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Abstract

In this paper, we discuss integer-valued autoregressive time series (INAR), Hawkes point processes,
and their interrelationship. Besides presenting structural analogies, we derive a convergence theorem. More
specifically, we generalize the well-known INAR(p), p € N, time series model to a corresponding model
of infinite order: the INAR(co) model. We establish existence, uniqueness, finiteness of moments, and give
formulas for the autocovariance function as well as for the joint moment-generating function. Furthermore,
we derive a branching-process — as well as an AR(co) — and an MA(oo) representation for the model.
We compare Hawkes process properties with their INAR(co) counterparts. Given a Hawkes process N, in
the main theorem of the paper we construct an INAR(co)-based family of point processes and prove its
convergence to N. This connection between INAR and Hawkes models will be relevant in applications.
© 2016 The Author. Published by Elsevier B.V. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).

MSC: 60G55; 60F99; 37M10
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0. Introduction

In this paper, we show that Hawkes point processes are continuous-time versions of integer-
valued autoregressive time series and — vice versa — that integer-valued autoregressive time series
are discrete-time versions of Hawkes point processes; see Theorem 2 for the main result of the
paper. To start with, we outline the history of the concepts involved.

Standard time series theory for sequences of real-valued data points has been developed in
seminal works like Whittle [25] and Box and Jenkins [3]. This theory led to the natural question
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of time series models for count data. In the count-data context, the starting point is also a defining
system of difference equations of the form “X,, — > ox X,—x = &, + Y_ Brén—k, n € Z”. The
main idea of the construction is to manipulate these equations in such a way that their solutions
are integer-valued. This can be achieved by giving the error terms “(¢;)” a distribution supported
on Np and by substituting all multiplications with thinning operations. In the above spirit,
autoregressive integer-valued (INAR) time series were defined and examined by McKenzie [19]
and Al-Osh and Alzaid [1]. The modern definition of the INAR model comes from [17].
Latour [16] generalizes the model to the multivariate case. For an exhaustive collection of
properties of the INAR model; see [8]. For a textbook reference; see [9].

The Hawkes process was introduced in [11,12] as a model for contagious processes such
as measles infections or hijackings. As a point process in continuous time, the Hawkes process
allows for the modeling of intensities which depend on the past of the process itself. Its alternative
name, “‘selfexciting point process”, stems from the fact that, given the occurrence of an event,
intensity jumps upwards and then decays gradually. Theoretical cornerstones for the model are
Hawkes [13] which establishes the representation as a cluster process, Ogata [21] which covers
calibration issues and propagates a recursive method for likelihood calculations, Brémaud and
Massoulié [4] which extends the original model by generalizing the affine dependence on the past
to Lipschitz dependence, Brémaud and Massoulié [5] which proves the existence of a specific
borderline case of the model, and Liniger [18] which puts the subtleties of the definition and the
construction on a solid mathematical foundation — especially for the marked multivariate case.
For a textbook reference that covers many aspects of the Hawkes process; see [7].

To the best of our knowledge, the close connection between INAR and Hawkes processes
has not been studied before. The correspondence between the model classes becomes even more
direct if one applies infinite autoregression instead of finite autoregression for the time series
model. This was our main motivation for generalizing the existing INAR(p) framework with
p < oo to the case p = oo. For the new INAR(co) model, we give an explicit construction
and show uniqueness; see Theorem 1. Then we derive three alternative descriptions of the
process, namely a branching-process, an autoregressive, and a moving-average representation.
Furthermore, we calculate basic quantities such as the joint moment-generating function and the
autocovariance function. These are mainly presented for comparison with their Hawkes process
counterparts. We observe that the equivalent branching-construction of INAR and Hawkes
models form the core of the connection. This equivalence yields corresponding equations for
generating functions, similar moment structures, and analogous stability criteria. Theorem 2
establishes a convergence result. In this theorem, for a given Hawkes process N, we construct

a specific family of INAR(co) sequences {(X ,EA)) Z}A . From each member of this family,
ne >0

we derive a point process N (4 by setting

ND(@b)= Y xP a<b.
n: Ane(a,b]

The theorem states that N4 converges weakly to the Hawkes process N when A goes to
zero. This result is relevant for applications of INAR and Hawkes processes. In particular, the
convergence theorem yields an estimation method for the Hawkes process by estimating the
more tractable approximating INAR model instead. We work out this estimation method in [15].
Moreover, from a purely theoretical point of view, the presented line of thought is useful: the time
series perspective on point processes as well as the point process perspective on (integer-valued)
time series can be fertile for constructing and understanding event-data models; see Section 4.
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The paper is organized as follows: Section | introduces the INAR(co) model. Section 2
presents the Hawkes process. Section 3 establishes the convergence theorem. Furthermore, it
collects structural analogies between the two model classes. In the final section, we discuss the
broader interpretation of the INAR—-Hawkes relation.

1. The INAR(c0) model

Throughout the paper, we consider a basic probability space ({2, F, P) carrying all random
variables involved.

1.1. Definition and existence

Definition 1. For an Ny-valued random variable Y and a constant « > 0, the reproduction
operator o is defined by

Y
aoY = ZE,EO‘),
n=1

iid . . .
where £ "X Pois(a), n € N, independently of Y. We refer to £, n e N, as offspring

variables and to ( ,Sa)) as offspring sequence.
Here and throughout the paper, we use the convention that ) 7 _ pan = 0, ¢ < p, for any
sequence (a,)nez C R.

Definition 2. For o > 0.k € Np, let &, " Pois(ap), n € Z, and £"° ~ Pois (),
independently over n € Z,k € N, [ € N, and also independent of (&,). An integer-valued
autoregressive time series of infinite order (INAR(c0)) is a sequence of random variables
(Xn)nez which is a solution to the system of stochastic difference equations

o0
en = Xpn — Z‘xk o Xn—k ()
k=1
0o Xn—k

=X, =Y. > &Y. new 2)

k=1 [=1

We call «g immigration parameter, (&,) immigration sequence, oy > 0, k € N, reproduction
coefficients, and K := Y 2 | ax reproduction mean.

In most situations, it is enough to use the reproduction notation from (1) in Definition 2 without
explicitly writing out the offspring sequences as in (2) — keeping in mind that each “o” operates
independently over k € N and n € Z. Clearly, Definitions 1 and 2 depend on the choice of
the distribution of the offspring variables. A more obvious option would have been sequences
of Bernoulli variables. This would yield the binomial thinning operator from [24] which has
in fact been the choice in the cited INAR(p) literature. The Poisson choice for the offspring
sequences, however, again yields a Poisson distribution for “X,, | X,_1, X,—2, ...”. This in turn
leads to formulas that are simpler and that can be compared with their Hawkes counterparts more
directly. We will address this issue in Sections 3.4 and 4. For the following existence theorem, any
Np-valued distribution with finite first moments would do for the offspring variables. Throughout
our paper, “‘stationary” is understood as “strictly stationary”.
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Theorem 1. Let o > 0, k € Ny, with reproduction mean K = Z,fil o < 1. Then (2) has
an almost surely unique stationary solution (X,),cy, where X, € No, n € Z, and EX, =
ao/(1 = K).

Proof. See Appendix A.1. O
1.2. Branching structure

We highlight the branching nature of the solution to (2). As we will see, one can interpret this
solution as a model for the size of a population, where each individual is alive exactly during
one time-step. Each individual is either an immigrant or stems from a prior individual. This is
similar to a Galton—Watson framework with immigration; see Section 5 in [23]. In contrast to the
Galton—Watson setup, each INAR(co) individual does not only have offspring at the next time-
step but (potentially) at any future time. The proof of Theorem | formalizes this structure and
then establishes that the construction indeed yields a process with the desired properties. The next
proposition summarizes the branching representation of the INAR(co) process. We emphasize
the branching intuition of family processes consisting of generation processes by the unusual but
suggestive notation for stochastic processes (F;,) and (G,). The branching formulation will be
useful for the derivation of the moment-generating function. It furthermore summarizes the most
elegant and, at the same time, most efficient way, for simulating from the INAR(co) model:

Proposition 1. Let (X,) be an INAR(c0) sequence with respect to an immigration parameter
oo > 0 and reproduction coefficients o, > 0, k € N, so that Z,fil o < 1; see Definition 2.
Then

Xy = ZZF;’ D nes, (3)

i€Z j=

where ¢; K Pois(ag), i € Z, and (F,El’])) are independent (over i € Z and j € N) copies of a
branching process (Fy) defined by

00
Fo=3G¥, nez )
g=0

The generations (Gy) in (4) are constructed recursively by

(g 1)
GO =1y and G¥ = Zakonfk = Z Z RO nez, geN,
=1 m=1
®)

with S(n k8 Pois(ay) independently over m, n, k, g— and also independent of (&;)icz. Fur-
thermore, we have the following distributional equality for the generic family-process (Fy)
from (4):

d .
(Finez = l{n =0} + Z Z F,fl;f) . (6)

nez

Proof. See Appendix A.2. O
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1.3. Moment generating function

From the representation of the INAR(c0) sequence as a superposition of shifted i.i.d. family
processes in Proposition 1, we derive equations for the joint moment-generating function of the
model. First, we fix some notation:

Definition 3. For any sequence (#)sen, C R, let supp((tn)) =sup{n e Ng : t, # 0,1, =
0, k > n} be the support of the sequence (t,). Furthermore, for A C R, let cgo(A) =
{(tn)neny C A : supp((14)) < 00}, the space of sequences in A with a finite number of nonzero
values. For any time series (Y,),eN,, We define the joint moment-generating function

o0
My, ((t)ners, ) = Eexp {Z I Y,,} . () €coo (). ™
n=0
The somewhat unusual definitions above have been chosen for most direct comparison between
the INAR(00) joint moment-generating function and the Laplace functional of a Hawkes process;
see Propositions 7 and 9.

