kernel). Let @1, Pk be two point process dis-
tributions for point processes with values in A'(E), i.e. distributions on the
measurable space 4 (E) equipped with the natural o-algebra F(E). Call @,
the cluster center distribution and ® g the cluster distribution.

Now define the cluster kernel @ (B|y) by:

(I)K(sB|y) = @K(%_y)a lnyEa (I)K(%‘g) = 51/13(%)7
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where y € E, B C A (E). The family ®x (-|y),er of measures then constitutes
a probability kernel. &

We did not mention this explicitly in the above definition, but it is clear that
®; and ®x can be extended in the natural way to .# (E) by assigning zero
probability to all point configurations containing the auxiliary point @. For
simplicity, we identify the extended distributions with the original distributions
and call them by a small abuse of notation again ®; and ®g.

The above definition is one of the reasons why we have introduced the void
point configuration vg. It allows us to give a consistent definition of the cluster
kernel @ (B|y), whether there is actually an event at the given location y or
not. This can be summarized as follows:

3.16 REMARK (VOID CENTER POINT). According to the above definition:
O (N (E)|2) = 0.

This has the obvious interpretation: If there is no cluster center at y, i.e. if
y = &, then there is no cluster associated to this point either. &

In a next step, we construct what we call a cluster family. The construction is
done in two steps: First we take a point process L, whose points Y; will serve
as the cluster centers. Then, given a concrete realization of L, we construct
for each of the center points Y; a randomly shifted cluster (J; +Y;). Moreover,
this construction is performed in a way that all shifted clusters (J; + Y;) are
conditionally independent, given the center process L. We are going to call the
collection of all shifted clusters (J; + Y;) a cluster family:

3.17 Definition (Cluster process). Let @1, & be given and define the
cluster kernel ®x (B|y)ycr as in Definition 3.15. Assume (2,.%,P) is a prob-
ability space rich enough such that the following stochastic objects can be
defined:

(1) Center process. Let L be a point process with distribution & and
(Y1,Ys,...) be an enumeration of the points of L, where Y; € E = EU &,
for i > 1. The points Y;>; will serve as cluster centers.

(2) Family of generating cluster. Assume (Jy,Ja,...) is a sequence of inde-
pendent and identically distributed point processes with distribution ® .
Furthermore, assume L and the sequence J;>1 are independent. In other
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words, the family {L, J;>1} is distributed according to:

n
PLG%Le%h”m&e%Jzémwrﬁm@m
i=1
for sets A, B; C A (E) of point configurations, for all n > 1. Then J;>;
is called the family of generating clusters.

(3) Family of shifted clusters. Consider now the family (J; +Y;);>1 of shifted
point processes. In order to treat also the case where Y; = &, define:

Jildz—Y;) itY; + 2,
Vi lf}/lzg,

[J; +Yi](dz) = {

for all 7 > 1. &

The shifted point process (J; +Y;) in the above definition should be interpreted
as a cluster with center in Y;. But note that Y; does not need to be a center in
a geometrical sense.

Let us point out that this definition is consistent in the sense that the
shifted point process J; + y is distributed according to @k (-|y). This allows
us to describe the distribution of the shifted clusters (J; +Y;) with the help of
the cluster kernel @ (-|-). Indeed, we have the following:

3.18 Proposition (Conditional independence). Let n > 1 and take a se-
quence of sets of point configurations B; C A (E), for ¢« > 1. The family of
randomly displaced clusters (J; + Y;);>1 has the joint conditional distribution:

R[N+ € Bi|1] = [[ @x(BilY2). (3.3)
=1 =1
for all n > 1. &

Consider in the above proposition the case where Y; = @, for some i > 1. We
then have J; +Y; = vy ¢ B;. Hence, Px(B;|Y;) = P (B;|9) = 0 for all
B, C A (E). Therefore, Equation (3.3) holds even in the case where Y; = @.
This coincides with the interpretation that Y; = & implies that there is no i-th
point, i.e. L has less than i points.

The construction above leads to the family (J; + Y;);>1 of randomly dis-
placed clusters, but this is only an intermediate step. In a next step we build
upon this sequence and define a cluster swarm K(-|y)yer, which contains all
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these clusters in a unified form. This allows us to use a more compact notation
and, more importantly, we do not need to enumerate the single clusters any
more:

3.19 Definition (Cluster family). Assume L is a cluster center process
with enumeration Y;>; and J;>; is a family of generating cluster, as in Defini-
tion 3.17.

(1) The cluster family K(-|-) with clusters J;>1 and centers Y;>; is defined
as:

K(dzly) =Y Livimyy[Ji + Yil(d2),
=1

for y € E. Hence, K(dz|y)yer is a family of point processes with values

in A4 (E).
Now consider the superposition of all clusters in the swarm:

(2) The compound cluster process generated by the cluster family K (dz|y)yer
and directed by the center process L is defined as:

N(dz) = / K (dzly)L(dy). o

Consider again the definition of a cluster family: Assume there are n := L(E)
cluster centers. Then one has Y; = &, for all i > n, and therefore 1;y,—,; =0,
for all ¢ > n. This is due to the fact that @ # y, for all y € E. Hence, the
cluster family could also be defined as:

L(E)
K(dz|y) := Z Liy,—yy [Ji + Yi](dz),

=1

Moreover, one can easily check that N is the indeed the superposition of all
displaced clusters (J; +Y;). Therefore, N could also be written as the sum:

L(E)
N(dz) =Y [J; + Y;](dz).

i=1

The definition of a compound cluster process suggests that K (dz|y) is evaluated
for all possible center points y € E. But this is not the case: Indeed, since the
integral is with respect to the center process L, the variable y takes only values
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out of the sequence (Y7,Ys,...). Nevertheless, there is no harm in thinking
that K(dz|y) is an independent point process for every y € E.

As a consequence of the above considerations, it is clear that the cluster
family K (dz|y)yecr can only be used in combination with its directing process
L. Tt cannot exist as a self-contained entity.

Simple Cluster Process. By definition, each cluster is a simple point pro-
cess. But we need a slightly stronger assumption: We impose the condition
that not only each cluster but also the cluster process N := [ K(dz|y)L(dy),
i.e. the superposition of all clusters, is a simple point process. This condition
is automatically satisfied in the following common case:

3.20 REMARK (ABSOLUTELY CONTINUOUS DISTRIBUTIONS). Let Y;>; be an
enumeration of the points of L and W;>1;>1 an enumeration of the points of
the generating clusters J;. Assume the random variables Y;>1, W;>1,>1 have
an absolutely continuous distribution on E. Then, since they are independent
by assumption, one has:

PUAVI=1,  forU#V e {¥i, Wig, (Vi + W), for ik > 1}.
Hence, two different random variables from the set above take distinct values
with probability one. O

Note that the above situation is very similar to the one in Definition 2.33 and
Remark 2.35, where we have introduced a weaker and a stronger notion of
simple, multivariate point configurations.

Formulas for Moment Measures. Next we introduce some notation that
simplifies the calculation with cluster processes:

3.21 NOTATION (MOMENT MEASURES AND CLUSTERS). Let K(dz|y)ycr be a

cluster family directed by a center process L(dy) and consider the compound
cluster process N(dz) = [ K(dz|y)L(dy).

(i) Moments of clusters. We use the following symbols to denote the moment
measures of a compound cluster process or a cluster process with center
y €k

My (dz) := E[N(dz)], M (dzly) :== E[K (dz|y)].
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Cluster notation. Sometimes it is more convenient to refer to a cluster

process K (-|y) without using the cumbersome notation (-). To this end,

the following notation is used:

Ky = K(-|y). (3.4)
¢

For simplicity, we consider only the univariate case in the next theorem. The

multivariate case is a trivial extension:

3.22 Theorem (Factorial products of center process). Assume (K, ),ck
is a cluster family directed by a center process L. Furthermore, assume the
assumption in Remark 3.20 is satisfied.

(1)

(2)

Functions. Let n > 1 and ¢y, for 1 < k < n, be a sequence of non-
negative functions on .4 (E). Assume J is a point process with distribu-
tion @, i.e. assume J has the same distribution as a cluster with center
in 0 € E. Then:

B [ TLont0ray)] = [ TTEm +u M ). (35
" k=1 " k=1

Kernels. Let n > 1 and mq,...,m, be a sequence of integers with my >
1. Denote their sum by m := >, _, my. Assume v, (v,dzy) is a kernel,
where v € A (E) and zj;, € E™*. Define the measure I' on the space E™
by:

>< dzk / H Yk Kyk,dzk L[n](dy)

Then, for the associated moment measure Mr one has:

My >< dzk /n H IE (T + yk,dzk>]Mg"J (dy). (3.6)

(3) Moments. Consider the compound cluster process N := [ K,L(dy). The
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ordinary and factorial moment measures of N are:

n " i Sr m
M) = 3 3 [ T[S sl v ),
mr:l

m=1ZePnr, (3 7)
M (dz) = En > / ﬁ MY Nz, ly )M (dy) ¢
N K Sy |Yr )M, \OY).
m=1 pepn, VE" r=1

As soon as we are going to deal with second order moment measures of Hawkes
processes, we will apply the formulas given above in the special case n = 2.
Thus, let us take a closer look at this special case:

3.23 Corollary (First and second order moments). Let K,cg be a clus-
ter family on the univariate event space E, directed by a center process L(dy).

(1) Assume 7y(v,dz) is a kernel, where v € A (E) and z € E". Define the
two random measures 'y and I's by:

I\ (dz) = / (K, dz) L(dy),

Iy (dz1 x dz2) =/ YKy, dz1)y(Ky,, dzs) L) (dy).
IEQ

The moment measures of these two random measures are:

My, (dz) = / E[y(K,, d2)] E[L(dy)],

Mr,(dz1 X dzg) = /]E2 E[y(Ky,,dz1)] E[v(K,,,dz2)] IE[L[Q] (dy)].
(3.8)

(2) Consider the two point processes I'; and I'y given by:

Ty(dz) = /IE K,(dz)L(dy), Ta(dz)= /E K () Ky, (dzo) LB (dy).

The corresponding moment measures of I'y and I'y are:
B[N (@2)] = [ BIK,(d2)] E[L ().

E[l2(dz)] = /E ) E[Ky, (d21)] E[K,,(d22)] E[LE (dy)]. O
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3.4 Poisson Processes

The Poisson process is a fundamental building block in the construction of
Hawkes processes. For the time being, we consider a general multivariate event
space E = (Eq,...,Eq), where the components E; can all be different. For de-
tails, see Definition 2.2. But later, as soon as we deal with Hawkes processes, we
will only be interested in multivariate event spaces of the form E = (E, ..., E),
i.e. we will assume that all component spaces coincide.

3.24 Definition (Poisson process). Let (Q,.%,P) be a probability space,
E be a univariate and IE a multivariate event space.

(1) Univariate Poisson process. Let H be a locally-finite measure on E,
which is called the mean measure. Assume a point process N with values
in A (E) satisfies the conditions:

(i) The random variable N(A) is Poisson distributed with mean H(A),
for all bounded sets A C E.

(#) For all n > 1 and all sequences of disjoint sets Ay C [, where
1 < k < n, the family of random variables N(A;),...,N(A,) is
independent.

Then N is called a univariate Poisson process with mean measure H.

(2) Multivariate Poisson process. Let H = (Hy,...,H;) be a family of
locally-finite measures, where each Hy is defined on E;. This family of
measures is called the family of mean measures. Assume a point process
N with values in A (IE) satisfies the conditions:

(i) The random variable N*)(A) is Poisson distributed with mean
Hyi.(A), for all bounded sets A C Eg, for all 1 <k <n.

(i) Let (ji, Ax) be pairs of indexes jr € {1...,d} and bounded sets
A C Ej,, where 1 < k < n. Assume that either ji # j; or
otherwise Ay N A; = () holds for all k # [. For all sequences (jg, Ax)
of this form, the family of random variables

N(jl)(Al), s N(jn)(An)

is independent.

Then N is called a multivariate Poisson process with mean measure fam-
ily H. O
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3.25 Proposition (Moment measures of Poisson processes). In the uni-
variate case let N be a Poisson process with values in .4 (E) and mean measure
H. In the multivariate case let N be a Poisson process with values in A4 (IE)
and mean measure family H = (Hq,. .., Hy). Furthermore let j € {1,...,d}™.

(1) The ordinary moment measures of order n in the two cases are:

M (X a) =3 3 T1H(N 4),

m=1 PePn r=1 €S,

L, | 2]
i (xa) = X w(x ) 0)

PLP; r=14ieS,

(2) The factorial moment measures of order n in the two cases are:

() e () () ().

The above statements hold for all bounded sets A, i.e. in the univariate case

A, CE, all 1 <k <n, and in the multivariate case Ay CE;, ,all 1 <k < n.$

Recall that in Definition 3.19, we did not impose any assumptions on the cluster
distribution. But in the case of a Hawkes process, the clusters have a Poisson
distribution. Thus, we will now analyze this special case in detail. Recall also
the notation introduced in Equation (3.4).

We consider only the univariate case. The multivariate case is a trivial
extension.

3.26 Definition (Poisson cluster family). Let L be an arbitrary center
process with values in .4 (E) and let H be a mean measure, i.e. a locally-finite
measure on the space E. Define first the translation-covariant family of mean
measures on [E by:

H,(dz) = H(dz|y) == H(dz — y),
for all y € E. Next define the cluster kernel ®x by:
Qi (Bly) = Poissong [H,](B),

for B C A (E) and y € E. In other words, ®x(-|y) is the Poisson distribution
on E with mean measure H,, where y € E is the center of the cluster. Finally
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assume K, cg is a cluster family with distribution ®g, directed by the center
process L. The family K,cg is then called a Poisson cluster family. Clearly, due
to the specific choice of the cluster kernel ®, the clusters K, are conditionally
independent Poisson processes given the center process L. O

Note that for the definition of a Poisson cluster family, we do not assume that
the center process L is a Poisson process. We only assume that the clusters
K, cr have a Poisson distribution.

Let us formulate the following special case of the univariate version of Equa-
tion (3.10):

3.27 REMARK (FACTORIAL MOMENTS OF A POISSON PROCESS). If J is a uni-
variate Poisson process on the event space E with mean measure H, the first
two factorial moment measures are:

MPNdz) = My (d21) M (dzs) = H(dz1)H(dz). S
It is of interest to see whether and how the general moment measure formulas
given in Theorem 3.22 simplify in the presence of Poisson distributions. In-

deed, we can distinguish three cases: Either the center process; the generating
clusters; or both have a Poisson distribution:

3.28 Corollary (Clusters that are Poisson distributed). Let K,cg be a
cluster family directed by a center process L(dy).

(i) General swarm directed by a Poisson process. If the center process L is
a Poisson process with mean measure G, then My[? (dz) equals

[ Mz + [ Micaaly)Gias) [ Mitdzlna)
E E E
(#) Poisson swarm directed by a gemeral center process. If the cluster family

Ky cr has a Poisson distribution with mean measure H,, then M NP (dz)
equals

/EH(dz1|y)H(dz2|y)ML(dy) + /EZ H(dz2|y1)H(d22|y2)M£2](dy)~

(1)  Poisson swarm directed by a Poisson process. If the cluster family Kycg
has a Poisson distribution with mean measure H, and the center process
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L is a Poisson process with mean measure G, then My!?(dz) equals

/H(dzl|y)H(d22|y)G(dy)+/H(dzl\y)G(dy)/H(d22|y)G(dy). &
E E E

We now look at another special case, namely we consider the case where the
cluster center process L is a homogeneous Poisson process. Recall that a point
process is homogenous if its distribution is translation-invariant with respect
to shifts of the event space E. It turns out that in this situation the compound
cluster process N is also homogeneous:

3.29 Corollary (Homogeneous center process). Assume both Ky cg and
L have a Poisson distribution. Additionally assume that the center process L is
a homogeneous Poisson process with mean measure Ag, the Lebesgue measure
on E. Then one has:

2
M (dz) = / H(dz |y)H (dz|y)dy + [H(E)]* g2 (dz). o
E
Note that if L is a homogeneous Poisson process on E, then its mean measure

must be of the form aAg, for some constant o > 0. Therefore, the assumption
that L has the mean measure A\g is in fact not a restriction.
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Proofs for Chapter 3

For the next lemma, let the assumption given in Remark 3.20 be satisfied.

3.30 Lemma (Intermediate result for factorial decomposition). Let K(dz|y)yer
be a cluster family directed by a center process L(dy). Let & € B be a par-
tition of the set {1,...,n} and assume that & = {Si,...,S;,}. Then, for all
y,z € E™, one has:

st (y)stl (z) [T KI5V (dzs, lyr) = 6™ (y) [T K15 (dzs, yr). (3.12)
r=1 r=1 <>

ProoF (LEMMA 3.30): Let Y;>; be an enumeration of L and W;>1,;>1 an
enumeration of J;, see also Remark 3.20 concerning this notation. Now let f
be a function on E. One has the following relationship between an integral and
a sum:

/Ef(z)K(dz|y) = Z FYi+ Wig)Liy,=y- (3.13)

As on other occasions, we will adopt the notation:
Y(i) = (Yzl yeey Yim)a W(Lk) = (Wi17k17 veey Wi'nuk'm,)’

whenever ¢,k € N™.

(i) Let 2 € N™ and p # ¢. Since the union of all events forms a simple point
process, see Remark 3.20, one has the following implications:

ip 7& iq A Ep 7& Y;;q = Y;;p + Wip’kp 7& Y;q + Wiq’kq'

The equivalence on the left hand side can be expressed as o™ (i) =
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(ié)

§lml(y' (M) and the implication on the right hand side as:
sy Wy =1 = Sy ® 4 wtk)y — 1, (3.14)

Let y € E™ be such that 6™ (y) = 1. We claim that:

stml(2) H K(dz|y,) = H K(dz|yy). (3.15)
r=1 r=1

This statement is shown as follows: Let f be a function E™. Due to
(3.13), the following integral can be written as a sum:

f(z H K(dzr|yr)

Em™

Z Z f(y y® + W(i,k))é[?n] (Y(i) + W(i’k))]l{y(i):y}.

5eeytm K1y km

One clearly has the implication:

Liy@_yy =1 = My @) = sl (y) = 1.
Now, according to (3.14), this shows that:

Ly oy =1 = S (y @ wEk)y —

As a consequence, the 6"-function in the sum above can be left out:

F@M) [[ Kzly) = D F¥YP+WENL 6,

Em r=1 i,kEN™

m

= f(z) H K (dzr|yr).

Em reil

Since this equality is satisfied for all functions f, Equation (3.15) follows.

Now let y € E™ such that 6" (y) = 1. Moreover, let i € {1,...,d}™ be
such that i, € S,.. We claim the following:

m

o (D) [T KU P (dzs, lyr) = [[ K95V (dzs, lys)- (3.16)

r=1 r=1
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This follows from:

otml (2@ HK(‘S Ddzg |yr) = 6™ (2, ... 20) H H K(dz;|yr)

r=1 r=1j€S,

=6z, z) {K(dzu\yr) H K(dzj\yr)}

s

r=1 JESr,jFir
o) [T K@ ] [IT T &Gl
r=1 r=1j€Sy,j#ir

Applying Equation (3.15), one gets:

= [f[ K (dz,|y;) [ﬁ [I Kzl = ﬁ KU D(dzs, |y, ).

r=1j€S8,,j#ir r=1

Adopt the notation z(® := (z;,,...,2;, ). Recall that 6/™(z) =1 if and
only if all components of z are distinct. Let the partition & consist of
the sets {S1,...,Sm}. One can express 6I™l(2) in the following form, see
also Notation 2.27:

3lml (2) = [H SR H I II 5™®) }

r=1 11 €St im ESm

Assume now w.l.o.g. that §["(y) = 1, because otherwise Equation (3.12)
is trivially satisfied. Substituting the above expression for 4™ (z), one
obtains:

m

61 (y)o (z) T K15V (dzs, lyr)

r=1
- [H §lIS-11( HH IT o) } T[T 515D (dzs, yn).
r=1 11 €S im ESm r=1
Since 6")(y) = 1 has been assumed, one can now apply (3.16) once

for every delta-function 6™ (z(®) in the product. Hence, the statement
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follows with:

[ﬁ(g 15011z } HK('S D(dzs, y»)

r=1 r=1
H{(;\s M(zg VK15 (dzg, yn } = 5t (y) T] K15 (dzs, Iy, ).
r=1 r=1
In the last equality 6™ (y) = 1 has been used. O

3.31 Lemma (Factorial decomposition of products). Let Kycg be a cluster fam-
ily directed by a center process L. Consider the compound cluster process
N = [ K,L(dy). For all n > 1 one has:

N (dz) = zn: > / HK('S Ddzs, |y ) L™ (dy),
r=1

m=1 ZePn,
¥ (3.17)

NIl(dz) Z 3 / HK 1S (dzg |y, ) L™ (dy). %

m=1 Pepn,

ProOF (LEMMA 3.31): The proof uses the results of Lemma 3.30 and is a
simple application of the more general results given in Theorem 2.42.

(¢) Ordinary product measure. First note that:
n

[H (dzfye) | L (dy).

n

N (dz) = /K donlun) L(dn)| :/IE

Next define fi(x) := K(dzg|zy), for 1 < k < n, and apply the univariate
version of (2.22):

3 / (11 K (dzdy)] ) )

Z

m=1 ZePn, r=1 4€8S,
=i P> L HKUS D (dzs, lyr) L") (dy).
m=1 Pepn,

(i) Factorial product measure. According to the definition of the factorial
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moment measure:

NM(dz) = M (2)N ™ (dz)

_ () Y > [ HKW (dzs,ly) | L™ (dy).

m=12ePn,
Since 6™ (y) = [6I™ (y)] ?_ one has by definition of LI that:
LI (dy) = 67 (y) L (dy) = [ ()] L (dy)
= 31" (y) [0 (y) L (dy)] = 67 (y) LI (dy).

Applying this equation twice below, the claimed decomposition follows
due to (3.12) with:

Nl =Y Y / ()51 ) T K05 (s, )] 7 ()
m=1 pepn VE™ r=1
=3 > [ [o) T K"z, y) | 20 (ay)
m=1 ZePr, Em r=1
=3 5 [ [TL &1 s, ) | ). 0
m=12epr, "I r=1

PrOOF (THEOREM 3.22): Let J;>1 be the sequence of generating clusters and
Y;>1 be an enumeration of the points of the center process L, see Defini-
tion 3.17.

(1) Functions. It suffices to show the equation for functions of the form
Yr(v) := 1y, (v), where 2, C A (E). First note that:

E[/E ﬁ@[;k(Kyk)L[( } [/E H]lmk )M (y) L™ (dy)

n el n el

- ]E[ 3 ﬁ Loy, (3, +12,C)5["](161,..-,Kn)},

1 eeyin k=1

where the sum is taken over all i > 1. Since L is a simple point process,
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Y;, =Y, if and only if i, = i,. Hence, the above expression becomes:
n
- E[ ST T 2an (i, + i) Gy i)
i1yemin k=1
Next observe that the sum only needs to be taken for tuples (i1, ...,i,)

with distinct indexes, since otherwise the 6!")-function vanishes. Hence,
due to (3.3), one has for the previous expression:

()= Y E [ﬁnmk By + V)]

U1 yeenyln

ipFi,k#l
n n
- % efAuviea)- X elTenan
B] yeensln k=1 [AFTIT 2 k=1
i Fi, k#EL i #i, kAL

Adding again the §["-function, this can be written as:

[Za f[ mkm}

11,in

~B[ T @ (el () 2 ).

k=1

Since 61" (y) L™ (dy) = LI"(dy), the claim follows with:

3
—
121:

@i (nlye)| M[" (dy)

Il T
mﬁ\ T
=

I
=7

b
Il
_

E[lay (J + yk)]} M (dy)

—

E [t (] + i) | M) (dy).

Il
—

(2) Kernels. It suffices to show for a sequence By, C E™* where 1 < k < n,
that:

[/]E H"/k (Ky,,Br)L /"HE ’Vk J"'yk,Bk)} ](dy)

" k=1
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But the above equality follows due to (3.5), if one defines ¥ (v) =
Yk (v, Bg), for 1 < k < n.

(8) Moments. We prove only the equation for the ordinary moment mea-
sure. The formula for the factorial moment measure follows along the
same lines. Taking the expectation on both sides of the first part of
Equation (3.17), one has:

M(”) dz) Zn: Z [/

m

KU D (dzg, |y,) LM (dy)} :

m

m=1 Peqn, r=1
Z Z /m H Yr(Ky,,dzs,) Lt (dy)}
m=1 PP,

if one defines the kernels ,, for 1 <r < m, by:
vr(v,dzs,) = 19D (dzg, ), for v € A (E) and zg, € EI%.

