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A Palm space approach to non-linear Hawkes
processes
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Abstract

A Hawkes process on R is a point process whose intensity function at time ¢ is a
functional of its past activity before time ¢. It is defined by its activation function ®
and its memory function A. In this paper, the Hawkes property is expressed as an
operator on the sub-space of non-negative sequences associated to distances between
its points. By using the classical correspondence between a stationary point process
and its Palm measure, we establish a characterization of the corresponding Palm
measure as an invariant distribution of a Markovian kernel. We prove that if & is
continuous and its growth rate is at most linear with a rate below some constant, then
there exists a stationary Hawkes point process. The classical Lipschitz condition of the
literature for an unbounded function & is relaxed. Our proofs rely on a combination of
coupling methods, monotonicity properties of linear Hawkes processes and classical
results on Palm distributions. An investigation of the Hawkes process starting from
the null measure, the empty state, on R_ plays also an important role. The linear case
of Hawkes and Oakes is revisited at this occasion.

If the memory function & is an exponential function, under a weak condition it is
shown that there exists a unique stationary Hawkes point process. In this case, its
Palm measure is expressed in terms of the invariant distribution of a one-dimensional
Harris ergodic Markov chain. When the activation function is a polynomial ® with
degree > 1, there does not exist a stationary Hawkes process and if the Hawkes
process starts from the empty state, a scaling result for the accumulation of its points
is obtained.

Keywords: Hawkes processes; stationary point processes; Palm measure.

MSC2020 subject classifications: 60G55.

Submitted to EJP on December 23, 2022, final version accepted on December 1, 2023.
Supersedes arXiv:2212.11660.

*INRIA Paris, 2 rue Simone Iff, 75589 Paris Cedex 12, France.
E-mail: Philippe.Robert@inria. fr, https://www-rocq.inria.fr/who/Philippe.Robert
TINRIA Paris, 2 rue Simone Iff, 75589 Paris Cedex 12, France. Center for Interdisciplinary Research in
Biology (CIRB) - College de France (CNRS UMR 7241, INSERM U1050), 11 Place Marcelin Berthelot, 75005
Paris, France.
E-mail: Gaetan.Vignoud@inria.fr


https://imstat.org/journals-and-publications/electronic-journal-of-probability/
https://doi.org/10.1214/23-EJP1063
https://ams.org/mathscinet/msc/msc2020.html
https://arXiv.org/abs/2212.11660
mailto:Philippe.Robert@inria.fr
https://www-rocq.inria.fr/who/Philippe.Robert
mailto:Gaetan.Vignoud@inria.fr

Non-linear Hawkes processes

1 Introduction

A point process N' = (¢, : n > 0) on R, has the Hawkes property if conditionally on
the points t,,, n > 1 of N up to time ¢, the rate at which a new jump occurs in the time
interval (¢,¢ + dt) is given by

| D h(t—tn) dtz@(/t h(t—u)/\f(du))dt,

nit, <t >

This is described as a self-excitation property of the dynamic. It can be formulated as
the fact that the process

(N(O, b /Ot o (/OO h(s — u)N(du)) ds>

is a local martingale with respect to a convenient filtration.

The parameters of the Hawkes process

a. The function h, the memory function. The quantity h(t—s) gives the residual impact
at time ¢ of a jump which has occurred at time s < ¢t. It is assumed that it is a
non-increasing continuous function, such that the function (th(t)) is converging to
0 at infinity and

def. Foo
« :‘/ h(u) du < 4o00. (1.1)
0

b. The activation function ® modulates the global impact of past jumps. It is assumed
that it is continuous and
15} def lim sup w < +o00. (1.2)
t—+o0 t
This class of models has been used in numerous situations such as, mathematical
finance, Bauwens and Hautsch [1], population dynamics, Boumezoued [2], biology,
Reynaud-Bouret and Schbath [41], queueing systems, Daw and Pende [9], learning
theory, Etesami et al. [13], or neurosciences, Gerhard et al. [15], . ...
This work is initially motivated by our investigations of mathematical models of plastic
synapticity in neural networks, see Robert and Vignoud [43, 44, 45].
From a mathematical point of view, these processes have generated, and still generate,
a considerable interest. Pioneering works on the existence and uniqueness of stationary
point process, i.e. when the distribution of the point process is invariant with respect to
translation, are:

— Hawkes and Oakes [20] shows that when the activation function is affine, these
processes can be represented by an age-dependent branching process, a special
class of the so-called Crump-Mode-Jagers models. The branching property is an
important feature in the analysis of these models.

— Kerstan [26] gives an existence and uniqueness result of a stationary point process
in the more general context of a fixed point relation for the distribution of random
measures. A contraction argument in a convenient functional setting is the key
ingredient. The reference Brémaud and Massoulié [4] has considerably developed
this method in the case of Hawkes processes.

In this setting, the main existence and uniqueness result for an unbounded activa-
tion function ® and a general memory function A is obtained under the condition
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that ® is Lipschitz with coefficient Lg and that the relation alLg < 1 holds, where
« is defined by Relation (1.1). Note that Ly > 3, with 8 defined by Relation (1.2).
We will see in this paper that the weaker conditions that ® is continuous and that
af < 1 are enough for the existence result.

Up to now, these are mainly the two main approaches to investigate the existence of
stationary Hawkes processes. Renewal properties are also an important tool in the study
of Hawkes processes. See Graham [16], Raad [39], and Costa et al. [7]. Appendix B is
an attempt to present some aspects of the overwhelming literature of this domain in a
table. Functional limit theorems like law of large numbers or central limit theorems and
large deviations properties are also topics of interest for these processes.

In our framework, assuming that a point process is given on R_, the Hawkes property
on R, is expressed with a solution of a Stochastic Differential Equation (SDE) satisfied by
its counting process. We reformulate this property in terms of the distance between the
jump times of the point process. In the case of a stationary Hawkes point process, this
gives a Markovian characterization of its Palm measure in terms of a positive recurrence
property.

The natural state space to study Palm measures is a sub-space of non-negative se-
quences, of distances between the successive points of the point process. Unfortunately
the appropriate state space is not complete as a metric space and, moreover, the Markov
process does not have the Feller property so that the classical tools to prove positive
recurrence do not seem to be available. See Hairer [17] for a quick presentation. Never-
theless, our main result, Theorem 6.2 shows that under appropriate, weak, conditions
on ® there exists such a Palm measure and therefore a stationary Hawkes process. It
should be noted however that we have not been able to obtain a significant uniqueness
result under these weak conditions. Contraction arguments, which are apparently not
possible under our weak assumptions, may be required for that purpose. Nevertheless,
an interesting coupling property, Corollary 6.5, is proved.

Our approach uses the Markov chain starting from the empty state, i.e. the solution
of the SDE when the initial state is the Dirac measure at 0 (no activity on R_ except
at 0). Proposition 4.5 shows that the points of the corresponding point process are
lower-bounded by a functional of a simple random walk. A simple characterization of
non-homogeneous point processes, see Proposition 3.2, plays an important role to derive
this result. The existing literature of Hawkes processes relies more on a stochastic
calculus approach, via a formulation in terms of previsible projections of stochastic
intensities.

A second ingredient is a coupling with an linear Hawkes process, the Hawkes process
of Hawkes and Oakes [20] when @ is an affine function. Our analysis of linear Hawkes
processes does not explicitly use the natural branching property of this model. Mono-
tonicity properties and technical estimates give then the desired existence result under
weak conditions. See the discussions of Section B of the appendix and at the beginning
of Section 6.

When the memory function is exponential, an existence result of a stationary Hawkes
process is obtained under an even weaker condition and an explicit representation of the
Palm measure is obtained. We also analyze the transient case for which there are few
studies in general. In this case, the non-decreasing sequence of points of the Hawkes
dynamics blows-up, i.e. converges almost surely to a finite limit. The self-excitation
property of the dynamic leads to an explosion in finite time. We derive a scaling result,
see Theorem 7.9, for the sequence of point in terms of a Poisson process.

The paper is organized as follows. Section 2 introduces some basic definitions,
Section 3 expresses the Hawkes property in terms of a stochastic differential equation
and Section 4 gives a characterization of the Palm measure of a stationary Hawkes

EJP 29 (2024), paper 2. https://www.imstat.org/ejp
Page 3/37


https://doi.org/10.1214/23-EJP1063
https://imstat.org/journals-and-publications/electronic-journal-of-probability/

Non-linear Hawkes processes

process as an invariant measure of a Markov chain in the state space of non-negative
sequences. Section 5 revisits a classical Hawkes process, when the activation function
is affine. Section 6 gives the main existence of this paper with this approach and by
using coupling techniques and some monotonicity properties. Section 7 investigates
Hawkes process with an exponential memory function. Appendix A presents the main
definitions and results concerning stationary point processes. Appendix B gives a quick
review of the results and the methods for the existence and uniqueness of stationary
Hawkes processes.

2 Definitions and notations

2.1 Probability space

It is assumed that on the probability space (2, F,P) is defined a Poisson point process
P on R, x R with intensity measure dz ® dy. See Kingman [27], Last and Penrose [30]
and Chapter 1 of Robert [42] for a brief account on Poisson processes.

Additionally (F3) is a filtration such that, for ¢t € R, F; is the o-field generated by the
random variables P(A x (s,t]), where A is a Borelian set of R and s < ¢. If A and f are
non-negative Borelian functions f on R, we define

/ F(5YP((0, A(5)], ds) / F(5)LpuerieyyP(dv,ds),
R R

+><]R

and it is assumed that the o-field F of the probability space verifies

U]:tC]:.

>0

The martingale and stopping time properties are understood with respect to this filtra-
tion.