Proposition 2. Let (X)) be an INAR(00) sequence with respect to immigration parameter og >
0 and reproduction coefficients oy > 0, k € N, such that K = Z,fil o < 1; see Definition 2.
Then there exists a constant § > 0 such that

1+K
Mx,) () = eXp{dao ki } <00, () € coo((—00,8]), ®)

where d = supp((tn)) + 1 is the maximal number of nonzero values of (t,). Furthermore, we
have that

Mx,)((tn)) = exp {ao Z(M(Fn)((ti+n)neNo> - 1)} , 9)

i€Z
where we set t,, = 0 for m < 0. Here, (F,) denotes the generic family-process from
Proposition 1. Its joint moment-generating function M r,) is the unique solution to

k=1

M, ((50) = € exp {Zak(M<F,,>(<sn+k>neN) - 1)} . () € con((=00,8D. (10)

Proof. See Appendix A.3. O

As a matter of fact, every moment-generating function that is finite in a neighborhood of zero has
a Taylor series about zero. The coefficients of this series are the joint moments. Consequently,
from Proposition 2, we obtain

Corollary 1. Let (X,) be an INAR(c0) sequence as in Theorem 1. Form € Nand ky, ..., ky €
Ny, we have that

m

IE[X’I“X’;2 : ~-ka] < 0.
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1.4. ARMA representations

We represent the INAR(co) model as both, an autoregressive as well as a moving-average time
series. These explicit representations allow the application of standard linear time-series theory
on the INAR(co0) model.

Proposition 3. Let oy > 0, k € Ny, with K = Z,fozl ar < 1, and let (X,,) be the corresponding
INAR(00) process, see Definition 2. Then

o0
u, = X, — Zo{an,k —ag, neEdz, (11)
k=1

defines a stationary sequence (u,) with Bu, =0, n € Z, and

0, n#n,
E[upup] = ! @0 , n=n. (12)
1-K
Furthermore, we have that
o0
(Xn = px) = Y ok (Xpk — pux) =tty, ne€Z m<0, (13)

k=1
where ux = EXo = ag/(1—K). In other words, (u,,) is a (dependent) white-noise sequence and

the time series (X, — Wx),ez can be described in terms of a solution to an ordinary standard
AR(00) system of difference equations.

Proof. See Appendix A.4. [

From Proposition 3, we find the Wold decomposition of the INAR(c0), that is, a representation
as a standard MA(oo) time series. It will be most helpful for establishing the second-order
properties of the process.

Proposition 4. Let o > 0, k € No, with Y ;2 ox < 1. Then the corresponding INAR(c0)
process from Definition 2 is a solution to the family of equations

o0
Xy —px =Y Puint, nel, (14)
k=0

where (uy) is the white-noise sequence from Proposition 3, ux = EXo = ap/(1 — K), o =1,
and By = Zleaiﬁk,i, k € N. Furthermore, B > 0, k € Ny, and Z,fio Br =1/(1 — K)
< 00.

Proof. See Appendix A.5. O

Note that the moving-average coefficients (Br)ren, defined in Proposition 4 correspond to
(EFk)ken,- the expected values of the family-process (4) after k = 0, 1,2, ... time steps. Also
note that Proposition 4 is not a corollary of the standard result stating that ARMA(p, ¢g) processes
(p,q < o0) are MA(00) processes; for example, see Theorem 3.1.1 of [6]. The argumentation
for the case p = oo has to be more subtle: we have to prove that the (in general infinitely many)
zeros of the involved power series can be bounded away from the unit circle.
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1.5. Second order properties

The MA(oco) representation makes the second moments of the INAR(co) sequence
particularly tractable:

Proposition 5. Let (X,,) be an INAR(co) process with reproduction coefficients oy, > 0, k € N,
such that K = Z,fil oy < 1, and immigration parameter g > 0. Furthermore, let R(j) =
Cov (Xn X+ j) , J € Z, be the autocovariance function of the (stationary) sequence. Then

S
. @0 .
R(]):m E BrBivij) =0, jeZ, keN (15)
k=0

where Bo = 1 and By = Zle o Br—i. In addition, we have that

S o
R _— . 16
A/E=o ()= 1_K) <0 (16)

Proof. See Appendix A.6. [J
2. The Hawkes process

After the first section on the new INAR(co) model, the following shorter section formally
presents the well-known Hawkes point process. We treat point processes as random counting-
measures and only consider point processes on R. First, we fix some general notation and
terminology. Then we recall the definition, the existence theorem, and selected properties of the
(univariate) Hawkes process. For the general theory, we mainly follow Resnick [22, Chapter 3].
For the Hawkes part, our main references are the seminal papers Hawkes [11,12] and
Hawkes [13].

2.1. Preliminaries

Let B := B(R) be the Borel-sets in R and B, := {B € B(R) : B bounded}. A measure
m on R is a point measure if m(B) € Ny, B € Bp. We denote the space of point measures
on R by M, = M,(R). Let CZ = C}<|r (R) be the space of nonnegative continuous func-
tions on R with compact support. Point measures (m,) converge vaguely to a point measure
m if limy—o0 [ f(Om(dt) — [ fO)m(dt), f € CEHR); we write m, - m. Vague con-
vergence yields the vague topology on M. The Borel o-algebra generated by this topology,
M, .= B(M,), coincides with the o -algebra generated by the sets {m € M, : m(A) =k}, A €
Bp, k € No; see Lemma 1.4. in [14]. Any measurable mapping ¢ : (M,, M,) — (R, B)
such that lim,_. o @(m,,) = ®(m) whenever m, 5 m, is continuous with respect to the
vague topology. Our basic underlying probability space is ({2, F,P). A measurable mapping
N:(2,F) — (Mp, ./\/l,,) , ® = N(w) is called point process. The history of a point process
N is the filtration (va ) where, fort € R,

HY :=a([a)e Q: N)((@,bl) € B] . —co<a<b<tB cNO>. (17)
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We assume that H¥ C F, t € R. Note that our definition of a point process allows multiple
points, i.e., we may have that “P[N({t}) > 1|N({t}) > 0] > 0. Also note that, for r € R, the
o-algebra 1Y includes all sets of the form

[o: N@)({) =kns N@) (a1 1)) =0, =0,-1,-2,...}

witht =1 t9g >ty > --- and kg, k_1,... € N. (18)

2.2. Definition and existence
Definition 4. For any point measure m € M, define the Hawkes intensity
Atlm) =1 +/ h(t —s)m(ds), teR,
R

where n > 0 is a constant and 4 : R — Rg‘ is a nonnegative measurable function with
h(t) =0, t < 0. We refer to n as immigration intensity and to h as reproduction intensity.

The immigration intensity is often called baseline intensity and the reproduction intensity is often
called excitement function. However, our objective is to highlight the similarity between Hawkes
and INAR processes. Consequently, we make use of a joint branching-process terminology; see
Definition 2.

Definition 5. Let A be a Hawkes intensity as in Definition 4. A Hawkes process is a point process
N that is a solution to the family of equations

b
E[lAN((a, b])] —E [1A/ )»(slN)dsi|, a<b AcHY, (19)

A priori, it is not clear whether this family of equations has a solution, whether any possible
solution would be unique (in a distributional sense), and whether the distribution of a solution
would be stationary. These questions are answered by the following proposition; see [13]:

Proposition 6. Let A be a Hawkes intensity with immigration intensity n > 0 and reproduction
intensity h such that foooh(t)dt < 1. Then there is precisely one stationary process that
satisfies (19).