Since (J + y,) is a cluster with center in y,, the associated moment
measure is My (-|y,). This shows:

B[ (J + g, d2s,)] = E[(J +9,)05 D (dzs,)| = M (dzs, ly,):

Due to (3.6), the statement now follows with:

M (dz) i > / HE%Jerr,dzs )| M (dy)

m=1 e{p'n
SOOI | C LTI
m=1 6213” o=

PrOOF (COROLLARY 3.23): The first statement is a special case of Equa-
tion (3.6) and the second statement follows from the first one if one chooses
the kernel v(K,,dz) := K,(dz). |

For the next lemma, recall Definition 3.8 for the falling factorial 7™, where
r,n > 0 are integers.

3.32 Lemma (Factorial moments of a Poisson distribution). Let n > 0.
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(1) Poisson random variable. For a Poisson random variable X with mean
A > 0, one has:

E[XM] = E{X(X S)X -2 (X —n+ 1) = (3.18)

This value is called the n-th factorial moment of X.

(2) Poisson process. Let E be a univariate event space and N a Poisson
process on E with locally-finite mean measure H. For any bounded set
A C E one has:

n

E[NM(Ax ... x A)] =E[NA)M] = [H(A)]". (3.19)

&

Note that N refers to the factorial product measure, see Definition 2.36,
whereas N(A)[" is the n-th falling factorial of the integer N(A), see Defini-
tion 3.8.

PrOOF (LEMMA 3.32): The first statement is a well-know fact about the Pois-
son distribution, see e.g. Section 5.2 in [DVJ03]. It remains to show the second
statement, where the two equations are treated in turn:

(1) First equation. Let v € A (E) and assume m := v(A). Moreover, let

(y1,-..,Ym) be an enumeration of these m points. Since v is simple,
yr # yi if and only if k # I. Using that v (dz) = 6!"l(z)v(™)(dx), one
obtains:

Jr(A x . x A) / TT [0 ()] 6 () ()
" k=1

:'Z S yiy i) = Y MG,

ey 115500

where the sum is taken over all 1 < i, < m. According to the definition,

6" (iy, ... i,) = 1 holds if and only if (iy,...,4,) is a vector without any
duplicated components. Since there are exactly m[™ tuples (i1, yin)
with distinct elements ix, € {1,...,m}, it follows that:

V(A x . x A) = ml = v,

Now substitute N instead of v and the first equality follows.

(i) Second equation. Because N(A) has a Poisson distribution with mean

132



H(A), the second equality follows with (3.18). O

The following proof treats only the multivariate version. The univariate case
is treated along the same lines:

PrROOF (PROPOSITION 3.25): The formulas for the ordinary moment mea-
sures are based on the ones for the factorial moment measures. Thus, the proof
of the second statement logically precedes the proof of the first statement:

(1) Ordinary moment measures. In a first step, apply the multivariate version

(2)

(%)

of (2.22), such that:

My (3:(1 ) = E[/E f[ La () N9 (dy)|

3) b1
12| _
—E{ > / H[H lAi(yr)}N[M](dy)}
P BI?) 111 Nes,

Due to Fubini’s theorem and the multivariate version of (3.10):

||
o= [ TI[IT a8 aw)
Py BY?) L1 Nes,
T l57]
= > / T s, 40 () M7 (dy)
.@(9_7‘ EGz) r=1
(] |2 L
- 3 M (>< N Ai): S Huw(x N Ai).
PLP; r=14eS, PLP; r=14es,
Factorial moment measures. Let j € {1,...,d}" and assume that A; C

E;,, for 1 <i<n.

First reduction. By reordering the components of j, one can assume
w.l.o.g. that j is of the form:

i=Q,...,1,2,...,2 ... dy...,d)= (G5 Fa)s
where 7, = (k,...,k) is a vector of length ny andnzzzzlnk. In

the same way as j has been reordered and grouped, arrange now the
sequence A;—1 .., in d groups. Assume after reordering and relabeling,
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()

the sequence A;—1, _, is of the form:
Bl,lv"‘vBl,nl Bk717...,B1,nk Bd,lwnaBl,nd

where By, ; C Eg, for 1 <¢ < ni and 1 < k < n. In the calculation below,
apply (2.14) and use that different components of N are independent:

Ml (l_>n<1 Ai) — Ml1dd) (51 % Bk,i) — E[N[jlu-jd] (glgBkJﬂ
— E|:]]i[1 N (% B;“)] = If[lE{N[jk] (% B;”ﬂ (3.20)

Second reduction. Now fix 1 < k < d and concentrate on the sequence
By i,..., By, only. Note that one can write every product of the form
Bj1 % ... X By, as the union of products Bk,l X ... X Bk,nm where Bk,i
and B;w-, for i # j, are either identical or disjoint. Hence, assume w.l.0.g.
that the sequence By j—1 ..., satisfies:

By = By or ByiN By, =0, if i # 7.

Once more, reorder and group the sequence (By;): Assume there are 7
mutually disjoint sets Cj, for 1 <1 < ry, such that the sequence (By ;)
is after reordering and relabeling of the form:

Ck,la--~70k,1 Ok,l,...,Ck,l Ck,7-k7---7Ck,rk
Let my; be the length of each group Cy 4, . .., Ck 1, so that ny = eril mg .
In the same way as the sequence By, ;=1 ... n, has been reordered, arrange
Ji into 7 groups:

I = (j,“, ooy Jkr, ) Where Jki = (k,..., k) with length my ;.

Now continue with Equation (3.20) and use (2.13). Writing N instead of
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N for readability, one gets:

Nk

o (% )] - 5[ ()] - v ()

sl ()] -2 (% X )]

l=1mk,
=5 (x cug] = =[],

Since Cy,; are pairwise disjoint, N(Cy,;) and N(Cy, ;) are independent,
for i # j. Hence, Nmxil(Cy ;™) and NImwil(Cy, ;M%) are also inde-
pendent, for ¢ # j. Due to (3.19), one now obtains:

Tk

E[N[jk}(%B’f’i” H]E{ Ntmed(C m“)]ZH[Hk(Ck,z)]mk’l~

=1
(3.21)

(i) Final step. Finally, take Equation (3.20), and due to (3.21), the statement
follows with:

(5 ) = TL v (X o1,)] = T T Tmccu]™
i=1 k=1 =1 k=11=1
-1 I HUxD (O = ﬁHuk) ;20,2"1“)
k=11=1 k=1 =1
_ EHW (% By;) =HY ()j(l 4;) O

PrOOF (COROLLARY 3.28): Let n = 2 and consider the following special case
of (3.7):

M][\?] (dz) = /]EME](dz\y)ML(dy) + /]E2 MK(dzl|y1)MK(d22|y2)M[L2](dy)~
(3.22)

It remains to specialize the above equation in the three cases:

(i) General family directed by a Poisson process. If L is a Poisson process
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with mean measure G, then:
M (dy) = G(dy), M (dy) = G(dy)G(dys).

Now substitute this in (3.22).

(i) Poisson family directed by a general center process. If Ky cx is a Poisson
cluster family with mean measure family H,cg, then:

My (dzly) = H(dz|y), M (dzly) = H(dz|y)H(dz|y).

Again substitute this in (3.22).

(ii)  Poisson cluster family directed by a Poisson process. This is the combi-
nation of the previous two special cases. Hence, the statement follows,
after substitution of the four above equalities in (3.22). O

PRrROOF (COROLLARY 3.29): If L is a homogeneous Poisson process with mean
measure Ag, then:

My (dy) = dy and MP(dy) = dy.
Substituting this in (3.22) yields:

MP(z) = [ HdalyH @y + [ Haaldy [ Bzl

E E E

For any bounded set A C E note that:

[ amay = [ [ [ s -p)a= [ / L4+ 9)H(dz)]dy

E E E
il / LaCs + y)dy] H(@2) = [ Aa(A)H(d2) = HEDe(A),
E E

Therefore [; H(dz|y)dy = H(E)Ag(dz), and after substitution in the above
equation, the claim follows:

M(dz) = / H(dz |y)H (dzely)dy + [H(E))*Ae(dz1) Mg (d2o). O
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Chapter 4

Hawkes Processes

There are two conceptually different ways how a Hawkes process can be de-
fined and each one has its advantages and disadvantages. In this chapter, we
describe a Hawkes process as a recursive Poisson cluster process. The advan-
tage of this approach is that the results from the previous chapter concerning
Poisson cluster families can directly be applied. Hence, this representation is
especially suitable to derive the first and second order moment measures. The
corresponding results are the topic of the next chapter.

The other common way to describe a Hawkes process is in terms of intensity
processes. Chapter 6 is dedicated to that approach. As we will see, specifying
a Hawkes process in terms of its intensity process has also its advantages, e.g.
if one wants to calculate its likelihood function.

In summary, one can look at Hawkes processes from different perspectives,
either within the framework of Poisson cluster processes or within the theory
of intensity processes. Each point of view brings with it its own set of powerful
tools. I think it is a nice feature of Hawkes processes, that techniques from
different areas can be used to analyze them; but one has to take the appropriate
representation for the question at hand.

4.1 Motivation and Objectives

I will define Hawkes processes in several steps: First I define Hawkes trees,
which are basically Hawkes processes with one fixed, deterministic immigrant.
This definition is motivated by Section 6.3 of [DVJ03]. But in contrast to
this reference, I will put more emphasis on the construction of the underlying
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stochastic objects.

A Hawkes tree is obtained with the following recursive procedure: Assume
there are finitely many random center points, say (Xi,...,X,). Take a se-
quence of iid Poisson processes (Kx,, ..., Kx, ), where Kx, has mean measure
Hx, . The measures H,cg are called transfer measures. Then take the union of
all events in the sequence (Kx,,...,Kx, ) and repeat the recursive procedure
until there are no new points, i.e. until n = 0. Finally, collect all points. If one
starts with n = 1, X; = 0, the above construction yields a Hawkes tree.

Conceptually, one can assume that for every possible location = € E there is
an associated independent Poisson processes K. The sequence (Kx,,..., Kx,)
of Poisson processes is then obtained by selecting the clusters associated to the
center points (Xq,...,X,).

One of the purposes of the previous chapter was to explain in detail how
one can select a countable sequence of clusters with random indexes out of
a conceptually uncountably infinite family of independent clusters. At first,
it might seem that one has to construct the underlying probability space by
successive conditioning. But one of the nice consequences is that one only
needs an iid sequence of point processes, which I call the driving process, see
Remark 4.12.

Decomposition Formulas. The last part of this chapter serves as a prepa-
ration for the next chapter. Specifically, the decomposition formulas given in
Lemma 4.24 will be used again later. Let me quickly explain the purpose of
these somewhat obscure formulas:

In order to calculate moment measures of Hawkes processes, one basically
needs to calculate the expectation of integrals of the form [ [];_, K, L™ (dy).
Unfortunately, since the events of L are not independent, this is in general not
trivial. But if the integral is of the form [ [y_, Ky, L"(dy), then some sort of
distributivity law for the expectation applies; the precise formulation is given
in Theorem 3.22.

Hence, the notational small difference between L(") and L") makes a big
difference if expectations need to be calculated. The main idea is now to
decompose the second order product measures of a Hawkes process in such
a way that only integrals with an integrator of the form L[")(dy) appears.
Decompositions that satisfy this requirement are given in Lemma 4.24.
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4.2 Cluster Kernels

We first summarize some well-known facts from linear algebra:

4.1 Definition (Matriz norms). Consider the space R4*? of real-valued,
d x d-dimensional matrices.

(i) A matriz norm || - || is a vector norm on the space R4*?, i.e. a real-valued
function on R?*¢ with the following three properties: For all matrices
A, B € R™4 and all a € R it holds that: ||A|| > 0; ||A| = 0 if and only
if A =0. Moreover, ||aA| = |o|||A|| and ||A+ B < ||A]| + || B]|-

@#) A vector-norm || - || on the space R4*? of square matrices is called sub-
multiplicative if it satisfies:

|AB| < ||A|| - ||B]|, for all A, B € R¥xd,

(@) Let | - | be a vector-norm on R?. The operator-norm || - ||, induced by
| - | is the matrix-norm defined by:

|A]l« := sup{\Av|/\v| cveRY v #£ O}’

for A € R¥4. The operator-norm || - || is always sub-multiplicative. <

In order to analyze geometric convergence of matrices the following definition
is very useful. For a text book treatment of the spectral radius see also Defini-
tion 10.10 in [Rud91] or Definition 5.6.8 in [HJ85].

4.2 Definition (Spectral radius). Let A € R™*? be a matrix and order the
d eigenvalues of A according to:

A1l > A2l > ... > |Aal.

Note that A\, € C, in general. Define the spectrum A(A) by:
AA) = {dk=1,...d}.

The spectral radius Spr(A) is then defined as:
Spr(A) = max{|/\| Ae A(A)} = A,

The spectral radius is a sub-multiplicative matrix-norm. &
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Later, we deal with the branching matrix @ of a Hawkes process, which has non-
negative components. The following specific property of non-negative matrices
will not be used later on, but is still mentioned for completeness:

4.3 REMARK. Assume A is a dxd-matrix with non-negative components. As a
consequence of the Perron-Frobenius theory, it holds that: The sequence Aq .. 4
in Definition 4.2 can be reordered such that:

A1 > 0.

In other words, A has a non-negative eigenvalue that is as least as large as the
absolute value of any other eigenvalue. O

PRrROOF: The Perron-Frobenius Theorem is usually formulated for matrices
with positive components, but there is a corresponding extension to non-
negative matrices. See Theorem 3 in Section XIII.3 of [Gan74] or Theorem 4.2
in Section I.1.4 of [Min88] or also Theorem 8.3.1 in [HJ85]. O

The next proposition shows that any sub-multiplicative matrix norm and the
spectral radius are related:

4.4 Proposition (Gelfand’s formula). Let || - || be a sub-multiplicative ma-
trix norm on R**?. Then, for all A € R4*¢ one has:

. 1/n
Spr(4) = lim (A")"", 0
PRrROOF: See Theorem 10.13 in [Rud91] or Corollary 5.6.14 in [HJ85]. |

Let us make some remarks about the convergence of a sequence of matrices:

4.5 REMARK (CONVERGENCE OF MATRICES). Fix amatrix norm ||-|| on R4*4
and consider a sequence of matrices (A4,),>1 and some other matrix A. The
canonical definition of convergence is:

lim A, =A = lim ||A, — A] =0.

n— 00 n—00
It is important to note that the choice of the matrix norm || - || is irrelevant,
since on a finite-dimensional vector space all norms are equivalent. In other
words, if || - ||; and || - |2 are two vector norms on R4*?, then:

lim ||A, —Al1=0 — lim ||A, — Al =0.

n—oo n—oo
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As a consequence, one can give the following equivalent definition for conver-
gence: For a sequence of matrices (A4,),>1 and some other matrix A one has:

lim A, =A4 — lim (Ay)i; = Aij, for all 1 <i,j <n.

n—oo n—oo

Hence, the sequence (A, ),>1 converges to A if and only if all components A, ;;
converge to A;;. &

A consequence of Gelfand’s formula is the following convergence criterium:

4.6 REMARK (GEOMETRIC CONVERGENCE). Let A be a matrix in R?*¢ and
consider the sequence A", A%, ... of n-fold products of A. Then:

Spr(A4) <1 = lim A" — Oy,

n—oo

where Oy denotes the matrix consisting of zeros. Consider now the sequence
Sp =Y p_oAF, for n > 0, where by convention A° := 1. Then, under the
assumption that Spr(A) < 1, the sequence (S,)n>0 is convergent and the limit
is given by:

n— oo

lim S, = ZAk = (14— AL
k=0

The fact that (14 — A) is invertible is part of this statement. &

PRrROOF: The first part of the above remark corresponds to Theorem 5.6.12
in [HJ85]. The second part corresponds to Corollary 5.6.16 and the exercise
following this corollary in the same reference. O

4.7 Definition (Transfer measure matriz). Let E be a univariate event
space and H;; be a family of finite measures on E, for 1 <4,j <d.

(i) For brevity of notation, introduce the matrix H of measures:
H:= {H;;, for 1 <i,j < d}.
Moreover, define the matrix of shifted measures H,, by:
H,(dz) := H(dz — y), Hjj y(dz) == Hjp(dz — y),

for all y € E. The left hand side is in matrix notation; the right hand
side in component-wise notation.
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(i) Define the identity matriz 1 and the shifted identity matriz 1, by:
Il.ij (dZ) = (5”(50(d2) and []ly]”(dz) = (51]5y(d2:),

for all y € E. &

Next we introduce the notion of multivariate convolutions. Note that the
identity matrix 1 is the unit-element, i.e. one has 1 « H = H and similarly
1, * H = H,, for every matrix H of measures.

4.8 Definition (Multidimensional convolution). Let G and H be two ma-
trices of measures. The convolution G *H is again a matrix of measures, where
the (4, k)-th component, for 1 < j, k < n, is defined as:

[G * H1(dz) Z/G]mdy Hpp(dz — )

= EAGJm(dZ _y)Hmk(dy)a

Moreover, define recursively the n-th convolution of H with itself by:
H* =1 and H*" o= H « H* "D, &

Later on, H will be the family of transfer measures of a Hawkes process. Closely
related to the transfer measure matrix are the so-called associated cluster ker-
nels and the branching matriz:

4.9 Definition (Cluster kernel). Let H be a matrix of finite measures.

(i) The exclusive U~ and inclusive U cluster kernels generated by H are:

o0 o0
Ut .= ZH*" and U™ = ZH*”. (4.1)
n=0 n=1

Let y € E be given. In the same way as for the matrix H, define the
shifted versions of the two cluster kernels by:

+ Tt - U
Ut (dz) :=Ut(dz —y), U, (dz) :=U"(dz — y),
(i) Define the branching matriz @ associated to the measure matrix H by:

Qjr = Hji(E), (4.2)
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for 1 < 5,k < d. Hence, @ is a d X d-matrix and has non-negative
components. &

Note that without further assumptions, the two cluster kernels U~ and Ut are
not necessarily finite measures. But there is a simple sufficient condition:

4.10 Proposition (Some formulas for cluster kernels). Let H be a ma-
trix of finite measures and U~ and U be the associated cluster kernels. The
following statements are given at the same time in matrix notation and in
component-wise notation:

(1) The additive relation between U~ and U™ is given by:

1,+U, =U;, Six0y(dz) + Uy, (dz) = U,

iy (d2). (4.3)

The multiplicative relation between U~ and U™ is given by:

d
Ut H, =U;, 3 /E U (d2) Himy (do) = Usy (d2). (4.4)
k=1

(2) Assume that Spr(Q) < 1. Then U~ and U" are finite and one has for
their total masses:

UHE) = (1a- Q) ", U (E)= (14— Q)" — 1q (4.5)
%

4.3 Univariate Hawkes Processes

We could directly give the definition of a multivariate Hawkes process. But
it is more convenient to introduce the definitions and notations first in the
univariate case and then to extend them to the multivariate case. Thus, take
a univariate event space E. We first define so-called Hawkes trees:

4.11 Definition (Univariate Hawkes tree). Let (Q,.%,P) be a probabil-
ity space. Moreover, let H be a finite measure on E and H,cg be the associated
family of shifted measures. Let ® , be the family of Poisson distributions on
A (E) with mean measures H,,.

The construction of a Hawkes tree starts with the root node and then adds
the descendant generations in an inductive procedure:
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(¢) The process of generation 0 consists of only one event, the root node at
location 0 € E:

L0|0(d2) = (SQ(dZ)

Assume, in the sense of an induction over n, the following processes have already
been defined for some (n —1) > 0:

(i) Let K, (dz|z).ck be a cluster family with distribution ® k., directed by
the center process L, _1|o(dz).

(@) Define the point process L, o with values in .4/(E) by:

Luoldz) = /E Ko (d22) L1 0(de). (4.6)

The process Lo contains all descendants of generation n.

Repeat the above procedure for all n > 0, so that one obtains a sequence
(Lnjo)n>0 of point processes. A Hawkes tree is now the superposition of all
these processes. In fact, we define the following two versions of a Hawkes tree:

(w) One distinguishes between the exclusive tree, which does not contain the
root node, and the inclusive tree, which does contain the root node:

- . + .
N = Lo and Nt =" Lo &
r=1 r=0

Note that in the above procedure, one has to extend the probability space
if necessary, in order to accommodate the cluster family K, (dz|z). But this
extension is not based on a sequential conditioning procedure in the sense of
Tonesu-Tulcea’s Theorem. Indeed, all that the construction needs is an iid
sequence of point processes, from which the cluster families and thus the gen-
eration processes can be constructed. One could therefore call this underlying
sequence the driving process. Let us explain this in more detail:

4.12 REMARK (DRIVING PROCESS). Assume one has already constructed the
process L,_1o. In order to define the process Ly, the following ingredients
are needed:

(1) Generating clusters of generation n. A sequence (J,, ;);>1 of independent
and identically-distributed point processes with distribution ® g, inde-
pendent of all other probabilistic objects defined so far.

144



(i) Cluster swarm of generation n. With (J,;);>1 one can now construct
a cluster family K, (dz|z), as explained in Definition 3.17. This cluster
family is constructed by random displacement of the generating clusters
Jn,i and involves no other stochastic objects.

In summary, we see that the only random object needed to define a Hawkes
process is the double-sequence (J,;)n>1,:>1 of independent and identically-
distributed generating clusters. This justifies that we call the family (J, ;) the
underlying driving process. &

One should note that Njg~ and N, ‘0*‘ are not necessarily locally-finite, i.e. the
realizations do not need to lie in the space .4 (E) of locally-finite point config-
urations. In consequence, N* are not point processes in the sense used so far.
But later will give sufficient conditions, so that this construction leads indeed
to well-defined point processes.

Often we are not interested in the full Hawkes tree but in a subtree starting
at some given node. The formal definition of a subtree is very similar to the
definition of the full tree. And in the same way as for the full Hawkes tree,
the definition is again a recursive procedure. But this time we do not need to
extend the probability space and add in each iteration an independent cluster
family. Instead we reuse the same cluster family K, , that has been used
in the definition of a full Hawkes tree, since otherwise we would only get an
independent copy of the subtree.

4.13 Definition (Univariate Hawkes subtree). Fix a generation ng > 0
and the location of the root node y € E.

(¢) Define the root process Ly, of the subtree originating in generation ng
at location y by:

Ly ne (dzly) := d,(dz). (4.7)

In the same way as in Definition 4.11, the generation processes are constructed
by induction. Hence, assume the process L, 1|, has already been defined, for
some (n — 1) > ng, and continue with:

(#) Define the process of descendants of order n of the subtree originating in
generation ng at location y by:

Ln\no(dzw) ::AKn(dzlx)Ln—l\ng(dx‘y)- (48)
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(i) Define the exclusive and inclusive subtrees Nj,,,~ and Nj,,* originating
in generation ng at location y by:

Ny (dzly) : Z Lyin, (dzly), Nljzo dzly) : Z Lyjpo (dz]y).

r=ngo+1 r=n0
(4.9)
¢

Note that the origin of a Hawkes subtree is a fixed location y € E and not one of
the nodes of the Hawkes tree. In this regard, Hawkes subtrees are comparable
to cluster families: The originating node of the subtrees N|,,” and NN \7L0+ has to
be one of the nodes of the generation processes Ly, |o. In fact, we will see below
that the subtree processes are only used in situations where y is the integration
variable with respect to L.

The next property is related to the recursive construction of Hawkes trees
and one could call it a self-similarity property. Loosely speaking, it says that
each branch of a Hawkes tree is again a complete Hawkes tree, conditioned on
the location of its root node.

4.14 Proposition (Self-similarity of Hawkes trees). Let the Hawkes tree
N and the subtrees N(-|y)ycr be given as specified in Definition 4.11 and
Definition 4.13.

(1) Complete tree. For all no > ny one has:

/Ln2|m(dz|x) mlo(dx) = Ly, o(dz),

(4.10)
/N (dz|z) Ly, 0(dx) Z Lyjo(d).
r=ni
(2) Subtree. For all ny > nq > ng one has:
[ Eos (€212) o (1) = Lo (021,
(4.11)

/Nn (dz|w) Ly, |n, (dzly) = Z Lyjn, (dz]y).

r=ni
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(8) Self-similarity. For all ng > 0 one has:

N‘B(dz) :/N‘J{(dz|x)K1(d;v|0),
" (4.12)
N @els) = [ N s (@10) Loy (). o

The formulas (4.10) show how the generation processes and subtrees of a com-
plete Hawkes tree are related to each other. Similarly, the formulas (4.11)
describe the same relations, but this time for subtrees. Finally, the formu-
las (4.12) show how higher order subtrees can be aggregated to obtain lower
order subtrees.

Now we come to the definition of a Hawkes process itself. Basically, a
Hawkes process consists of an immigration process such that each event, which
we call an immigrant, generates a Hawkes tree and the Hawkes process is then
the superposition of all these trees:

The original definition goes back to [Haw71], from where Hawkes processes
obtained their name. The following definition is more general and is mainly
motivated by [DVJ03], see Example 6.3(c), Example 6.4(c), Example 7.2(b)
and Example 8.3(c).

