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Abstract

This paper investigates Hawkes processes on the positive real line exhibiting both
self-excitation and inhibition. Each point of this point process impacts its future in-
tensity by the addition of a signed reproduction function. The case of a nonnegative
reproduction function corresponds to self-excitation, and has been widely investigated
in the literature. In particular, there exists a cluster representation of the Hawkes
process which allows to apply results known for Galton-Watson trees. In the present
paper, we establish limit theorems for Hawkes process with signed reproduction func-
tions by using renewal techniques. We notably prove exponential concentration in-
equalities, and thus extend results of Reynaud-Bouret and Roy [24] which were proved
for nonnegative reproduction functions using this cluster representation which is no
longer valid in our case. An important step for this is to establish the existence of ex-
ponential moments for renewal times of M/G/oo queues that appear naturally in our
problem. These results have their own interest, independently of the original problem
for the Hawkes processes.
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1 Introduction and main results

Hawkes processes have been introduced by Hawkes [16], and are now widely used in many
applications, for example: modelling of earthquake occurrences [17, 22], finance [1, 2, 3],
genetics [25], neurosciences [8, 13, 23]. Hawkes processes are random point processes on
the line (see [9, 10, 19] for an introduction) where each atom is associated with a (possibly
signed) reproduction measure generating further atoms or adding repulsion. When the
reproduction measure is nonnegative, Hawkes and Oakes [18] have provided a cluster
representation of the Hawkes processes based on immigration of ancestors, each of which
is at the head of the branching point process of its offspring. Exponential concentration
inequalities for ergodic theorems and tools for statistical applications have been developed,
e.g., by Reynaud-Bouret and Roy [24] in this case by using a coupling d la Berbee [4].

For many applications however, it is important to allow the reproduction measure to be
a signed measure. The positive part of the measure can be interpreted as self-excitation,
and its negative part as self-inhibition. For instance, in neurosciences this can be used to
model the existence of a latency period before the successive activations of a neuron.

A large part of the literature on Hawkes processes for neurosciences uses large systems
approximations by mean-field limits (e.g., [7, 12, 11, 13]) or stabilization properties (e.g.,
[14] using Erlang kernels). Here, we consider a single Hawkes process for which the repro-
duction measure is a signed measure and aim to extend the ergodic theorem and deviation
inequalities obtained in [24] for a nonnegative reproduction measure.

A main issue here is that when inhibition is present then the cluster representation
of [18] is no longer valid. An important tool in our study is a coupling construction of
the Hawkes process with signed reproduction measure and of a Hawkes process with a
positive measure. The former is shown to be a thinning of the latter, for which the cluster
representation is valid.

We then define renewal times for these general Hawkes processes. We introduce an
auxiliary strong Markov process for this purpose. This allows to split the sample paths
into i.i.d. distributed excursions, and use limit theorems for i.i.d. sequences.

In order to obtain concentration inequalities, a main difficulty is to obtain exponential
bounds for the tail distribution of the renewal times. In the case in which the reproduc-
tion function is nonnegative, we associate to the Hawkes process a M /G /oo queue, and
control the length of its excursions using Laplace transform techniques. These results have
independent interest in themselves. We then extend our techniques to Hawkes processes
with signed reproduction functions using the coupling.

1.1 Definitions and notations
Measure-theoretic and topological framework

Throughout this paper, an appropriate filtered probability space (2, F, (F¢)i>0,P) satis-
fying the usual assumptions is given. All processes will be assumed to be adapted.

Let N(R) denote the space of counting measures on the real line R = (—o0, +00)
which are boundedly finite; these are the Borel measures with values in NgU {400} (where
Nyp = {0,1,...}) which are finite on any bounded set. The space N (R) is endowed with
the weak topology o (N (R), Cps(R)) and the corresponding Borel o-field, where Cps denotes
the space of continuous functions with bounded support.



If Nisin N(R) and I C R is an interval then N|; denotes the restriction of N to I.
Then N|; belongs to the space N (I) of boundedly finite counting measures on I. By abuse
of notation, a point process on [ is often identified with its extension which is null outside
of I, and in particular N|; € N (I) with 1; N € N(R). Accordingly, N'(I) is endowed with
the trace topology and o-field.

A random point process on I C R will be considered as a random variable taking values
in the Polish space N (I). We shall also consider random processes with sample paths in
the Skorohod space D(R, N (I)).

All these spaces are Polish, see [9, Prop. A2.5.111, Prop. A2.6.111].