The existence and uniqueness result above is established by the observation that the solution to
(19) must be a cluster process or — more specifically — a branching process with immigration: the
points are interpreted as individuals that are either immigrants or offspring. The immigrants (or
cluster centers) stem from a homogeneous Poisson process with intensity 1. These immigrants
form generation zero of the following branching procedure: an immigrant at time s € R triggers
an inhomogeneous Poisson process with intensity 4 (- — s) where £ is the reproduction intensity
of the process as in Definition 4. These offspring individuals form generation one. Each of
these first-generation individuals again triggers an inhomogeneous Poisson process in a similar
way, etc., so that the families (or clusters) are generated by cascades of inhomogeneous Poisson
processes.

2.3. The Laplace functional

The cluster and branching process point of view is also fertile beyond the results of
Proposition 6. For example, it leads to equations for the Laplace functional of a Hawkes



2502 M. Kirchner / Stochastic Processes and their Applications 126 (2016) 2494-2525

process. The Laplace functional ¥y of a point process N is a functional defined on the space of
nonnegative measurable functions with compact support by

UnLf]:=Eexp {—/ f(t)N(dt)}'

The next proposition is Theorem 2 in [13] — with a slight modification as the original statement
refers to the probability generating functional whereas we prefer the nowadays more common
Laplace functional notion:

Proposition 7. Let N be a Hawkes process with immigration intensity n > 0 and reproduction
intensity h as in Proposition 6. Then the Laplace functional ¥y of N is

In[f]= eXp{n/c:)(WF[f(th )] - 1) dt},

where W is a functional that is the unique solution to

Uplfl=e/Pexp {f o) (el £t +9] - 1) dz} .
0

In both equalities, f denotes an arbitrary measurable, nonnegative function with compact
support.

3. Links between INAR(0co) and Hawkes processes

In the following section, we first explain how discrete-time INAR(co) processes can
approximate a continuous-time Hawkes process. After the convergence theorem, we establish
a number of properties of the approximating sequence. Finally, we collect some structural
analogies of the two models.

3.1. Preliminaries

Let Y,, n € N, and Y be random variables with values in some topological space. The
sequence (Y;) converges weakly to Y if lim,_. E@(Y,) = E@(Y) for all nonnegative
continuous bounded functions ¢. We define weak convergence of point processes with respect
to the vague topology M, on M,; see Section 2.1. In this case, weak convergence of point
processes is equivalent to convergence of their finite-dimensional distributions; see [7, Theorem
11.1.VII]. General weak convergence theory, as developed in the monograph Billingsley [2],
considers sequences in metric spaces. Therefore it is important to note that the vague topology is
metrizable; see [22, Proposition 3.17]. In other words, we may treat (M P M 17) as a metric space
where necessary. A most helpful theorem in the weak-convergence context is the continuous
mapping theorem; see Theorem 5.1 in [2]. We apply it in the following form:

Proposition 8. Let (N,) and N be point processes such that Ny 5 N, n — oo. Furthermore,
let f:R — R(")" be a bounded, measurable function with compact support and with a set of
discontinuities Dy € B such that P [N (Df) > O] = 0. Then, f f({@)N,(dr) =5 f f@)N(de) for
n — oo.
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3.2. The convergence theorem

Next to the conditions on the reproduction intensity /4 from Definition 5 and Proposition 6,
we introduce an additional assumption: we want i piecewise continuous. We say a function
f R — Ris piecewise continuous if its set of discontinuities Dy C R is finite and for all
to € D the limits lim, _, v f(t) and lim, 1 f () exist and are finite. Combining all assumptions

on h yields the following important technical

Lemmal. Leth : R — Rar be a piecewise continuous function with h(t) = 0, t < 0, and
fh(t) dt < 1. Then there exist constants 8 > 0 and K < 1 such that, for any A € (0, §),

o0
KA = A > hkd) <K < 1. (20)
k=1

In the sequel of the section, let§ > 0, K4 < K < 1,and A € (0, §), be as in the lemma above.
We state the main mathematical result of our paper:

Theorem 2. Let N be a Hawkes process with immigration intensity 1 and reproduction
intensity h as in Lemma 1. For A € (0,6), let (X,(,A)> be an INAR(co) sequence with
immigration parameter An and reproduction coefficients Ah(kA), k € N. From the sequences

{(X,(,A)) } Ac0.5y We define a family of point processes by

NA@y = Y X AeB Ac©59). @1)
kikAeA

Then, we have that

NA TN for A — 0.

Proof. See Appendix A.11. [J

Our proof uses the standard weak-convergence approach — as followed in the Hawkes context,
e.g., by Brémaud and Massoulié [5]. First, tightness of the approximating family is established.
By Prokhorov’s theorem, tightness yields weak subsequential limits for all subsequences. Then
we show that all those potential weak subsequential limits have the same distribution as the
Hawkes process. This will establish the result. An alternative approach would be convergence of
Laplace functionals that are given by

Proposition 9. For some A € (0, 8), let N Q) be as in Theorem 2. Let f be a nonnegative mea-
surable function with compact support. Then the Laplace functional of N D) evaluated at fis

A .

Uy [f] = exp iAn Z(EI}(A)) (£ +m2),0,) — 1)} .
i€Z

Here, the function WI(:?A)) operating on sequences (Sp)nen, € coo ([0, 00)) is a solution to

T ((snhneny) = €% exp {Z ARGk A) (TR, ((skndneno) 1)} .
k=1
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Proof. See A.7. O

The similarities between the formulas in Proposition 9 and the corresponding equations for the
Hawkes process in Proposition 7 are striking. Still, rather than establishing the convergence result
from Theorem 2 via the Laplace functionals, we choose a more direct reasoning on the process
level that contains useful information on the approximating point process family as a by-product.
The information necessary for the convergence proof is collected in the following lemmas:

Lemma 2. For any A € (0, 3), let N pea point process as in Theorem 2. Then, for A € B,
we have that

ANkA: keZ)=0 = N(A)(A) =0, almost surely. (22)
For the expectation, we find that

Ui n

(4Q) _
EN ({kA})_Al_K(A)<81_I€, ke, (23)
and, fora < b,
EN ([a,b]) < (b—a + 2)- ”E < 0. (24)

Proof. See Appendix A.8. [

Lemma 3. For (N (A)) Ac(0.5) the approximating family of point processes from Theorem 2, we
have that

sup Var (N(A)(A)) <00, Ae€DbBp.
Ae(0,8)

Proof. See Appendix A.9. [

A family of random variables (Y;);¢; is uniformly integrable if limps_, oo sSup; 7 E[1}y,1>m|Yi]
= 0. We obtain uniform integrability of the random variables in question as a corollary from
Lemma 3:

Lemma 4. Let (N (A)) Ac(0.8) be the approximating family of point processes from Theo-

rem 2 and A € Bp. Then we have that the family of random variables (N (A)(A))
uniformly integrable.

Ac0.5)
A family of probability measures (P)). _, on (M,, M) is uniformly tight if, for all & > 0,

ie

there exists a compact set K C M, such that PO[K ] <¢, iel.

Lemma 5. The family of the probability measures (]P’(A)) on (Mp, o (./\/lp)) correspond-

0<A<s
ing to the point processes (N <A))0< A~p IS uniformly tight.

Proof. See Appendix A.10. O
3.3. Structural analogies

Besides the formal convergence result from Theorem 2, we point out a number of structural
parallels between the Hawkes and the INAR(co) model. The branching structure of the INAR(c0)
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model described in Section 1.2 is the same as the branching structure of the Hawkes process
described after Proposition 6. This similar underlying structure yields analogous equations for
the moment-generating function of the INAR(co) and the Laplace functional of the Hawkes
process; see Propositions 2 and 7. Consequently, we can expect similar distributional properties.
In the following, we compare the models more directly by considering a specific Hawkes process
N together with its approximating family of INAR(oc0) sequences, (X (A)) , A € (0,6), obtained
from Theorem 2.

(1) The defining Eqs. (2) and (19) have similar interpretations: taking expectations conditional

on H,)l(iA]) =0 (X(A) k<n-— 1) on both sides of (2) yields
A (4
E[X'(' )|H')’( 1 ] (A,
=n+ Z h(n—k2A)x>, nel,

A

k=—o00

which is similar to the local version of (19)

E [N(dn)|HY] _, +/t

" = h(t —s)N(ds), trelR.