4.15 Definition (Univariate Hawkes process). Let H be a finite and G
be a locally-finite measure on E. Assume (2, .%#,P) is a probability space such
that one can define the following objects:

(i) Let J be an inhomogeneous Poisson process on E with mean measure G.
Now consider the following cluster family directed by J:

(i) Let Njg"(dz|z) be a family of Hawkes trees directed by the immigration
process J(dz).

The Hawkes process is now defined as:
N(dz) = / ng(dz\x)J(dx). &
E

A remark about the naming: There is not an established naming scheme for
the two measures G and H describing a Hawkes process. In the literature
one can find the following notation, depending on the context in which the
Hawkes process is used: The measure H is often called the offspring measure,
infectivity measure, decay measure or the transfer measure. The measure G
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is often called the immigration measure but in many applications one simply
takes the Lebesgue measure on E. Correspondingly, J is called the immigration
process and its members the immigrants.

As it was already the case for Hawkes trees, without further assumptions,
the Hawkes process as defined above is not necessarily a locally-finite point
process. But we will see later that if the Hawkes trees are well-defined then so
is the associated Hawkes process.

4.16 REMARK (CONSTRUCTION OF A HAWKES PROCESS). Let us clarify two
points concerning the above construction:

(1) Construction of a family of Hawkes trees. One can define the family
Nig" (dz|z) of Hawkes trees in the same way as one defines a cluster
family: Start with a sequence (N;T);>1 of iid point processes with the
same distribution as the Hawkes tree N, |0+ with root node in 0 € E. Then
construct the cluster family N|g*(dz|z) by shifting each of the generating
clusters N;T according to the points of the immigration process J(dx).
This leads to a family of Hawkes trees N|ot(dz|x),cr directed by J(dx).
See Definition 3.17 for the details of this construction.

(2) Definition in terms of exclusive Hawkes trees. The choice to use inclusive
Hawkes trees Nt is quite arbitrary. Indeed, one can also take the ex-
clusive Hawkes trees N~ instead. This leads to the following equivalent
representation of a Hawkes process:

N(dz) := J(dz) —|—/EN|6(dz\z)J(d:c). &

4.4 Multivariate Hawkes Processes

We now turn to the multivariate case. Unfortunately, the notation becomes
more cumbersome, as there are now d component processes and not only one.
This is the reason why we first considered only the univariate case.

4.17 REMARK (EVENT SPACES FOR HAWKES PROCESSES). In the univariate
case, the event space is simply E := R®. Recall that a general multivariate
event space is of the form I := {Eq,...,E4}, see also Definition 2.2. But if
we want to define a multivariate Hawkes process, we cannot take a general
multivariate event space IE. The reason is that nodes from one component are
used as center points of clusters in other components. Thus, all nodes have to
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lie in the same event space. This means that all component event spaces [E;
must coincide. &

From now on assume the multivariate event space is of the form It := {E, ... ,E}.
The construction of a Hawkes process in the multivariate case follows along the
same lines as in the univariate case. In the next definition we repeat the same
construction as in Definition 4.11, but without the detailed description of the
single steps:

4.18 Definition (Multivariate Hawkes tree). Let (2, #,P) be a proba-
bility space and E := {E,...,E} be a multivariate event space with a multi-
variate family of finite transfer measures H.

() Fix some 1 <m < d. The root generation process Lo is defined as:
L§).(dz) = 60 (d2),

for all 1 < j < d. Hence, the root node of the Hawkes tree lies at location
0 € E in component m.

(%) Let Kn‘k(j) (dz|x) be cluster family with a Poisson distribution with mean
measure Hjy ., for all 1 < 5,k < d. Define recursively for n > 1 the
generation process of order n by:

LY, (d2) Z/K(] (d2f2) L3, 5,0 (). (4.13)

(iti) Define the exclusive and inclusive Hawkes trees by:

n=1 n=0
forall 1 <j<d. O

Note that in the multivariate case, the origin of a Hawkes tree is determined
by the pair (m,y), where y is the root location and m is the root component
index.

As in the univariate case, we define also subtrees. To this end, one needs
to fix a triple (ng, k,y) indicating the origin of the subtree. The root node of
the subtree is then at location y, in component k, in generation ng.

4.19 Definition (Multivariate Hawkes subtree). Fix a generation ng >
0, a component index 1 < k < d and a location y € E.
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() Define the root generation L,,,, of the subtree by:

LD - (dzly) = 05,0, (dz).

no|no:k

(@) Define the generation processes Ly, recursively for (n —1) > ng by:

d
, . l
LY (dely) =3 /E K (dzl2) L, (daly).
=1

(iti) Define the exclusive and inclusive subtrees by:

00 0o
- ._ (4) +() ._ ()
N\no:k T Z Ln|n0:k and N\ng:k T Z Ln|n0:k' <>

n=no+1 n=ng

The definition of a Hawkes process in the multivariate case is analogous to the
univariate one:

4.20 Definition (Multivariate Hawkes process). Let G be a vector of
locally-finite measures and H a matrix of finite measures on E. Assume (2, #,P)
is a probability space on which are defined the following stochastic objects:

(i) Assume J™ is a family of independent Poisson processes with mean
measures G,,, for 1 < m < d. The vector of measures G is called the
immigration intensities and the processes J ("™ the immigration processes.

(#) Assume NIJ&(JJ
erated by the transfer measures H and directed by the immigration pro-

cesses J (™) (dx), for all 1 < j < d.

(dz|z) is a cluster family of multivariate Hawkes trees gen-

(iti) The Hawkes process can now be defined based either on the inclusive
Hawkes trees N1 or based on the exclusive Hawkes trees N~. The two
equivalent representations are:

d .
NU(dz) = Z /]Eng:(il)(dz\x)J(m)(dm)
m=l (4.15)

d
= J(dz) + Y / Nioi (dzz) ™ (dx),
E

m=1

where 1 < j <d. &
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Some of the formulas in the following sections will be quite cumbersome. We
therefore use a more compact notation, where we take the freedom to omit
indexes if they can be deduced from the context:

4.21 NoTATION (COMPACT VERSION). Sometimes, the generation index does
not influence the distribution of a given process. As soon as we deal with
moment measures, only distributions are relevant, so that the additional index
specifying the generation does not matter at all. Moreover, it is often clear
from the context, which generation is meant. This justifies that we leave out
the generation index in some situations. We use the following two styles of
notation interchangeably:

4 . » »
K (d2) = K (d2]y), NeO(dz) = N2Y) (dzly).

Let us clarify the notation we use for Hawkes trees and Hawkes processes,
and how one can easily distinguish between the two: Note that we distinguish
between exclusive Hawkes trees N~ and inclusive Hawkes trees N, but there
is only one version of a Hawkes process. Hence, if one of the symbols + or —
is present, then one knows it is a Hawkes tree and otherwise it is a Hawkes
process. &

The following corollary is a reformulation of results from the univariate case,
now adapted to the multivariate case:

4.22 Corollary (Self-similarity structure of trees). Consider a multivari-
ate Hawkes tree, as specified in Definition 4.18.

(1) Two consecutive generation processes are related by:

d
L9 (dz) = 3" | K@ (d)LY, , (de). (4.16)
k=1"E

(2) A subtree is related to the subtrees of its children by:

d
No ) =3 [ N9 @) KLY o). (1.17)
k=1
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4.5 Some Intermediate Results

The lengthy expressions given below will appear repeatedly. We introduce some
placeholders for these expressions, so we can refer to them more easily later on.
In all what follows, we always assume A, B C E are two bounded sets.

4.23 Definition (Placeholders for product measures). Consider a mul-
tivariate Hawkes process and the associated generation processes and subtree
processes. For given 1 <i4,j < d and A, B C E define the placeholders:

(o) Yasp =S 0 /IE 5,(A)0,(B)LY) (dy).
n=0
1) Tsn-.p 512/ A)N;, (]) )L5L|)m(dl/)-
(1e) Tn-s1 ;:2/5 IN; (ALY (dy).
(1d) TN+ N+ (KL —Z Z / Ij-ggll N,tjj)(B)Kilfi](dy)Lfg)m(dx)
n=0rk,l=1

(2a) T55 = 5Z]m60(A)(50(B)
(2b) T&; N- = 513/5 N (Z (dy)

d .
(2e) Yyn+.i 1= 5im50(A)Z/N]::3(jj)( K (dy).

— JE
@) Ty+.x)s = Ombo(B /N“Z (A) K (dy).
(2e) T(n+yi i= Z/N+(m (A x B)K ¥ (dy).

@) T = | N (A x BYKP (dy).
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(29) TN+N+ K] = Z /2 N]:r;zl) l+y(2j)(B)K1[7]§l](dy)
ki=1"E

d
(3a) Y (n+y.g = Z/N,:;”)(A x B)J®) (dz).
i1 /E
d ..
(3) Tineps = / N A % B)J® (da).
i1 VE
(30 Tyin+ipy) o= Z/ N AN (B) T (d).

d
SO NEEDD / 8 ()3, (B (i, y) N (dy) IO (da). 0

The following decompositions are used later to derive the second order moment
measures of a Hawkes process. In the case of a Hawkes tree there are actually
two representation, which we call the explicit and the implicit representation:

4.24 Lemma (Second order product measures). Consider a multivariate Hawkes
tree and assume it is well-defined. Then the second order product measures
can be decomposed as follows:

(1) The explicit representations for a Hawkes tree are given by:

N (A X B) = Yos.p + Yon-r + Tn-sp + T N+ N+:[K]:L»

o (4.18)
NHA X B) = Yon-ir + Tn-sip + T n+ix)-
(2) The implicit representations for a Hawkes tree are given by:

Ny (A X B) = Ys5+ Topn+ire + Tnarcjs + Tveyx + T e[
NI A X B) = Ysinix + Tveirls + Tivepr + Yo v+ (4.19)

(3) The representations for a Hawkes process are given by:

NUD(A x B) = T (n+yg + T+ (4.20)
NN A X B) = Tintpg + T g | %
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Proofs for Chapter 4

Recall that according to Notation 4.21, we do not always mention explicitly the
root node location and write Lyo(dz) instead of L,o(dz[0), since the root node
is always at 0 € E. The same applies for N|o(dz|0), so that we write N|(dz)
instead.

PROOF (PROPOSITION 4.14): This is a direct consequence of Definition 4.13.

(1) Complete tree. Both statements are special cases of (4.11) if one takes
ng =0 and y := 0.

(2a) Subtree, first equation. Let my > ng. The statement is shown by in-
duction over ny. Consider first the base case ny = my: By definition,
Ly, in, (dz|x) = Ly, |n, (dz]x) = 6,(d2), and since Ly, |,, is a simple pro-
cess, one finds:

/E Ly (421) Ly (ditly) = / 5.(d2) Ly, g (dly)
= Lmlno (dz\y) = Ln2‘n0(dz|y).

Now assume the statement has already been shown for some (ng—1) > nq.
Then, due to Equation (4.8):

/Ean\nl(dz|z)Ln1|no(dx|y)
— [ seh) Lo, (0]2)] L ol
E-JE
:/Km(dz|w) [/ Loyt 6 (d0]2) Loy, g ()]
E E

If one now applies the induction assumption and then Equation (4.8), the
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induction step follows with:

- / Ky (d2]0) Loy g (d0]) = g (d2]y).

(2b) Subtree, second equation. This follows due to (4.9) and (4.11) by:

/N|n1 (dz|z) Ly, g (dzly) = /[Z Ly, dz|x} Ly, no (dx]y)

T=nNn1

Z / rny dZ|£E n1|no d$|y Z Lr\no d2|y

r=ni T=N1

(3a) Self-similarity, first equation. The first equation follows if one takes ng :=
0 and y := 0 in the second part of (4.12).

(3b) Self-similarity, second equation. If one takes ny := (ng + 1) and ny :=1r
in the first part of (4.11), one obtains:

‘/IELr|no+1(dZ|x)Lno+1|no (d$|y) = Lr\ng (d2|y)

Now, according to the definition of N}, and Nl|n+, one has:

N (dz|y) = Z Lyjn, (dzly)

r=no+1
= Z |:/ Lr|7lo+1(dz|x)Lno+1|n0(dx|y):|
r—n0+1 E
- / S Lot (d21)] Fug 11 ()
r=no+1
:/]EN‘t0+1(dz|x)Lno+1‘no(dx\y). o

PrROOF (COROLLARY 4.22): The first equation follows from (4.13), where the
compact Notation 4.21 is used. The second equation is the multivariate version
of the first part of (4.12), again in compact notation. O
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Product Measures

The proof of Lemma 4.24 is given in three parts, each one corresponding to
one of the three parts of the lemma.

Explicit Representations for Hawkes Trees

In this section, we prove the first part of Lemma 4.24. Before we give the proof,
we illustrate what lies behind this decomposition. We sketch the proof only in
the univariate case:

4.25 REMARK (SKETCH OF PROOF). In this sketch, we write expressions like
a € N, with a slight abuse of notation. This is supposed to mean that a is a
point of N, i.e. N({a}) = 1. Fix two sets A, B C E and consider for n > 0 the
following point process (in informal notation):

Jn(AxB)::{(axb)EAXB:EiyELn:(aXb)GN;(Q)}.

Hence, J,, contains all pairs (a x b) that have a common ancestor in generation
n. The following three observations are important:

(i) The sequence J,>¢ is decreasing. To see this, take some (a X b) € J,41.
Then both nodes a, b have an common ancestor in generation n + 1, say
y € Lpy1. Clearly, every parent of y, say « € Ly, is then also an ancestor
of both a and b. Thus (a x b) € J,, so that J,11 < Jp.

(%) The sequence J,>o converges to zero: This is also clear, since the Hawkes
tree is well-defined, it has only finitely many nodes. Hence, there are only
finitely many generations, which implies that .J,,, = 0, for m large enough.

(#i) By definition, a Hawkes tree has only one root node, which is at location 0.
Since the root node process is Lg, one has Ly = {0}, in informal notation.
Hence, all pairs (a,b) have the node y := 0 as a common ancestor. This
shows Nt = J,.

The above considerations imply that N7 can be written as the following tele-
scoping series:

N+(2)(A><B):i[Jn(A><B) nHAxB} i (A x B),
n=0 n=0
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where J,, 1= J,, — Jn+1, for n > 0. Since J,>¢ is a decreasing sequence, J, is
indeed non-negative, i.e. a point process. If one now expresses Jy in explicit
form using the generation processes L;, and the subtree processes N~ and N; ,
the stated decomposition follows.

We will not do this here, since it is done in full generality in the proof below.
Note that in the actual proof, the processes J,, are defined more rigorously and
the intuitive statements given above are shown formally. Especially, we will
use again standard point process notation, which leads to more cumbersome
formulas but is certainly more precise. &

4.26 Lemma (Intermediate result for explicit decomposition). Consider a mul-
tivariate Hawkes process as specified in Definition 4.18.

(1) Auziliary process. For n > 0 define the processes:

JH) (A x B) /N+ D(Ax B)LY) (dy), (4.21)

for ACE;, BCE;and all 1 <4i,j < d. Since Lo, (") (dz) = Spm6o(d2),
one has Jyt() = N, ()

One has now the following two decompositions:

(i) The first decomposition is:
HWMXE=%/MA(E%MM
/5 (BILY) (dy) + /5 )N, (ALY (dy)
+Z / N (AN D(B)L) (dy). (4.22)

(#i) The second decomposition is:

d
TP B) =Y [ NOWNDBILY), (4
r=1 E
d . .
- ¥ /E 3 N,j;j)(A)le;j(B)K,L’fﬂ(dy)L;’”lzn(dx). (4.23)
rk,l=1 &
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PROOF (LEMMA 4.26): We will use the results from Corollary 4.22.

(i) Since NT)(dy) = N*@(dy,)N*U)(dy,), and due to (4.14), the first
decomposition follows with:

J0)(A x B) Z / NEAND(B)L (dy)

d
= ; /E (6180, (A4) + N ()] [ 0300, (B) + N, (B)] L) (dy)
=3 [ 8,008, B)LY, () + [ 3 ONBILY, (@)
+ [ 8@ LY, ()
A
+’; /E NSNS (B)L) (dy).

(i) Due to (4.16), one has in a first step:

J%(A x B) /N“”) (Ax B)LY), (dy)
d d
>/ nyu (4x B[ /E K (dy) L), (d)|
k=1 r=1
d
= > | NP AxBER(dy)LY) ().
rk=1 E2

Next apply Equation (2.16) and use that 6 (kl,y1y) = 1 if and only if
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6@ (y1y2) = 1 and 6@ (kl) = 1. Hence:
quk.ic (dyl) = 5(2)(kk)K£7’2(dy1) = /5(2)(kk ylyz) (kk)(dyl X dyz)
E

Z/ @ (Kl yry2) KD (dyy x dys)
El 1

d
/ N+(w) A x B 2/6(2)(kl,y)Kﬁfﬁ)(dy) Lff\)m(dw)
rk=1

Z / 8 (kt, )N D (AN (B KED (dy) LD ().
E3

rk,l=1

Since §® (kl,y) = 1 — 62I(kl, y), it now follows that:

K8 (dyy) = N,:; )N D(B) KM (dy) L)) (d)

rkl 1

Z / OB (it y) NS (AN (B) KD (dy) L)), (dar).
rk,l=1

Now use that
K (dy) = KO (dy ) KO (dys), 02 (k1 y) KD (dy) = K1 (dy),

so that the above expression becomes:

d
K =3 [ / N () )|

/ N (B KD (dya) | L) (d)

=

/Eg PO AN (B (dy) L), (dx).
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Due to (4.17), the claim follows now with:

K (dyn) z / N O(AN D (B)LY), (do)
Z / N—ty? lequ)(B)K[kl (dy) (d:c) 0
rk,l=1

PRrROOF (LEMMA 4.24): This is the first part of the proof of Lemma 4.24, see
also Remark 4.25 for a sketch.

(i) Ordinary product measure. Let J,;t(7) be as in Equation (4.21) and define
for n > 0:

JH) = ) J:&J)
Now substitute (4.22) and (4.23), so that:

JH (A x B) = JH9)(Ax B) — J ) (4 x B)

n+1
=i, [ 6,(4)6,(B) ; () + [ 8,(ON (B, ()
/ S, (BIN, (ALY, (@)

+ (4 +(J)
.S / N ()N (B) K dy) L), (d).
rk,l=1

This shows that .J,, is indeed non-negative. Therefore, according to the
definition, J,7(7) is a decreasing sequence. Next, fix n > 0 and write
N,, 79 as a telescoping series:

NG = g+ - [JOHm ﬁ(u)} Ty . ZJ+ (i) 4 g +(id),
r=0

Since the Hawkes tree is by assumption well-defined, all realizations are
locally-finite point configurations. Hence, the limit lim,_ o J," () van-
ishes on every bounded set, so that:

n—1 00

N (A x B) = lim {Z Jis) J;W')] =374 x B).
n—oo
r=0 r=0
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The decomposition of the ordinary product measure follows if one replaces
J,, with the explicit expression from above.

(i) Factorial product measure. Due to Equation (2.16) and Definition 4.18,
one has in a first step:

[ @GN ) = [ Laem 0062 6N )
AXxB E?
=i [ L0arm )N O = 8 [ 8,408, (B)N; )
=3, / X Z L0, (d9)] = Yons.
Due to 612! =1 — 63, one finds for the factorial product measure:
NixB) = [ 5N )
AxB
— [ Ny - [ 5N )
AxB AXB

Now apply the first part of Equation (4.18) and replace the second integral
with Ys5.7,, so that:

NFl(Ax B) = [T&s;L+T5N—;L+TN—6:L+TN+N+:[K]:L —Yss.p- O

Implicit Representations for Hawkes Trees

PrOOF (LEMMA 4.24): This is the second part of the proof of Lemma 4.24.

(¢) Ordinary product measure. Due to the relation between the inclusive and
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exclusive Hawkes tree and with Equation (4.17) one has:

+(zj)(A x B) = N+(i)(A)N+(j)(B)
[37080(B) +§3/Aﬁ9 KD ()]
d
= Giimdo(A)00(B) + Sindio(A Z/NW VKD (dy)
+ 8jmdo(B /N+ DA)VKE (dyy)

+Z/W&NM®WWw
k,l=1

One can now identify three of the placeholders from Definition 4.23, so
that the previous expression becomes:

N (A x B) = Yo + T(;‘N+.K + Tn+:.k)5

£ [ NN BRI

k,l=1

It remains to show that the last term is equal to Y (n+).x + T+ n+:[x]-
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But since 1 = 6 + 62, and with Equation (2.16), this follows from:

d

> [ AN B ()
k=1

d . .

=Y [ NN ()5 k) K )
k=1
d . .
+ 3 [ NN D)6 b,y K ()
kyi=1

+ 3 [ NN ()KL )

k=1

)

= T(v+)x + TneN+i[x]-

(i) Factorial product measure. According to the definition of the factorial
product measure, the fact that (2! = 1 -6, and due to Equation (2.16),
one has:

NAAxB) = [ 6, (418, (B0 17, 9) N (dy)
EQ
= [ 80 ()8, (BN )
= [ 80 (406, (B0 i )N )
E2
= NI B) =y [ 6,(4)5,(BINE ay)
= NAC (A B) = 3y [ 8,408, (8) [Buna(d) + N, )|

Next one can identify the placeholders Y55 and Y ss.5-, and due to first
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part of Equation (4.19), the above expression becomes:
NH(A x B) = NE (A x B) = §ijm00(A)d0(B)
=5y [ 8,08,(BIN,O )
= N (A x B) — Ts5 — Tss.n-
= [T&s + Tsn+:x + Tvtirgs + Tvey:x + T+

—Ts5 — Y58

= Tsin+:x + Tn+xjs + Tnven+ix) + Tvtyx — Losn--
(4.24)

Except for the last two terms, this decomposition coincides with the
claimed formula. Hence, we need to decompose the last term once more:
Due to (4.17) and (2.16), one obtains:

Tson- = 6ij/]E6y(A)5y(B)Nr;(i)(dy)

— 5, / 6,(4)5,(B) [g / N (dy) KL ()]

; L[5 [ 808, (BN )] ko)

d ..
2 /E [ /E 0% (ij, y)dy, (A)éyQ(B)N,:S”(dy)} K (dz),
k=1

Using that 6 (ij,y) = 1 — 6P1(ij,y), and according to the definition of
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the factorial product measure, the above expression becomes:
Tosn- = Z / [1— 6211, 9)]3,, (A)8,, (BIN ) (dy) K9 (d)
d ..
- / [ 60, ()8, (BINES ()| 18 )
- Z / [ 010708, ()80 (BN )| K11 )

d
Z / N (A x B)KP (dx) — / NP A % BY KD (du)

= T(N+);K = YN+

The claimed formula follows, if one substitutes this expression for Ygs. n-
n (4.24). |

Representations for Hawkes Processes

PrROOF (LEMMA 4.24): This is the third part of the proof of Lemma 4.24.

(i) Ordinary product measure. According to (4.15), and with 1 = §(2) 4 ¢
one finds:

NUD(A x B) = NO(A)NY)(B)

/ NED(4)70 (day) | / B)J " (das)|

> [ N “(B)J“”(dw)
k,l=1

Z / N (A)NED (B)6D (kl, )] (dx)
k,l=1

+ / NN (B2 (i, ) JHD (dee).
E2

d
k,ml l,rg

k=1
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The claim now follows, due to (2.16), with:

N (A x B) /N+ DA x B)J® (dx)

k,i=1

=T (n+).g + TN+N+[]-

(i) Factorial product measure. Due to 1 — § = §12 and with the definition
of the factorial product measure, one finds:

d
T (n+)g — Losn+yg = Z /3 by, (A)dy, (B)N,:f;”)(dy)J(k)(dx)

—Z 3, ()3, (B)S) (i, y) N L (dy) T ()

S [ 80 (408,08 [1 = 597, )] N )5 )
. )

=3 [ o8BV ) )
r=17E?

d
=3 / NI A % B I (dz) = T ). (4.25)
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Use once more 62 =1 — §2 and apply (4.15), so that:

NEl(A x B) = /E 8y (A)dy, (B)SP (i, y) N (dy)
_ /E 8, (A)3,,(B)N) (dy)
- / 0y, (A)8y, (B)O) (i, y) N (dy)
- N(”)EEA x B)
- zd: /E 3, ()3, (B)S) (i, y) N L (dy) T ()
k=1
= NUD(A X B) = Ys5.(n+).0-

Now with the first part of Equation (4.20) and the intermediate result
from (4.25), the claim follows with:

N1l (Ax B) = T(N+):J + TN+N+;[J] - T56;(N+):J
= T[N+];‘]+TN+N+:[J]' =
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Chapter 5

Moment Measures

In this chapter, we calculate the first and second order moment measures of a
Hawkes process. From now on we always assume that the branching matrix
Q satisfies Spr(Q) < 1, see Definition 4.2. This condition implies that the
first order moment measures are finite, and therefore the Hawkes process is
well-defined.