If H is R or R_, we denote by C.(H) the space of continuous functions on H with
compact support and M, (H), the set of Radon point measures on H, that is positive
Radon measures carried by points, for m € M,(H) then

mzZéx,

zes

where J, is the Dirac measure at x € H and S is a countable subset of H with no limiting
points in H. We may also represent m as a sequence (z,,n € IN) of points. If A is a
subset of H, we denote by

m(4) = /A mde) = 3 Lseay,

€S

the number of points of m in A. A point measure m is simple if m({z}) € {0,1}, for all
x € H. The space M, (H) is endowed with the topology of weak convergence.

2.2 State space of non-negative sequences
We refer to Appendix A for general definitions concerning point processes. We denote
by S the sub-space of sequences of non-negative real numbers

S {x = (2) € (Ry U {400 )™M . g = 400 = 2, = +00, VEk > k‘o} . (2.1)
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Correspondence between S and M,(R_)

A functional from S to the space of positive measures with a mass at 0 is introduced
as follows, if x = (x) € S, the positive measure m, on R_ is defined by

k

+oo
My =00+ Y &, withty=—Y z;, k> 1, (2.2)
k=1 =1

with the convention that §_., = 0.

The measure m, is a positive measure carried by points associated to x € S. Note
that m, is not necessarily a point measure, i.e it may not have Radon property, since we
do not exclude the fact that the sequence (x) converges to 0 sufficiently fast so that the
measure m, may have a finite limiting point.

With this definition 0 is always a point of m, and that the coordinates of x are the
inter-arrivals times of m,, in particular x; is the distance to the first point of m, on the
left of 0. The point measures with a finite number of points correspond to sequences (zy)
which are constant and equal to +oco after some finite index. In this case, if kg is the first
index where x, = +00, with a slight abuse of notation we will write it as a finite vector
x = (x1,2T2,...,Thy—1,+00) OT T = (T1,T2,...,Thky—1)-

On S, the distance, for z = (v1), y = (yx) € S,

R
d(z,y) = Z — min(|zg — yk|, 1), (2.3)

k
T 2

with the convention, for v € R4, |u — co| = |oo — u| = +00 and |oo — co| = 0.

An important subset of S is

+o0 k 400
S = {x = (z) €S:h(0)+ ) h <Z w) = / h(—u) g (du) < +oo} ., (24
k=1 i=1 0

we have z € Sy, if and only if (h(—u)) € L1(m,). Throughout the paper, we will use the
following convention, for t > 0 and x € Sy,

400 k 400 k
Zh(?H—in):h(t)+Zh<t+in>. (2.5)
k=0 =1 k=1 1=1

Definition 2.1. If $(0) > 0, fora > 0 and x € S, we set

¢ k
T(x,a) def. gg / D | h(s)+ Z h (s + Z%) ds>a (2.6)
= 0 i=1

k>1

gg{/otcp (/(Oo’s)h(su) mm(du)> dsza},

and T (z,a) 0 otherwise, ie. ifz € S\S,, with the convention h(+o00) = 0.
Lemma 2.2. If®(0) > 0 and = € S}, then,

t
lim o (/ h(s—u) mw(du)> ds = +o0.
t—=+oo [ (—00,5)
In particular, for x € Sj, and a > 0, the variable T (x,a) is finite.
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Proof. Note that, for any ¢ > 0, the monotonicity property of h gives h(t — u) < h(—u)
and, since x € Sj,

/ h(—u)mg(du) < o0,
(70070)

with Lebesgue’s dominated convergence Theorem we obtain the identity

lim h(t — u)ymg(dx) = 0. 2.7)
t——+o00 (—00,0)
Our lemma is proved since @ is continuous with ®(0) > 0. O

3 Hawkes SDEs

We first recall the classical definition of an Hawkes process, see Hawkes and Oakes
[20].
Definition 3.1. A Hawkes process is a point process N' on R such that, for any s € IR,

the process
(J\/'((s,t}) —/ ® (/( - @N(d@) du,t > 5)

is a local martingale with respect to the filtration (F;,t > s), where, fort € R, F; is the
o-field containing the o-field associated to the random variables N'((u,v]), u < v < t.

If N is a Hawkes process, for any s € R the dual predictable projection of the process
of (N((s,t]),t > s) is almost surely,

([of [ momowtan Jaui=).

see Theorem VI (21.7) of Rogers and Williams [46] for example. In the terminology of
random measures, see Jacod [23], the stochastic intensity of N is

(q> < /( s @N(d@) e 1R> .

We now introduce a dynamical system extending a Radon measure on R_ into a measure
on R exhibiting a Hawkes property on R, . The Markovian approach used in this paper
relies heavily on this construction.

Proposition 3.2 (Hawkes SDE). If m € M,(R_) is such that (h(—u)) € Li(m), then
there exists a unique positive random measure N,,, on R such that N,, = m on R_ and
the counting measure (N,,((0,t]),t > 0) satisfies the stochastic differential equation

AN, ((0,¢8]) =P ((0, o (/ h(t — x)Nm(dx))> ,dt) , (3.1)
(700’15)
forallt > 0.

If®(0) > 0, the points of N;,, on R is a non-decreasing sequence of stopping times
(T,,,n > 1), such that if

T’Vl
B, / o (/ h(s—x) J\fm(dx)> ds, n>1, (3.2)
Th_1 (—o0,s)

with the convention Tp = 0, then (F,,n > 1) is an i.i.d. sequence of exponential random
variables with parameter 1 and, for n > 1, the sequence (Ey,k > n) is independent
Of]:Tn .
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Proof. We construct by induction the sequence of points (7,) of N,,. The first point is
defined as

Tldg‘inf t>0: Pl110,® h(s — x)m(dzx ,ds | #£0 5.
Peo (e (L pommen) ) )

Let R be a Poisson process on R with intensity dz, the relation

(/(o,t] P ((0, ) (/(_0070] h(s — u)m(du))) ,ds) > O)
dist. R , () h(s —u)m(du) | ds ,t > .
(0o ([ e man) ) )20)

between the processes of counting measures of two point processes is an easy conse-
quence of the equality of their respective Laplace transforms. See Chapter 1 of Robert
[42].

If E is the first point of R, we deduce therefore the identity

/ o </ h(s — u)m(du)> ds = By
(0,11] (=00,0]

Using Definition 2.1, the random variable 7} has therefore the same distribution as the
random variable 7 (z, F1) where z is the unique element of S;, such that m = m, and
F is an exponential random variable with parameter 1. It is in particular almost surely
finite by Lemma 2.2.

By induction, forn > 1, if T3 < T, < --- <T,, < 400, it is possible to define

Tpir & int {t > T,

/(TM] P (cb (/(—00,0] h(s— x)m(dx)> + I;h(s —T3) ,ds) ;éo} . (3.4)

The random variable 7,4, as defined by (3.4) is clearly a stopping time, it is almost
surely finite with the same argument as for 77. With the strong Markov property of P for
the stopping time 7;, and Relation (3.3), but conditionally on Fr,_,

(/(T'“T”H] P (‘P </(0070] h(s — x)m(dx)> + kz::l h(s—Ty) ,ds> ’]:Tw)
dist. Tntt n
= (R ((O,/Tn P </(0070] h<$_u)m(du>+l;h(s_Tk)> ds))‘]—}n> ’

hence, as for the case n = 1, if £, 1, is the distance between the nth and (n + 1)th point
of R, it is an exponential random variable independent of F7,, and

Tny1 n
E, 41 = / o (/(00,0] h(s —uw)m(du) + Z h(s — Tk)) ds

Tn k=1

_ /TT+ o (/(_m) h(s— 1) Nm(dac)) ds.

The proposition is proved. O
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In the proof we have seen that the condition ®(0) > 0 in Lemma 2.2 guarantees that
there is almost surely an infinite number of points in R, for SDE (3.1).

It cannot be excluded nevertheless that this non-decreasing sequence of points may
have a finite limit with positive probability and therefore that N, may not be a point
process. As it will be seen, it can indeed blow-up in finite time, i.e. the limit of its
sequence (7)) of points in R, may be finite with positive probability. Proposition 4.5
gives a condition for which the sequence (7},) converges almost surely to infinity when
m is the null measure. Theorem 7.9 considers a case when there is such a blow-up and
establishes a limiting result for the accumulation of these points.

However, when the sequence (7},) is converging almost surely to infinity, V,, is a
point process, and it is not difficult to see that the dual predictable projection of the
process of (N, ((0,t]),t > 0) is

</0t ’ </<—oo,s> e xWde)) ds,t > 0) .

see Theorem VI (27.1) of Rogers and Williams [46]. Consequently, the stochastic intensity
function of NV,,, on R is indeed

<<I> </(OC’S) h(s — x)]\/m(dx)>> .

Proposition 3.2 extends a point measure m on R_ to a point process on R, it can be
also seen as a dynamical system on point processes on R_ in the following way.

A dynamical system

If m € M,(R-) is such that h(—x) € L;(m) and the non-negative measure V,, defined
by Relation (3.1) is a point process, for ¢ > 0, we introduce a (random) dynamical system
(Ti(m)) in M,(R_) as,

/(0070] f(x)Ty(m)(dx) = /f($)0t(Nm)(d$) = / flz — )Ny, (do), (3.5)

(700,t]

for any non-negative Borelian function on R_, T;(m) is the point process N, seen from
the point ¢.

A stationary point process is a distribution ) on M,,(IR) which is invariant distribution
for the group of transformations (6;). See Definition A.1 in Section A of the appendix.
By Relation (3.1), it can be formulated as the existence of a distribution on M,,(IR,)
invariant by the operator T;.

When ®(0) = 0, the null measure is clearly a solution of Relation (3.1). The next
proposition shows that, under some mild condition, the null point process is the unique
stationary Hawkes process in such a case.