Hawkes processes

In this paper we study a random point process on the real line R = (—oo, +00) specified
by a stochastic evolution on the half-line (0,4+00) and an initial condition given by a
point process on the complementary half-line (—oo,0]. This is much more general than
considering a stationary version of the point process, does not require its existence, and
can be used to prove the latter. The time origin 0 can be interpreted as the start of some
sort of action with regards to the process (e.g., computation of statistical estimators).

In the following definition of a Hawkes process with a signed reproduction measure, the
initial condition N is always assumed to be Fy-measurable and N h|(0,+oo) to be adapted
to (Fi)e>0. We refer to [9, Sect. 7.2] for the definition of the conditional intensity measure
and denote 27 = max(z,0) for x € R.

Definition 1.1. Let A > 0, a signed measurable function h : (0,+00) — R, and a bound-
edly finite point process N° on (—oo,0] with law m be given. The point process N on
R is a Hawkes process on (0,+00) with initial condition N° and reproduction measure
w(dt) = h(t)dt if Nh|(_0070] = NY and the conditional intensity measure of Nh|(07+oo)
w.r.t. (Ft)e>0 is absolutely continuous w.r.t. the Lebesque measure and has density

A"t e (0, 400) = AR (1) = (A+/( h(t — u) Nh(du))+. (1.1)

—0o0,t)

Hawkes processes can be defined for reproduction measures p which are not absolutely
continuous w.r.t. the Lebesgue measure, but we shall consider here this case only. This
avoids in particular the issue of multiplicities of points in N*. Since h is the density of s,
the support of h is naturally defined as the support of the measure u:

supp(h) = supp(p) £ (0, +00) — U a,
G open, |u|(G)=0

where |u|(dt) = |h(t)|dt is the total variation measure of p. We assume w.l.o.g. that
h=nhl ny and define

supp(
L(h) £ sup(supp(h)) = sup{t > 0, |h(t)| > 0} € [0, +o0].

The constant A\ can be considered as the intensity of a Poisson immigration phe-
nomenon on (0,+o00). The function h corresponds to self-excitation and self-repulsion



phenomena: each point of N” increases, or respectively decreases, the conditional inten-
sity measure wherever the appropriately translated function h is positive (self-excitation),
or respectively negative (self-inhibition).

In the sequel, the notation Py, and E, is used to specify that N has distribution m.
In the case where m = §,, some v € N((—o0,0]), we use the notation E, and P,. We often
consider the case when v = (), the null measure for which there is no point on (—o0, 0].

In Definition 1.1, the density A" of the conditional intensity measure of N* depends
on N itself, hence existence and uniqueness results are needed. In Proposition 2.1, under
the further assumptions that ||h*|; < 1 and that

t
vt >0, / Em(/ h+(u—s)N0(dS)) du < +o0,
0 (—00,0]
we prove that the Hawkes processes can be constructed as the solution of the equation

Nh :NO+ : Ix( )SU]I{6<Ah(u)} Q(du,d&),
0,+00) % (0,400 -

A () = (A + /(m) hu — s) Nh(ds)>+, w0, .

where Q) is a (F;)e>0-Poisson point process on (0,+00) x (0,400) with unit intensity,
characterized by the fact that for every ¢, h,a > 0, the random variable Q((¢,t+ h] x (0, a])
is Fy+p-measurable, independent of F;, and Poisson of parameter ha. Such equations
have been introduced and studied by Brémaud et al. [5, 6, 21]. Let us remark that
for a given N, the counting process (NJ');>o with sample paths in D(R,,N) defined by
NP = N"((0,1]) satisfies a pure jump time-inhomogeneous stochastic differential equation
which is equivalent to the formulation (1.2).

If h is a nonnegative function satisfying [|h||1 < 1, then there exists an alternate
existence and uniqueness proof based on a cluster representation involving subcritical
continuous-time Galton-Watson trees, see [18], which we shall describe and use later.

1.2 Main Results

Our goal in this paper is to establish limit theorems for a Hawkes process N” with general
reproduction function h. We aim at studying the limiting behaviour of the process on a
sliding finite time window of length A. We therefore introduce a time-shifted version of
the Hawkes process.

Using classical notations for point processes, for ¢ € R we define

S;: NeNR)— SN & N(-+t) e N(R). (1.3)
Then Sy N is the image measure of N by the shift by ¢ units of time, and if a < b then

StN((a> b]) = N((t +a,t+ b]) )

(1.4)
(StN)(ap) = St(Nltta+s) = Nlgratry) (- +1)

(with abuse of notation between N|(;4q45 and i, .44V, etc.).