(i1) The stability criteria from Theorem 1 and Proposition 6 correspond: for the time series case,
Z,fi 1 Ah(Ak) < 1is a sufficient existence condition which in the Hawkes case becomes
fooo h(t)dt < 1. Brémaud and Massoulié [5] establishes the existence of a nontrivial Hawkes
process, where the total weight of the reproduction intensity equals 1 and the immigration
intensity is zero. The analogous statement for INAR(co) sequences can be derived in a
similar way.

(iii) From the correspondence of the generating functions, we know that the moments of the
INAR(0c0) and the Hawkes process must be similar. The first moments are

A
EX( : = il respectivel ENn = iU
A T 1_ k@ TOPEVEN. Ty 1—K

For the first equality see Theorem 1; for the second equality see [11].
(iv) For the autocovariances of both models, i.e., for

4 EXVxP] px®)?
R (n) := - , nelZ,

A? A
respectively, for

E [dNodN,] (IEN(dt)>2 R
@2 U a o ER

we find at the origin

r(t) =

o0
Dy — - " (4)
R ©) = Y +I;Ah(kA)R k), (25)
respectively,
n o
=— ) 2
r(0) T1I-K —I—/0+ h(s)r(s)ds (26)
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Implicit equations of Yule—Walker type are valid in both cases:

RD () =3 " h(AORD(In| —k)A, n#0, 27)
k=1
respectively,
r() = /Ooh(s)r(|t| —s)ds, t#0. (28)
0

Egs. (25) and (27) are standard facts given the representation of the INAR(0c0) sequence as
a standard AR(oo) process in Proposition 3; see, e.g., [6]. Eq. (28) can be derived as in [12],
where r is called “complete autocovariance density”. Eq. (26) corresponds to (10) in [12]
evaluated at zero.

3.4. The choice of the offspring distribution

As a last remark, we again refer to the choice of the offspring distribution in Definition 1.
An obvious alternative to the Poisson distribution would have been the Bernoulli distribution;
see the discussion after Definition 2. With the Bernoulli choice, each individual would have not
more than one offspring at each future point in time instead of potentially unboundedly many. We
want to indicate that in the limit (in the sense of Theorem 2 where all reproduction coefficients
go to zero) this option would yield the same result: for A € (0,1) and (ag) C [0, 1] such that

Doy < 1, letE(A) ~" Pois(Aag), k € N, andé‘(A) ‘~" Bernoulli(A«y), k € N. Then one can
easily show that

[g(A) ] [é(d) ]
Alirr(;+ o = Alirr(l)+ o =1, keN.
B[RS =o] 4 p[E® 1]
So when A is very small, the offspring distribution candidates, Poisson and Bernoulli, become
very similar. Roughly speaking, the limiting procedure in Theorem 2 is nothing else than a
(complicated) superposition of limits of the form Y ;2 , E,EA) . For these kinds of sums, we have
that

P S =]
lim = =1, neN.

A0t [Zé(A) }

If o > O infinitely often, then — by the Poisson limit theorem — the two considered probabilities
are even equal for all A € [0, 1]. In view of the above, one can expect that Theorem 2 with
Bernoulli offspring would yield the same limit as Poisson offspring, namely the Hawkes process.

4. Conclusion

The mathematical formulation of the correspondence between INAR and Hawkes processes
in Theorem 2 has the following heuristic interpretation relevant for practical applications: let
(N (A)) be the approximating family of INAR(c0)-based point processes for a Hawkes process
N as in Theorem 2. Then for A > 0 (small), the finite-dimensional distributions of N (4)
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are approximately equal to the finite-dimensional distributions of N. In particular, we find, for
neN,

<N((o, A]).N((4.24]), N ((@ = D4, nA]))
S (N(A)((O, A]). N ((a.24]), . ND (@0 = DA, nA]))

(4) (4) A
:(x1 XA xS >), (29)

where (X ,SA)) is the INAR(o0) sequence that the point process N (4) is based on; see Theorem 2.

So (X ,(lA)) is an approximative model for the bin-count sequences of the considered Hawkes

process N. This point of view can be very fertile. For example, it leads to a nonparametric
estimation procedure for the Hawkes process. Instead of fitting a Hawkes process directly, one
fits the corresponding INAR(oco) model from Theorem 2 on the bin-counts for some small A > 0.
Kirchner [15] gives a detailed discussion of this estimation procedure including asymptotic
properties, bias issues and techniques for an optimal bin-size choice A. Also note that the Hawkes
bin-count sequence view in (29) on the INAR(0c0) model is another argument in favor of choosing
the Poisson instead of the Bernoulli distribution for the offspring sequences: clearly a Hawkes
event can have potentially more than one direct offspring event in a future time-interval.

For any Ny-valued time series model, one can construct a point process model the way it is
done in Theorem 2. So, studying integer-valued time series can be inspiring for developing and
understanding point process models. For example, one might want to consider the corresponding
point process of an integer-valued autoregressive moving-average (INARMA) time series. For
INARMA time series, a moving-average part is added to the autoregressive part in the defining
difference Eqgs. (2); see [9]. In fact, the corresponding point process is nothing else but the
“dynamic contagion process” as proposed in [27]. Also for integer-valued time series theory,
it is inspiring to translate point process models into the discrete-time setup. For example, one
might want to translate the generalizing results on selfexciting point processes in [4] to the INAR
context. Here, the selfexcitement of the point process is modeled not as an affine but as a general
Lipschitz function of the past of the process. The analogous generalization in time series theory
is “nonlinear Poisson autoregression” as studied in [10] for the case p = 1. In the latter paper,
the authors also find a Lipschitz condition for the transfer function. Yet another idea might be to
consider marked INAR sequences in analogy to marked Hawkes processes; see [18].

One can expect that the results of our paper also hold in a multivariate setup — with
the obvious modifications. However, the notation would become even more tedious, so that
we have decided to concentrate on the univariate case. In view of the many INAR/Hawkes-
correspondences presented in this paper we conclude: INAR(co) sequences are discrete-time
versions of Hawkes processes and, vice versa, Hawkes processes are continuous-time versions
of INAR(c0) sequences.
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Appendix. Proofs

A.l. Proof of Theorem 1

Letg; "5 Pois (o) , i € Z, be the immigration terms from Definition 2. For the jth potential
immigrant at time i € Z, we define generation processes (G,(qg = )), g € Ny, by the following
recursive procedure:

G =1y—), neZ,ieZ jeN (A1)

G(g AJ) Z“k o G(g Lij) (A.2)

For all distributional properties of the construction, it will be enough to apply defining Eq. (A.2)
for the generations. We will consider an explicit representation of the involved offspring

sequences later. Note that G/’ = 0 whenever n < 0. A family originating from the jth
individual immigrant at time i is the superposition of all the corresponding generation-processes:

o
Fi = Z GE'"), nelZ,iel, jeN. (A-3)
g=0

The candidate series ()2' ,,) for a solution of (2) is the superposition of all these families — modulo
an appropriate shift in the time index:

Z Z FD nez. (A4)

i=—o00 j=1

Note that only family and generation processes indexed by (i, j) with j € {1, ..., &} come into
play. Also note that all infinite series involved in the construction above are well-defined because
their partial sums are nondecreasing. As a first step, we remind ourselves that K = Y 22, a and
establish

EZG(glJ) K8, geNy,i€Z, jeN, (A-5)

by induction: for g = 0, (A.5) is correct because we have EY /7 G Zn —o lin=0) =
1 = KO For g > 0, one can show that EY >° G — k. EY % 0G<g LED) and (A.5)
follows. By (A.5), > F,gl’]) has expectation 1/(1 — K). In particular, Y oo F,E' /) is almost

surely finite. Since F,gi‘j ) is a sum of integers, we have that Fn(i’j ) e No, n € Z, almost surely.
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For )~(,,, n € Z, we find that

n
v o @.j) _ @1 (1 n_ %
EX, = § E§ F," _aoé EF,") = aE § Fo=1"% (A.6)

i=—00 j i=—00 i=—00

Note that in the present work, nearly all random variables involved are nonnegative.
Consequently, in most cases the interchange of summations as in the first equality above is
covered by Tonelli’s Theorem. Also Wald’s Identity as applied in the second equality above will
be applied without further notice. From (A.6), we get that X, is almost surely finite and therefore

almost surely Np-valued. Note that, by construction, the generations (Gf,i‘j )) and therefore the
families (Fn(i’j )> are independently and identically distributed time series over i € Z and j € N.

Stationarity of ()2' n) then follows from the i.i.d. property of the immigration sequence (&;).