Proposition 3.3. Under the condition
/ th(t) dt < oo,
Ry

if for some K > 0, the non-negative function ¢ satisfies the relation ®(z) < Kz, for
all x > 0, then there does not exist an ergodic stationary Hawkes process N which is
non-trivial, i.e. such that P(N'#0) > 0.

See Definition A.1 for the stationarity and ergodicity properties, they are with respect
to the flow of translation (#;). See Cornfeld et al. [6].
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Proof. Assume that A is a non-trivial ergodic stationary Hawkes process. The Birkhoff-
Khinchin ergodic theorem, see [6], gives the almost sure convergence

N0, 1])

lim = XL EW((0,1)) >0,

t——+o0

since N is non-trivial, we obtain therefore that AV'(R.) is almost surely infinite. If 7} is
the first positive point of NV, the variable T} is in particular finite with probability 1.
As in the proof of Proposition 3.2, we have

P(Ty 2t|]—"0):exp<—/o @(/(_ O]h(s—x)./\f(dx)>ds>.

The stationary property of the point process gives the relation

B ( [ sewan) = [ s
et /0 “a < /( RS x)]\/(dx)) ds,

we have, by Fubini’s Theorem,

+o0
E(V) < KE (/0 /(_ . h(s — )N (dz) ds)

+o0 too
= )\K/ / h(s —x)dxds = /\K/ sh(s)ds < +oo,
0 (—00,0] 0

for all f € C.(R). If

hence V is an integrable random variable, it is in particular almost surely finite. As a
consequence we have that, almost surely, P(T} = +o0|Fy) > 0. This is a contradiction.
The proposition is proved. O

4 A Markov chain formulation

In this section, we give another version of Proposition 3.2 in terms of a Markovian
dependence on the state space of sequences.

4.1 An alternative formulation

We begin with a characterization of the Palm measure of a stationary Hawkes process.

For m € My(R), if (1n(m),n € Z)Z (t,(m) — ta_1(m),n € Z), where (t,(m)) is given

by Relation (A.1) of the Appendix. As a random variable on M, (RR), the sequence is also
represented as (7,,n € Z).

Proposition 4.1. If ®(0) > 0 and if @ is the distribution on M,(R) of a stationary
Hawkes process associated to ® and h then, under its associated Palm measure @), the
sequence of inter-arrivals (1,,,n € Z) is a stationary sequence. The sequence of random

variables
Tn+1 mn
/ P Zh<s+2ﬂ-> ds, nez]|, (4.1)
0

k<n i=k+1
is i.i.d. with a common exponential distribution with parameter 1.

If there exists a stationary sequence (1,,n € Z) satisfying Relation (4.1), then there
exists a stationary Hawkes process associated to ® and h.
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From the point of view of Proposition 3.2 this proposition is quite intuitive, one has
nevertheless to be careful, as always in this setting, since Proposition 3.2 is stated under
the distribution Q.

Proof. For simplicity, in this proof we will use the canonical probability space Q@ = M, (R)
endowed with the weak topology and [Ep denotes the expectation with respect to a
probability distribution R on M, (R).

The stationary property of the sequence (7,,n € Z) under @ is clear, by definition
of Q. Fort > 0, if f is a bounded Borelian function on M,(R), we denote

def.

£ {m € M,(R) : m([~t,0)£0)

then, Proposition 11.8, page 315 of Robert [42] shows that if ¢+ f(6;(m)) is @Q-almost
surely right continuous at ¢ = 0, then the relation

lim Eq (/| &) = Eg(f)

holds.
For n € Z and m € M,(R), define

get. [t (m)
U, (m) = D h(s —x)m(dz) | ds,
tn(m) (—00,5]

since, @-almost surely, to(m) < 0 < t1(m) and ¢, (m) < tp4+1(m), then for ¢ > 0 such that
0 <t < t1(m), we have

tnt1(m)—t

\Pn(et(m)) B ~/tn(’rn)—t ® </(—oo,s+t] h(s e x)m(dx)> o= \I]n(m)

Let F' be a continuous bounded Borelian function on R then

lim g (F ((\I/i,l gign))‘&) = Eg (F ((%1 gign))).

Since the event &, is Fy-measurable and that for any 1 < k£ < n, the random variable
try1(m)
m — o / h(s—x)m(dz) | ds
t(m) (—00,5]

is independent of F;, and therefore of F;, by Proposition 3.2, by induction on k for
example, we obtain that

lim Eq (Fwir<izw)|a) =8 (F((E1<i<n)),

where (E;,1 < i < n) are n independent random variables with a common exponential
distribution with parameter 1. By gathering these results we obtain that

Es (F ((%,1 gign)>) :E(F ((Ei,l gig@)).

Under the probability distribution @ the random variables ¥;, 1 < ¢ < n, are i.i.d. with a
common exponential distribution with parameter 1. Relation (4.1) is a consequence of
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the relation, for m € M,(R),
tn+1
\Iln(m):/ Zh s—tg(m)) | ds
tn(m) k<n
‘Fn+1(m)

k<n 1=k+1

hence ¥,,.1(m) is the variable ¥, (m) associated to the sequence (7,,41) = 5(7'”), see
Appendix A. By invariance of @ with respect to 5 see Proposition 11.18 of Robert [42]
for example, the sequence (V,,,n € Z) is stationary under @ and, therefore, it is i.i.d.
with a common exponential distribution with parameter 1.

Now we assume that there exists a stationary sequence 7 = (7,,n € Z) of integrable
random variables satisfying Relation (4.1). Recall that m. is the point process defined
by Relation (2.2). Using a similar proof as in Proposition 3.2, we can show that m.
satisfies an Hawkes SDE (3.1) on R. For u € R, the same property clearly holds for
0., (m.), the point process m, translated at u, see Definition (A.2). For K > 0, let Uk be
an independent uniform random variable on [— K, K], the point process y,. (m,) satisfies
the Hawkes property. With the same method used for the proof of Proposition 11.2
of [42], we obtain that, as K goes to infinity, 0y, (m,) converges in distribution to a
stationary point process whose Palm measure is given by the distribution 7. It is not
difficult to show that the Hawkes property is preserved in the limit. The proposition is
proved. O

4.2 A Markov chain on S

The previous proposition has highlighted the importance of the Palm space, and there-
fore led us to develop a second formulation of the Hawkes property using a Markovian
kernel.

Definition 4.2. The sequence of random variables (X7) with initial point X§ =z € S is
defined by induction as follows, forn > 0,

X = (X'z—&-la‘)(rf) (4.2)
where X, | is defined by the relation
X1
/ ® / h(T, + s — u)m(du) +Zh 5+ ZXI ds = Enq, (4.3)
0 - i=k+1

with T, = X{ + --- + X7 and (Ey) is an i.i.d. sequence of exponentially distributed
random variable with parameter 1.
The associated Markovian kernel is denoted by K

/ F)K(z,dy) = Eo (F(XF)), 4.4)

for a non-negative Borelian function f on S.

The element X7, | is obtained by shifting &7 and adding X}, | = 7 (X7, E,,41) at the
beginning of the sequence. T is the operator defined by Relation (2.6).

The sequence (X7*) clearly has the Markov property.

EJP 29 (2024), paper 2. https://www.imstat.org/ejp
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Proposition 4.3 (The Markov chain (X*) and Hawkes SDEs). If ®(0) > 0 and m €
M,(R_) is such that m({0}) > 0, then the distribution of N,,, the solution of Rela-
tion (3.1) can be expressed as

j\/m di:St' m + Z 5Tn7

n>1

with Ty = 0 and, forn > 1, T),;, — T,, = X, |, where the sequence (X},) is defined by
Relation (4.3).

The process (X?) = ((XZ,...,X¥, X)) is the Markov chain with transition kernel
K(-,-) of Relation (4.4) and initial point

XSE = (5n+1 - Sn), ifm = <Sn7n > ()))’

with the convention --- < s, <s5,_1 <--- <51 <s59=0.
In (4.3), recall the convention of Relation (2.5), for s > 0 and n> 2,

n—1 n—1 n—2 n—1
Zh<s+ > Xf) :h(s)+Zh<s+ > Xf).
k=1 i=k+1 k=1 i=k+1

Proof. This is a straightforward consequence that Relation (4.3) is a rewriting of Rela-
tion (3.2) of Proposition 3.2. O

We can now state the main result concerning the relation between the Hawkes SDE
and the Markov transition kernel K.

Proposition 4.4. The Markov chain associated to transition kernel K of Definition (4.4)
has an invariant distribution on Sy, if and only if there exists a stationary Hawkes process
associated to the functions ® and h.

The distribution of the sequence of inter-arrival times of a stationary Hawkes process
associated to the functions ® and h is an invariant measure for the Markov chain
associated to transition kernel K.

Proof. If there exists a stationary Hawkes point process (¢, ), Proposition 4.1 shows that
the distribution of (¢,,+1 — ¢,) under its Palm distribution is an invariant distribution of
the Markov chain (&,,). Conversely, if the Markov chain associated to transition kernel K
has an invariant distribution, then one can construct a stationary version of the Markov
chain X % (X,), in particular X satisfies Relation (4.1). Proposition 4.1 shows then that
there exists a stationary Hawkes point process in this case. O

4.3 Markov chains starting from the empty state

We define Markov chains (X) with transition kernel K defined by Relation (4.4) when
the initial state empty, i.e. it is the constant sequence equal to +oo, i.e. XY = (+00).
This initial state corresponds to the case of a point process with a point at 0 only. The
sequence (X?) is in fact associated to the point process N, of Proposition 3.2.

The Markov chain can be defined by, forn > 1,

X’I’(L) = (XgaXO—laXO

n n—27""X37X?,+OO)7
where the sequence (X?) is defined by Relation (4.3) with m = &.