5.1 Motivation and Objectives

Without a doubt, the calculation of the moment measures of a Hawkes process
is a tedious undertaking, even if it is basically a straight-forward procedure.
The first order moment measures can be obtained quite easily. The second
order moment measures require much more work and it gets already difficult
to present the calculation in a readable form. For the third order moment
measures, let alone higher order measures, one would quite likely hit the limit
of what can be presented in text form. This explains also why, to my knowledge,
only first and second order moment measures of Hawkes processes are discussed
in the literature.

As a very helpful reference for this chapter has served the book [DVJ03]. It
touches in several places second order moment measures of Hawkes processes,
see especially Exercise 5.5.7 and Example 8.3(c). Some of the results given
there are stated without proofs, the reason most likely being space considera-
tions. I will give in this chapter a complete derivation of the moment measures
of a Hawkes process of the first two orders. In Theorem 5.4, explicit and im-
plicit equations for the second order moment measures of a Hawkes process are
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presented. The corresponding reduced versions are given in Theorem 5.7.

Markov Renewal Equations. Let me explain in a few words the purpose
behind this chapter, as it may not be obvious what all these lengthy calculations
are useful for. The presentation given here deviates in a few points from the
one in [DVJ03]. I want to point out that there is a close connection between
moment measures of Hawkes processes and Markov renewal equations. I will
not make this connection explicit, since all results can be derived without using
the theory of Markov renewal equations. The similarity to renewal equations
however influences the presentation considerably. This can be seen from the
frequent use of convolutions. This also explains why I called the measure in
Definition 4.9 a cluster kernel. Using this notation, one can give quite compact,
explicit as well as implicit equations for the moment measures of a Hawkes
process.

The results in this chapter could be derived more easily using Fourier trans-
form techniques. I think however that the approach chosen has some advan-
tages: If one has become familiar with the notation, the results obtained usually
have quite intuitive interpretations. If nothing else, the approach chosen hope-
fully gives some insight into the stochastic dependence of the location of the
nodes of a Hawkes process. I sometimes added a few captions that should give
a hint of how the corresponding expression can be interpreted.

The ground work for this chapter has already been laid in Chapter 3 where
Poisson cluster processes have been discussed and corresponding formulas for
the moment measures have been derived. As already explained in the intro-
duction to the previous chapter, the trick is to find a suitable decomposition
such that these moment measure formulas can be applied. I gave such a de-
composition in Lemma 4.24 of the previous chapter.

Marked vs. Unmarked Hawkes Processes. All results are given for the
case of an unmarked, multivariate Hawkes process. The calculations for the
univariate and the multivariate case are very similar, and therefore I consider di-
rectly the more general situation of a multivariate Hawkes process. For marked
Hawkes processes however, the situation is different: In general, the given re-
sults can not be extended to marked Hawkes processes, not even in the uni-
variate case.

If one wanted to deal with marked Hawkes processes, basically the same
techniques could be used. The trick would be to consider an extended event
space, E say, and incorporate the marks in this space. One could then show
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that the marked Hawkes process is equivalent to an unmarked Hawkes process
on this extended event space E. So it seems that all results could be carried
over from the unmarked to the marked case. But there is one problem: On this
extended event space, the transfer measures matrices H,cg, see Definition 4.7,
are not any more shifted versions of each other. This implies that the calcula-
tions could not any more be done using convolutions and therefore one would
get stuck sooner or later with terms that cannot be simplified further.

This is the reason why I consider the case of unmarked Hawkes processes
only, since only in this case it is possible to carry out the calculations with the
convenient notation based on transfer measures matrices and cluster kernels.

Independent Marks. As an aside, if one has a marked Hawkes process
with iid marks, then the moment measure formulas can be derived trivially
from the formulas for the unmarked case, see Proposition 6.4.IV in [DVJ03] for
the univariate case and Example 8.3(d) for the multivariate case. These results
are true in general and not specific to Hawkes processes.

5.2 First Order Moment Measures

The first order moment measures of a Hawkes process are easy to calculate.
We will use the following formulas later for the derivation of the second order
moment measures:

5.1 Proposition (First order moment measures). Consider a multivari-
ate Hawkes process and its associated Hawkes trees and generation processes.

(1) Generation process. The first order moment measures of the generation
process of order n are given by:

e

n|m

(dz) :=E[LY)

n|m

(d2)] = Hip(dz), M) (B)=Q},.  (5.1)
(2) Hawkes tree. The first order moment measures of the Hawkes tree are

given by:

My (dz) == E[N; D (d2)] = Uf, (d2),  MjD(E) = (La - Q)

Jm:

(5.2)

(3) Hawkes process. Assume that the immigration intensity G is a locally-
finite measure on E?. Then one has for the first order moment measures
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of the Hawkes process:
MY (dz) = [U* * G] ,(d2).

Now assume that G(dx) = ndx, for a constant n > 0, i.e. the immigra-
tion intensity is a multiple of the Lebesgue measure on E¢. Then:

MY (dz) = [(La - Q) 'n] ;he(d). %

5.2 NOTATION (MOMENT MEASURES OF SUBTREES). In correspondence with
the notation used so far, let us introduce the following symbols for the moment
measures of subtrees:

M,;f;j)(dz) = [N,;f;j) (d2)], M,;f;“)(dz) =F [N,;f;“)(dz)]. (5.3)

We use the analog notation for the factorial instead of the ordinary moment
measure. ¢

The distribution of a Hawkes subtree is closely related to the distribution of
the complete tree. This leads to the following results concerning the first order
moment measures of a Hawkes subtree:

5.3 Corollary (First order moment measures of subtrees). Consider a
Hawkes tree N with associated subtrees Nycg. The moment measures of the
complete tree and its subtrees are related by:

M (dz) = M (dz—y), M=) = M P (dz—y).  (54)

Moreover, the following explicit expressions can be found:

M,;f;f)(dz) = U, ,(dz), M,:f?(jj)(E) = (1a— Q)5 (5.5)
&

5.3 Second Order Moment Measures

In Lemma 4.24, we have derived two decompositions of the product measures
of a Hawkes tree, which we have called the explicit and implicit version. Corre-
spondingly, there are two different representations for the second order moment
measures of a Hawkes tree:
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5.4 Theorem (Second order moment measures). Assume the second or-
der moment measures are finite.

(1) Explicit representation for Hawkes trees. The second order moment mea-
sures are given by:

zJ)(A x B) / “,y er( )U+ (dy),
M+[ZJ](A x B) /5 U, y( dy /6 U y ) " (dy)
+ Z/ Zry Ujr, u( YU (dy). (5.6)

Based on the self-similarity structure of a Hawkes tree, the second order mo-
ment measures of a Hawkes tree can be represented in a second way:

(2) Implicit representations for Hawkes trees. The second order moment mea-
sures of a Hawkes tree solve the following implicit equations:

+9)(A x B) Z / M (A % BYHy(dy) + Upy (AU} (B),

M)A x B) Z/M*W (A x B)Hym (dy) + 8imdo(A)U,,(B)

+ 8mb0(B)UL, (A) + Us (AU (B). (5.7)

Jgm

For a Hawkes process, not a tree, there is only one representation for the
moment measures:

(3) Representation for Hawkes processes. The second order moment measures

173



of a Hawkes process are given by:

MU (A x B) / M; 9 (A x B)Gy,(da)

[i/ Uk .y ()G dwl Z/ 4 (B)GU( d:@]

k=1

MUl (A x B) /MJr (A x B)Gy(dx) (5.8)

Z/ bl dexl Z/ 5 ol Gldxg)] o

5.5 REMARK (SECOND ORDER MOMENT MEASURES). The following facts can
be observed concerning the second order moment measures:

(1)

(2)

(3)

Implicit representation. Obviously, the implicit formulas given in the sec-
ond part above need first to be solved in order to obtain the second order
moment measures. This is also the reason why we call this the implicit
representation. One can easily check that the implicit and explicit rep-
resentations are equivalent. Even so, we mention the implicit versions
because they reflect nicely the self-similarity structure of a Hawkes tree.

Non-symmetric expressions. Since the expressions are not symmetric in
the indexes ¢ and j, they are not symmetric with respect to the sets A
and B. Also note that in the univariate case, the second order moment
measures are clearly symmetric.

Non-translation invariant measures. The second order moment measures
are not translation-invariant. This is important, as we want to calculate
the reduced versions of these measures. &

5.4 Reduced Moment Measures

Since the second order moment measures are not translation-invariant, we can
only calculate the pseudo-reduced measures and not the regular reduced mea-
sures, see Definition 2.22 for the details.
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5.6 REMARK (UNIVARIATE AND MULTIVARIATE CASE). Let us for a moment
go back to the theory of reduced measures from Chapter 2. We have seen that
a non-symmetric measure p has d different reduced measures u<k>, 1<k <d,
and moreover the formulas tend to be more cumbersome.

Since the second order moment measures are only symmetric in the uni-
variate case, we restrict the following exposure to the univariate case. This
simplifies the calculation by a great deal, as we do not need to distinguish
between the different versions of reduced measures. Once one has found the
formulas for the moment measures in the univariate case, one could extend
them easily to the multivariate case. &

5.7 Theorem (Reduced second order moment measures). Assume the
second order moment measures are finite.

(1) Explicit representation for Hawkes trees. The pseudo-reduced second or-
der moment measures of a Hawkes tree are given by:

M@ =1 -Q)! /E U (A4 w)U (dw),

MAPIA) = (1-Q) U (-4 + (1-Q)'U ™ (4)
L (1-Q) / U™ (A + w)U™(dw).
E
(2) Implicit representation for Hawkes trees. The pseudo-reduced second

order moment measures of a Hawkes tree solve the following implicit
equations:

M) = QI O(A) + [ U+ U (dw),
E
MTE(A) = QMTB(A) + U~ (-A) + U~ (A) + / U™ (A+w)U™ (dw).
E

For Hawkes trees we have taken the pseudo-reduction of the moment measures,
but for Hawkes processes we calculate the regular reduction:

(3) Representation for Hawkes processes. Assume the immigration mea-
sure G is homogeneous, i.e. assume without loss of generality that G(dz) =
dzx. In this case, the reduced second order moment measures of a Hawkes
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process are:

M®(A) = MT@(A) + (1 — Q) *Ae(A),
MPI(A) = MTE(A) + (14 — Q) 72X (A). o

5.5 Some Intermediate Results

To better present the overall structure of the proofs, we formulate some of
the intermediate steps as separate Lemmas. Recall that the decompositions in
Lemma 4.24 are expressed in terms of the placeholders given in Definition 4.23.
In order to calculate the second order moment measures, one basically needs
to calculate the expectations of these placeholders:

5.8 Lemma (Ezpectation of placeholders). Let 1 < i,j < d and A,B C E. Be-
low we list the expectations of the placeholders from Definition 4.23. For later
use, we introduce again placeholders for the resulting expressions:

(1a) T55:U+ = E[T(;&L] = §zj/§y(A)5y(B)U:;n(dy)
E
1) YTsy—.p+ = E[Xsn-.1] /5 U, (B)U, (dy).
(1) Yy-su+ = E[Tn-5.1] /5 Ug (AU, (dy).
d
(1) Yy-y-.p+ = E[Y y+ n+:x]:L] :Z/Ui:,y(A)Uj_r,y( VU (dy).
E

(1d) TU+U+ Ut = Z/ zry jry ) (dy)

(2a) TéU— = ]E[T(;‘N-# K] = 5Zm($0(A)U (B)

jm

(Qb) TU*& = ]E[TN+;K‘5] = 6Jm60(B)U1;n(A)
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(2) Y(ar+yn = E[Y (n+)x Z/M“”) (A x B)Hpm(dy).
(2d) T[M*]:H = E[T[NJF]:K} = Z/MZSJ](A X B)Hkm(dy)

(2e) Ty-y- = E[XNtn+r)] = U (AU, (B).

m jm
(2f) TU+U+ = U;n(A)U;n(B)
(311) T(M*):G = E[ N*)J /]\4}2L ” AX B)Gk(dﬂi)
) Ye = B[ n+)0] = Z/MH” (A x B)Gy(dx).

) Yyur.qu+.a = E[XN+N+.0]

Z/ i+ demsz:/ e (B)GU(dzs)]. O

As a next preparation for the proof of the moment formulas, we reformulate
Theorem 5.4 in terms of the placeholders given above:

5.9 Lemma (Reformulation of moment measure formulas). The following three
statements are equivalent to the three statements given in Theorem 5.4:

(1) Eaxplicit representation for Hawkes trees. The two Equations (5.6) are
equivalent to:
M+ i) (AXB) TU‘*‘U‘*‘:U‘*’?

(5.9)
Mg[”](A x B)=Ysu-.v+ + Yu-s.v+ + Yu-v-.u+-

(2) Implicit representations for Hawkes trees. The two Equations (5.7) are
equivalent to:

M (A x B) =Y (aroym + Yoo,

’ (5.10)
MFEA % B) = Y + You- + Yu-s + Yo-v--
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(3)

Representation for Hawkes processes. The two Equations (5.8) are equiv-
alent to:

M(’LJ)(A X B) = T(M+):G -+ TU+;G|U+:G7 (5 11)
MUWN(A x B) = Yrepe + Yurgu+c e

In order to calculate the reduced moment measures one basically needs to
calculate the reduced versions of the corresponding placeholders. One should
be careful not to confuse the regular reduction ji and the pseudo-reduction [
of a measure p in the next lemma:

5.10 Lemma (Reductions of placeholders). Let 1 <i,5 < dand A, B C E. The
pseudo-reductions of the placeholders from Lemma 5.8 are given by:

(1a)

(1b)

(1¢)

(2a)

(2b)

(2¢)

(2d)

(2¢)

Yoo+ + To-su+ = (1— Q)T U (=A) + (1 - Q)'U (A).
Yo v =(1-Q" [ U (AU (dw).
E
Yoo = (1-Q) 7" [ UF A+ w)U* (du),
E
Ysu- +Ty-5 =U"(—A) + U (A).
Yy = QM3 (A),
Pi‘[IVI‘*']:H = QMHQ] (A).

Tu-u- :/]EU_(A—i—w)U_(dw).

Tyro+ :/U+(A+w)U+(dw).
E

For the next three placeholders, assume that the immigration intensity is the
Lebesgue measure G(dz) = dz. This time, the regular reduction and not the
pseudo-reduction is calculated:

178



(3a) ,Y(M+):G = M—HQ)(A)
(3b) T[M*]:G = Mt (A)

(5e) To+g+c = (Lo — Q) As(A).
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Proofs for Chapter 5

The proofs of this chapter are quite long. They are therefore sometimes split
up in several parts.

First Order Moment Measures

PROOF (PROPOSITION 5.1): This is the first part of the proof, concerning the
first order moment measure of a generation process.

(3) Moment measure. We show this by induction: The base case n = 0
follows from:
M) (dz) = B[L{]) (d2)] = E[0;mdo(dz)] = 6;mb0(dz) = Ho,(dz).

Now assume Mn,1|m(j) = H;‘,”fl_l has already been shown for (n—1) > 0.
Then, due to (4.16), one finds:

MY (dz) = E[L“ - Z / KO (d=)L® | (dy)].

Note that the first order moment measures of K, are given by the family
H,. Since K and L are conditionally independent, the first part of (3.9)
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applies. Together with the induction assumption, this shows that:
( ) ) (k)

/ ik, y dZ nk)llm dy Z/ ks y dZ H*n l(dy)

M- HM&

[Hjj, + Hi= b (dz) = HZ (dz).

£
Il
-

(#) Total mass. We show this by induction: The base case n = 0 follows

from:

0|m

Now assume H;‘Z*l(]E) = Q;@;l has already been shown for (n — 1) > 0.
Due to the first part of (5.1), and the fact that Hj, ,(E) = Hj,(E—y) =
H;,(E), the statement follows with:

d
MY (B) = Hin(B) = > | Hjp,(B)H;2  (dy)
| 4 &
=1

d d
= §/EHM(E)HE$_1(C@) = Zij(E)/EHzﬁﬁ_l(dy)

d |HB)H (B)] = ZQJkQ” '=q; 0

k=1

PROOF (PROPOSITION 5.1): This is second part of the proof, concerning the
first order moment measure of a Hawkes tree.

(i) Moment measure. First apply Equations (4.14) and (5.1). Using the
definition of U, see Equation (4.1), the claim follows with:

M) (dz) = B[N0 (dz)] = {ZL Id2)] = iMff‘?n(dz)
n=0
Z HE2 (dz) L;) H*"Lm(dz) = U}, (dz).
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(i) Total mass. Since by assumption Spr(Q) < 1, one can apply Equa-
tion (4.5), which shows that U* is finite with total mass (1, — Q)7L
Hence:

MED(E) = U B) = [(1a— Q). = (La— Q). =

jm
PROOF (PROPOSITION 5.1): This is third part of the proof, concerning the
first order moment measure of a Hawkes process.

(i) General immigration intensity. Use first Equation (4.15), and then, since
N7 and J are conditionally independent, apply the first part of Equa-
tion (3.9). Finally, due to Equation (5.2), the claim follows with:

MO(dz) = E[ND(dz)] = Z/NW (dz)J m)(dx)}

d

_ / E[N£Q (d2)] B[ (da)] Z / Mz (d2) G (da)

u

= / iz (A2) G (dx) = [UF % G]j(dz).

m=1

(i) Stationary immigration intensity. Assume now that the immigration in-
tensity is G, (dx) = npdx, for constants 7, > 0, 1 < m < d. Since
Ujm,z " (dz) = Ujp, " (dz — x), and with the above calculation, one has:

d
M9 (A Z/ e (A)mda = Z nm/Ujfn(Afx)dx. (5.12)
m=1 E

The integral can be rewritten as:

/E Ut (A—x)dz = /E [ /E 5Z(A)U;n(dzfx)} dz
- / [ / Sora( AU (dz)}dx: /E [ /E 61(A—z)dx] Ut (d2)
/ /5 dw UJr r(dz) = /]E/\E(A)Ufm(dz).

Substituting this into (5.12) and then applying the first part of (4.5), one
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obtains, as claimed:

d d
MY (4) = Z nm/]E)\E(A)U;n(dz) = Z Nm {/E UJ'JFM(dZ)})\E(A)

d

= [Z (La — Q)j_/riﬂm} Ae(4) = [(La — Q)™ 'n] ;Ae(A). o

m=1

PrOOF (COROLLARY 5.3): By construction, the subtree N , with root node
at y € E has the same distribution as the complete tree N, except that the
subtree Ny, is shifted by the amount y.

(#) The moment measures My, , and M, are related in the same way as N,
and Nj, are. Hence, My, ,, coincides with Mj,, except that it is shifted by
1y, as claimed.

(#) From the first part, and due to (5.2), one knows that:

M,i;j)(dz) = M,j(j)(dz —y) = Uﬁ(dz —y) = UL (d2).

— Yiky

Since U7

iy (dz) = U;,'c (dz — y), the second equality follows with:

MUV E) = U,

Second Order Moment Measures

PrOOF (LEMMA 5.8): This is the first part of the proof, concerning the ex-
plicit representation.

(1a) Relationship between an event and its duplicate. Since E[Ln|m(i)] =H",
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see Equation (5.1), the statement follows with:
E[Ys55.(A x B)] Z 8 / 8y ( (dy)}
_ ioaij /E 5,(A)5,(B)E[LY) (dy)]
=i, [ 6,(4)6,() [i Hi(dy)|

=6y [ 8,(A)3, BV (dy) = Tssr(Ax B).
E

(1b) Relationship between an event and its descendants. Since N~ and L are
conditionally independent, the first part of Equation (3.9) applies. Thus:

E[Ysn-..(A x B)] Z/ A)N;, (J) )L'E:|)'m,(dy):|

- Z / 5,(A)E[N; Y (B) E[LY) (dy)].

Next use the first part of Equation (5.1) and the first part of Equa-
tion (5.5), but for the exclusive instead of the inclusive version of the
subtree. The statement now follows with:

o0

)= [ a7, [ZH::;(dw}

/6 - (B)U\(dy) = Yo+ (A x B).

(1¢) Relationship between the descendants and their ancestor. The calculation
for Tsy-.r, is almost the same as for Y n-gs.;,. Therefore:

E[Yy-s.(A x B)] /5 U5 (AU (dy) = Yo s+ (A x B).

(1d) Relationship between the two families of two different children of an event.
Since the inner integral below is conditionally independent of L, one can
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apply the first part of Equation (3.8), so that:

[TN+N+ [K]:L (A X B)]

S5 3 [[[ AN K ] £ )]

n 0rk,l=1

—Z Z / NN (B) K )| E[L), (d2)-

n=0rk,l=1

From (5.1) one knows that E[L,,,,,(")] = H;", and this shows that:

rm?

oo

ZE (L) (dw)] = >~ Hi(dw) = U, (da).

n=0

Substituting this in the expression above gives:

[TN+N+ [K]:L (A X B)] (513)
= Z / > [N N () ) U ().
k,l=1

Note that the integral below is of the form [ K, K,, L/(dy), so that the
second part of Equation (3.9) applies. Moreover, since K, , is a Poisson
process, one knows from the multivariate version of Equation (3.11) that
E[KF (dy)] = E[K® (dy,)] E[K©®(dy2)]. Together, this shows that:

d
>0 B[ [ NN )k )]

k=1

=3 [ BV ] BN (B)] K )]
Now use that E[K,. )] = Hj, ., and due to Equation (5.5), one knows
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that E[N,,., )] = Ujm,,*. Together with Equation (4.4), this yields:

d
S E[[ NN 3K ay)

d
3 / UL, (AU (B) Hiw o (dyn) Hir o (dyo)
]E2

k,l:l )

= /IE U g, (A) Hier o ()| [ 3 /E Uy (B) Hl ()|
k=1 =1

= U, (AU}, (B).

After substituting this in (5.13), the statement follows with:

d
BT oA x BY] = 3 [ U ()05 (YU o)

=TYy-v-v+(AxB). .

ProorF (LEMMA 5.8): This is the second part of the proof, concerning the

implicit representation.

(2a) Relationship between the root node and the family of its children. Since
N;r and K are conditionally independent, one can apply the first part
of Equation (3.9). Due to Equation (5.5), one knows that E[Ny , 7] =
U;;C’ , and since K is a Poisson process with mean measure family H, one
has E[K,,*)] = Hy,,. Together with Equation (4.4), the claim follows
with:

d
E[Ysn+c(Ax B)] = E[8imdo(4) Y /E NI B)KY (dy)]
] | k=1
— o)y | BN (B KL dy)]
k=1"E

d
:(Simdo(A)I; /E U, (B) Him (dy)

jm

(B) = Y (A x B).

jm!

(2b) Relationship between the family of the children and their generating root
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(2¢)

(2d)

(2¢)

node. The calculation for T y+.|s is almost the same as for Tsn+., 5O
that:

E[Tx-x15(A x B)] = E|8nd0(B) / NS (A)KE (dy)]
= 6jmb0(B)Uj,, (A) = TU*&(A x B).
Relationship among family members including duplicates of the children
of the root node. Since the integral below is of the form f NyK(dy), and
Ny and K are conditionally independent, one can apply the first part of
Equation (3.8), so that:
E[Y (n+).x (A x B)] /N“”) (A x B)KU“)(dy)}
= /E[NZ;ZJ)(A x B)| E[K{F) (dy)].
E

Now due to Equation (5.3), and using the fact that E[K,, )] = Hy,,, one
finds for the above expression:

d
()= Z/M,;fg”(A X B)Him(dy) = T (ar+). (A x B).

Relationship among different family members of the children of the root
node. This calculation is almost identical to the previous one, except that
there is a factorial instead of an ordinary product measure. Therefore:

E[Y(n+:x (A X B)] /N+ (A x B)E >(dy)]
- Z/M,;*L” A% B)Him(dy) = Tar+p:1(A % B).

Relationship between two families of two different children of the root
node. Since the integral below is of the form [ N, N,, KI*(dy) and N,
and K are conditionally independent, the second part of Equation (3.9)
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applies, and one has:

E[Y n+n+x (A X B)] E Z / N0 (4) f;;)(B)K?L’il](dy)}
k,l=1

= [ BN ][N 3] B[ )]
k=1

The first two expectations are given in (5.5). Moreover, since K is a Pois-
son process, one has E[K*(dy)] = E[Hgm (dy1)] E[Hpm (dy2)]. Finally
apply two times Equation (4.4), and the claim follows with:

E[TN+N+~[K (A X B)]

3 / UL (AU (B) Hy (din) Himn(dy)

k,l=1
= [il / o (A) Hiom(dyn) | L_i / U o (B) i ()|
= U;,(A)U;,.(B) = Ty-y- (A x B). O

Proor (LEMMA 5.8): This is the third part of the proof, concerning the rep-
resentation for a Hawkes process.