To show that our candidate sequence (f( n) indeed solves (2), we have to work with an explicit
representation for the reproductions involved in (A.2). To that aim, let

s;"i’];)m ~ Pois(arg), independently overi,n € Zandk, j, g,m € N. (A7)
(n,
In our branching terminology, & PN n denotes the number of offspring individuals at time n

whose parent lived at time n — k. ThlS parent belongs to the (g — 1)-th generation of family
(i, j). Furthermore, this parent is the mth such individual. We repeat the defining recursion for
the generation processes from above — this time we represent the involved offspring sequences
explicitly:

G(Ol])_l{n —0y, neZieZ, jeN (A.8)
G(g L) Zak o Gflg_—kl,i,j) (A9)
n G
=y Yy g0 nelZ ieZ jeN geN (A.10)
= =

It is obvious that (A.10) justifies the distributional assumptions on (A.9) (i.e., (A.2)), used in the
first part of this proof. For any n € Z, we find

X, — aniF’g) ZZF(IJ)+ZF("J) ZZZG@”)"‘S
i=—o00 j=1 i=—00 j= i=—o00 j=1g=0

(A.11)

Note that the third summation really starts in g = 1 because GL()_";.’j ) = l{n—i=0y = 0 whenever
i <n — 1. For the triple sum in (A.11), we obtain

G~ lt/)
i ( ) & oo n—i n—i—k (+ k)
gl] i+n—i,
RPN 5 3> 3 IS B
i=—o00 j=1g=1 i=—o00 j=1g=1k=1 m=1

(g—1.i,))
n—k €& o0 Gn k—i

:Z Z ZZ Z E;lji’,]}),m ’ (A.12)

k=1 \i=—o0 j=1g=1 m=1
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For (A.12), we use t_he fact that it is irrelevant whether we let k run over {1, 2, ..., n — i} or over
N because G;“’: 71,’(1 ) = 0 whenever k > n — i ; by the same argument, we may let i run up to
n — k only. For ﬁxed n € Z and k € N, the term in the bracket is a sum of i.i.d. Pois(ay) random

variables é('” over the (stochastic) index set
700 —{(g,l jomyeZt:1<g i<n—k 1<j<g,l <m<G(g_k1'l])}.

For the size of 1%, we obtain

w2 § S S a i 2 SR, Y coean)

i=—o00 j=1g=1 i=—o00 j=1
(A.13)

Let (&n, o, k)) be the offspring sequences from Definition 2. Note that, forn € Z and k € N,

(g“”‘) I=1,2,..., %0 k) and (53;”,’7,”. (g,i,j,m)el("*k)) (A.14)

are equally distributed — no matter which order we choose for the second set. Also note that, for
(n,k) # (n', k'), we have that 10 0 J®'¥) = ¢_Consequently, the independence properties
over n and k necessary for the reproductions are preserved. We did indeed make correspondence
(A.14) explicit. The reordering of the offspring sequences, however, is cuambersome. It involves a
function that is recursively defined on multiple levels; its presentation would double the length of
the whole proof — yielding hardly additional insight at that. So we chose to leave it with (A.14).
Continuing with (A.11), we obtain that, for n € Z,

o (AlD Z ZZG(ng)+8

i=—00 j=1g=0

oo [1010)]

o
WYY gifare=2 T g e

k=1 (g.i,j.m)e1 -

(A14) Koy k
= Zzgl(n’ )+8n.
k=1 I=1
We conclude that (f(,,) indeed solves (2).

For uniqueness, consider two stationary solutions (X, ), (¥,) of (2) — defined on the same
probability space and with respect to the same immigration sequence (&;) and the same offspring
sequences (él("‘k)), n € Z, k € N. It follows from (2) that EX,, = EY,, = «/(1 — K) < oo.
Then

o o
(€8]
=E Z(ak o Xp—k —aro¥,g)| < E2|ak 0 Xp— — o 0 Y|
=1 =1

E|X, — Y, |

o0

= ZE|akOXn,k—(xkOYn,k’. (A.15)
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As the offspring at time n of X,,_; and Y, is given by same offspring sequence, we have that

Yy max{X, g, Y-k}
.k k k
ko Xp—k — g o Yyy| = o Z E(n ) é,(" )
=1 [=min{X,,—x,Y,—k}
d |Xn—kfyn—k| X
< £"P|, keN (A.16)
=1

Plugging (A.16) in (A.15), we obtain

00 [Xn—k—Yn—kl

00
E|Xn - Yn| = ZE Z g,‘(n’k) = ZakE|Xn k— Yn— k| = KE|Xn = Yul,
k= i=l k=1

ne .

As K < 1 by assumption and E|X, — Y, | < oo, we get that E|X,, — Y,| = 0 and therefore
X, =Y,,n € Z,almost surely. [

A.2. Proof of Proposition 1

Eq. (3) together with (4) and (5) is exactly the construction of a solution to the defining
difference-equations (2) in the proof of Theorem 1; see (A.3) and (A.10). To establish (6),
consider the process on the right-hand side:

)
Gi

n
” . § : § : @)
(Fn>neZ = 1{n:0} + Fn—i

i=1j=1 nez

We show that the process (ﬁn> is constructed by the same (stochastic) recursion as (F},); see (4)
and (5). Then the equality in distribution follows. For n € Z, we define

G

n

G,(P) = ljy—0) and G,(f) — ZZG(g 1:/)’ geN, (A.17)
i=1 j=1

where (Ggg’i’j )) , &8 € Ny, are the generation processes that constitute the family processes
(F,fi’j )) , i1 €Z, jeN,in(6). Inparticular, (Gf,g b )) are independent copies of the generations
(Gf,g)) defined in (5). Then, by construction, F, = Zg>0 G(g), n € 7. This establishes a
representation for (Fn> of the same form as (4) for (F;,). Next, we show that the summands
(G,(f)> follow the same recursion (5) as the original generations (Gflg)>: for g = 0, we have
that Gf,o) = l{z=0), n € Z. So the starting value of the recursion for <(~?,(1g)) is the same as the

starting value of the recursion (5) for (Gflg )). For g = 1, recursion (5) is also analogue:

el Gl(l)

G(l) Xn:ZG(Ol]) ZZI{” i—0) = G(l) _Zo{kol{n k=0} = zn:(xkoéflo_)k.
=1

i=1 j=1 i=1 j=1
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And, for any g > 2, we find that

1 1 1
G() G()n i n n—kG,O

n
. | Yy Y
G;g)=ZZG(g ) ZZZ“kOszgi—li])= OlkOG,ig_,-_;l{j),
i=1j=1 i=1 j=1k=1 k=1i=1 j=1
where in the third equality we use that G,(f_ _12_,'(’ ) —0,g>2n—i—k < 0.At this point
we avoid the explicit representation of the offspring sequences. We just remind ourselves that all
reproductions involved are independent and establish

0k Gy

G(g) ZakoZZfo,zll{” ZakoGn v NEZ, g=2.

i=1 j=

In other words, the processes (G,) and (Gn) and, consequently, the processes (F,) and

(15”> are constructed by the same stochastic recursion. We conclude that (Fn) 4 (13,,) This
establishes (6). [

A.3. Proof of Proposition 2

For (9), we first apply representation (3):

o0 d d & .
Mx,) ((t:)) = Eexp {Zt,,X,,} = Eexp {Z["X”} =Eexp {Ztn Z Fn(l’f)}
n=0 j

n=0
= El—[l—[exp{ZtnF(Lf)}.
i€Zj

In the following, we set f,, := 0 whenever m < 0. Conditioning on the immigration sequence

(¢1) and exploiting its independence from the family processes (F,fi’j )> yields

M, (1, ... 1a) = ]EHHE [exp {Zt’l jal j)”

ieZ j=1

el folzen ]

T[]

i€z

= [Texw foo (Mt () = 1)

i€z

= exp {ZQO(M(F,,)((tiJrn)neNO) - 1)} , (A.18)
i€z
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where in the last but one step we applied the formula for the probability-generating function of a
Poisson random variable. Up to now, (A.18) is only a formal representation of M(x,) in terms of
Mg,. Itis not clear yet, whether and when My, is finite. For (10), we apply representation (6)
of (F}) from Proposition 1:

1
. GO

o
M(Fn)((s,,))zEexp!anFn} © Eexp an e 0}+ZZFU”)
n=0

=1 j=1

We note that in the last term, the index k may run to oo instead of n, because Fék_,i) =0,jeN,
whenever k > n. After straightforward calculations, we obtain

1)
x oo Gy

Mr,) ((Sn)neNo) = e Eexp Z Z anF(k +J)

n=0k=1 j=1
o0
— e exp {Zak (M(Fn)((sn+k)neNo) - 1)} . (A.19)
k=1

Next we derive finiteness of M(f,). Let (s,) be a sequence with finite support and s := max{s,}
so that Z;io sp F, 1s bounded from above by s, where S := ZZOZO F,, denotes the total number
of individuals in the generic family (F},). We remind ourselves of the defining Eq. (4) for the
family process (F;) and find that

o o0 o
=Y FR=>Y:6"= Z Z G, (A.20)
n=0 n=0 g=0

g=0n=0

We denote the total number of individuals in the gth generation by Y, := Y °7 G,(f), g € No.