Proposition 4.5. If ®(0) > 0 and « and 8 are defined by Relations (1.1) and (1.2), there
exist v > 0 and [y > f such that, almost surely, for alln > 1,

n n

Z(Ek*aﬂo)SVngfﬂoZF ZX;') ; (4.5)
k=1

k=1 k=1 j=k

EJP 29 (2024), paper 2. https://www.imstat.org/ejp
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with

If aff < 1, the random measure N50 solution of Relation (3.1) of Proposition 3.2 is almost
surely a point process.

Proof. For any (3, > 3, there exists some v > 0 such that Relation ®(x) < v + Syz, holds
for all x > 0. Equation (4.3) gives, forn > 1,

XSL n n—1
E, =/ ® <Zh <s+ZX$>> ds
0 k=1 i=k
X?L n n—1
<vXx? +50/ > h <s + ZXE) ds, (4.6)
0 k=1 i=k

and, therefore, with the definition of H,

X XO n—1
EnguX2+Bo/ ds—i—ﬂo/ Zh<s+ZX0>ds
0

X% 4+x%n-1

E, — Oéﬂo < I/Xg — ﬁoF(Xg) + ﬁo/ Z h (S + Z X0> ds.
X0

n—1
By using Inequality (4.6) for the index n — 1 and by adding these relations, we get

n

> (Br—aBy) SvI[X)+ X0 ] = Bo [H(X)) + H(X)+ X))

k=n—1
XO 2+X0 1+XU n—2 n—3
w6 [ Shis+ S X0 ds.

0
Xn_2 k=0 i=k+1

By proceeding by induction, we finally get the relation, for 0 < p < n,

n

" (Br-af) <v Z ~ Bo Z " ZXO

k=n—p k=n—p k=n—p

X27p71+~~+X2 n—p—1 n—p—2
+/30/ > h<s+ > X?)ds,
i=k

0
n—p—1 k=1

for p = n — 1 it gives Relation (4.5).
If af < 1, By can be chosen so that a8y < 1 for some v > 0, hence, by the law of large
numbers

1—
lim inf — Z XP > aﬁo > 0,

n—4oco n
holds almost surely, which implies that N, is almost surely a point process. The
proposition is proved. O
5 Affine activation function

In this section, we present quickly in a self-contained way a well-known existence
result for a stationary Hawkes process when the activation function is affine,

D(x) =v+ Pz, x>0, (5.1)

EJP 29 (2024), paper 2. https://www.imstat.org/ejp
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where v, 8 > 0. This is the model investigated in the classical reference Hawkes and
Oakes [20]. The results are presented in our Markovian setting (&X,). It is an important
ingredient in the proof of existence of stationary Hawkes processes of Section 6.

The associated Hawkes process can be interpreted in terms of birth instants of a
branching process: births of external individuals occur according to a Poisson process
with rate v, each individual with age ¢ > 0 gives birth to a new individual at rate Sh(¢),
the quantity o turns out to be the average number of births due to an individual. Recall
that « is the integral of h on R, see Relation (1.1). This branching characterization of
the model will not be explicitly used in our arguments.

We denote by V9 = (Y2, V2 ;| ... Y +00) the Markov chain of Definition 4.2 for the
function ® = &4, whose initial state is empty, i.e. ) = (+o0). For any n > 1, we have

Y,? n n—1
/ P (Zh <s + > Y0>> ds = E,, (5.2)
0 k=1

i=k+1

where (E,) is an i.i.d. sequence of exponential random variables with parameter 1.

Proposition 5.1. Under the condition a8 < 1, the sequence ()9) is converging in
distribution, for the topology induced by d of Relation (2.3), to a stationary sequence
Yo = (Y>°,¥5°,...,Y,>,...) such that

oo

- “+oco 1
/ O | Y hlu+ > V| |du] |,
0 i=n

Jj=n+1
is an i.i.d. sequence of exponential random variables with parameter 1 and

By =197

14

furthermore, if

n k ) k
(1) et (Zh (Z Y,”)) and I & +Zh (Z Y;’O> ;
k=1 =2 k=1 i=2

the sequence (I,,) converges in distribution to the integrable random variable I.

The proposition gives in particular that Y™ dist. T(Y°,n > 2),Fy). The variable

v + BI is the intensity function of the stationary Hawkes process just after one of its
point, i.e. for its Palm distribution.

As it can be seen, compared to Y*°, the numbering of the coordinates of )Y is
reversed. This is mainly for a notational convenience in fact. The important fact is that
the sums inside the function ® in both cases are depending on the past.

Proof. The proof is done in several steps.

Step 1. Backward Coupling.

The idea is of using a backward coupling idea. See Chapter 22 of Levin et al. [31] for
a general presentation and Loynes [34] for an early use of this method.

We define a sequence of random variables (J°) = (Y{",...,Y", +00) by induction as
follows, recall that (E,,) is an i.i.d. of random variables with an exponential distribution
with parameter 1,

Vi = T((+00), En),
{f/,y_k =T ((Vipsrr o Vs 400) B, 1<k <,

EJP 29 (2024), paper 2. https://www.imstat.org/ejp
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in particular,
?ln :T((gn,,i;#,—FOO) ,E1> .
It is easily checked that
(171", Ly —|—oo> dist. (172”“, YL +oo) (5.3)

and that

YO U0 since (Ey, Es, ..., En) 2 (Ey, En_1,..., E1). (5.4)

Foranyn > 1 and 1 < k < n, we show that ffk’“rl < f’k” holds. This is done by induction.
Since & is non-negative and non-increasing, we have

E, = /0377? (v+ Bh(u))du < /0?: (V +5 (h(u) +h (u + i:fll))) du,
and, since, -
Bur= [ (48 (b 40 (04 T52) )

this implies that 177? > ffn"“ holds. If the relation }71" > SNQ”“ holds forany k +1 < i <n,
then

i n .
Ek:/ v4BY hlu+ > V|| du
0 i=k

j=k+1

}N/k" n i _
g/ v+BY hlu+ > Y] | du, (5.5)
0 i=k

j=k+1
which gives the relation f’k” > ffk"“. We can now define, for k > 1,

n—-+oo

Relation (5.3) shows that the sequence ()7,50) is stationary and Relation (5.4) gives the
desired convergence in distribution for ())9).

Step 2. Convergence of the intensities (I,,). Proposition 4.5 shows that, forall 1 <i < n,

L er 1y
Z}/jn > S, d:f ;Z(EJ —Oéﬁ). (5.6)

Jj=2 Jj=2

The assumption on o3 shows that, almost surely (S;) is converging to infinity. If a* =
max(a,0), then

(DY <D h(Sh).

n
i=2 j=2 i=2

Since h is non-increasing converging to 0 at infinity, there exists a non-negative finite
Radon measure ; on R such that h(z) = p((z, +00)), with Fubini’s Theorem, we obtain

+oo +o00
E (Zh(sj)> :/0 B (N, (0,2)) pu(da), (5.7)

EJP 29 (2024), paper 2. https://www.imstat.org/ejp
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where N, is the counting measure of the sequence (5,,), i.e. for > 0,

+oo
N+(O,£L’) d;f‘ Z ]]_{xzsi}. (5.8)

i=2
The Laplace transform of Ay on R, is given by, for ¢ > 0 sufficiently small so that
vexp(afé/v) < (v +£), we have

def. —£S, | _ vEe
W(é-) =E ngle - V-|—§—Z/CXP(OZB€/V)
Hence, v
Jim €w(6) = 1=,

A Tauberian theorem, see Theorem 2 of Chapter XIII of Feller [14], implies that
E
T—+00 x 1-— aﬁ

hence there exist D, and D, > 0 such that for all z > 0,

EWNL(0,2)) < Dy + Dax. (5.9)
Hence, with Relation (5.7)

+oo +00
E (Zh (Sj)) < D1h(0) + Dz/ xp(dx)
i=1 0

+oo
0

with the integration by parts formula.
Forp>1andn >p,

n 7 n “+o0
AP EDICHEDIICHE
i=p Jj=2 i=p i=p

this last term converges almost surely to 0 as p gets large, hence we obtain the almost
sure convergence

n A

+oo 1 “+oo
N2 31 3k B 9 wivd 1B oI C IR Ee
i i=1 Jj=2 i=1

i=1 =2
by Relations (5.6) and (5.9).
Step 3. Relation (5.5) with k£ = 1 gives

1% n i
R T P S e A N
i=1 j=2

since
n [ _ n 7 N
~ n n
Lusypy (VHBI_ B\ ut D Y| | Sv+B) h{ DY,
i=1 j=2 i=1 j=2
—+oo
<v+ B> h(S) < +oo,
=1
EJP 29 (2024), paper 2. https://www.imstat.org/ejp
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with the same argument as in the proof of the convergence (I,,), and with Lebesgue’s
dominated convergence theorem, we obtain the relation

\ il +o0 i
Elz/ v+ hlu+ ) V| | du
0 i=1 j=2

With a standard argument, via Kolmogorov’s extension Theorem, see Section VII-38 of

Halmos [18], there exists a stationary sequence (Z@’O, n € Z) of random variables such

that (Z°,n > p) oist- (Y2, n > 1), holds for all p € Z. After integration of the last relation,

with a change of variable, we obtain

“+o0 7

+oo _ i
B0 =5 [ @R [T cus ST du
0 i=1 j=2 =

For i > 1, we have

Py cucyvm)=p ¥ Zrcuc Y 2

Jj=1 Jj=1
hence
+oo +oo
1—vE(Y®) = gP (/0 hiu) Lisimt 2 <ussi, Zi°7~}> du = Ba,
i=1 ' '
by Fubini’s Theorem. The proposition is proved. O

Proposition 5.2. The Markov chain with transition kernel C on S, has a unique invariant
measure.