(3a) Relationship between any two events inside the same tree. First apply the
first part of Equation (3.8) and then use that J is a Poisson process with
mean measure family G. The statement follows with:

E[T(n+).s] = Z/N;S] (A x B)J k)(dx)}
—Z/ [NFE (A % BY E[J® (dx))]

= Z/M]:fc”)(A X B)Gk(d:r) = T(M*):G'
_1/E

(3b) Relationship between two different events inside the same tree. The cal-
culation for T[y+).s is almost the same as for T (y+).;, except that there
is a factorial instead of an ordinary product measure.
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(3¢) Relationship between two events from two different trees. Due to the
second part of Equation (3.9), one gets in a first step:

ltnenean] =B[3 [ MOWND (57 )

k=1
d
= Z /1122 E[Nljg(fl (A)] IE[N;;(Z)( )] E[J[kl](dm)].
k=1

Since E[J*(dx)] = M,;*(dx) = Gi(dz1)Gi(dzs), and due to Equa-
tion (5.5), the claim now follows with:

E[Y N+ ni1] Z / M (A)M D (B) Gy (da1) Gi(ds)
k,l=1

Z/ ik zl Gk dwl Z/ ]lzz Gl d$2)

:TU+:G\U+:G' O

PROOF (THEOREM 5.4): This is the first part of the proof, concerning the
explicit representation.

(8) Ordinary moment measure. Start with the decomposition of N} given
in (4.18) and take expectations on both sides. Then, due to Lemma 5.8,
one finds:

MDA % B) =E|Yssp + Lon-r, + Tn-sr + TN+N+:[K]:L}
= Tss.u+ + Tsv-v+ + Yu-su+ + Yu-v-u+-

Replace the placeholders with their definitions, and apply (4.3) twice, so
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that:

M#mmthﬂ@/%MW( + (dy) L/a Uss,(B)UiE (dy)
+ [ 8B (A ) +Z/ (AU (BYU, (dy)

—Z [0+ 0] 585 + U5 9] 00

- Z/ 'Lry jry ) (dy) TU*U*:U*'

(i) Factorial moment measure. This time start with the second decomposi-
tion given in (4.18). Take expectations on both sides and use Lemma 5.8,
so that:

MI(A % B) = E[TtSN—:L +Tn-sr + TN‘*'N‘*':[K]:L}
=Ysu-v+ + Yu-sv+ + Yu-v-u+-
After substitution of the placeholders, the claimed formula follows. O

PROOF (THEOREM 5.4): This is the second part of the proof, concerning the
implicit representation.

(i) Ordinary moment measure. Start with the decomposition of N*(9) from
the first part of (4.19) and take expectations on both sides. Due to
Lemma 5.8, one has in a first step:

M})(AxB)=E {T&s + Tsinv+:x + Tvtxis + Tveyx + Tve vk
=Tss + Tsu- + Yu-s5 + Yu+y.m + Yu-v-
=Y (ar+y.m + [T&s +Tsu- +Ty-s + Tu-v-

It remains to show that the last four terms are equal to Yy+p+. But
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with the help of (4.3), this follows from:

Tss+ Tou- +Tu-5+ Tu-v-
— 65m00(A)50(B) + 8imbo(A) U, (B)
+0jm00(B)Uj (A) + Up, (A)Uj,
= [6im00(A) + Uy, (A)] [0 (B) + Uy (B)
= UL(A)U;TL(B) =Ty+y+-

(B)

In summary one has:
MTt(ij)(A x B) = T(M+):H +Yy+u+.

The claim follows if one substitutes the definitions of the placeholders.

(i) Factorial moment measure. This time start with the second part of (4.19)
and again take expectations on both sides. Due to Lemma 5.8, one finds:

M)A x B) = E[T5|N+:K + Tn+xps + T vepr + TN+N+:[K]]
=Ysu- + Yu-5 + Yipr+p:m + Yu-v--
The claim follows if one substitutes the definitions of the placeholders. O

PROOF (THEOREM 5.4): This is the third part of the proof, concerning a
Hawkes process.

(8)  Ordinary moment measure. Start with the first part of (4.20) and take ex-
pectations on both sides. The claimed formula follows due to Lemma, 5.8
with:

MU)(Ax B) = E[T(N‘*'):J + TN+N+:[J]} =Yw+).c + Yu+gu+a.

(i) Factorial moment measure. This time take the second part of (4.20).
Again due to Lemma 5.8, the claim follows with:

MUN(A x B) = E[T[Nﬂu + TN+N+:[J]} =T m+):a + Yutr.gu+.g- O

ProoF (LEMMA 5.9): There is nothing to prove. We simply need to substitute
the placeholders from Lemma 5.8 and check whether we indeed get the claimed
equations. O
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Reduced Moment Measures

From now on we will restrict ourselves to univariate Hawkes processes, see also
Remark 5.6. Recall the Definition 2.22 of the pseudo-reduction i of a finite,
symmetric measure p on E”.

PrROOF (LEMMA 5.10): This is the first part of the proof, concerning the ex-
plicit representation.

(1a) Relationship between an event and its descendants. Note that neither
Ysi-.u+ nor Yy—s.y+ is symmetric, but the sum of the two is symmetric.
If we treat the pair as a unit, we do not have to distinguish between
different versions of reduced measures. Now consider first the expression:

/T5U_:U+(A +w X dw) = / 5y (A + w)U;(dw)U"‘(dy)
E E2

I

Due to (4.5), one obtains the intermediate result:

[ toveatwxdo) = [0, (- 00 )
E E

= [ U A ) = U AU (E) = (1- QU (-A).
In the same way, one obtains a second intermediate result:

[ Tosrdswx ) = [ 5,(dw)0; A+ wU dy)
E E2
_ / [ / 8, (dw)U; (A + w)} Ut (dy) = / U, (A+y)U(dy)
E-/E E
= [T @t = Ut E) - 1- @)U (),

Due to these two equations, one now finds:

[YSU*:U+ + YU*:S:UJr] (A4) = /]E[TzSU*:UJr + TU*J:U*] (A+w x dw)

:/T(;Uf:UJr(A—&—wxdw)+/TU75:U+(A—|—wxdw)
E E

=1-Q) U (-A)+(1-Q) U (4).
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(1b) Relationship between events not related to each other in direct line. Recall
that by definition U, (dw) = U™ (dw — y). Due to (4.5) one knows that
UT(E)=(1-Q)7!, so that:

Ty-v-w+(A) = / YTy-v-.v+(A+w x dw)
E
:/ U, (A+w)U, (dw)U™ (dy)
E2
= /E[/E U™ (A+w—y)U™ (dw —y)}U+(dy)
- / [ / U (A + w)U (dw)| U (dy)
E'JE
- | / Uty / U (A + w)U (dw)|
E E
-0 / U~ (A + w)U~ (dw).
E
(1¢) Relationship between any event and all others, including its duplicate.
The measure Yy+p+.py+ can be treated in the same way as Yy-py-.p+
and a similar calculation shows that:
Yo (4) = [ U (A+w)U; (@)U (dy)

]E2

:(17Q)*1/IEU+(A+w)U+(dw). O

PrROOF (LEMMA 5.10): This is the second part of the proof, concerning the
implicit representation.

(2a) Relationship between the root node and the family of its children, in both
directions. We prefer again to treat Ysy-.p+ and Yy-s.y+ as a unit,
since the sum of the two measures is symmetric. Hence:

[Y(;U— +YU—5:|(A):/T(;U—(A—FU}XdW)+/]ETU—§(A+dew)

/(50A+w ~(dw) /5Odw “(A+w)

—A)+ U (4)

(2b) Relationship among family members including duplicates of the children
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(2¢)

(2d)

(2¢)

of the root node. From (5.4) one knows that M, ™) (dz) = M+ (dz—y),
and due to (4.2) one has H(E) = @, so that:

?(M+):H(A) = / T(M+);H(A +w X dw)
E
- / [ / M@ (A+w x dw)]H(dy)
E'JE
:/ /M+(2)(A+w —y x dw —y)}H(dy)
/ /M+<2> (A+w x dw)}H(dy)
/M+(2) dy) = QM+(2)(A).
Relationship among different family members of the children of the root

node. This is the same calculation as above, except for a factorial instead
of an ordinary product moment measure:

T (A) = | MP A+ w x dw)H(dy) = QNP (A).
E2
Relationship between two families of two different children of the root
node, the root node exclusive. This expression cannot be simplified much
and one obtains:

YU,U,(A):/ETU,U,(A+wxdw):/EU*(A+w)U*(dw).

Relationship between two families of two different children of the root
node, the root node inclusive. This follows in the same way as the previous
statement. O

ProoF (LEMMA 5.10): This is the third part of the proof, concerning a Hawkes
process. Recall that now G(dx) = dx.

(3a)

Relationship between any two events inside the same tree. First note that:

T(+ya(dz) =/MJ(Q)(dz)d:v:/M“z)(dz—x)dx.
E E
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This integral is of the same form as in (2.8), so that:

~

Yourye = MT@(A).

(8b) Relationship between two different events inside the same tree. This is
almost the same calculation, except for a factorial instead of an ordinary
moment measure.

(3¢) Relationship between two events from two different trees. Note in a first
step that:

TU+:G\U+:G(dz) = [/ Ua: (dzl)dl“l] [/}E Umt (dzz)d@}
ﬁ[/ UJr (dz,) dacr} ﬁ[/ U™t (dz, —xr)dmr}

This expression is of the same form as in (2.9), which shows that:

Yoraua = [UT(E)] Ae(4) = (Lo — Q)~2Ae(A). O

PrOOF (THEOREM 5.7): Most of the required calculation has already been
done in Lemma 5.10.

(1) Explicit representation for Hawkes trees. Take the decompositions from
Equation (5.9) and apply the pseudo-reduction operation on both sides:

MHQ)(!‘U =Ty+u+u+,
MY A) = Y5y + Ty-sw+ + Tu-v-w+-
Now replace the placeholders with the expressions given in Lemma 5.10.

(2) Implicit representation for Hawkes trees. This time take the decompo-
sitions from Equation (5.10). Then take again the pseudo-reduction on
both sides, so that:

M@ (4) = Y(M*):H +Tyru+,
MTP(A) = Y[M+]:H +Tsu- + Ty-5+ Tu-u-.

Again substitute the placeholders with the explicit expressions.

(3) Representation for Hawkes processes. Take the univariate versions of
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Equation (5.11) and then take the regular reduction on both sides:

M(z)(A) = T(M"’):G + TU+:G|U+:G7
MP(A) = Y6 + Yorao e

Now replace the placeholders with their definitions.
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Chapter 6

Intensities

This chapter is more or less independent of the previous ones and the state-
ments and proofs are self-contained. It should therefore be possible to read
this chapter independently of the others. As the title suggests, the main topic
concerns intensity processes and how they can be used to define Hawkes pro-
cesses. Although we have already defined Hawkes processes, it is well worth
giving an alternative definition using intensity processes. Because one can only
reasonably define intensity processes if there is some sort of time dimension,
we will assume from now on that the event space is E := R.

6.1 Motivation and Objectives

The results given in this chapter are based strongly on a series of papers written
by Brémaud, Massoulié and Torrisi. Notably, these are the papers [BM96],
[Mas98], [BNTO02] and [Tor02], check also the bibliography. Additionally, some
standard results are taken from the book [DVJ03].

The knowledgable reader might not find too much that is surprising in the
following lines. In some sense, the material presented here is even less general
than the results given in the aforementioned papers. But I would still like to
point out a few differences and additions to the existing literature and also
explain the reason for my approach.

In writing this chapter, it was my intent to work out a few of the concepts
more clearly. By breaking up some of the original proofs, the main ideas can
hopefully be better appreciated.
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Point Configuration Spaces. In dealing with point processes, one is quickly
confronted with the abstract definitions of point configuration spaces. I wanted
to use an approach as simple as possible, but still powerful enough so that all
the given results can be stated rigourously and in full generality.

Usually, the predictable g-algebra is defined based on continuous or left-
continuous processes. But there is the well-known fact that if a filtration is
generated by a point process, an alternative, direct and intuitive characteri-
zation of predictable processes exists. The price one has to pay is that this
convenient characterization of predictability brakes down one if one would take
a general filtration.

I decided to define from the beginning on a canonical probability space. It
is used all over, with a few exceptions, as the underlying probability space.
This has a few advantages: Because the driving process is a point process,
the natural filtration on the canonical probability space inherits all the nice
properties mentioned above. This allows to give more compact, and more
intuitively clear definitions, see e.g. the definition of an intensity process in
Definition 6.9.

The canonical probability space is actually a point configurations space,
which implies that elementary events w are point configurations. To empha-
size the special nature of the elementary events from the canonical probability
space, I call them w, instead of w. But more importantly, w can and will be
interpreted as the underlying driving process. It is then a matter of choosing
an appropriate canonical probability space, which is rich enough, so that all
required stochastic objects can be constructed.

The mentioned characterization of predictable processes can be found in
the book [Bré81]. The papers [Jac75] and [Las93] have also served as a rich,
informative source.

Intensities Processes. [ make a distinction between the standard intensity
function, see Definition 6.9, and what I call the intrinsic intensity function, see
Definition 6.13. Basically, an intrinsic intensity function  is a function such
that A(t|w) = v(t| V), where N is a point process and A is the intensity process
of N.

I will usually explicitly mention the driving process and write A(t|w) for
the intensity process, instead of only A(t). For this reason, I often speak about
a function and not a process, although this is a matter of taste. It has also
the advantage that the notation becomes more regular: The intensity functions
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A(t|w) are then of the same form as the intrinsic intensity functions, which are
of the form ~(¢|v).

Note that in a general setting, the intensity process A and the intrinsic
intensity function v would be quite different objects. But the chosen approach
hopefully helps to shed some light onto the similarities. One should also point
out that intrinsic intensity functions are not specific to Hawkes processes.

The definition of Hawkes processes is split up into two parts: Firstly, the
definition of the intrinsic Hawkes intensity function is given. For simplicity, I
call it the Hawkes intensity function, see Definition 6.19. Secondly, a Hawkes
process is defined as the solution of a thinning problem. Basically, a Hawkes
process is a point process N which satisfies the implicit Equation (6.9), see
Definition 6.33.

The definition in two steps has a couple of advantages: It is possible to
look at the Hawkes intensity function separately, without even having to use
a probability space. Indeed, the probability measure is only introduced in
Definition 6.28, when the thinning part of the definition comes into play.

This approach differentiates between a first deterministic part and a second
probabilistic part of the definition. It should also be noted that the thinning
construction, and especially the implicit Equation (6.9), are not specific to
Hawkes processes. Indeed, a quite general class of point processes could be
defined in the same way.

Initial States and Continuations. In [BNTO02] and [Tor02], the rate of
convergence of a transient, i.e. non-stationary, Hawkes process with some initial
condition is analyzed. In these papers, the idea of a what I call a continuation
appears indirectly. A formal definition is given in Definition 6.35. Note that an
initial state, given in Definition 6.34, is a deterministic point configuration, and
this deviates slightly from what is called a initial condition in the references
above.

I give a precise definition of an initial condition and its continuation for three
reasons: Firstly, the definition of a continuation parallels the one of a strong
solution very nicely and a couple of almost trivial, but interesting relations
between the two concepts can be found. Secondly, the proof of uniqueness of a
strong solution, Theorem 6.55, actually relies on uniqueness of continuations,
Corollary 6.51. By introducing the notion of a continuation, this step of the
proof can be examined separately. Thirdly, if one wants to analyze the speed
of convergence to equilibrium, continuations are what one essentially is looking
at, see the coupling result in Proposition 6.52
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As can be seen in the paper [Tor02], if one deals with Hawkes processes,
a lot of calculations involve convolutions of matrix-valued functions. By using
convolution notation consequently, quite compact results can be obtained, as
e.g. in Equation (6.12). T also wanted to avoid complications in another way:
Whenever possible, I prefer an explicit equation to an implicit equation. E.g.
the first moment measure densities in Propositions 6.47 and 6.48 are derived
without the need to solve a Markov renewal equation.

Hazard Rates. For the proof of Proposition 6.43, a result concerning condi-
tional extinction probabilities is required. The starting point was Lemma 1 in
[BM96]. But my aim was to avoid the use of the cutoff operator that appears
in there. Instead I introduced what I call a hazard rate, see Definition 6.38,
to clarify the idea behind this result, which goes back to [Jac75]. Clearly, the
notion of a hazard rate is not new, but the definitions I am aware of are not as
general as the one used in Definition 6.38 and Corollary 6.40.

6.2 Canonical Spaces

To explain the concepts more clearly, we restrict ourselves to the situation
where we have a univariate point process without marks, i.e. a point process
with values in .4 (R). The general case is similar.

6.1 Definition (Restrictions and projections). Let D C R and fix a point
configuration v € A (R). The restriction vp, which is a point configuration in
A (D), is

vp(dt) := v(dt N D).
The projection wp is the function
mp : A (R) — Ny, mp(v) :=v(D). O

The following definition is equivalent to Definition 3.1, but it should help clar-
ify the role of the projection operator mp. Recall that we stick to the following
convention: Whenever we say we take a subset of R, we actually mean a mea-
surable subset.

6.2 Definition (Canonical filtration). On the space .4 (R), define the o-
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algebras:
5= U{WD,D C R} and F: = U{WD,D C (—oo,t]},

for t € R. The associated filtration is Fe := (Ft)tecr-

Consider now the space 91 x R. The predictable o-algebra B is defined on
this space and given by

Pi= 0{5 @ Bt €R}.

Clearly, B is a sub-c-algebra of §F @ Z(R). &

More about the Borel-o-algebra on a measure space and the associated Pro-
horov metric on the space of finite measures can be found in Appendix 2 of
[DVJ03]. Compare also the above definition with Proposition A2.5.IV in this
reference.

For the following definition, take a space Y of the form Y := X x R, where
X := R¢ is a mark space. The space Y has the interpretation of an extended
mark space, where R is used in for a thinning procedure given later.

Whenever we speak about a canonical probability space we refer to a prob-
ability space of the following form:

6.3 Definition (Canonical measurable space). The canonical measurable
space consists of the triple (91, F,Fe), where one has the sample space N :=
A7 (R), the associated o-algebra §, and the filtration F,.

The elements of the sample space 9t are denoted by w, that is
w:N—N, w = idwy, w . &

One can think of w as a driving process, from which other processes are con-
structed: The symbol w is used to remind one that the sample events are not
arbitrary sample events but point configurations.

The idea of a driving process can be found e.g. in section 3 of [BM96].
Because the driving process is all that is needed in the following exposition,
we decided to introduce at this point the canonical probability space. This
simplifies some of the definitions given later.

In the definition above, no associated probability measure P is specified. P
will be defined later, when the thinning procedure becomes relevant.
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6.4 Definition (Processes on canonical space). Assume 1 is a canonical
measurable space with driving process w.

(1) Stochastic process on canonical space. Assume H is a function of the form
H:9MxR—R

Then H is called a stochastic process if it is measurable with respect to
the o-algebra § @ Z(R). It is called predictable if it is measurable with
respect to the o-algebra 3.

The following is equivalent to the above definition: A stochastic pro-
cess H on M is predictable if and only if for all t € R:

H; is §;_-measurable.
(2) Point process on canonical space. A function N of the form
N: N — A (R)

is called a point process if it is measurable with respect to the canonical
o-algebras on the two spaces. &

Note that we do not define predictable point processes, as such processes would
rarely make sense.

The above definition of predictability is not the usual one found in the lit-
erature. For the standard definition see e.g. Definition D4 in Section 1.3 of
[Bré81]. But here we are working with the canonical filtration, which is the
internal history of a point process. The predictable o-algebra generated by
the internal history has especially nice properties. As one of the convenient
consequences, predictable processes can be directly characterized, see e.g. Ex-
ercise E4 in Section III.2 or Theorem T34 in Section A2.3 of [Bré81].

We use this specific definition of predictability, since it is less abstract and
more intuitive. The price one pays is that it cannot be generalized to arbitrary
filtrations. See also Section 1 of [Las93], where the same characterization is
used.

Next, we consider a filtration generated by some point process, i.e. not
necessarily the canonical filtration. Note that this filtration is therefore still an
internal history. We extend the notions of measurability and predictability to
this case, but make use of the previous definition for the case of a canonical
filtration. This leads to the following compact definition:
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6.5 Definition (Induced filtration). Let N be a point process defined on
the canonical probability space 91 with values in A4 (R).

(1) Induced o-algebra. The o-algebra % and the element .Z}¥ of the filtra-
tion .#ZXN are given by

FN .= N"YF) and FN = N"YF).

We define the induced filtration by FY = (F}N)ier.

(2) Induced predictable o-algebra. The predictable o-algebra 2 is defined
on the space 91 x R and is a sub-o-algebra of the form

2N = U{ytN(@%(t’oo),tER}, ,@N§9N®<%’(R). %

Since the two notions canonical and induced will appear often, let us clar-
ify their exact meaning: We use the term canonical whenever we want to
emphasize that the measurability is considered with respect to the canonical
measurable space 91 and its driving process w.

Similarly, we use the term induced to emphasize the measurability is con-
sidered with respect to the filtration induced by some point process N.

6.6 Definition (Induced measurability). Let M be a canonical probability
space equipped with a point process IV with values in some point configuration
space 4 (R). As explained, N generates the induced filtration .#[V.

Let X be an arbitrary stochastic process on 91. Instead of canonical mea-
surable and canonical predictable, one defines the following extension of these
two notions. We say that X is:

N-measurable & FN © B(R)-measurable,
N-predictable & 2N -measurable. O

Based on this definition, one obtains the following characterization: Assume L
is a point process on M. Then L is N-measurable, or even N-predictable, if and
only if the associated counting process

H(t) :== N((—o0,t]), where t € R,

is IN-measurable, or even N-predictable.

So far, only univariate point processes without marks were treated. But the
definitions above extend easily to the case of multivariate and marked point
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processes. We demonstrate this for the predictable o-algebra 2V; the idea
should then become clear:

6.7 REMARK (PREDICTABLE 0-ALGEBRA, REVISITED). Consider some canon-
ical probability space .

(1) Marked point process. Let N be a marked point process with values in
%(R), for some univariate mark space X.

The idea is to consider the projections Nrx x (dt) := N(dt x X), for
arbitrary sets X C X. The induced predictable o-algebra 2% is then
defined as

PN = a{z@K, for all K := Nryx with X C X}

(2) Multivariate point process. Let N be a multivariate marked point process
with values in A% (R), where X is some multivariate mark space. In the
same way as above, the induced predicable o-algebra 22V is given by

PN — a{gﬂ(, for all K := N with 1< j < d}.
NG denotes the j-th component process of N. O

6.8 Definition (Intensity kernel). Let .45 (R) be a canonical probability
space with driving process . Assume A(dt|w) is a family of measures on R,
indexed with a parameter @ from the space A5 (R).

We say A is a locally-finite, predictable sub-probability kernel, or in short an
intensity kernel, if \ satisfies the following three conditions:

(1) It is a kernel in the sense that
(1) A(-|w) is a locally-finite measure on R, for all w € A5 (R).
(2) w+— A(F|w) is an §-measurable function, for all £ C R.

(2) It is a sub-probability, i.e. it satisfies
A{t}w) <1, for all t € R and w € A5 (R).

(3) It is predictable with respect to the filtration §, in the following sense:
For all £ € R it holds that

AME|w) = ME|w(—s,)), for all E C (—o0,t]. &

206



The above definition is essentially taken from Section 1 of [Las93], but some
additional conditions have been left out, as we are exclusively dealing with
locally-finite, simple point processes.

We have given the definition of an intensity kernel only in the case of a
univariate point process. In the same way as before, the extension to the
general case is trivial.

6.9 Definition (Intensity measure). Let 91 := A5(R) be a univariate ca-
nonical measurable space with driving process @ and let X be some mark
space.

(1) Base measure. Let ux be a measure on X. If ux is used in the sense given
below, then it is called a base measure.

(2) Density of intensity kernel. Let A(dt X dz|w) be an intensity kernel and
assume we can decompose it according to
A(dt x dx|w) = Mt, z|w)px(dz)dt = f(x|t, @) \(t|w)ux(dz)dt.  (6.1)
Then A(t,z|w) is called the time-space-intensity function, A(t|ww) the
time-intensity function and f(x|t, @) the conditional mark density.

(3) Normalizing condition. If A(dt x dz|w) has a decomposition as above,
it is obviously not unique. Hence, we always assume that f(z|t,w) is a
probability density in the parameter x, i.e. we assume for all ¢t and w:

/ F(alt, @) (de) = 1. o
X

6.10 Definition (Intensity process). Let M := A5 (R) be a univariate ca-
nonical measurable space with driving process w and let N be a point process
with values in A% (R), for some mark space X.

Assume ) is an intensity kernel with decomposition as in Equation (6.1).
Then the following statements are equivalent:

(1) Forallt e Rand E C (t,00), X C X it holds that
IE[ N(dt x da) ‘ gt}
ExX

- E[/EXX F(2lt, @)A(t|) s (d)dt \ &]
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(2) For all non-negative, predictable processes H on 91 it holds that

]E[ H(t, z|@)N(dt x dx)}

RxX

:E[ H(t, z|w) f (2]t, @)\t o) (dz)dt . &
RxX

The above definition of the intensity process can be found e.g. in Section 1
of [BM96]; see also Definition D7 in Section II.3 of [Bré81]. Actually, what
we have defined above is the so-called predictable intensity process. We will
only deal with predictable intensity processes, but this is not a restriction at
all. Tt follows from Theorem T13 in Section I1.4 of [Bré81] that whenever one
has a general intensity process one can find a predictable intensity process.