The sequence (Y, g)g <, 18 the embedded generation process. Applying (5), we find that Yo = 1

and, for g > 2,

o ~(2) @D S @D d @1

D WEAES WL 3 I DT e
n=0 n=0 k=1 k=1 n=0
Yot
- Soer= 3.

k=1 k=1

ii.d. . .
where §k(g) P Pois(K), k, g € N. In other words, the embedded generation process (Yg)

is a standard Galton—Watson branching process. From (A.20), we see that S 4 Z;io Y,. In
other words, S is distributed like the cumulative limit of a standard Galton—Watson process. The
moment-generating functions of such limits have been considered in the literature: as K < 1, by
Theorem 2.1 in [20], there exists a § > O such that Eexp{§S} < oo if and only if there exists a
§ > 0 such that E exp{g“g‘l(l) } < o00. The latter is indeed the case because the moment-generating
function of a Poisson variable is finite on R. Furthermore, by Jensen’s inequality, we see that
1 < lim, Eexp{6S/n} < lim,_, (Eexp{éS})l/" = 1. So, for any given ¢ > 0, we can
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assume the existence of a § > 0 such that Eexp (65) < 1 + €. In particular,

38 > 0 such that M(z,)((sn)) < Eexp(8S) < 1+ (1 — K)/(2K)
for (sn)neN, € coo ((—00,8]), (A.21)

where, as before, K = Z,fi 1o < 1. We now have established finiteness of M(f,) in a
neighborhood of zero. It remains to establish finiteness of My, . Our goal is to bound the series
representation (A.18) of M(x,). To that aim, we need to refine the bound (A.21) for Mf,)((sn)).
To that aim, with the constant § > 0 from (A.21), fori € Z, we introduce the sequences ((Ss)

defined by

nez

i 8, n=i,i—1,...,i—d

(l) — ) ’ ’ ) E)

8, = {0’ else, (A.22)

where d = supp((t,,)) + 1, as before, with (#,) the considered argument sequence. Note that, for

i < 0, we have that 6,(1l) = 0, n € Ny. Consequently, by definition of M(f,), fori < 0, we have

that Mg, <<8,(li)) N ) = 1. Furthermore, observe that (8,(11,() = (S,Sifk)> , i,k € Z. For
nelNy n

n
(ty) € coo((—oo, 1) ]), we have by component-wise monotonicity of My, that

Mx,) () = Mx,) <(3,(ff3i)neNo) "=V exp {Z“O(M(Fn((a,(ffi)neNo) - 1)}
i€Z
d
_ exp{ 3 oM (65 )~ 1)}
i=—o0

= exp {ao Z m; } , (A.23)
i=0

where we set m; = M(Fn)((é,(li))neNo) — 1, i € Z. Note that, by (A.21), we have that
0<m; <(1-K)/2K), i€Z. (A.24)

and, in particular, m; = 0 for i < 0. In the following, we only consider m; with i > d. In this

(@) . .
case, we get from (A.22) that €% = ¢¥ = 1 and we obtain the recursion

; (A19) 5O = ;
mi = M) (6neny) —1 = €% exp{Zak(M(Fn)((‘S;illk)neNO)_1)}_1
k=1

i
A2 exp {Zakmi_k} —1, i>d. (A.25)
k=1

For the sum in the exponential, we find that

J (A24) &2
Zakm,-,k < Zak(l —K)/QK)=K(1—K)/2K) <1, i€l
k=1 k=1
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Therefore, we may apply the exponential inequality exp(x) < (1 — x)~!, x < 1, in (A.25):

i i
Y apmi—g ; Y apmi—g

1 _ (A.24) —
m; < l— 1= k—li < ik—l
1— > oumig 1— > oumi_g 1= > a(l1-K)/2K)
k=1 k=1 k=1
o
2 Z oMk
k=1 .
i d. A.26
< 17K i > ( )

Summing both sides of (A.26) over i > d, we obtain

o0 o0
Somos poe X Semi= gY@ 3 mi
d+1

i=d+1 i= k=1 k=1 i=d+1
(A24) 00 00 ( )
—— N> m = > mi+ Z m (A.27)
K k=1 =0 1 +K I=d+1

Keeping in mind that 1 — 2K /(1 + K) > 0, we solve (A.27) for Z?id_H m; and find that

s 2k \7' 2k & a2 2K 1—-K
3 m,g(l_ ) Yo 22 v s
e 1+K) 1+K & 1—K 2K

For the summation of (m;);en, over i € Ny, we finally obtain

X (A29) A24) 1-K 1+ K
domi < m,+d+1 = @D ) =@+ D (A.29)
[ i=0

We conclude that, for all (#,) € coo((—0o0, 8]) with supp((#,)) = d, we have that

(A.23) 0 (A.29)
Mx,)(t,...,ta) < exp 0602 m; < expyood
i=0

K
L+ } < 0. (A.30)
2K

Uniqueness of M, follows by induction over the (finite) support of the argument sequence.
In that sense, the implicit equation (10) specifies M(f,) recursively. [

A.4. Proof of Proposition 3

The sequence values u,, n € Z, are well-defined because the partial sums of Z,fozl o Xp—k
are nondecreasing and their expectations have a finite limit. Stationarity of (u;) follows from
stationarity of (X,). Denote F,, := o{X} : k < n}. From E [ak o X,,_k|.7-"n] =X,k eN,
we get that

o
Efun| Fo1] = EIX,|Fu1] — a0 — Y axXpk =0, (A31)
k=1
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and, consequently, Eu, = 0, n € Z. For the autocovariances of the errors, note that, for n’ < n
(and then, by symmetry, for n’ # n),

Efunttn] = B[E[unttn|F1]| = Bl E[un| Foa ]| = 0.

(/\.=31)0

Finally, we have that

o0
Var(u,) = E[Var(un|fn_1)] + Var(]E[un|]-'n_1]) —F |:ot0 + Zaan_k:|
ENar (X | ) "=

oo oo
= K = . g A.32
ap + Tk -1-K ( )

A.5. Proof of Proposition 4

Let B be the backward shift operator defined by B*x, := x,_, k € Z, for any sequence
(xn)nez. Consider the power series ¢ (z) = 1 — Z,fi] axzX. With these notations, we may
rewrite (13) as ¢(B) (X;, — ux) = un, n € Z, where (u,) is the white-noise sequence from
Proposition 3. One can show that the power series ¢ (z) is (absolutely) convergent for all |z| < 1.
So ¢ is analytic on the open unit disc. Furthermore, we have that

o0 o0
1-— Zakzk Zakzk
k=1 k=1

As ¢(z) # 0 for |z] < 1, we may define the function ¥ (z) = 1/¢(2), |z| < 1, which is
also analytic on the open unit disc and which, consequently, has a power-series representation
¥ (2) = Y o2 Bz, Izl < 1. As 1 = ¥ (2)¢(2) by definition, if follows that, for |z| < I,

00 00 00 k
1= gt <I—Zazzl> =Z<ﬂk—zajﬂk_j) Z~. (A.33)
k I=1 K j=1

=0 =0

lp(z)| =

=1-

o
>1-) alzf=1-K>0, |z/=<1.
k=1

Comparing coefficients in (A.33), one obtains the recursion

k
Bo=1 and ,Bk:Zaj,Bk—j» keN.
j=1

We note that gy > 0 because o > 0. Formally, we can write
X, —ux =¥ (B)u,, nce€o. (A.34)

For the well-definedness of the right-hand side of this equation, it suffices to show that
Y oo Bkl < oo; see Proposition 3.1.2 in [6]. To that aim, we apply Wiener’s Lemma; see
Lemma Ilc. in [26]. Let () = 1 — 332, axe’*™® 6 € (—m, 7). The lemma states that if
Y o lakl < 1, then the Fourier series of the function 1/ $(0) is absolutely convergent. By the
same calculation as in (A.33), we find that the Fourier-coefficients of 1 /d; (0) are exactly the
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Bk, k € Ny, from our ¢ function. From this we get
Z |ﬁ | Lemma 1 _ 1
¢(0) Te() 1-K