Proof. Let A a probability distribution on S invariant by K, and Z = (Z_,,p > 0) a
random variable on § with distribution A. We construct the sample paths of Markov
chains starting (Z,) = (Zn, Zn-1,...,%Z1) - (Z—p,p > 0) and ()Y), from initial states Z
and (+o00) respectively, in the following way, for n > 1,

and
Y, n n—1
/ V—|—ﬂZh S—I—ZY] ds = F,.
0 i=0 j=i
It is easily seen by induction that, almost surely, for all n > 1, the relation Z,, < Y£ holds,
hence, since Z, dist. Z,forany k> 1andn >k,
(Z()a ey Z*k) Sst (Y'r?7 B Yffk)a

where <,; denotes the stochastic order with respect to the order of the coordinates.
Proposition 5.1 gives therefore

(Zoy- . Zr) <st (Y2, ..., Y.
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Since (Z,,) is invariant for K, the relation 7(Z, Ey) “=" 7, holds and, as in the proof of

Proposition 5.1 the relation E(Z;) = (1 — af)/v also holds, and therefore, for all k > 1,
(Zoy ..., Ze) 5 (V°, ... V).

The proposition is proved. O

6 Stationary Hawkes processes

We start with a coupling result between a general non-linear Hawkes process and the
Hawkes process of Hawkes and Oakes [20]. The idea of the coupling with the “classical”
Hawkes process is also mentioned in Karabash [25] but in a space of functions. The
existence result of this reference seems to be incomplete since the topology used is
not clearly defined and an important continuity property, the Feller property in fact, is
apparently missing. This is the main technical difficulty of the proof of Theorem 6.2.

6.1 A monotonicity property

Throughout this section, (E,) denotes an i.i.d. sequence of exponential random
variables with parameter 1.

Let m be a point measure on R_, with Definition 4.2, the sequences (X]*,n > 1) and
(Y™ n > 1) are defined by induction by, for n > 1,

n o

xm 0 n—1 n—1 n—1
/ @(/ h(s—i—ZX{”’—m)m(da:)—i—Zh(s—&— > X{”))ds:En, (6.1)
0 0o i=1 k=0

- i=n—k
anyn 0 n—1 n—1 n—1
/ g, (/ h (s + Z ym— m) m(dz)+ )Y h (s + Z Yf”)) ds=F,, (6.2)
0 —o0 i=1 k=0 i=n—k

where f is, for the moment, a positive constant and ®g,(z) ety 4 Box for x € R.
The affine function ®g, will be used as follows. If 3 defined by Relation (1.2) is such
that a5 < 1, then there exists some 5y > 3 such that a8y < 1 and a constant v such that

Proposition 6.1 (Coupling). If v and 5y > 0 are such that the relation ®(z) < ®g,(z), for
all x > 0, with ®g, defined by Relation (5.1), and if m be a point measure on R_ with

0
/ h(—x)m(dz) < +oo,

— 00

then, for 3y > 3 there exists v > 0 such that, almost surely, the sequence (Y,;") defined
by Relation (6.2) satisfies the relation Y,* < X", for alln > 1.

Proof. The proof is straightforward. If, by induction, the relation holds up to index
n—1>0. Fort >0,

/tq) (/0 h<s+nZX;“x> m(dx)JrrLZh(er "2 X{”))ds
0 —oo i=1 k=0 i=n—k

t 0 n—1 n—1 n—1
§/<I>50</ h<s+2X{"m>m(dx)+Zh<s+ Z X;”))ds
0 —oo i=1 k=0 i=n—k
t 0 n—1 n—1 n—1
< [‘o (/ h <3+Zm_x> m(dz) + 3" h <s+ 5 y;n)) s,
0 —o© i=1 k=0 i=n—k
by the monotonicity properties of  and ®g,. Hence we deduce that the relation ¥, < X"
holds. O
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6.2 Existence theorem
We can now formulate our main existence result.

Theorem 6.2. If the activation function function ® is continuous with ®(0) > 0 and the

quantities
+oo P
a= / h(t)dt and 8 = lim sup *)
0 y—+oo Y

are such that aff < 1, then there exists a stationary Hawkes point process.

Proof. The assumptions imply that there exist v > 0 and 5y > 0 such that a8y, < 1 and
®(z) < ®g,(z) for all x > 0, where Pg, is defined by Relation (5.1).

The Markov chain (X?), resp. ()?), associated to ®, resp. to ®5,, with initial point
(+00), is denoted by

Xo (ngxg 1,...,X?,+OO) and yg - (Yo }/7? 1,...7Y10,+OO),

see Definition 4.2.
We proceed in the spirit of Kryloff and Bogoliouboff [29], let R, = R,U{+o00} and

Q., the distribution on ET given by

n

Z]E (F(X), XD 1, XD i)

i=1

1
n

Qn (F ) =
if F' is a Borelian function on EJN depending only on the first k£ coordinates, with the
convention that X? = +oo for i < 0. The space ]R . is endowed with the topology defined
by the distance (2.3).

The sequence of probability distributions (Q,,) on the compact space ﬁﬂj is clearly
tight. Let (Q,,) be convergent sequence whose limit is ... We now prove that Q. is
an invariant distribution for the Markov chain (X?). Due to definition of (Q,,), it is clear
that the probability Q) on Eﬂ: is invariant by the shift operator (z;) — (zi41)-

Let Z, = (Z7,Z%,...) be a random variable on Eni with distribution @,, and E, an
independent exponential random variable with parameter 1, Z,, = (Z{°,Z5°,...) is a
random variable with distribution ().

If F| is an exponential random variable independent of Z,, by definition of (Q,,) we
have, for the convergence in distribution,

lim (7(2,,F), 2V, 28, ...) = 2,

p—>—+oo

If we prove that, for the convergence in distribution,

lim T (2, Eo) = T(Zo0, Eo), (6.3)

p—+oo

the probability distribution Q). will be an invariant distribution for the Markov chain
(X,) and therefore that there exists a stationary Hawkes process by Proposition 4.1.
We fix T' > 0, p > 1, we have, by definition of @,

Np

P(T(2,,Eo) > T) ZE exp —/ Zh s+ Z X9 |ds] |- 6.4
Jj=i+1—k
Our proof is carried out in four steps.
Step 0: an integrability property of Z.,
EJP 29 (2024), paper 2. https://www.imstat.org/ejp
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We use the notations of Section 6.1. With Proposition 6.1, we can construct a coupling
such that Y;? < X? holds almost surely for all n > K > 0.

K 7
> h Z X7 <Zh R AR
k=0

Jj=i+1—k j=i+1—k

we get,

%

Lyl oy w)e iyl v

i=K k=0 \j=it+l—k i=K k=0 \j=i+1—k
and, by taking the expected value, this gives the relation

Np

Np K i i
Iy e[S Y o« <*ZE zh >y
Pi—K k=0

j=it+l—k j=i+l—k

As p goes to infinity, the right-hand side is converging to E(I), where I is the random
variable defined in Proposition 5.1. The left-hand side can be expressed as

K k
B0z,
k=0 j=1
and this term is converging to
K k
B(Yon(Y 2z
k=0 j=1

We have thus obtained that,

N

zZ:e < E(I) < 400,

K
> h
k=0

by letting K go to infinity, this gives the relation

+oo k
ShD z | | < +oo, (6.5)
k=0 j=1

1

J

Step 1: A truncation argument.
For i > 0, by using the monotonicity property of h, we obtain the relations, for s > 0,

Zhs+ZX°>0c§:h ix;)zc

j=itl—k k=0 j=itl—k

hence, with the couplings of Propositions 5.1 and 6.1 and the notations of its proof, and
Relation (5.4), we obtain

P | inf Zh s+ Z X0|:s=0]>C| <P Zh Z x| =>c

j=itl—k k=0 j=i+l—k
i i i ko

<[y ¥ w)e]=r(yr(nw) e
k=0 j=itl—k k=0 j=1

+o00 k _
<SP > ¥ |=>C
k=0 j=1
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For ¢ > 0, Proposition 5.1 gives therefore the existence of Cy > 0 such that

sup]P sup h s+ X >Co| <e. (6.6)

For 6 > 0, the function ® being uniformly continuous [0, Cy], there exists some 7
such that |®(x) — ®(y)| < 4, for all elements z and y of [0, Cy] such that |z — y| < no.

Step 2.
For s > 0, ¢ > K > 0, with the same arguments, we get

Zh s+ Z XO Zh s+ Z X0 >0

Jj=itl-k j=it1—k
C { sup h|s+ X > Cy h|s+ X9 >
(e 3 UL S #fse ¥ o
j=i+1—k k=K+1 j=i+1—k
a3 w)alUl Yol 3 ow) s,
520020 \j=it1—k E=K+1 \j=itl—Fk

and, as before,

P Z h Z Xj(-J >n | <P Z h Z on > Mo

k=K+1 j=i+1—k k=K+1 j=i+1—k
% k i k
_ 1 00
SIS SRES oi7) FE T (5 ot D or ) e
k=K+1 j=1 k=K+1 j=1

+oo k
<P Z h Z?JOO > 1.

k=K+1 \j=1

The random variable I being almost surely finite, Proposition 5.1, gives that there exists
Ky such that

“+oc0o k
D a0 ohe B
k=Ko+1 j=1
By gathering these results, with Relation (6.6), we obtain
sup P [ sup [® Zh s+ Z XJ(»] Zh 5+ Z XO >0 | <2,

i2Ko 520 k=0 j=itl—k j=itl—F

hence

T
lim sup |E | ex —/ (0] h|s+ X0 ds
K~>+001>113 P 0 Z j= ; k

—E [ exp —/ Zh s+ Z XY | |ds|||=0. (6.7

Jj=i+1—k
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Step 3.
Relations (6.4) and (6.7) show that, for ¢ > 0, there exists K, such that the relation
1 &
]P(T(ZP,EO)ET)f—ZIE exp f/ Zh s+ Z X7 | |ds <e
nP i=K, j=i+1—k

(6.8)

holds for all p > 1. Relation (6.5) shows that one can choose a constant K| sufficiently
large so that

E [ exp / Zh s+ZZ°° ds —

j=—k

T 400 k
E [ exp —/ P Zh s—i—ZZJ‘-’O ds <e.
0 k=0 j=1

With the convergence of the sequence (Q,,), we have

pngnPZE exp 7/ Zh s+ Z X0 ds

=Ko j=i+1—k

=IE | exp 7/ Zh 5+ZZ°° ds

k=0

Note that the K| first terms in the expression of @,,, can be arbitrarily small as p gets
large. With Relation (6.8), by letting € go to 0, we obtain Relation (6.3). The theorem is
proved. O

6.3 Coupling properties

We have not been able to obtain an analogue, sufficiently strong, result for the
uniqueness of a stationary Hawkes point process. Without a contracting scheme available,
one of the few possibilities is of using a coupling argument of the trajectories of the
Markov chain (X7). In this section, we investigate the coupling of the Markov chain (X}?)
with the Markov chain starting from the empty state.