Moreover, predictable intensity processes are unique in some specific sense, see
Theorem T12 in Section II.4 of [Bré81].

So far, we have only considered the univariate case. But again, the multi-
variate case is a trivial extension. Let us clarify the relation between univariate
and multivariate intensity functions: Recall that a multivariate point process
can be identified with a univariate one in the following sense: If one has a pair
y = (j,x), for some x € X;, one can consider it as an element of the combined
mark space y € X.

6.11 REMARK (MULTIVARIATE INTENSITY FUNCTION). Let X = {Xy,...X;}
be a multivariate mark space.

Assume \; (¢, z|w), for 1 < j < d, is a family of univariate intensity functions
as in Equation (6.1) with decomposition

A (tle) = f(alt, @) (Ho), 6.2)

so that f;(z|t, @) are probability densities on X;. We say A;j=1 ._q is a multivari-
ate family of intensity functions if the characterizing property in Definition 6.10
is satisfied for each component j =1,...,d.

It is possible to interpret this family of intensity functions in two ways:
Either as vector-valued intensity function on the multivariate mark space, or
as a scalar-valued intensity function on the combined mark space X.

To perform this transition, we need some notation:

(1) Change from multivariate to univariate representation. Assume we start
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with a multivariate family of intensity functions A;(¢, z|w). Then define:

d
Mltle) =Y Aj(tlw),  fuld 2t @) = pu(ilt, w) f(alt, @),

Ae(ts g, z|@) = fi (4, 2|t, @) A (t]).

As a consequence, we have the properties
d d
j=1 j=1"%i

It is then clear that A\.(¢,j,z|w) = A;(t,z|w) and A (¢, ], z|w) is an
intensity function on R x X with decomposition

)‘*(tvjvx|w) = f*(jvx‘t7w)/\*(t‘w)'

For the other direction:

(2) Change from univariate to multivariate representation. Let A\ (t, j, x|w)
be an intensity function on the space R x X with decomposition

Then define for all 1 < j < d the functions

poGiitm) = [ fGalt o, e, A () = pu Gt @) (),

L f«(j, x|t, @)

, Aj(t, x|w) = fj(x|t, @)\, (t|w).
One can now easily check that A;(¢, z|w) = \.(¢, j, z|w) and A; is again
a multivariate family of intensity functions on the spaces R x X;. &

The above expressions have some nice interpretations: A, (t|w) is the infinites-
imal probability that an event occurs in the time interval (¢,t + dt], p«(j|t, @)
is the probability that the event lies in component j, given that there is an
event at time ¢, and f.(j, z|t,w) is the probability density that the event is in
component j at location z, given that there is an event at time ¢.
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As a summary, we have shown that a multivariate family of intensity func-
tions can be considered also as a univariate intensity function, but one has to
take a higher dimensional mark space.

6.12 Definition (Classification of multivariate intensity functions).
Fix a multivariate mark space X and let \;(¢, z|w) be a multivariate family of
intensity functions which can be decomposed according to Equation (6.2).

(1) X is stationary or translation-covariant if it satisfies the two equivalent
conditions:

Nj(t,z|lw) = Nj(t+h,zlw+h) or Ni(t+h,z|w) = \(t,z|w —h),
forall t,h € R, z € X;, w € Mand all 1 < j < d. In this case, define:
fi(z|lw) == f;(z|h, ™+ h) and Aj(w) := Aj(hlw + h),

for all t € R, where h € R can be chosen arbitrarily. Then the general
form of a stationary intensity function is:

Aj(t z|w) = fi(z|w —t)Aj(w —t).

The next property describes whether the mark distribution is independent of
the past of the process. We distinguish between a weaker and a stronger ver-
sion:

(2) X has componentwise unpredictable marks if the densities f;(z|t,w) are
independent of w. In this case, the intensity function is of the general
form:

Aj(t, z|w) = fi(z|t)A;(t|w).

For the next definition, recall the definition of p, given in Remark 6.11:

(3) A has completely unpredictable marks, if both, f;(z|t,w) and p.(j|t, @),
are independent of w. In this case, the general form of the intensity
function is:

Aj(t,zlw) = [ (@]0)pa (7 [t) A (tlw) = [ (G, 2[t) As(t]w2).

Note that in a univariate setting the above two definitions collapse and one
simply speaks about unpredictable marks. &
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The terminology for unpredictable mark distributions has been taken from Def-
inition 6.4.III in [DVJ03]. The definition given above is slightly more general,
since it distinguishes between componentwise and completely unpredictable
marks.

Often, the intensity function depends only on the past of the associated
point process. In this case, it is more convenient to consider the so-called in-
trinsic intensity function. We treat only the univariate case, since the extension
to the multivariate case is trivial.

6.13 Definition (Intrinsic intensity function). Let M := Axur, (R) be
a univariate canonical measurable space and assume N a point process with
values in A% (R). Further, let A be the predictable intensity function of N and
assume there exists an Px(R)-predictable function (t|v), for v € A%(R), such
that

Atlw) =~ (tN),

for all £ € R. Then + is called the intrinsic intensity function of N. &

As far as we know, the notion of an intrinsic intensity function is not used in
the literature. But we think the idea behind it justifies this name.

For the next definition, the time character of the event space E is irrelevant.
This means that E = R® can again be a general event space and does not need
to be R.

We define the Janossy measure only in the case of a point process with
values in .4/ (E). The general case is then very similar.

6.14 Definition (Local Janossy measure). Let (2, #,P) be a probability
space and N a point process with values in A (E).

(1) Local Janossy measure. For an integer n > 1 and a bounded set D C E,
the local Janossy measure on D of order n is defined as:

Th(A) = E[N["J (A),N(D) = n} for sets A C D™

Here N[ denotes the factorial product measure of order n, see also
Definition 2.36. By convention, the Janossy measure of order 0 is defined
as J) :=P[N(D) =0].

(2) Local Janossy density. Assume that all local Janossy measures J}, are
absolutely continuous with respect to the Lebesgue measure on E™. The
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densities are then denoted by ji(z1,...,x,) and are called the local
Janossy densities. That is

Jp(dry x ... xdxy) = jh(x1, .. xn)dey .. dey,. O

Note that there is also a global Janossy measure. But for our purposes, we will
only need the definition of the local version.

The following notion of exclusion probabilities and the relation to Janossy
measures can be found in Section 5.3, specifically Equation (5.3.11), in [DVJ03]:
Recall the definition of the falling factorial [, given in Definition 3.8.

6.15 Definition (Exclusion probabilities). Let D C E be a bounded set
and {A1,..., A} a partition of D. Moreover, let n be an integer with decom-
position n = Y, ny, for ny > 0. Then:

Jg@@lx.”><Agw::E{N@%ﬂmJ-”-AmAmﬂdevu»::@

:mbm4mLHNMﬂ:mwwNMM:n4. &

The following expression for the likelihood function can be found in Defini-
tion 7.1.IT and Proposition 7.3.IIT in [DVJ03]:

6.16 Definition (Likelihood function). Fix a multivariate mark space X
and consider the associated point configuration space .45 (R). Moreover, let
D C R be a bounded set. Let {v;;1 < j < d} be a multivariate family of
intrinsic intensity functions. The likelihood function Lp relative to D is

d
log Lp(v) = Z/ log v (t, z|v) v (dt x dx)
=1 DxX;

d

S [ e (dnar
j:1 DXXJ'

where v € A% (R). &
Note that the likelihood function is a local property and depends on the set D,

in the same way as the local Janossy density does.

It turns out that the likelihood function and the Janossy densities are very
closely related. Again for simplicity, we only consider the case where v € .A4'(D)
is a univariate point configuration without marks:
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6.17 REMARK (CONNECTION WITH JANOSSY DENSITIES). Assume v(D) =:n
and enumerate these n events with the vector {t1,...,¢,}. Then

L) = j5(t, ... tn). o

Note that there is an inherent problem if one wants to calculate the likelihood
in an actual application. Assume we can observe the point process only during
the finite time interval D. Then the likelihood Lp(v) is in general not the
same as the likelihood Lp(vp) of the restricted point configuration vp. Let us
explain this in more detail:

6.18 REMARK (OBSERVED & REALIZED). Let (§2,.%,P) be a probability space
and N a point process with values in A% (R). Obviously, the following distinc-
tion has to be made:

(1) Realized configuration. If w € Q is the realized state of the world, the
realized point configuration is v := N (w).

(2) Observed configuration. Because we are only able to observe the time
interval D, the observed configuration is the truncation vp := Npxx(w).
Note that vp is an element of A% (D).

Clearly, one has to expect that v # vp, so in general

Lp(v) # Lp(vp).

Hence, the fact that there is an index D in Lp does not mean events outside
of the observation period D are not relevant. &

Next we introduce the intrinsic Hawkes intensity function. It consists of two
components, the immigration intensity and the transfer-functions, which spec-
ify the self- and mutual-excitation behavior of the Hawkes process:

6.19 Definition (Hawkes intrinsic intensity function). Let X be a mul-
tivariate mark space. A Hawkes process, or better its associated intensity func-
tion, is specified by the following three elements, where the indexes run over
Jke{l,...,d}:

(1) Immigration intensity. A family n; of locally-finite, non-negative func-
tions, defined on R. They are called the immigration intensities and
specify the intensity at which new events arrive over time.

(2) Transfer function. A family h;p(t,x) of continuous in ¢, non-negative
functions, defined for ¢ > 0 and = € X. This family is called the family
of transfer functions.
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(3) Mark distribution. A family f; of probability densities on the mark spaces
X;. They are called the mark distributions.

Now let v € A% (R) be a point configuration:

(1) The Hawkes excitation functions (3; and Hawkes intensity functions o
are defined as

d
B;(tlv) == Z/ h(t — s, 2)v® (ds x d),
k=1 (=00,t) xXx (6.4)

a;(tlv) =m;(t) + B;(tlv),

for all 1 < j < d and t € R. These two parts represent the immigration
part and a the self-excitation part of the Hawkes process.

Note that o;(t|v) are only the time-intensity functions of a Hawkes process,
see also Definition 6.9. But in order to specify the full dynamics of a Hawkes
process, one needs to know the time-space-intensity functions o (t, z|v):

(2) The time-space Hawkes intensity functions and intensity measures are
defined as

a;j(t,zlv) = fi(x)ay(tlv), aj(dt x dzlv) = fij(x)a;(t|v)px, (dz)dt. &

Compare the definition of the time-space Hawkes intensity functions with the
general formulation of an intensity measure given in Equation (6.1).

In Definition 6.33, we give the exact definition of a Hawkes process, what
we then call a strong solution. But if we assume for a moment that N is
a univariate Hawkes process, then the intensity process is given by A(t) :=
a(t|N). This means that the intensity process does not depend directly on the
underlying driving process w, but only on the history of the Hawkes process N
itself. According to Definition 6.13, the Hawkes intensity function is therefore
an intrinsic intensity.

Let us now check on some other properties of the Hawkes intensity function:

6.20 REMARK (PROPERTIES OF THE HAWKES INTENSITY). According to the
classification scheme in Definition 6.12, one observes that:

(1) Stationary intensity function. The Hawkes excitation functions 3; are
stationary, i.e. for all t,h € R and v € A%(R) the following equality is
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satisfied:
Bj(t + hlv) = B;(tlv — h).

One can easily check this:

(t+ hlv) Z/ hjk(t +h — s, 2)v® (ds x dx)
o0 t+h)XXk

hj(t — s, 2)v™ (ds + h x dx)

( oo t)XXk

d
d
Z/ Bt — 5, 2) [ ® — B](ds x de) = B; (v — h).
k=1 ( oo t)XXk
As a consequence, the self-excitation part given by the family 3; is homogeneous
in time. This shows that the functions §;(v) := 8;(h|lv + h), for an arbitrary
h € R, contain enough information to reconstruct the functions g;(¢|v).

Note that in general only the Hawkes excitation functions 3; are station-
ary. If additionally, the immigration intensities 7; are constants, then also the
intensity functions a; are stationary. In this case, the Hawkes process is a
stationary process, if one can show its existence.

(2) Component-wise unpredictable marks. In the case of a Hawkes process,
the conditional mark distributions are of the form f;(z), i.e. they do not
dependent on the parameters ¢ and v. If one considers Definition 6.12,
this shows that a Hawkes process has time-homogeneous, component-wise
unpredictable conditional mark distributions. &

In the above definition, we give an explicit expression for the Hawkes excitation
functions ;. But one could specify [3; also in a more abstract way, as follows:
For simplicity, only the univariate case is considered.

6.21 REMARK (ALTERNATIVE CHARACTERIZATION). Assume ((t|v), for ¢t €
R and v € A%(R), is a non-negative function with the following three proper-
ties:

(1) It is stationary, i.e. B(tlv) = B0y — t) =: B(v — ¢t).
(2) Tt is linear in v, i.e. B(av + bk) = afB(v) + bB(k),

(3) Tt is continuous in v, ie. if v, — v converges weakly in .4 (R), then

lim,, 00 B(vn) = B(V).
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One can now easily check that all functions § which satisfy these three prop-
erties must be of the form of a Hawkes excitation function. &

For many calculations related to theoretical properties of Hawkes processes,
one does not need to know the transfer functions h;x(t,z), but it is enough if
one knows what we call the averaged transfer functions Hji(t). The reason for
this is that Hawkes processes have component-wise unpredictable marks, and
this allows us to integrate out the space parameter x € X; in many calculations.

6.22 Definition (Averaged transfer functions). Let X be a multivariate
mark space with base measures px; and B8 a multivariate family of Hawkes
excitation functions. For all ¢ > 0 and 1 < j, k < d define the functions

Hii(t) := ; hjk(t, ) fi (@) pix,, (d). (6.5)
: %

Note that H,,(t) is an expected value in the following sense: If X is an Xp-
valued random variable with distribution fj(x)ux, (dz) then

Hji(t) = E[hi(t, X)].

The averaged transfer functions Hj, often occur in vector- and matrix-valued
convolutions. It is therefore convenient to introduce a matrix H, that comprises
all averaged transfer functions.

6.23 Definition (Transfer function matriz). Let 3 be a vector-valued
Hawkes excitation function. Define for ¢ > 0 the matrix-valued function H
with values in RiXd by:

H(t) := {ij(t), for 1 < j,k < d}. &

The global properties of a Hawkes process depend crucially on the branching
behavior, which is related to the total mass of the transfer functions h;, and
as a consequence, to the total mass of the averaged transfer functions Hj;. To
capture the branching behavior of a Hawkes excitement function 3, one has to
look at the so-called branching matrix Q:

6.24 Definition (Branching matriz). Let 3 be a multivariate family of
Hawkes excitation functions. Define the d x d-dimensional matrix ) with non-
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negative components
Q= [ Hdt = [ bt o)l () (6.6)
Ry Ry xXp
for 1 < j,k <d. %

Separation of Transfer Function. Often, the transfer functions h;; are a
product of two functions that depend only on ¢t and z, respectively. In this
case, there exists a very convenient representation of h;; that allows one to
read off the branching coefficients Q1 directly.

The assumption, that the Hawkes intensity function is of this form is not
uncommon. The same decomposition is used e.g. in Example 7.6(c) and Ex-
ample 7.3(b) in [DVJ03].

6.25 Definition (Separation of transfer function). Let hj; be a family
of transfer functions and f; be a family of densities with respect to the base
measures fx; on the mark spaces X;.

Assume there are coeflicients 1,5, and functions wjj, and g;; such that the
transfer functions hj; are of the form

hji(t, x) = O jpw;r(t)gjn(T).

In order to determine the three functions above uniquely, we need to impose
two additional conditions:

[ watvie =1, [ o) fetaipn, dn) = 1.
Ry Xk

Then the components of the branching matrix are given by Q;r = ¥;. More-
over, the averaged transfer functions are Hjj, = wj. &

The three components of this decomposition have the interpretation:

(1) The decay functions w;j, control how fast the effect of an event decays in
time.

(2) The impact functions g;, control how strong the effect is, given that the
event has the mark z € Xj,.

Note that both, the decay and the impact functions, only specify the relative
impact of an event. This is due to the normalizing conditions given above. The
absolute impact of an event is governed by the branching matrix.
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(3) The branching coefficients ¥;;, control in absolute terms, how much a
given event is going to increase the intensity process.

Note that the normalizing conditions are not chosen arbitrarily. Only under
these conditions one can interpret the decay functions, impact functions and
the branching coefficients as explained above.

Likelihood Function. In order to express the likelihood function in a more
compact form, we first define what we call the cumulative transfer functions
Bjki

6.26 Definition (Cumulative transfer functions). Let a be a multivari-
ate family of Hawkes intensity functions as given in Equation (6.4). For
1<j,k <dand z € X, define the cumulative transfer functions by

t
hjx(t, x) = / hjk(s,z)ds, if t > 0, and h;(t,z) := 0, if t < 0. (6.7)
0 o

Note that the cumulative transfer functions Bjk should not be confused with
the averaged transfer functions Hj; defined earlier.

6.27 Proposition (Hawkes likelihood function). Let a be a multivariate
family of Hawkes intensity functions and let the cumulative transfer functions
hjk be as in Equation (6.7).

Assume T, < T* and let the observation domain be D := [Ty, T*]. For all
realization v € A5 (R) one has

log Lr, 7+)( Z/ log a; (s|v)v'9) (ds x X;)
T.,T*]

d T
+ Zl/x lngj(I)y(j)([T*,T*} X dx) — Zl/ n;(s)ds
d

- Z /( o [ﬁjk(T* —s,x) — hjp(Ty — s,x)}u(k)(ds x dx). &
j,k=1 o0 XA

Recall from Remark 6.18 the distinction between the realized and the observed
point configuration. If one can only observe the truncated point configuration
vp, one could e.g. calculate the value log L p(vp) and use this as an approxima-
tion to the actual logarithmic likelihood log Lp(v). But this is more a problem
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of parameter estimation than a problem concerning the likelihood function it-
self.

6.3 Strong Solutions

Next, we construct a Hawkes process as a thinning of the underlying driving
process w. But first we need to deal with the canonical probability measure P,
which has not yet been defined in Definition 6.3. We will now add this missing
piece. We first define the canonical probability space in the univariate case and
then we extend the definition to the multivariate case:

6.28 Definition (Univariate canonical space). Assume X is a univariate
mark space and .7 C R a time interval, possibly unbounded. Furthermore, let
ux be the base measure on the mark space X and f be a probability density
on X with respect to this measure.

(1) Canonical space and driving process. Consider the extended mark space
Y := X x R;. The associated canonical measurable space and its o-
algebra are

N = Mxr, () and § = Txxr, (7).

Recall that the driving process w is the identity function on the space 1.

(2) Distribution of the driving process. Let P be the probability measure on
N, so that w is a compound Poisson process with the following charac-
teristics:

(a) The process w(dt x X x dz) is a Poisson process on Ry x .7 with
mean measure dt X dz.

() The marks w(t x dx X z) have distribution f(z)ux(dx) and are
independent of the ground process w(dt x X x dz) and independent
of each other.

Note that P is uniquely determined by these two properties. &

We give an equivalent definition of the canonical probability measure P. Instead
of defining the driving process w as a compound Poisson process we could also
proceed as follows:

6.29 REMARK (EQUIVALENT DEFINITION). The distribution P of the driving
process is so that w is a Poisson process on the space . x X x Ry with mean
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measure

p7xryxx(dt x dr x dz) := f(x)px(dr)dt dz. O
The extension to the multivariate case is now straightforward:

6.30 Definition (Multivariate canonical space). Let .7 C R be a time
interval, X be a multivariate mark space, ux; the base measures on X; and f;
probability densities on X;.

(1) Canonical space and driving process. The multivariate canonical proba-
bility space is M := Axxr, (7). Consequently, the driving process @
has components ) with values in N; = N%,xr, (T)-

(2) Distribution of the driving process. The canonical probability measure
P is so that the components w() are independent and have the same
distribution as in the univariate case. &

In the multivariate case, there is a weaker and a stronger version of the notion
of a simple process. We call the weaker version component-wise simpleness and
the stronger version overall simpleness. It is important to note that our driving
process satisfies the stronger version:

6.31 REMARK (SIMPLENESS OF DRIVING PROCESS). Take a realization w(/)
of the j-th component of the driving process.

(1) The driving process is component-wise simple because for each time point
t € R, the projection @) (t x dx x dz) restricted to the set {t} x X; x R
has at most one event in the space X; x Ry. This is clear by the definition
of a compound Poisson process.

(2) The driving process is also overall simple: If one fixes some ¢t € .7 then
even the projection Z;l:l wl)(t x dx x dz) consists of at most one event
in the space {t} x X x R;. This means that for a fixed time point ¢ there
is at most one component that contains an event. O

These two properties of the driving process w are a consequence of the fact
that a Poisson process in the plane R? never has multiple points with the same
first or second coordinate. Hence, if (x1,y1) and (z2,y2) are two points of a
Poisson process in R?, then z1 # x5 and y; # y», with probability one.

For the following definition, we restrict ourselves to the univariate case, as
the multivariate case is a trivial extension:
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6.32 Definition (Thinning). Let X be a univariate mark space with mark
density f and .77 C R the time domain. Moreover, let 91 := A5xr, (7) be the
associated univariate canonical probability space.

(1) Thinning with respect to intensity. Let A\ be a non-negative, predictable
stochastic process. The thinning © of w with respect to A is

OLN(E x X) == / L. <xuey@(dt X X x dz), (6.8)

EX]R+
where £ C .7, X C X are two sets and w € N is the driving process.

Hence, the thinning © 5[] is a point process with values in A% (7). Now recall
the definition of an intrinsic intensity function, given in Definition 6.13.

(2) Thinning with respect to intrinsic intensity. Assume the intensity process
A is defined in terms of an intrinsic intensity function -y, associated with
some point process N. In this case, the thinning is of the form

O [Y(:IN)](E x X) := / Ly @(dt x X x dz). &

ExR4

The notion of a strong solution in the context of Hawkes processes appears first
in [Mas98], see Equation (1). Instead of the Hawkes intrinsic intensity function,
one could obviously take any other intrinsic intensity function as well.

We give the definition of a strong solution only in the univariate case. The
definition in the multivariate case is a trivial extension:

6.33 Definition (Strong solution). Let D be a univariate canonical space
and « a Hawkes intensity function.

(1) Formulation with thinning operator. Let N be a predictable point process
on the canonical space with values in A%(R). Then N is called a strong
solution if it satisfies, for all E C R and X C X:

Oz [a(:|N)](E x X) = N(E x X).

Instead of using the abstract thinning operator ©, one can write the condition
also in explicit form:

(2) Formulation without thinning operator. A point process N is a strong
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solution if and only if, for all sets E C R and X C X:

N(Ex X) = / ]l{zga(t\N)}w(dt x X x dz). (6.9)
ExR4 <>

For the next two definitions of initial states and continuations we restrict the
time domain: Let x € R be a fixed time and consider the time domain .7 :=
(x,00). The canonical probability space is then 9N := Axxr, ((x,0)). To
emphasize that the time domain is only a half-line, we use the symbol 91,
instead of 1.

Before we can define a continuation, we need first something that can be

continued, which is the so-called initial state. Again, we only consider the
univariate case:

6.34 Definition (Initial state). Let x € R be a fixed time and 91 the
associated canonical space on the (x,o0). Furthermore, let o be a Hawkes
intensity function.

(1) An initial state is a point configuration v_ € A% ((—o0,x]). One should
interpret v_ as the past of a point process N, that has already been
observed.

A special case of an initial state is the empty or void initial state:

(2) We use the following two symbols for empty point configurations, i.e. point
configurations without any events:

@_ € M ((—o0,x]) and @ e M(R). O

The notion of an initial state is also used in the papers [BM96], [Mas98],
[BNT02] and [Tor02]. Our definition deviates slightly, as an initial state is as-
sumed to be deterministic, although we will see in the proof of Theorem 6.55,
that this is not really a restriction.

A continuation is essentially a point process whose past up to time x coin-
cides with v_ and its future after time y follows the dynamics determined by
the Hawkes intensity function a. The precise definition is:

6.35 Definition (Continuation). Let N, be a point process on M, with
values in Jl@g((x, oo)) and N := v_ 4+ N, be the superposition of v_ and N.

(1) Formulation with thinning operator. If the following thinning relation
is satisfied for all sets EL C (x,00) and X C X then N, is called a
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continuation of v_:
N(E; x X) =04, [a(-|N)](E4 x X).