We conclude that (A.34) is a meaningful family of equations. In other words, (X,, — ;x) can be
represented as a moving-average process with respect to the white-noise sequence (u,). U

A.6. Proof of Proposition 5

With the notation from the moving-average representation of the INAR(oco) sequence in
Proposition 4, we find that, for j, n € Z,

R(j) ZCOV(Xn_ILX, n+j — = Cov (Z.Bk”n ka,Bk”n-i-] k)

From Proposition 3, we know that Cov (up, untj) = 1gj=0jt0/(1 — K), j € Z,. Furthermore,
from Proposition 4, we have that the coefficients B; are absolutely summable. So (15) follows
from Proposition 3.1.2. in [6]. For the sum of the autocovariance sequence, we observe

> R(k) = ka
k=0 =0

,BH—k
k 0 i=0 i=0

Z /31+k K)3

i=0 k=—i

<

- K
The last equality re-uses the result ) -o, 8 = 1/(1 — K) from Proposition 4. [
A.7. Proof of Proposition 9

Plugging in definitions, we obtain

Uyl f1= Eexp{ / f(t)N‘A)(dt)} Eexp{ ZX‘A>f<nA>}

nez

By stationarity of (X ,(,A)), we may assume without loss of generality that f(z) = 0, t < 0. We
apply formulas (9) and (10) for the joint moment-generating function of the INAR(c0) process

(X ,(lA)) and the corresponding generic family process (F,SA)>:

Pyl = My (=10 =), =f2),...))

2 exp {An gZ:(M(Fn‘A)) <<_f((" i i)A)>n€No) ) 1> } |

We set w}?j)((sn)) = M) ((=52)), (s2) € coo([0, 00)). This establishes the lemma. [

A.8. Proof of Lemma 2

Claims (22) and (23) directly follow from the definition of N (4 in (21) together with
Theorem | and Lemma 1. For (24), we find that the number of grid points in the interval
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[a, b] is less or equal [(b — a)/A] + 1. To get rid of the ceiling function, we observe that
[(b—a)/Al+ 1 < (b —a)/A + 2. Combining this with the facts that K4 < K and A < §
together with (22) and (23) yields inequality (24). [

A.9. Proof of Lemma 3

Let A € B, be a bounded Borel set. Note that

Var (N(A)(A)) _ Var( Z X’(lA)) _ Z Z Cov (Xr(zA)vxy(nA))

n:nAeA m:mAeAn:nAcA

Y. Y RPa—m.

m:mAcAn:nAcA

where R(4) is the autocovariance function of the INAR(co) sequence from Proposition 5. From
this proposition, we know that R (k) > 0, k € Z and Y22, R (k) < nA(l — K@)73,
Applying these results yields

2nA
(4) A, _ el
m:mAcAneZ m:mAeA

- <2+supA—ian> 277A~

A (1-K)3
2

< (25 +supA —infA) —T__
(1-K)3

where K < 1 does not depend on the choice of A € (0, §); see Lemma 1. [
A.10. Proof of Lemma 4

The claim follows with Proposition 11.1.VI. from [7] if for all compact intervals [a, b] C R
and for all € > 0 there exists an M < oo such that

sup ]P’[N(A)([a,b]) > M] <e.
A€(0,5)

The uniform boundedness of these probabilities is a consequence of Lemma 2 and Markov

inequality: for any € > O anda < b, let M :== (b — a + 26)n/(1 — IE'), where § > 0 and
K < 1asin Lemma 1. Then we have that

ENOab) )y 26)—"

— =€, A€(0,8). O
M. M.(1—K)

P[N(A)([a,b]) > Mé] <

A.11. Proof of Theorem 2

As a consequence of Lemma 5, the family of probability measures (]P’(A)) Ac(0.8) that corre-

sponds to the family of point processes (N (4 is relatively compact for weak conver-

)Ae(O,B)

gence by Prokhorov’s theorem; see [7, Theorem A.2.4.1]. So every sequence in (]P’A) Ac(0.8)

respectively, (N (A)) contains a weakly convergent subsequence. In particular, for any

Ae(0,8)°
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zero sequence in (0, §), we can find a subsequence (4,,) such that (N (A")) converges weakly to
some point process N*. If the distribution of N* does not depend on the initial choice of the sub-
sequence, it follows that the original sequence converges weakly to N*; see Theorem 2.3. in [2].
Reconsider the implicit defining-equation (19) from Definition 5. By Proposition 6, we know that
this equation determines the distribution of the solving process. So, for the proof of Theorem 2,
it suffices to show that any subsequential limit candidate N* solves (19). Furthermore, one can
show that it sufﬁces to prove (19) for A* € BY ", where BY “isa semiring of sets that generates
the o-algebra Ha ; see (17). A semiring is a class of sets A such that for any pair A, B € A
one has (i) AN B € Aand (ii) (AU B) \ (AN B) = U!_, A; forsomen € N, (A;) C Aand
AiNA;j=0,i,j=1,...,n We consider, for any a € R and any point process N,

BY = {{a) €2: N((s1,11]) (@) € Dy, ..., N ((s, t]) (@) € Dy} -

-0 <s; <t <a, D; C Ny, keN}. (A.35)

One can check that the set system %2] is indeed a semiring. Summarizing the above, for the
proof of Theorem 2, it suffices to establish

b
E[IA*N*((a,b])] =K [1A*/ x(s|N*)ds} . a<b, A¥eHY. (A.36)

First, let us establish a discrete version of (A.36) for the approximating sequence: set N, =
N for all A, in the chosen subsequence. Fora < b and A, € EBQJ" , we find that

E[lAnNn((a,b])}zE L, > X
k:kAy€(a,b]

=E|ls, > (s,ﬁm iAh(lA) (A>>

k:kAye(a,b)

kikApe(a,b) I=1

o0
=E|ls, Y. (Ann+ZAnh(zAn)x,£A7)> , neN.

The last step follows by the observation that the immigrations g(An)

that contribute to X ,EA”), kA, > a, are independent of X,EAI), X ,EAZ), o
Rewriting the inner sum of the last term as an integral with respect to the random measure

N,,, we obtain, fora < b,

E[lAnNn((a, b])}

as well as the reproductions

kA,
=E|ls, > A (n+/ h(kAn—s)N,,(ds)) . Ay eBY neN.
k:kA,e(a,b] -
(A37)

Note that here and throughout the proof the upper integration bounds in the Hawkes intensities
do not require special attention due to the assumption £(0) = O for reproduction intensities
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h in Definition 4, respectively, Lemma 1. Now we show that (A.37) converges to (A.36)
corresponding to the Hawkes process. For both sides of Eq. (A.37), this is achieved in three
steps:

e First, we establish that the random variable in the expectation can be written as ®(N,,), where
¢ : (M,, M;) — (R, B) denotes some measurable mapping with set of discontinuities
Dg C M.

e Next, we show that P[N* € Dg]| = 0.

e Finally, we prove that the random variables in question are uniformly integrable.

By Proposition 8, the first two points together imply that ¢(N,) % ®(N*). The additional
uniform-integrability property yields that the corresponding expectations also converge; see
Theorem 5.4 in [2].

Left-hand side of (A.37):
Consider the map

b (Mp, M) = R,B), m = Lim(s;.n)eDy....m((s.uhebm (@, bl); (A.38)

see the definition of B in (A.35) for the notation. We claim that @ is vaguely continuous on
M,\{m : m(Dg) > O}, where D¢ = ({a, by U U (s zi}). Indeed: the map m + m((a, b])
is vaguely continuous on M, \ {m : m({a, b}) > O} and, fori = 1,...,k, the maps m >
m((s;, t;]) are vaguely continuous on M, \ {m : m ({s;, #;}) > 0}. The map N’é >y, ..., k) —
L,eDy, ..., e D) 18 trivially continuous, so that m > 1y (s, 5 )eDy.....m((se,n])eDy) 1S continuous
on M\ Ule {s;, t;}. From Proposition 8, we have that ®(N,,) =5 O(N*)if P [N* (Dgp) > O] =
0. Because D g is finite, it suffices to show that P[N*({r}) > 0] = 0 forany 7 € R.

Lemma 4

P[N*({t}) > 0] = Ely=qp=0 <EN*({1}) = Jdim EN, ({t})
23
DA teR Ac9).
(1-K)
SoP[N*({t}) > 0] = 0 and, consequently, P [N*(Dg) > 0] must also be zero. This establishes

B(N,) - B(N*), respectively, 14, N, (a, b) ~ 14+N*(a, b). From Lemma 4, we know that
(Nn(a, b)) is uniformly integrable, so (14, Ny (a, b)) is also uniformly integrable. Combining
weak convergence and uniform integrability yields convergence of expectations

nlggoE[lA"Nn((a,b])] = E[IA*N*((a,b])}.