We assume that the activation function ® has the Lipschitz property,

|@(x) - @(y)| < La|z —y[, Va,y >0, (6.9)

for some constant Ly > 0. Let f be a non-negative Borelian function on R, and 7 be
the random variable such that the random variable

/OTf flw)du

has an exponential distribution with parameter 1, i.e. for t > 0,

P(r; > t) = exp < /Ot F(u) du) .

Lemma 6.3. If f and g are non-negative integrable functions on R, then there exists a
coupling of 7y and 74, such that

P(ry£7,) < /R () — g(u)] du.
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Proof. Define hy = (f —g)*, hy = (9 — f)*, we can take the random variables Thys Thy
and 77,4 independent, then it is easily checked that

dist. dist.
Ty =T NTpng = T and Ty = T NTrag = Ty,

and
P(Ty =Ty) > P(th;AThy, = Ting) = P(Thyptn, = Trng) = P(T)5—g) = Tag)s

hence, we obtain,

Pt 71) < B (e (- [ swngtu ) )
+oo

= (If () = g(v)) exp (— /Ov Fu)ng(u) +|f(v) = g(v)| dU) dv

“+o0
< / £(v) = g(v)] do.

The lemma is proved. O

The next proposition gives an upper bound on the probability that the Markov chain
(X7?) do not couple right from the beginning with the Markov chain starting from the
empty state.

Proposition 6.4. For z € S}, if ® is Lipschitz with constant Ly, there exists a coupling
of the Markov chains (X) and (X7?) of Definition 4.2, and D1, D € R such that

P (3n > 1, X0#X7)

< Lg <D1 /11{, /0+Ooh(5—u) dsm(du) + Doy /]R, /0+OO sh (s—u)dsmz(du)>. (6.10)

Proof. Since the random variables X{ and X7 can be expressed as 74, and 7f,, With

fo(s) = (s and 15) = @ () [ s = wpma(a) ).

Lemma 6.3 shows that

+oo
P(X0£X7) < / s

@(h(@)@(/

h(s —u)ym,(du) + h (5))

< Lg /0+<>0 /7 h(s —u)m,(du)ds.

By induction, we obtain that, forn > 1,

P(Xp 1 # X5 0| X)) = XE VL <k <n)

ERUC)

n n+1 n
_<I></ h(S—FZX?—U)mz(du)+Zh<s+2X?>> ds
R_ i=1 k=1 i=k
—+o0 n
SLq,/ / h(s—i—ZX?—u) m.(du)ds.
0 R i=1
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With Proposition 4.5, there exists some Sy such that a8y < 1 and

ZX? > St with S, et ZEz — afo,
i=1

i=1

hence

+oo 400 n
P (3n>1,X0£X7) SL@Z/ / E(h (s—l—ZX?—u))mz(du)ds
0 - i=1

n=0
+oo +oo

qu)Z/ / E (h(s+ S} —u)) m.(du)ds.
n=0"0 -

For u > 0, in the same way as in the proof of Proposition 5.1, with Fubini’s Theorem, we
obtain

+oo +00 +oo +o0
S [ BGeesiru)as=Y [ B(hsrn g )ds
n=0"0 n=0"0 -

+oo
:/0 (s + u) E (M4 ([0, 5])) ds,

where N, is defined by Relation (5.8), with Inequality (5.10) we obtain the desired
estimate. O

Corollary 6.5. For zg = (z;,i > 1) € S, if ® is Lipschitz with constant Lg and

“+oo
/ / sh (s —u)dsmyg, (du) < +oo,
R_ J0
then there exists K, > 0 such that ifa > Ky and z1(a) = (a, 22, 23, ...), then

(
0 z1(a) 1

P (X0 =X 0 > 1) > .
Proof. It is enough to note that, by monotonicity of A, the right-hand side of Rela-
tion (6.10) goes to 0 if z; is replaced by a quantity a sufficiently large and, in particular

less that 1/2 if a > K, for some Ky > 0. O

7 The case of exponential memory

In this section we assume that the function h associated to the memory of previous
jumps is exponentially decreasing.

h(u) = exp(—u/a),

for some a > 0. In this case, the past activity of the Hawkes process can be encoded
by a one-dimensional Markov process. One of the early analyses is Oakes [38]. Duarte,
Aline et al. [11] considers a more general model for which h is the density of the sum
of identically exponential random variables. The approach is of describing the Hawkes
process in terms of a multi-dimensional Markov process, to encode the past activity of
the Hawkes process.

In this section, we give a existence and uniqueness result of the stationary Hawkes
chain with a weaker condition than the classical relation oL < 1, where L is the Lipschitz
constant associated to ®. The result is obtained by using the Markov process of Section 4.
At the same time an explicit representation of the distribution of the corresponding Palm
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measure in terms of the invariant distribution of a one-dimensional Markov chain is
obtained. We conclude this section with non-Lipschitz activation functions ¢ for which
the solution of the Hawkes SDE blows-up in finite time. A limit result gives a scaling
description of how accumulation of the points of Hawkes process occurs in this case.

Proposition 7.1. Let x € Sy, m, defined by Relation (2.2) and N,,, = (T, of Proposi-
tion 3.2, then

(Z,) </( T]h(Tn S)Nmm(ds)>

_ /( | o (- = wa) ma () + " exp (— (T, — Ti) /a)

k=1

is a Markov chain on (1,+o00) such that, forn > 0,
Zy = / es/(’“mgg(ds)7 and Z,.1 =1+ e~ Xnt1/ag (7.1)
(_0070]

where X,,+1 = T,,+1 — T, is the unique solution of the equation

Xr,,,+1
/ o (efs/azn) ds = Ep 1, (7.2)
0

where (E,,) are i.i.d. random variables with an exponential distribution with parameter 1.

Proof.
Znir = / exp(—(Tos1 — 5)/a) Ny, (ds)
(=00, Tn+1]

— 1+ exp(—(Tss — To)/a) / exp(—(Ty — 8)/@) N, (ds)

(—o00,T]
=1+exp(—Xnt1/a)Zp,

and Relation (4.3) gives that

Jo /TM ® (/ (s — wyma(du) + 3 h (s — Tk)> ds

Ty - k=1

T¢L+1—Tn n
= / P (es/“ (/ h(T, — u)mg(du) + Z h (T, — Tk)>> ds
0

- k=1

_ /OX"H o (e—s/azn) ds

is an exponentially distributed random variable with parameter 1 and that the sequence
(E,) isii.d. O

Proposition 7.2 (Harris ergodicity). If ¢ satisfies Condition A-2, and if a8, < 1, where

Be def. lim sup/ () ds (7.3)
u—1

u—~+00 S

then the sequence (Z,) is a Harris Markov chain on [1, +00).

For a general introduction on Harris Markov chains, see Nummelin [37].
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Proof. The proof will be in two steps. We will first prove, via a Lyapunov function, that
the set [1, K] is recurrent, for some K > 0. Then, we will show that the subset [1, 2] is
also recurrent and small, see [37] for example. Proposition 5.10 of [37] gives then that
the Markov chain (Z,,) is Harris ergodic.

We first exhibit a Lyapunov function for this Markov chain. Equation (7.2) can be
rewritten as, if Zy = zg,

X1 Z0 20
By = / ® (675/&20) ds = oz/ 2 (w) du = a/ ® (u) du. (7.4)
0 2z

e~ X1/ U Z1—1 U

Let, fory > 1,

u

F(y) = /1y_1 () 4o

Relation (7.2) give the identity

zoexp(—X1 /) d E
/ ﬂdu: J’
0 u !

and consequently,
2 P (u) d 1
U ——,

u [0

E.,(F(Z)) - F(z0)) = /

zo—1

hence there exist n > 0 and K > 0 such that if zy > K then
1
.y (F(21)) - B(F(0) < (B0 - 1) <o
The function F is a Lyapunov function for the Markov chain (Z,,). The interval [1, K] is a

recurrent set for the Markov chain. See Theorem 8.6 of Robert [42].
By using Relation (7.4), we obtain, for z; € [1, K],

P..(Z1<2)=P (il >/120q);u>du> = exp (—a/lzoq)(u)du>

u
)
> exp —a/ Mdu > 0,
1 u
)

the interval [1, 2] is a recurrent set for the Markov chain (Z,,).
For 0 < t < zg, the relation

P(Z, —1<t)=exp (—a /t @ (w) du)

u

gives that the density of Z; — 1 is given by, for 2y < K,

aq’it) exp (_a/tzo (I)l(tu)du) > a(I)T(t)exp <—a/tK (I’i“)du> .