One can formulate this condition also in a less abstract form:

(2) Formulation without thinning operator. A point process N, on I, is a
continuation of v_ if and only if

N(E+ X X) :/ ]]'{zgoc(t\N)}w"‘(dt x X X ClZ)7
E+><]R+

for all sets £ C (x,00) and X C X. O

Below we will discuss the relationship between continuations with different
initial states and different immigration intensities. In order to avoid confusion,
we introduce a corresponding notation:

6.36 NOTATION (CONTINUATION TRIPLE). Let v_ be an initial state and 7
an immigration intensity. If N, is a continuation of v_ with respect to the
intensity process a(t|N) := n(t) + B(t|N), we say that

(V—a 7, N+)

is a continuation triple, where N:=v_+ N, . Note that we did not include g
in this triple, since we assume it is fixed. O

If we compare the definition of a continuation with the one for a strong solution,
we see many similarities: Basically, a continuation satisfies the same condition
as a strong solution, but only on the time interval (y,00). We will work out
this connection in more detail later.

The following important theorem states that the thinning procedure creates
a point process with the expected intensity:

6.37 Theorem (Thinning). Let X be a univariate mark space with mark
space density f and 7 C R be a time interval. We consider the univariate
canonical probability space M := Axxr, (7).

Assume ) is a non-negative, locally-integrable, predictable process. Then
the thinning N = O4[)\] of w with respect to A is a locally-finite point pro-
cess, adapted to the canonical filtration. Moreover, the intensity process and
intensity measure of N are given by

At zlw) = f(z)M\(t|w), A(dt x dx|w) = f(z)\(t|w)px(dz)dt. O
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PROOF: See Lemma 3 in [BM96]. The theorem goes back to [Ker64] and
[LS79]. ad

6.4 Hazard Rate

6.38 Definition (Hazard rate). Let X be a multivariate mark space and
M := Sxxr, (R) the associated multivariate canonical probability space with
driving process w.

Assume the following is given: Let N be an adapted point process with val-
ues in Ax(R) and let A;(¢, z|w) be the predictable time-space-intensity func-
tions of N. Additionally assume that the marks are component-wise unpre-
dictable, i.e. the intensity functions are of the form

)\j (t7 x|w) = fj (:L‘))\J(ﬂw)

Then we define:

(1) Eract hazard rate. Let AT (s, t|w) be a vector-valued function defined for
all t > s and w € D and assume that for all s € R the function

(w,t) — AT (s, t|w) is §s ® B(s, 00)-measurable.
We call At the hazard rate of N, if for all t > s:
A(t|w) = AT (s, t|w) on the set {w : N(s,t)[w] = 0}. (6.10)

Note that the hazard rate, if it exists, does not need to be unique.

(2) Upper bound for hazard rate. Assume 5\+(s,t|w) is a function of the
same type and satisfies the same measurability condition as the hazard

rate AT. We call 5\+ an upper bound for the hazard rate if for all ¢ > s:
Atlw) < X' (s, t|@) on the set {w : N(s,t)[w] = 0}. &

Note that we need the upper bound 5\+ only in cases where we cannot find
the exact hazard rate AT. The upper bound then still allows us to apply the
proposition below:

The next statement is based on Lemma 1 in [BM96], but has been refor-
mulated and extended: Firstly, a separate concept of a hazard rate function is
introduced, whereas in the original statement, the intrinsic intensity function is
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used, although it is not called like this. Secondly, the statement is generalized
to the case where only an upper bound is available. This will be helpful in
the proof of Proposition 6.43, because there the hazard rate of the difference
process L is not known.

6.39 Proposition (Extinction probability). Consider the multivariate ca-
nonical space M := Axxr, (R) and let N be a point process with values in

Sk (R).
(1) Ezact hazard rate. If AT is the hazard rate of N, then for all ¢ > s:

d t
P{N((s,t) xX) =0 ‘ 33} = exp{— Z/g )\;r(s7u|w)du}.

(2) Upper bound for hazard rate. If A" s an upper bound for the hazard
rate, then for all £ > s:

]P’[N((s,t) xX)=0 ‘ 35} > exp{— i/t S\j(s,ukﬂ)du}.
i=17s

Note that in both cases, the terms on the right-hand side are §s-measurable.<

There is a common situation where we can easily find a hazard rate for
some given point process. The idea is based on the so-called intrinsic hazard
rate. The difference between the general hazard rate and the intrinsic hazard
rate is the same as between the intensity function and the intrinsic intensity
function, see Definition 6.13. We only consider the univariate case:

6.40 Corollary (Intrinsic hazard rate). Consider the univariate canonical
space M := Axxr, (R) and assume N is a point process with values in 4% (R).

(1) Ezact hazard rate. Assume N has the intrinsic intensity function 7, i.e.
the intensity of N satisfies A(t|ew) = v(¢|N). Then the hazard rate of N
is

AT (s, t|w) = ’y(t|N|(_Oo7s]).

Assume one cannot find the intrinsic intensity function v of IV, but one has at
least an upper bound # for the intrinsic intensity function of N:

(2)  Upper bound for hazard rate. Assume there is an Px (R)-predictable func-
tion 4 such that the intensity of N is bounded from above by A(t|w) <
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A(t|N). Then an upper bound for the hazard rate is given by
M (5, tlw) = 7t N (00,0 ¢
Next we give the obvious, but important notion of a difference process:

6.41 Definition (Difference process). Let K and N be two point pro-
cesses with values in 4 (R), i.e. two univariate, point processes without marks.

The difference process between K and N is denoted by L := |[K — N|. A
more formal definition of L is

L(E) = /E[1 — N(t)] K (dt) +/E[1 — K(t)]N(dt),

for sets £ C R. O

Thus, the difference process contains all events of the difference set between
the events of two point processes. Note that L is again a simple point process.

Since we will construct couplings on the canonical space 91, which is de-
fined on the half-line (x,o0), it will be convenient to consider not only the
coupling time but also the truncated coupling time:

6.42 Definition (Coupling time). Let K and N be two point processes
with values in A (R).

(1) Truncated coupling time. Let x € R be a fixed time. The truncated
coupling time T, between K and N on the time interval [y, 00) is

L e ) ST

By convention, one sets T, := x in case the sets on the right-hand side
are empty.

(2) Coupling time. To define the coupling time T between K and N, one
takes the infimum over the whole real line instead, i.e. one defines

T:=T . O

Note that T, and T are random times, but in general not stopping times.

The following statement is motivated by a similar result of Proposition 2.1
in [Tor02]:
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6.43 Proposition (Coupling). Consider a multivariate mark space X with
associated configuration space A% (R). Let K and N be two strong solutions
for the two Hawkes intensity functions

ak(tlv) == ng(t) + B(t), ay(tly) :=ny(t) + B(t).

Note that the immigration intensities n, and 7, are different but the Hawkes
excitation functions B = By =: B coincide. Then:

(1) Bound on coupling time, finer version. For all ¢ € R one has

P[T < t] = P{K(j)‘(t,oo)xxj = N(j)l(t,oo)XXj;j =1,... ,d]
d oo
Zexp{—Z/ g;(u) + [H*]l(_ooﬁt]mdj(u)du}, (6.12)
j=1"*

where g(t) := [ng(t) — ny(t)], for t € R, and my, is the density of the
first order moment measure of the difference process L := |K — N|.

Now assume the first order moment density m is not known. In this case,
one can still find a lower bound for P[T < ¢]:

(2) Bound on coupling time, cruder version. The above inequality remains
correct, if one substitutes

mL(t) < mK(t) =+ mN(t),

where myg and my are the first order moment measures densities of K
and N. &

6.5 Minimal Solutions

In this section, a specific strong solution is construct, which is called the min-
imal solution. This notion is not used in the literature, at least not in the
context of Hawkes processes, but it is justified by the construction presented
below.

At the moment, we cannot yet prove the uniqueness of strong solutions in
full generality. But it will turn out later that under suitable conditions strong
solutions are unique, see Theorem 6.55. As a consequence, the minimal solution
is then actually the unique strong solution.
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The construction of the minimal solution involves several intermediate point
processes and before we start with the construction we give a short overview:

6.44 REMARK (NOTATION CONCERNING MINIMAL SOLUTION). The construc-
tion is based on incremental and cumulative processes and to distinguish be-
tween them we use the following notation:

(1) Incremental processes. For each generation n > 0, the process N,, cor-
responds to the events of the n-th generation. The associated intensity
process is An. By convention, the first generation is generation 0, which
represents the immigrants.

(2) Cumulative processes. Once one has constructed all generations up to
order n, one can define the cumulative process containing all events up
to and including generation n. This cumulative process is denoted by N,
and the corresponding intensity process by A,,. O

The following construction is taken from the proof of Theorem 4 in [BM96]:

6.45 Definition (Construction of minimal solution). Assume one has
the Hawkes intensity function a(t|v) = n(t) + B(t|v). The minimal solution is
constructed inductively by:

(0) Define first the intensity process A_1(t) := 0, for all ¢t € R.
Next define recursively for n > 0 the following three objects:

(1) The cumulative intensity process A, is
An(t) = m(t) + D An(t), (6.13)
m=1

for all t € R. By convention, one sets Ag(t) := n(t).

(2) The incremental process N, is the thinning of the driving process w in
the layer between A, _1 and A, i.e.

NO(E x X) = / Lin, s (t)<z<nn, (3@ (dt x X x dz), (6.14)
ExRy ' -
foral ECR, X CX;and1<j5<d.

(8) The incremental intensity process 5\n+1 of the next generation is

Ang1(t) == B(t[Ny)
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for all t € R. The recursion now continues with n + 1 in the first step.

6.46 Definition (Minimal solution). Let o be a Hawkes intensity func-
tion and define the incremental processes NN,, as in Definition 6.45.

(1) The minimal solution N, is

NY(E x X): ZN]) (E x X),
n=0

for sets £ C R and X C X.

(2) The intensity process Ao, of the minimal solution is

Aso(t) == lm Ap( i

n— oo

for all t € R. &

Note that without further assumptions, it is not clear, whether N, is a point
process, i.e. for the time being it is not clear whether N, is a locally-finite
point measure.

Later we will give sufficient conditions so that N., and A, become locally-
finite processes. The process N, will then become our candidate for a strong
solution. But even without any further assumptions, we can already now state
some useful facts:

6.47 Proposition (Properties of minimal solution). Let o be a Hawkes
intensity function and N, and A, be the associated minimal solution and its
intensity process, as given in Definition 6.46.

(1) First moment measure. The density m, of the first order moment mea-
sure of N, is

oo

mao(t) = Y [H™ xn)(t) = [UT «n)(t), (6.15)

n=0
for all t € R.

(2) Thinning property. The limit N, is a adapted to the canonical filtration.
Moreover, N, is a thinning of @ with respect to the intensity process
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a(t|Noo). In other words, No, satisfies the thinning condition of a strong
solution from Equation (6.9), which states that

NG (E x X) = / Loca, vy @D (At x X x d2). (6.16)
EXR+

Moreover, the intensity process satisfies A () = @(t|Ny), all t € R. O
Next we consider two simultaneous minimal solutions:

6.48 Proposition (Pair of minimal solutions). Let 3 be a Hawkes exci-
tation function and ny and n, be two immigration intensities. Define the two
Hawkes intensity functions

ag =N +0 and ay =ny+06.

Assume K, and N, are the associated minimal solutions. Then the first order

moment measure of the difference process Lo, := | K — Noo| satisfies

mi (6) < [UF < lmg = nyl] ), (6.17)
for all t € R. &
6.49 Theorem (Existence of minimal solution). Let @« = 1 + 3 be a

Hawkes intensity function and @) the associated branching matrix, see Equa-
tion (6.6). Assume the immigration intensity n is bounded and the branching
matrix satisfies Spr(Q) < 1. Then the minimal solution N4, as given in Defi-
nition 6.46 is a strong solution.

Take the same Hawkes excitation function 3 as above and assume now
that ny, and my are be two bounded immigration intensities. Denote the
corresponding minimal solutions with K., and N,. Then the coupling time
between the two minimal solutions satisfies:

PIT < 1] > exp{- Z / h (Ut +lmg — nN|L<u>du}, (6.18)

for all t € R. &
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6.6 Construction of Continuations

The aim of this section is to show that continuations are unique, given some
conditions are satisfied. However, before we can tackle this problem, we need
to have a closer look at Definition 6.35. Because continuations and strong
solutions are formally closely related, it is not surprising that one can be con-
structed from the other. This is the content of the next proposition.

For simplicity, we only consider point processes without marks. The general
case is a trivial extension.

6.50 Proposition (Relation to strong solutions). Let x € R be a fixed
time and consider the canonical probability space 91, := Axxr, ((x, oo))
Assume 3 is a Hawkes excitation function.

(1) Equivalence relation between continuations. Let v_ be an initial state
on (—oo,x] and n, and 79, be two immigration intensities on (x,o0).
Assume n, and 7, are related by

n4() = n.. () + B{v-), N+ () = n4.(1) = B{v-).

for all ¢ € R. Then, if one of the following triples is a continuation triple,
then so is the other:

(v—,m,,N,) continuation triple
= (@_-,7M,, N4) continuation triple (6.19)

(2) Relation to strong solutions. Let m, be an immigration intensity on
(x,00). Define the extension of i, to the real line by

U(t) = l(x,oo) (75)77+(t)7
for t € R. Then, for a point process N on the time interval (x, 00):

(@_,n,,Ny) continuation triple <= (7, N) strong solution.

(6.20)
%

We call the process 7, given above the augmented immigration intensity.

6.51 Corollary (Uniqueness of continuations). Let 3 be a Hawkes exci-
tation function, v_ an initial state on (—oo, x| and 1, an immigration intensity
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on (, 00).

(1)

(2)

Relation to strong solution. Define the augmented immigration intensity
extended to the real line by

A(t) = Lyo0) (8) [ () + Bltl-) (6.21)
and let Ny be a point process on the time interval (x, oo). Then:

(v—,m,,N;) continuation triple < (7, N4) strong solution.
(6.22)

Uniqueness. There is at most one continuation N of the pair (v_,n,),
that is if

(V—an+’N+) and (V—7n+aN+)

are two continuation triples, then N, = N+. O

6.52 Proposition (Construction of continuation). Let x € R be a fixed
time and 3 be a Hawkes excitation function.

(1)

(2)

Construction of continuation. Assume v_ is an initial state on (—o0, x]
and 1, an immigration intensity on (x,0c). Let 1) be the augmented im-
migration intensity, extended to the real line, as given in Equation (6.21).
Now assume the minimal solution N, generated by 7} exists. Then the
continuation triple

(V77n+;Noo,+)7 Noo,+ = NOO'(X,OO)’ (623)

is the unique continuation of the pair (v_,n,).

Coupling with two initial conditions. Let k_ and v_ be two initial states
on (—o0,x] and m, an immigration intensity on (x,00). Denote by 7,
and 7,, the associated augmented immigration intensities, extended to the
real line, as given in Equation (6.21). Assume the corresponding minimal
solutions K, and N, exist, so that one has the two continuation triples

("Q—,T’—HKOO&) and (V_’n+’N°°*+)'
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Then the coupling time between K, ; and N 1 satisfies
d )
PT <t] > exp{— Z/ [UF % gﬁﬂujj(u)du}, (6.24)
j=1"*

all t € R, where g,, ,, (t):= ]l(X’oo)(t)‘ﬁ(ﬂf-@_) — ,[’)’(t|1/_)|7 forteR. &

6.7 Existence and Uniqueness

Before we give the main result concerning the uniqueness of strong solutions,
let us introduce some further notation concerning the canonical probability
space. We intend to split the canonical probability space into two parts, where
the first part comprises all events up to time x and the second part all events
after time x.

Although the following definition is not needed for the formulation of The-
orem 6.55 below, it is needed in the proof. We only consider the case of a
univariate point processes without marks. The extension to the general case is
trivial.

6.53 Definition (Splitting of canonical probability space). Let x € R
be a fixed time. Let w be the driving process on the univariate canonical
probability space M := A&, (R). Consider the two time intervals

T_ = (—00,X] and Ty = (x, 00).
The point configuration space can be split up according to:
My (R) = A, (T2) x M, (T5), R=9 UJY,.

As a consequence, one can decompose the canonical probability space (N, §, P)
according to:

N =N x Ny, §=35-®3F4, P=P_QP,. %

The above definition shows that a configuration @ € 9 of the driving process
can be written as the pair (w_,w, ), where w_ € 91_ describes the events up
to time x and wy € My describes the events after time .
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6.54 REMARK (INDEPENDENCE OF THE TWO PARTS). Since the driving pro-
cess w is a Poisson process on the space R x R, the two components w_ and
w4 are two independent Poisson processes with realizations in the two point
configuration spaces

w— e’/%&r(y—)v W+€</%R+(g+).

This shows that P can indeed be written as a product probability measure. <

The next theorem combines results from Section 1 and Appendix A in [Tor02].
Recall also the definition of the averaged transfer functions Hj; given in Equa-
tion (6.5) and the definition of the branching matrix @ given in Equation (6.6).

6.55 Theorem (Uniqueness of strong solutions). Let « = n + 3 be a
Hawkes intensity function with immigration intensity n and excitation function
3. Assume the following two conditions are satisfied:

(1) The branching matriz Q) satisfies Spr(Q) < 1.

(2) The averaged transfer functions satisfy for all 1 < j, k < d:

/ LH . (£)dt < oc.
0

If K and N are two strong solutions with bounded first order moment measure
densities, then K and N coincide with probability one. O
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Proofs for Chapter 6

PROOF (PROPOSITION 6.27): The likelihood function, see Equation (6.3), is
the difference of two integrals. We calculate these two integrals in turn:

(i) First integral. Since a;(t,z|v) = f;(z)a;(t|v)
/ log a; (t, z|v) v (dt x dx)
DxX;
:/ log[ f;(x)a; (t|v)] vV (dt x dx)
DxX;

:/ logaj(t|1/)1/(j)(dt><Xj)+/ log f; ()9 (D x da).
D

J

v (dt x X;) is the projection of ©() onto the first component. Similarly,
v(9) (D x dx) is the projection onto the second component. Now use that
D = [T, T*], and the first part follows.

(i)  Second integml It remains to deal with the second integral. Note that
fx [i(@)px; (dr) = 1, since f; is a probability density on the space Xj.
Hence

[ aittalos, tdoyie= [ gy, (doyi
DxX; J

= [ astem][ [ e )] = | astew
:/[ )+ B;(tlv)]at

d
= dt+/ / hix(t—s,x v®)(ds x dz)|dt.
[ (30 st s )
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The first term is one of the terms in the claimed formula. It remains to
decompose the second integral. If one omits the sum, one has:

/ {/ h(t — s, 2)v™ (ds x dm)} dt
D ~J (—o0,t)xXg
= / L(—oo,tyxD (8, 1) hjn(t — s,x)u(k)(ds X dx)dt.
]RQXXk
Using that D = [T, T*] and defining r := (¢ — s), one has:
L(—oo,tyxD(8,t) = L(0,100) (1) L1, — 5,7+ —5)(7)-
Also note that

/ ]l(a7b)(r)hjk(r, x)dr = i_zjk(b, x) — l_ij(a,:c), for any a < b.
0

This is even true for negative a and b, because by definition Bjk(r, z) =0,
whenever 7 < 0. Hence:

/ T(—oo,tyxD (8, ) hjr(t — s, 2)v®) (ds x dz)dt
szxk
= / {/ Lir, — s, —s) (1) i (7, x)dr] v ¥ (ds x dx)
RxXj, 20
= / [ﬁjk(T* —s,2) — hjp(Te — s,x)] v ®)(ds x dz).
RxXg

Finally, one can replace the integration domain R with (—oo, T™*), since
outside this set the integrand vanishes. O

Recall that a process has stationary and component-wise unpredictable marks
if its time-space intensity function is of the form \;(¢, z|w) = f;(x)A;(t|w).

6.56 Lemma (Properties of Hawkes excitation function). Let 3 be a multivari-
ate Hawkes excitation function. For two point configurations x and v in A%k (R),
one has:

|B(tlk) = B(tlv)| < Bt |k — ). (6.25)

Now let f; be densities on X;. Assume [V is a predictable point process with
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multivariate family of intensity functions {);,j =1,...,d} such that
Aj(t zlw) = fi(2)A;(tw),
and let my be the density of the first order moment measure. Then

E[B(t|N)] = [H * my](t). (6.26)
¢

PrOOF (LEMMA 6.56): Recall the definition of the Hawkes excitation func-
tion B, given in Equation (6.4).

() The first part follows from

Bj(tlk) — B;(tlv) Z/ e k(t — s,2)s®) (ds x dz)

d
- Z/ hj(t — s, z)v® (ds x dx)
k=1 ( DOt)XXk
= Z/ hjk(t —s,x) {ﬁ(k)(ds x dz) — v®) (ds x dx)]
k=1 (—OO,t)XXk
d
< Z/ hjk(t — s,a:)|/1(k) - I/(k)’(ds X dx)
k=1 (700,7f)><X)C
= B3 (t|lx — vl)

(i) By assumption, the intensity measure of N*) is
Ag(ds x dx) = M\ (¢, z|w) px, (dx)ds = fr(2) M\ (t|w) px,, (d)ds.

Due to the fundamental property of the intensity measure, and the defi-
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nition of the functions Hj, see Equation (6.5), we have

E[3;(t|N)] Z/ - hjr(t — s, 2)N®) (ds xda:)}
00,t) XX,

d
ZE[/ hjk(t — s, ) fi(x )/\k(3|w)uxk(dx)ds}
k=1

(—o00,t) xXg

E| /( L = s a0 retsi]
_ E[/; Hiu(t — s)Melslew)ds| = /too Hi(t — ) E[\(sl)] ds

Recall that E[A;(s|w)] = my k(s). By rewriting the integral as a multi-
variate convolution, the statement follows from

d t
E[5,tN)] =3 / Hy(t — s)ma o (s)ds = [ x mnl, (¢). 0
k=17~

PRrROOF (PROPOSITION 6.39): Let N be a point process with values in A% (R),
with vector-valued intensity function A.

(1)

(@)

Exact hazard rate. In a first step we consider only the case where N takes
values in 4" (R), i.e. it is a univariate point process without marks.

Fix s € R. Note that for v € .4 (R) one has

/( ) ]].{,/(s7u):0}1/(du) = ]]-{u(s,t)21}~
s,t

We are going to use the short notation v(s,t) = v((s,t)). Replacing now
v with IV, one has as a first intermediate result

Lin(s,n=0y =1 = /( ) Lin(s,uy=0y N (du).
S5

Since N(s,u) is §,_-measurable, the processes H(u) := N(s,u) and
G(u) := T{n(s,u)=0} are predictable, see also Definition 6.4. Hence, one
has by the fundamental property of the intensity function, see Defini-
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()

tion 6.10, as a second intermediate result

t
%s} = E[/ LN (s,uy=0y AMulw)du

]E[/ Ly N (s,u)=0) IV (du) 3s]~
(s:t)

Combining now the two above results gives:

B[N (s,1) = 0[3.] = E[1 - /( , TN ew=0 N (dw)

t
—1- E{/ TN (s.00—0y Mt ) s
S

g} (6.27)

Since AT is a hazard rate, we get, due to Equation (6.10), that

t
P[N(s,t) =0[Fs] =1— E[/ LN (s =0y AT (s, ulw)du

¢
=1 —/ E[H{N(syu)zo})ﬁ'(s,mw)

t
=1 */ E{]]-{N(s,u):O}

We have used that AT (s, u|w) is Fs-measurable, for all u > s. In sum-
mary, we have the integral equation:

35] du

SS} AT (s, ulw)du.

P[N(s,t) =0[Fs] =1— /t]P’[N(s,u) = 0|3 AT (5, u|w)du. (6.28)

This equation for the function ¢ — IP’[N(S, t) = O|33] can be rewritten as
an ordinary differential equation. Its unique solution is

P[N(s,) = 0[3.] = exp{—/t A+(s,u|w)du}. (6.29)

S

In the general case, let N be a multivariate point process with values
in Ax(R). For more details about the two processes N, and A\, see
Remark 6.11:

d

d
N.(df) = 3 NO(dt x X;), M(tlm) == ().

Jj=1 Jj=1
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(2)

Moreover, define A (s, t|w) = ijl A (s,t|w). Then

Ai(t|w) = Al (s, t|w) on the set {w : N(s,t)[ew] = 0}.
Now apply Equation (6.29) for the process N, so that

d
P[ﬂ NO((s,8) x X;) =0

Jj=1

= exp{— /t )\j(s,u|w)du} = exp{— i/t )\;“(s,u|w)du}.
i=17s

S

5. =P[N.((5,0) =0

Upper bound for hazard rate. We state a special case Gronwall’s lemma:
The proof can e.g. be found in the original papers [Grol9], [Bel43], or any
real analysis book. Let ¢ be a constant and x, o two continuous functions
on (s,00). Then any solution z of the inequality

z(t) < c+/ a(u)z(u)du

satisfies

z(t) < cexp{/: a(u)du}. (6.30)

We first treat the special case where N is a univariate point process
without marks. Hence let A" (s, t|zw) be an upper bound for the hazard
rate. The proof is identical up to Equation (6.27). From there continue
with

¢
P[N(s,t) =0[Fs] =1— IE{/ LN (s,u)=0y A(u|w)du

t
>1- IE{/ Lin(s,uy=03 AT (s, ulw)du S’S}.