We have established the convergence of the left-hand side of (A.37) to the left-hand side of
(A.306).

Right-hand side of (A.37):
Note that the right-hand side of (A.37) converges to the right-hand side of (A.36) if

kA,
> AE 1An/ h(kA, — s)N,(ds)
ke(a,b]

—00

b t
e / E[u*/ h(t—s)N*(ds)} dr. (A.39)

—00
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As a first step for establishing (A.39), note that, for all choices of M with —M < a, and, for
t €la,b],

t

t
1A”/ h(t — s)Np(ds) ~ 1A*/ h(t — s)N*(ds), n — oo. (A.40)
-M

This is due to a continuous-mapping argument similar to the one we have used for the left-hand
side of (A.37). We establish that the variances of the random variables f i y h@—s)Ny(ds), n €
Ny, are uniformly bounded:

‘ [M/ A1 B
Var/ h(t — s)Ny(ds) < Var Y h(IA)X'"
-M =1

[M/A] TM/AL] A, A,
= > Y haAhGmA)Cov (X9, x5
=1 m=1

At this point, we write R for the autocovariance function of the INAR(c0) process (X I(A")>.
Applying Proposition 5 yields

t M/ A1 [M/A,]
Var/ h(t —s)Ny(ds) < > h(A)suph Y R4 (L —m])
-M =1 m=1
[M/An]
< Z h(lA,) sup h Z RA (1)
I=—00
[M/Aﬂ
16) nA
h(lAy) suph—"
— (1— K@0)?
M A
< (— + 1) (sup h)2 %
A4, (1 — K(40)
(20) 2
< (M4 4y (suph) —2—
(1-K)
An55 2 277
< (M +6)(suph) ﬁ <cy < o0, (A.41)
1-K

where ¢y is a constant independent of n, respectively, A,,. We may conclude that the random
variables 14, f i y 1t —5)N,(ds), n € N, are uniformly integrable. Weak convergence together
with uniform integrability yields convergence of expectations. We have established that, for M
with —M < a,

t t
lim E [1An f h(t — $)N,, (ds)] =E [1A* / h(t — s)N*(ds)] . (A.42)
n—00 M M

For the proof of (A.39), we consider a truncated part of / and its remaining tail separately. For
the truncated part, we use (A.42); for the tail part, we use the integrability condition [ 2 ds < 1:
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forany M > —a, we have

kA, b t
Z AE [1An/ h(kA, —s)Nn(ds):| —f ]E[IA*f h(t—s)N*(ds)i| dt
] a

ke(a,b —o0 —o0

kA,
> AnE[lAnf h(kA,,—s)Nn(ds):|

ke(a,b] -M

b t
—/ E[IA*f h(t—s)N*(ds)]dt
a -M

-M
+ > AnE[lA”/ h(kAn—s)Nn(ds)]

ke(a,b) o0

b -M
+/ E[IA*/ h(t—s)N*(ds)]dt. (A.43)

e¢]

=

Let ¢ > 0. We show that we can find M, and N, € N such that each of the three summands in
(A.43) is bounded by /3 for n > N,. First, consider the integrand of the last summand in (A.43).
By arguing similarly to the m((a, b]) part in (A.38), we find that EN*(d¢)/dr < n/(1 — I?). So
we can choose Ms(l) > 0 so large that, for 7 € [a, b],

MV —m®
E|:1A*/ h(t—s)N*(ds)j| < E/ h(t — s)N*(ds)
—00 —00
o
< L h(s)ds < L
1—K JuP+a 3(b—a)

The summands of the second term in (A.43) can be bounded by ¢/(3[b — a]) in a similar and
even more direct way — uniformly over n and possibly with respect to another Méz) > 0. We
set M, = max{Ms(]), Mg(z) } So taking the integral over the interval [a, b] of the last summand,
respectively, the Riemann sum of the second summand in (A.43), yields

b —M, e
/ E [1/4*/ Bt — s)N*(ds)i| dr < -, (A.44)
a —0 3
respectively,
—M, s
> A,,IE[I A / hy kA, —s)N*(ds)] <3 (A.45)
kikAye(a.b] —00

For the first term in (A.43), denote

t

t
E, (1) :=E|:1An/ h(t—s)Nn(ds)i| and E*(7) :=E|:1A*/

—M; —M;

h(t — s)N*(ds)i| )

From (A.40), we already know that, for any choice of M, lim,_ o |E,(t) — E*(t)] = 0, t €
(a, b]. However, the convergence of the Riemann-like sums Zk: kA, (a.b] E,(kA)A, to the

integral [ ab E*(s)ds is nontrivial as the functions E, are themselves part of the sequence. We
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write

b b
> AnGa) - [ Eoul | Y ABEs) - [ Eow

k:kAe(a,b] a k:kAe(a,b] a

b b
/En(t)dt—/ E*(t)dt

The second absolute difference in (A.46) converges to zero because of dominated convergence
of (E,). Indeed, for ¢ € [a, b],

+ . (A.46)

t b
E [lAn / h(t — s)Nn(ds)] < IE/ h(t — s)N,(ds) < suph Z IEX,(CA")
—M,

—M; kikApe(—Me,b]

Note that suph < oo follows from the piecewise-continuity assumption. In view of the upper

bound (A.47), we apply the dominated convergence theorem and choose Ns( Y e Nso large that,
for the second absolute difference in (A.46), we have

b b
/En(t)dt—/ E*(t)dt

For the first absolute difference in (A.46), we assume that, without loss of generality, the
piecewise continuous function % is uniformly continuous on (0, co). Otherwise, we note that any
piecewise continuous function on R that is vanishing at infinity is uniformly continuous on each
of its continuous pieces and do the following calculation once for every uniformly continuous
piece of i. Uniform continuity gives us a constant §, > 0, so small, that, for any 79 > O,

e(1—K)

€ (D
<g nz N©. (A.48)

t—tyl <6y ANt>0 = |h@®) —h()| < . A.49
[t — fol < dp |h(2) — h(to)| 200 —a+ 8 (M, +b+9) ( )
Now, choose Néz) so large that
1-K
A, < min {8, ¢~ K) forn > N@. (A.50)
12n(b —a +§)suph

Here again, § and K are the constants from Lemma 1. Leta <s <7 < bwitht—s < A, (< &),
then

|En(t) — En(s)]

= > E[ac—kax*| = > E[laht - kanx(*]
kA, €(—Me,1) kApe(=M;.s]

IA

Do ht—kA) —h(s —kAD|+ Y h(t —kAy) EX(()AH)
kA, e(—Mg,s] kA, e(s,t)

(A49) [ My + 5 + A, e(1—K) Ann
< +suph | ———
A, 12n(b —a +8)(My + b +6) 1— K@
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& nsuph
n

< - -
“NRo—ats TR

(A.50) £ & €
< + = ) (A.51)
12b—a+38) 12(b—a—+68) 6(b—a+9)

Summarizing the above calculation, we have established the existence of an Ng(z) € N such that,
forall n > N2, we have |E,(t) — En(s)| < &/(6(b — a + 8)) whenever |t — 5| < A, and
s,t € [a, b]. For the first absolute difference in (A.46), we therefore get

b
> Agka) - [ B

k:kA,e(a,b]
k+1) A,
= ¥ [ iEwea) - B
k:kA,e(a,b] Y kA
(k+1) A,
< Y / —
k:kAne(a,b) VKA 6(b—a+3)
3D b—-—a+ 4, €
- A, "6(b—a+8)
€ ©)
=g n=zN (A.52)

Set N, == max{ 8(1), 8(2)}. Combining (A.48) and (A.52), we get that

b
S AE0) - / E*(0)dt| < g n> N,. (A.53)
k:k Ae(a,b) a
Combining (A.44), (A.45) and (A.53), shows that (A.43) is smaller than the given ¢, forn > N,
and M == M, i.e.,

Ay
lim Z AE [1/‘”] h(kA, —s)Nn(ds):|
] _

— 00
" ek Anelab 00

b t
zf ]E[u*/ h(t—s)N*(ds)} dr.

We have established that the right-hand side of (A.37) also converges to the right-hand side of
(A.36). With the result from Proposition 6 on the uniqueness property of (A.36), we find that
every subsequential limit N* has the same distribution as the Hawkes process N. We may then
conclude that, for A — 0, the approximating sequence of point processes (N(4) converges
weakly to the Hawkes process N. [
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