There is a positive lower bound independent of z; < K. We can now use the same
argument as in example of Section 4.3.3 page 98 of Meyn and Tweedie [35] to prove that
[1,2] is a small set. The proposition is proved. O

Definition 7.3. For z > 1 and y > 0, we define G(z,y) by the relation
Go(z,y)
/ liiJ (e_s/“z) ds =y. (7.5)
0
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Theorem 7.4. [Invariant distribution of (X,,)] If . < 1, then for any x € S},, the Markov
chain (X,,) of Definition 4.2 converges in distribution to the law of

z* .
Go Zima/ Mdu ,n>1
Zr -1 U

where G is defined by Relation (7.5) and (Z},n € Z) is the stationary version of the
Harris Markov chain (Z,,) of Proposition 7.1.

Proof. For n > 1, with the above notation, by definition X,,+1 = Go(Z,, E,41), i.€.

Z’Vl
E, = a/ ® () du.

Zn+1_1 u

Forn >k > 1, (X,,Xn-1,...,Xn—kt+1) are the k-first coordinates of X,,, they can be
expressed as

(GQ(ZTL—la En)a G(I)(Zn—Qy En—l)v ey G(I?‘(Zn—k’v En—k-‘,—l))

Zn—1 Zn—k—1
= | Go Zn_l,oz/ %du ,...Go Zn_k_l,oz/ %du .
Zn—1 U Zn_p—1 U

The Harris ergodicity of (Z,,) implies that the random variable (Z,, Z,_1,..., Zn—%) is
converging in distribution to (Z§,Z*,,...,Z*,). The mapping (z,y)—Gas(2,y) is continu-
ous, the continuous mapping theorem concludes the proof of our result. O

Theorem 7.4 shows that in the case of exponential memory, the invariant distribution
of (X,,) can be expressed in terms of a one-dimensional stationary Markov chain. The
following corollary rephrases this result in terms of Hawkes processes. This is a direct
application of Proposition 4.4.

Corollary 7.5. If & is a continuous function such that ®(0) > 0 and a8, < 1, where j, is
defined by Relation (7.3), then there exists a unique stationary Hawkes process.

Note that the condition af8. < 1 is weaker than the classical conditions of the
literature: ® Lipschitz with Lipschitz constant 8 such that o < 1.

Transient Hawkes processes

From now on, we assume a polynomial behavior for ¢ so that, for z > 0,
®(z) = (v + pr)7,

where v, § and y are positive real numbers.

Theorem 7.4 shows that (X,,) is converging in distribution for all «, v and 8 when
v < 1, and, when v = 1, the convergence occurs if a5 < 1.
Proposition 7.6. If ®(u) = (v+ fu)” and ify > 1 with 8, v > 0, then the Markov process
(Z,) is transient.

Proof. From Relation (7.4), we have

Elzoz/ ® () du,

Zi—1 U

where F; is an exponentially distributed random variable with parameter 1. Let, for

u>0, D,(u) &t (Bu)” and, on the event {yE; < a7z}, we define the variable Z; , such

that

zZ0 (b o
= a/ 2 du = o (20 — (Z1p—1)7),
Zip,—1 U v
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then, since &, < ®, wehave 2o — Z1, + 1> 20— Z1 +1 >0 and E» def. vE1/(ap?), then

E 1/~
zoZl,p+1zo(1<1Z72) >
0

The elementary inequality
1/~ 2
1—(1-nh) <—h, 0<h<1/2
Y
gives the relation, fora > 1

E, ((20 = Z1 +1)%) < 26P(27E1 > af72)) + E ((20 —Zip+ 1)a1{27E1Sa/3723})

046727 2% E(EY)
2y 0 a® [y Zg(v—l)'

< s -

Since v > 1, we deduce that

lim E., (Z1 —20) =1and sup E., ((Z1 — 20)?) < +o0. (7.6)

zZo—>+00 20>1

Theorem 8.10 of Robert [42] shows that the Markov chain is transient. Strictly speaking
Theorem 8.10 is for a Markov chain with a countable state space, nevertheless a glance
at the proof of this result shows that it is also valid in our setting. The proposition is
proved. O

Relation (7.2) of Proposition 7.1 gives that the Hawkes Point Process (7},) of Proposi-
tion 3.2 is such that

Trny1—Th o
Epi1> ng/ e ds = =31 Z) (1 - e*WTnﬂ*Tn)/a) , (7.7)
0 Y

where (E,,) is an i.i.d. sequence of exponential random variables with parameter 1.
Under the assumptions of Proposition 7.6 the sequence (Z,,) is converging in distribution
to infinity and, with the last relation, the relation

lim Thi1 — T, =0

n—-+o0o

holds for the convergence in law. This result suggests that the points (T;,) are closer and
closer asymptotically. We investigate this aspect in the rest of the section.

We now study the asymptotic behavior of (Z,,) in the transient case. We start with a
technical lemma.

Lemma 7.7. Ify > 2 then, for any § > 0,

sup E,, (e‘”Zl*ZO') < +o0. (7.8)
zo>1

Proof. From Relation (7.4), we get, for zp > 1 and 1 <t < z,

zZ0 @
IPZO(ZQ—Zl—I—th):IP(ElZOL/ (U))
zo—1

u
t 7
< exp <—bzg <1 — <1 — z) >> , (7.9)
0
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with b def. af? /. Note that, by Definition (7.1) of Z3, 20 — Z1 + 1 > 0, hence, for § > 0,

)
E., (eélZl—zo—ll) 1= 5/ P, (20— Zy + 1> 1) dt
0

Z0 t vy
S(S/ exp(ét—bzg (1— <1—> ))dt
0 20
1
= (52’0/ exp (duzo — bzg (1 — (1 —w)”)) du.
0

When 2 is sufficiently large, we split the integral into two terms,

1
Zo/ exp (Juzg — bzg (1 — (1 —u)”))du < zgexp (—d2) ,
1—(1-26/ (b3 )1/
and
1—(1-28/(bzy " )L/
20/ exp (6uzg —bzg (1 — (1 —w)”))du
0
1/y
_ _ 0 (11— T—L\y1/y
<z |1 1-2—— exp (dz0 (1 — (1 —20/(bzy ")) .
bz]
The lemma is proved. O

Proposition 7.8. If v > 2, then, almost surely,

lim =% =1.
n—+oo N
Proof. This is a consequence of Relations (7.6) and (7.8). Theorem 8.11 of Robert [42]
shows that, almost surely, the relation

lim inf é >1
n—+oo N
holds. Condition b) of Theorem 8.11 of Robert [42] follows from Lemma 7.7 and Con-
dition c) of this proposition is replaced in this context by the fact that if zy < K, then
there exists ng > 1 such that P,,(Z,, > Kp) > 0.
Notice that Z,, < n + zp holds for all n > 1, we get therefore that almost surely
Zn

lim — =1.
n—+oo N

The proposition is proved. O

For z € S, and m, defined by Relation (2.2), if N,,, = (T,,) the point process of
Proposition 3.2, we know that the sequence (7}, 1 — T},) is converging in distribution to
0. The following proposition gives a much more detailed description of the accumulation
of points:

For n > 1, the point process (T, — Tk, 1 < k < n), the point process seen from the nth
point, scaled by the factor n” converges in distribution to a Poisson point process.

Theorem 7.9 (Asymptotic behavior of points of a transient Hawkes process). Assume
that ®(u) = (v + Bu)Y withy > 2 and 5, v > 0, ifz € S}, m, defined by Relation (2.2)
and N,,, = (T,) the point process of Proposition 3.2, then the point process

(T, —Ty), 1 <k <mn)

converges in distribution to a Poisson process with rate 87.
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Proof. Define P, = (n"(T,, — T),1 < k < n). Relation (7.2) and the representation of
(T},) in terms of the Markov chain (Z,,) of Proposition 7.1 give the identity

Xn+1 B y
En =/ (V + BZ,e 5/0‘> ds, (7.10)
0

where (E,,) is an i.i.d. sequence of exponential random variables with parameter 1 and,
as before, X, 41 =T, 11 — T,.
For any § > 0 and n > 1, Relation (7.10) gives the inequality

P(X,1 >0 <P <O‘m (1 - e*‘W“) Z) < Enﬂ) . (7.11)
vy

On the event &, 5,
def. v 6/
gn,é = Xn+1 < 5» Be < Zn .

Relation (7.10) shows that
ﬂfye_&Y/aZr’ZanLl S En+1a

and therefore that the sequence of random variables (Z) X,,11) is therefore tight.
The elementary relation

(1+h)—1<Cih, 0<h<1,

with C; = 27~! and Relation (7.10) give the following inequality

XV,L+1
0< Epy1 — ng/ e~/ ds
0
s
< Cv (BZa)" / 0512 4 < Coof X 207,
0

on the event &, 5. Using the fact that (ZX,,41) is tight and the almost sure conver-
gence of (Z,/n) to 1 of Proposition 7.8 shows that the random variables (X,,;12)~!) is
converging in distribution to 0. For a sufficiently large n, Relation (7.11) shows that
the probability of the event &, s is arbitrarily close to 1, we obtain that the sequence of

random variables
Xn+1
(V) (Mg [ e ds)
0

is converging in law to an exponential distribution with parameter 1.
On the event &, 5, we have

Yn S B’YZ;L/anLl S 657/0(an
hence, for x > 0,
P(8Z) X1 > 7) < P (667/0‘}/” > x) +P(E,),

hence
limsupP (87Z) X,,41 > x) < exp (_xe—év/a> ,

n—-+o0o

and, by letting 0 go to 0, we obtain

limsupP (87 Z2) X, 11 > ) <e ”.

n—-+o0o
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An analogue lower bound holds for the liminf, hence (87Z)X,,11) is converging in
distribution to an exponential distribution with parameter 1. By using the almost sure
convergence of (Z,,/n) to 1, the same property holds for (87n7 X, 11).