Again continue in the same way as in the first part, but use this time the
upper bound for the hazard rate. Instead of Equation (6.28), one now
finds:

P[N(s,t) =0[F] >1— /tP[N(s,u) = 0|8, ]AT (s, u|w)du.
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Now set y(s,t) := P[N(s,t) = 03], such that

y(s,t) > 1 —/ y(s, u) AT (s, ulw)du.

Here the similarity with the first part of the proof ends and one has to
continue in a different way. First fix some s € R and define z(s,t) :=
—y(s,1), so that

x(s,t) < (-1) +/ [—Xﬂs,u\w)]x(s,u)du.

Due to Gronwall’s lemma, especially Equation (6.30), one finds

x(s,t) < (1) exp{/: [fj\+(3,u|w)]du}.

In terms of y(s,t), this implies

P[N(s,t) = 0’35] =y(s,t) = —x(s,t) > exp{— /St ;\+(s,u|w)du}.

(%) In the same way as in the first part, the statement can now be extended
to the general case where N is a multivariate, marked point process. O

PROOF (COROLLARY 6.40): Define At (s,t]w) := Y(t|N](—c,s]), as suggested,
and similarly \*.

(1) FEzact hazard rate. Because +y is an intrinsic intensity function, and every
intrinsic intensity function is by definition PBx(R)-predictable, we have
Y(tlv) = v(t|v](=oo,r)). We need to check Equation (6.10). But given that
{N(s,t) = 0}, this follows from

AMtl@) = Y(tIN) = Yt N|(—oo,t)) = V(| N|(=s0,5] + Nl(s,1))
= 7(t|N|(foo7s]) = )\+(S,t|W)

(2) Upper bound for hazard rate. The proof is almost identical to the first
part. O

PrOOF (PROPOSITION 6.43): Let K and N be two strong solutions associ-
ated with the Hawkes intensity functions ax = i + 8 and ay = ny + 8.
Furthermore, let L := |K — N| denote the difference process.
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(1) Bound on coupling time, finer version. Consider the two intensity pro-
cesses Ak (t) := ag(t|K) and An(t) := an(t|N). Because K and N are
strong solutions, they are thinnings of w with respect to Ax and Ay,
respectively. The difference process L is therefore again a thinning given
by

LY(E x X) = / ]l{q(t)<z<q(t)}w(3)(dt x X x dz),
EXR+
where the thinning is with respect to the layer between the two bounds

¢ (t) = min{Ax(t), An (1)}, ¢t () == max{Ag(t),An(t)}.

Due to Theorem 6.37, the difference process L has intensity process

AL(t) = ¢ (t) — ¢ (1) = [Ak(t) = An(D)] = |ax (tK) — an(t|N)]
\nK ) + Bt K) = ny(t) = BEIN)|.
Define g(t) := |nk(t) — ny(t)| and use Equation (6.25), so that

Ar(t) < \nK(t) —nn ()| + [BEE) - BtIN))|
<g(t) +B(t[|K — N|) = g(t) + B([L).

This inequality suggests the following definition for the intrinsic intensity
function 4, which will serve as an upper bound for the intensity process
Az, but only depends on the past of L:

A(tlv) = g(t) + B(t|lv), for v € A% (R).
Then 4 is an upper bound for Ay, in the sense that Ar(t) < 4(¢t|L). Since

~ satisfies the required conditions of Corollary 6.40, an upper bound for
the hazard rate is given by

A (5,8) 1= At L] (—oos) = 9(8) + B/ Ll (—o0rs))-

Hence, due to Proposition 6.39, this shows

]P’[L(s t) —O|Sé] > exp / )\+ (s,u) du
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For simplicity, we write L(s,¢) instead of L((s,t) x X). This shows,
because of {L(s, o0) = 0} = {T < 5} and using bounded convergence,
that

P[T < s|§s] =P[L(s,00) = 03;] = tllr&IP[L(s,t) =0[3.]
d ¢ d 0o
> tliréloexp{—z:/ S\j(s,u)du} = exp{—Z/ S\j(s,u)du}
j=1"s j=17¢

Now take the expectation on both sides. Then apply Jensen’s inequality,
Fubini’s theorem, and use the variable ¢ instead of s. According to the
definition of );, one obtains:

d )
PIT < 1] > exp{~ Z_:/t E[Xf (t,u)]du}

d oo
= exp{— Z/t gj(u) + E[ﬁj (u|L|(_OO,t])} du}.
j=1
Due to Equation (6.26), one knows

E[B(U|L|(_m)t])} = {H*mu(_m,t]}(u) = [H* ]l(_ow]mL] (u).

Substitute this in the above inequality, and the claimed result follows.

(2) Bound on coupling time, cruder version. Since L = |K — N| < K + N,
the analog inequality holds for the densities of the first order moment
measures. O

PROOF (PROPOSITION 6.47): Let N,,, A, be the incremental processes and
Ny, A\, the associated cumulative processes.

(1) First moment measure. According to Equation (6.14), N, is the thinning
of the driving process w in the layer between A,_; and \,,. With Equa-
tion (6.13) one obtains A,, — A,,—1 = An. Therefore, due to Theorem 6.37,
the space-time intensity processes of N, are

)‘nJ (tv J?) = fj (x);\n,j (t)>

for 1 < 5 < d. For the first order moment density m,, of Nn one has,
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using that f; is a probability density:

it (1) =E[/v&n]<t oz, (do)] =E[ [ A,

X,

SO @)z, (do)|
i ® [ 5@ )] = B 0]

Now, due to Equation (6.26), one obtains a recursive formula for 77,

m,(t) = E[X,(t)] = E[B(tN,_1)] = [H* 102,_1] (1)

The initial value myg of this recursion is

o (t) = E[Ao(t)] = E[n(t)] = n(t).

This shows m,,(t) = [H*" %« n](t). The claim now follows with
)] = ZE B Z s
Z [H*" % n](t) = [(Z ) «n (1) = [UT +n](0).
n=0 n=0

(2) Thinning property. Note that Ao satisfies Ao (t) = lim,, 00 Ap (). There-
fore, with monotone convergence:

M8

Moo (t) = E[Aso(t)] = E[

NO(Ex X)=> NY(Ex X)
n=0

Z/ Ten,- 1](t)<z<)\nj(t)}w (dt x X X dz)
ExRy

= lim ]l{z<)\nj(t)}w(j)(dt x X X dz)
n—oo Jpyr,

= / ]]‘{Z<>\oo J(t)}w(”(dt x X X dZ)
ExRy -

It remains to show Ay (t) = a(t|N). But this follows, using monotone
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convergence, from

Aoclt) = 1)+ Y- Aalt) = n(6) + 3 BHN-1) = n(t) + B(E] 3 N
=)+ B(¢| > ) = n(t) + B(tINw) = alt]Nc) O
n=0

PROOF (PROPOSITION 6.48): Let 1y, ny be two immigration intensities and
Ko, Ny the associated minimal solutions.

(i) Difference process. Let K, and N, be the cumulative point processes
corresponding to the immigration intensities nx and n,, see the con-
struction in Definition 6.45. Now consider the difference processes L,, :=
| Ky, — Nyl

(i)  Thinning representation of difference process. Define the vector-valued
function g(t) := }nK nN(t)|. According to the construction, K,, N,
have the assomated intensity processes Ak, , Ay, , which are

n

Ak, (1) =ng(t) + Z Ak, (t) = m(t) + Z Bt K1)

- ( ‘nz ) =nkt) + Bt Kn-1),

and similarly for Ay, . From the construction of K,, IV, follows

3

LB X X) = / Lo <zt @7 (d x X x d2),
E xR
where the thinning is taken in the layer between

¢ (1) ==min{Ag, (t),An, (1)}, ¢ () == max{ Ak, (t), AN, (1)}

Hence, by Theorem 6.37, the intensity process of L,, is

AL, (1) = ¢ () = €, (1) = [ Ak, (8) — A, (1)]
= [ng(t +B(t|Kn 1) =0y (t) = BENa-1)|.

(iti) Moment measure of difference process. For the first order moment mea-
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sure density my,, of L, one has
m, (6) = E[ngc(t) + BtE-1) =y (8) = BEIN-)|
< E[|nse(t) = nn (8)]] + E[[BKn-1) — BN
< g(t) + E[B(t]|Kn1 — Nu-al)| = g(t) + E[B(Ln-1)].

Due to Equation (6.26), one has E[B(t|L,—1)] = [H* my,_,](t), and

therefore
n—1
my, (t) < g(t)+ [Hemy, J(t) < Y [H™xg](t)+ [H"xmy,] (1),
m=0

and for my, one obtains

M, (8) = B[ Ak, (1) = Ang (8)]] < [mic(®) = mx ()] = g(8).

Combining these inequalities, one gets

n

mo, () < S [H™ 4 g] () < [Z ™ 5 g} (t) = [U* = g](2).

m=0

Note that Ak, < Ak, and Ay, < An_ . Hence, using bounded conver-
gence, the statement follows with

mi_(t) =E [|>\Koo () — Ano (t)” - E[ Tim Arc, (£) = lim A, (t)H

= E| lim |Ax, (1) = An, (8)]] = lim E[[Ak, () = Av, (0)]]

= lim my, (t) < [UT *g](t). O

PrOOF (THEOREM 6.49): Let a(tlv) = n(t) + B(t|lv) be a Hawkes inten-
sity function and N, be the associated minimal solution as given in Defi-
nition 6.46.

(1) Ezistence of minimal solution. According to Equation (6.16), N satis-
fies the thinning condition. It remains to show that N, is a locally-finite
point process. Now, due to Equation (6.15), the density of the first order
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moment measure My, of N, satisfies:

d
Mo, (t) = [UF 5)U%(ds)
=3 oo

d
< [supuer mi(u)] / Ui (ds) = [sup, e mi(u) U (R)
k=1

M= 11

(La — Q)74 [suPyer Mk (w)].

=~
Il
_

By assumption, the immigration intensity m is bounded. Hence, one
obtains in vector notation:

Mo (t) < (Lo — Q)7 [supucam(w)].

But this is more than sufficient for N to be locally-finite. Indeed, we need
to show that N has only finitely many events in any bounded set £ C R
with probability one. Without loss of generality, we can take an interval
of the form E = [a,b]. Then, for all X C X;:

E[NY(E x X)] <E[NQ(E x X;)] /mo@,j t)dt = /mow
< (b=a)|(Li — Q) super ()| < oo

Hence, NooU)(E x X) is finite, and therefore N is a locally-finite point
process, as claimed.

(2) Coupling of two minimal solutions. Consider the difference process Lo, :=
|Koo — Noo|- Because Ko, and N, are both strong solutions, one can
apply Proposition 6.43. Hence, due to Equation (6.12):

P[T < {] >exp Z/ gi(u) + [Hx 1o gmr ] (u )du}

where g(t) := |mg(t) — ny(t)]. On the other hand, my__ has already
been calculated in Equation (6.17). Therefore

mi (8) < [UT 5 Iy —nyl|(8) = [UF  g)(0).
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Together with Equations (4.3) and (4.4), one now obtains:
g(w) + [H 1o gma | (w) < glu) + [Hxmr ] (u)
< g(u) + [H*U" xg](u) = g(u) + [U” * g](u)
= [(1+U7) +g](u) = [UT xg](w) = [UF «|mg = myl] (w).
Substitute this in the integral above, and the claimed formula follows. O

ProOF (PROPOSITION 6.50): To avoid lengthy expressions, we express thin-
nings with the thinning operator O, see the definition in Equation (6.8).

(1) Equivalence relation between continuations. Recall that (v_,n,, N) is
a continuation triple if and only if for all sets E; C (), 00) the following
is satisfied:

N(E1) = 0= |BCIN) +m, ()| (B), N:i=v_ + N,

Conversely, (@,7,, N4) is a continuation triple if and only if for all E:

N (Ey) = 0| B(-IN:) + 1, ()] (By).

(=) We need to show that if (v_,n,, N ) is a continuation triple, then so is
(@,M,,N4). But, because N and N, coincide on (x, 00), one has for all
E; C (x,00) that

N4 (Bs) = N(Ey) = O [BCIN) + 1. ()] (E4)
= O [B(:Iv-) + BCING) + 7, ()] (B-)

= O | BCING) +71, ()] (B2).

(<) Conversely, assume (&,7,,N,) is a continuation triple and we need to
show (v_,n,,Ny) is one too. Because N and N, coincide on (x,o0),
one has

N(Ey) = Ny (By) = O [BCING) + 01, ()] (By)
= O [BCING) + B(-Iv-) + 7, ()] ()

= O [BCIN: + 1) + 1, ()] (B2) = 0 [BCIN) +1, ()] (By).

248



(2)

=)

(=)

In the last equality, N; +v_ = N was used.

Relation to strong solutions. Recall that a pair (1, N4 ) is a strong solution
and (@_,7n,,Ny) is a continuation triple if and only if the following two
corresponding equations are satisfied:

N4 (E) = O [al-IND|(B), Na(Bs) = O [al-[N2)] (B, (6.31)

for all sets £ C R and F; C (x,00). Because 8 is Px(R)-predictable,
B(tlv) = B(t|V|(—oo,)), for all point configurations v. And since for all
t < x one has Ny |(_s,) = &, and n(t) = 0, one obtains

a(t|Ny) = B(tINy) +n(t) = B(E[Ny) = BNt [(~s0,t)) = B(t[@) = 0.

Therefore, for all sets F_ C (—o0, x]:
O [al-IN)] (E-) = 0 [0](E-) = 0. (6.32)

We need to show the first part of Equation (6.31), given that the second
part is satisfied. It suffices to show this for sets E_ C (—o0, x| and E; C
(x, o) separately: Due to Equation (6.32), one has for sets F_ C (—o0, X]
that

Ny (B-)=@_(E-) =0=0g[a(-|N;)](E-).

And for sets F; C (x,00) the equation is satisfied by assumption.

This follows immediately, since the first part of Equation (6.31) implies
the second part. O

PROOF (COROLLARY 6.51): Let 7, be the augmented immigration intensity
and 7) the extension of %), to the real line.

(1)

Continuation and strong solution. Combining the two equivalence rela-
tions from Equations (6.19) and (6.20), one has

(v—,m,,N,) continuation &= (2,7, Ny) continuation

& (7, N4 ) strong solution.

And this is exactly the equivalence what needs to be shown.
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(2)

Uniqueness of continuation. Assume (v_,m,,Ny) and (y_,n+,N+) are
two continuation triples. Then, according to the first part, the following
two pairs define strong solutions:

(1), N) strong solution, (i, N) strong solution.

Recall the coupling result for strong solutions given in Equation (6.12).
Applying this result for ¢ := y gives

P[T <] Zexp{i/m

Clearly, the first term in the integrand vanishes. It remains to calculate
the function 1(_ ymr. But K and N are by assumption continuations
of the same initial state v_, i.e. they coincide on the time interval (—oo, x],
so that

iy () =5 ()| + [F 1 og ] ()}

K=o, = Nl(=o0 1 = ¥- and Ll(-copg = &
This implies
I(—oo,y(t)mr(t) =0,  and then [H * 1(_OO,X]mL]j(u) =0.

After substitution, this yields P[T' < x] = 1. Hence, the two processes K
and N coincide on the interval (x, o). Therefore, K and N coincide
too, since they are the restrictions of K and N to this interval. O

PrOOF (PROPOSITION 6.52): Recall the sufficient conditions for the existence
of a minimal solution, see Theorem 6.49.

(1)

(2)

Construction of continuation. Let N, be the minimal solution generated
by 7). Since every minimal solution is a strong solution, the equivalence in
Equation (6.22) applies. Hence, (v_,n,, Noo +) is a continuation triple,
as claimed. The uniqueness of N 4 follows from the second part of
Corollary 6.51.

Coupling with two initial conditions. Let K. and N, be the minimal
solutions corresponding to the immigration intensities 7,, and 7,,. For
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minimal solutions, Equation (6.18) applies. Therefore

d 0
Pr<gzen{-Y [ (Ut i, -a,] @dd}.
j=17t /

Moreover, one has

0.(t) = 0,(8)| = Liy,o0) ()| 14 () + B(t[r-) = (t) — B(t|v-)]
= L(y00) ()| B(tr-) — B(t|v-)|.

Because K+ and N 4 are the restrictions of Ko, and N to the
interval (y, 00), the same bound also holds for the coupling time between
these two processes. O

6.57 Lemma (Conditional expectations on splitted canonical space). Let x € R
be a fixed time. Consider the univariate canonical space M := A, (R) as
explained in Definition 6.53. Let E_ and E be the expectations with respect
to the probability measures P_ and P on the spaces 91_ and 91, respectively.
For a non-negative random variable f one has:

E[f(@)|8] = B+ [f(@-, ). (6.33)

Note that the expectation E_ is defined with respect to wy € 91, only and
does not affect w_ € M_. O

PROOF (LEMMA 6.57): Because w_ is w restricted to (—oo, x|, one has §, =
F%- where .#%- is the o-algebra generated by w_. Hence

E[f(@)|3x] =E[f(w-, @ )|F7 | =E[f(w_, w4)|w_].
Now use the fact that @w_ and w are independent to obtain

E[f(w—vw+)|w—] :E+[f(w_,w+)]. o

PROOF (THEOREM 6.55): Assume K and N are two strong solutions with
bounded first moment measure densities mg and mpy. Recall the decomposi-
tion of the canonical probability space, given in Definition 6.53.

(i) Define the restrictions of K and N to the time intervals (—oo,x] and
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(i)

(iid)

(X, 00) by:

K- i= K| oo N- = N(-oe
K+ = K|(x,oo)7 N+ = N|(x,oo)-

Note that K_ and N_ are both §_-measurable and therefore depend only
on w_ € MM_.

Below, we will be calculating on the probability space (4, §+, P+). This
situation occurs if w_ € YM_ is fixed, since then only the second compo-
nent of w = (w_,w,) is random.

Hence fix some w_ € 9_, so that the probability space is reduced
to the triple (M4, F+,P+). Then K_, N_ are two deterministic point
configurations on the time interval (—oo, x]. Moreover, K, N, are the
continuations of K_, N_, in the sense of Definition 6.35. In other words,
one has the two continuation triples:

(K_,m,,Ky) and (N_,m,Ny).

According to Corollary 6.51, continuations are uniquely determined by
their initial state. Moreover, by Proposition 6.52, a continuation is the
same as a minimal solution if one takes the augmented immigration in-
tensity. Denote the corresponding minimal solutions by Ko +, Noo 4,
see also Equation (6.23). As a consequence, the two continuation triples
above coincide with

(K,,n+,Km7+) and (N777I+»NOO,+)' (6.34)

Consider now again the full probability space (91, §, P). Recall from Equa-
tion (6.11) that the truncated coupling time T, is defined as

TX = inf{t > X : K|(t,oo) = N|(t,oo)}

Fix a time ¢ > x. Clearly, if K and N couple before time ¢ then so do
K, and N4, and vice versa. Hence, due to Equation (6.33), one has:

PIT <] =P[Ty <1] =E[P[Ty <{[5,]] =E[P. [ <#]|. (635

To calculate P, [T, < t], recall from step (ii), that one can consider w_
as fixed. Hence, we are dealing with the two continuation triples from
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Equation (6.34). Therefore, according to Equation (6.24), one has:

P, [T <t >exp Z/ *gx )ds},

where g, depends on K_ and N_ and is defined as

9, (1) = Lso0) (0| BUE) = BIIN- ),

for t € R. After substitution of P, [T}, <t] into Equation (6.35), and by
Jensen’s inequality, one obtains:

P[T <] > ]E[exp Z/ txg; )ds}]
> exp{— Ed: /Oo E[UT « gx]j(s)ds}. (6.36)
j=171

By Fubini’s theorem:
/:OE[UJF*QX] (s dS—/ Z/ W) Gy k s—u)du}d
/w[/w () E gy (s — )] du|ds

S [ s s wlada

>

In the last equality, s — x+s was substituted. According to the definition
of g, (t), one has, in vector notation:

E[g, (6)] = E[1(y.00 ()81 ) = BN .

Let m, be the first moment density of |[K_ — N_|. Then by Equa-
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(i)

tion (6.25) and (6.26), one obtains:
Elgy ()] = Lo (O E[|BUIK ) — BIN-)]
< Lyoe) (O E[ B[ = N_)] < L) () [H 5 ] 2):
Since K_ = K|(_s0, ] and N_ = N|(_n ], this yields:

My (t) = Lo ()M -~ |(t) < Loy (O)mrin(2)

= Lo (O mac(t) + my(8)] < 1 (t)m,
where the vector-valued constant m is defined as:
M 1= SUP,cgr MK (u) + SUPy,egr MN (U)

By assumption, K and N have bounded first moment measures my and
my, so that m < oo. Combine the previous results to obtain:

E[gx(t)] < ]l(x,oo) {H * ]l(foo,x]m:| (t)

In this step, we calculate a universal bound for E[gx(t)], which holds
uniformly for all x. The candidate function is:

d o0
¥i(h) == 1(0,00)(R) ka/ Hj(u)du, for h > 0.
k=1 h
We claim that E[g, (t)] < ¢(t — ), for all ¢ > y. Indeed:
d oo
E[gx,j (ﬂ] < |:H * ]]-(—oo,x]m}j(t) = Z/O ij(u)]l(_oo7x] (t - u)mkdu
k=1

d
= i / Lo ooy () Hy () = (¢ — ).
k=1
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(v)

(vi)

Continuing with Equation (6.37), one finds:
oo d o0 o0
/ E[U" « gx]j(s)ds < Z/ [/ Uﬁ(u) E[gyk(x +s— u)]du] ds
t t—x

/t L 1/ Ufk Wk(s—u)du}ds/oo [UF % 4] (s)ds

t—x

We have used that E[gx(x + s — u)} < 9(s — u). Hence, due to Equa-
tion (6.36), one has for all ¢ > x that:

P[T < ] >eXp Z/ U+ % 2] } (6.38)

Next calculate:

/000 Yr(h)dh = /OO [zd: my /OO sz(u)du} dh
/ / Hy () du dhiml/ooo[/oqul(u)dh}du

my / qul(u)du
0

§|

M& M=

l

1

Recall that for any two non-negative functions f, g on R:

[ = [ rwan] [ st

Therefore:

/Ooo[tm x4, (s)ds < kz:[/ooo Uﬂ(h)dh} UOOO wk(h)dh}
d d [e)
- Z {(]ld _ Q)j_kl ;ml/o qul(u)du] < 00.

We have used that m and fooo uHpy(u)du are finite, according to the
assumptions.
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(vii) Finally, take the limit in Equation (6.38):

P[T <t] > lim exp Z/ U+*¢ (s)d }

X—7—0o0

h— o0
=1

:exp{—l 11m/h (U 5 0] (s)ds b = 1.

This shows that T' = —oo, almost surely. Therefore, K and N are iden-
tical, except possibly on a set of probability zero. O
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Conclusion

This thesis presents linear Hawkes processes in the style of a textbook giv-
ing more details than would be common in an academic article. This makes
the exposition self-contained and hopefully more accessible. It introduces and
describes in detail some of the techniques used to analyze Hawkes processes.
Often, these techniques are presented in a more abstract form than is strictly
necessary, without specifically referring to Hawkes processes. I hope this ex-
hibits their power more clearly.

Software for Hawkes Processes. Even though the material in the thesis is
largely theoretical, I constantly had the applicability of the theory in mind when
I wrote the thesis. This resulted in a software package I developed in parallel
to the theoretical work. The software is not part of my thesis, but it has still
contributed indirectly since implementing it has helped me to better understand
some aspects of Hawkes processes I would probably not have otherwise.

Implementing estimation and simulation procedures in the generality de-
scribed in the first chapter is much more involved than it would seem at first.
The introduction discusses some of the problems one encounters and points out
some remedies, but there are several more issues one has to deal with, which I
could not include in this thesis.

This thesis is exclusively concerned with linear Hawkes processes, but the
software I wrote can also cope with more general Hawkes processes, which are
not discussed here. It seems that certain non-linear extensions can be very
beneficial if fitted to financial data.

Further Research. Hawkes processes are a large class of point processes.
Indeed, one could consider Hawkes processes more as a framework than a class
of point processes. The only common feature is their self-exciting behavior but,
apart from that, the other characteristics can be chosen quite freely. Thus,
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if one needs to model a phenomenon that exhibits some sort of self-exciting
behavior, Hawkes processes are certainly a serious candidate model.

The theoretical foundation of Hawkes processes is certainly father developed
than empirical experience in using them. Hopefully there is more progress in
this direction in the future. On the theoretical side, time series models inspired
by Hawkes processes could be an interesting addition. The paper [BM96] in-
troduces a class of non-linear extensions to the classical Hawkes process. But
also other types of non-linear extensions could be conceived and may have in-
teresting features. As long as one is careful not to generalize linear Hawkes
processes too much, the techniques discussed in this thesis can most likely be
carried over and adapted in order to prove analogous results.
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