For p > 1, the same argument may be used to prove that the sequence of random
variables (f7nYX,,_;,0 < k < p — 1) is converging in distribution to the product of p
exponential distributions with parameter 1. The key argument is again the almost sure
convergence of (Z,/n) to 1.

Final step. Let f be a continuous function on R with compact support included in
[0, K] for some Kj > 0. The relations Z,, < n + zo and (7.10) give the inequality, for all
n>1,

Epp1 < (v + B(n+20))” Xnt1 < Co(n +1)7 X1,

for some constant Cy independent of n.
For p < n, we thus have

n 1 p
P(n?(T — Top) < Ko) <P ki;ﬂmxk <Ko|<P (CO ZEk < Ko) :

We denote N~ a Poisson process with rate 37, with associated exponential random
variables (EZ").

The last inequality gives that P, is stochastically dominated by N¢,1 3+, a Poisson
process with rate Cy + 87, in the sense that

P(Pn((0, Ko) = p) < P(Ney 45+ ((0, Ko]) = p), forp < n. (7.12)

Clearly N3~ is also stochastically dominated by N¢,13v.

‘IE <exp (/f(u)Pn(u))> E(exp( /f WNisn (u )

<|Elexp| — Z f (T, — Th—i)) —E | exp Em)
k=n—p+1

+ 2P (Ney 457 ((0, Ko]) > p) Nﬁw((o Kol) = p),

with Relation (7.12). By using the convergence in distribution of the random variables
(8" X, —k,0 < k < p—1), the first term of the right-hand side of this inequality can be
made arbitrarily small for n sufficiently large. We can take an integer p independent of n
sufficiently large such that the last two terms can be made arbitrarily small.

We have thus proved that

ngrfoo E (exp (— f(u)Pn(u)>> =E <exp (— fw)Ng~ (u)))
Ry Ry

holds for all continuous functions with compact support. We can use Theorem 3.2.6 of
Dawson [10] to conclude the proof of the proposition. O

A General results on point processes

Point processes

We recall the notations on point measures and the associated random variables, the
point processes used throughout this paper. See Neveu [36], Chapter 1 and 11 of Robert
[42], and Dawson [10] for a general introduction on random measures.
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Stationary point processes

If m is a simple point measure on R, the points of m are enumerated by an increasing
sequence (t;(m), k € Z), numbered so that the relations

t_1(m) <to(m) <0< tiy(m) <--- (A1)

hold, with the convention that ¢;(m) = +oo if there are less than £ > 1 points of m in
R, and similarly on R_. The flow of translation operators (6;) on M, (R) is defined by,
fort € R and m € M,(R),

/ F(5)0:(m)(ds) / F(s — tym(ds), (A.2)
R R

for any non-negative Borelian function f on R.

A distribution on M,(H), an element of the set P(M,(H)), is defined as a point
process on H.
Definition A.1 (Stationarity). A point process N on R is stationary with intensity \ > 0,
if the random variable N (|0, 1]) is integrable and E(N ([0, 1])) = A, and if its distribution is
invariant by translation, i.e. fort € R, 6;(\) =Y , where 0, is the translation operator
defined by Relation (A.2).

Palm space of point processes

The set MJ(R) is a subset of elements m of M,,(R) such that m(0)7#0. If m € M)(R)
then m can be represented either by the non-decreasing sequence (t;,k € Z) of its
points, or by the sequence

x=(xg) = (t_g —t_g—1,k >0)

of increments between them, with the convention that ¢, = 0.
An operator § on MY (R) is defined by,

-~ def.
0(m) = 04, () (M) L4, (1m)y<to00}» (A.3)

form € Mg(]R), where ¢;(m) and (6;) by defined respectively by Relations (A.1) and (A.2).
A simple point process of Mg(]R) can be identified to its sequence of inter-arrival times
and it is easily seen that the relation

~

(s = t0) Bk € Z) = ((tira = tis)(m), keZ)

holds.

The mapping 9 is the classical shift operator on sequences. Ifm=(t,,n € Z) is in
MY(R) and z = (2,) = (tn — tn—1,n € Z), then m = m, and 6(m) = mz, with & = (x,,41)
ifm(R-) = m(R4) = +o0.

Equivalence between stationary point processes and Palm measure
We now recall some classical results on stationary point processes on R. A stationary
simple point process with intensity A > 0 can be equivalently defined by either by

a. a distribution @ on M, (R) which is invariant for the continuous flow of transla-
tions (6;);

b. a distribution @ on MS(R) called the Palm measure of () which is invariant for the
operator @‘\
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When a) is given, a distribution @ on M?,(IR) is constructed via Mecke’s Formula so that
property b) holds. See Chapter II of Neveu [36] or Proposition 11.6 of Robert [42].

If b) holds, i.e. if @ is given, then the construction of ) is done with a fundamental
construction of ergodic theory, it is the special flow associated to the operator 9 and
the function m—t;(m) on Mg. See Chapter 11 of Cornfeld et al. [6], and Chapter 10 of
Robert [42]. The distribution () is expressed as

t1(m) R
/MP(R)F(m)Q(dm) = A /Mg(m /0 F(04(m)) ds Q(dm), (A.4)

for any non-negative Borelian function on M, (R). The probability distribution @ is simply
determined by a distribution of the sequence of inter-arrival times which is invariant by
the shift operator. The space (Mg(]R), 5, @) can be seen as a probability space whose
elements are positive sequences. It is sometimes called the Palm space of Q.

B Hawkes processes: a quick review

Hawkes processes have been introduced by Hawkes in 1974 in Hawkes [19] as a
class of point processes N, whose stochastic intensity (A(¢)) depends on previous jumps,

i.e through,
A =|® h(t — s)N(ds .
() < </(oo,t) ¢ M )>>

The first Hawkes processes investigated were restricted to affine activation function &
of the form,

O(x) = v+ pr,

which have a nice representation in terms of age-dependent branching processes, see
Lewis [32], Vere-Jones [47], and Daley and Vere-Jones [8]. The condition of existence
and uniqueness of stationary Hawkes process in this case is

+oo
B/O h(s)ds < 1,

see Hawkes and Oakes [20].
The special case where v = 0 was investigated in Brémaud and Massoulié [3], where
a particular interest was dedicated to the critical Hawkes process,

B/O+OO h(s)ds = 1.

The same critical Hawkes process, with general immigration rate v is investigated in
Kirchner [28]. A more precise study of the statistics of stationary Hawkes processes is
developed in Jovanovi¢ [24] using a Poisson cluster process representation. The addition
of an external jump process to the linearized Hawkes process, in view of applications in
neuroscience example, has been considered in Boumezoued [2].

Hawkes processes with exponential functions h(z) = exp(—z/«) have attracted a
particular interest because the associated counting process has the Markovian property,
see Oakes [38].

Having an affine activation function ® is very helpful because of the corresponding
branching process representation, However, when studying auto-inhibiting point pro-
cesses, non-linear activation functions ® are natural candidates to use. In this setting
the investigation of sufficient conditions for the existence of stationary versions is more
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Table 1: Existence of stationary Hawkes processes.
Branching Processes
References Hawkes and Oakes [20], Lewis [32], and
Vere-Jones [47]

Assumptions 1
a. ®(z) = v+ Bz with v > 0and 8 >0 Oakes [38], and Errais et al. [12]
b. h(z) = exp(—z/a)
Assumptions 2
a. ®(z) = v+ Bz with v > 0 and 8 > 0 Hawkes [19], Hawkes and Oakes [20], Brémaud
b.h:Ry - Ry and Massoulié [3], Jovanovi¢ [24], Boumezoued
[2], and Kirchner [28]
Analytical Methods

References Kerstan [26]
Assumptions 3
a. ®: R — R, Lipschitz Brémaud and Massoulié [4], Chen et al. [5], and
b. h: Ry — R general Karabash [25]

Renewal Properties/Markov Processes
General References Lindvall [33], Nummelin [37], and Hairer [17]
Assumptions 3
a. ®: R — Ry general Brémaud and Massoulié [4], Hodara [21], Raad
b. h: Ry — R general et al. [40], Graham [16], Raad [39], and Costa et

al. [7]

Assumptions 4
a. ®: R — R, general Duarte, Aline et al. [11]
b. h(z) = exp(—z/a)

delicate. Most proofs in this domain are based on the functional relation defining sta-
tionary Hawkes processes that can be expressed as a fixed point equation which can
be solved through a Picard scheme, see Kerstan [26] for one of the pioneering papers
on this subject. Brémaud and Massoulié [4] has developed this approach when & is
unbounded and supposed to be S-Lipschitz, with the following condition,

+oo
5/0 Ih(s)] ds < 1.

Thinning techniques have been applied to the case of a bounded Lipschitz function ® in
the same reference, where the condition

“+oo
/ s|h(s)|ds < 400
0

is sufficient to prove the existence and uniqueness of the stationary version of the
Hawkes process.

In Brémaud and Massoulié [4], renewal theory is used to investigate Hawkes pro-
cesses, with finite memory. This approach has been extended in Graham [16], Raad
[39], and Costa et al. [7]. It is also possible to limit the influence of intensity rate to
the last jump of the Hawkes process as done in Hodara and Locherbach [22]. A recent
study (Raad et al. [40]) has added a refractory effect to prevent explosion in the study of
non-linear Hawkes processes.

To go further, it is interesting to consider Hawkes processes as Markov process in a
general state space, either using counting processes (Duarte, Aline et al. [11]) or Markov
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theory in the state of cadlag functions (Karabash [25]). Coupling methods (Lindvall [33])
and general Markov theory (Nummelin [37], and Hairer [17]) are natural tools in this
setting.
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