The quantities of interest will be of the form

T T
7 [ AN Cagpdt =1 [ SNG40l ag)ae (1.5

in which T > 0 is a finite time horizon, A > 0 a finite window length, and f belongs to the
set Bip(N((—A4,0])) of real Borel functions on N ((—A4, 0]) which are locally bounded, i.e.,
uniformly bounded on {v € N((—A,0]) : v((—A4,0]) < n} for each n > 1. Such quantities
appear commonly in the field of statistical inference of random processes; time is labelled
so that observation has started by time —A.

Using renewal theory, we are able to obtain results without any non-negativity as-
sumption on the reproduction function h. We first establish an ergodic theorem and a
central limit theorem for such quantities. We then generalize the concentration inequal-
ities which were obtained by Reynaud-Bouret and Roy [24] under the assumptions that
h is a subcritical reproduction law.This leads us to make the following hypotheses on the

reproduction function h = hlg,pnm)-

Assumption 1.2. The signed measurable function h : (0,4+00) — R is such that
L(h) < 0, ||h+|\1é/ W) dt < 1.
(0,400)

The distribution m of the initial condition N is such that
Ewn(N°(—L(h),0]) < oco. (1.6)

Under these assumptions, we may and will assume that the window A < oo is such
that A > L(h). Then the quantities (1.5) actually depend only on the restriction N%|_ 4 o
of the initial condition N to (—A,0]. Thus, in the sequel we identify m with its marginal
on N((—A,0]) with abuse of notation. Note that even though (1.6) does not imply that
Ewn(N°((—A4,0])) < oo, our results hold under (1.6) (see Remark 1.7 below).

The following important results for the Hawkes process N are obtained using its re-
generation structure, which will be investigated using a Markov process we now introduce.

In Proposition 3.1 we prove that if A > L(h) then the process (Xt)¢>o defined by

Xe 2 (SN"|ca0) = N goag(-+1)

is a strong Markov process which admits an unique invariant law denoted by 74, see
Theorem 3.5 below.

We introduce 7, the first return time to () (the null point process) for this Markov
process defined by

TEinf{t>0: X,  #0, X, =0} =inf{t > 0: N[t — A,t) #0,N"(t — A,4] =0}. (1.7)

The probability measure w4 on N ((—A,0]) can be classically represented as the intensity
of an occupation measure over an excursion: for any non-negative Borel function f,

a1 T
maf & g B[ AN ca) ). (15)



Note that we may then construct a Markov process X; in equilibrium on R, and
a time-reversed Markov process in equilibrium on R, with identical initial conditions
(drawn according to m4) and independent transitions, and build from these a Markov
process in equilibrium on R. This construction would yield a stationary version of N* on
R.

We now state our main results.

Theorem 1.3 (Ergodic theorems). Let N be a Hawkes process with immigration rate
A > 0, reproduction function h : (0,4+00) — R, and initial condition N° with law m,
satisfying Assumption 1.2. Let A < 0o be such that A > L(h), and wa be the probability
measure on N ((—A,0]) defined by (1.8).

a) If f € By(N((—A4,0])) is nonnegative or m4-integrable, then
1 T S Nh dt Pn—a.s.
T Jy JUSENT) | (—a,0) o raf

b) Convergence to equilibrium for large times holds in the following sense:

total variation
Pen ((SeN™)]j0,400) € ) % Pr s (N"]j0400) € ) -

The following result provides the asymptotics of the fluctuations around the conver-
gence result a), and yields asymptotically exact confidence intervals for it. We define the

2(f) 2 E;()E@(( | SN ag) = 7ah) dt)2). (1.9)

Theorem 1.4 (Central limit theorem). Let N h be a Hawkes process with immigration
rate A > 0, reproduction function h : (0,+00) — R, and initial law m, satisfying Assump-
tion 1.2. Let A < oo be such that A > L(h), the hitting time T be given by (1.7), and
the probability measure w4 on N((—A,0]) be given by (1.8). If f € Bp(N((—A,0])) is
7 a-integrable and satisfies o*(f) < oo then

V(3 [ FUSNDICao)dt = mar) 22 N(0,0%().

T—oo

Now we provide non-asymptotic exponential concentration bounds for Theorem 1.3 a).
The first entrance time at () is defined by

70 £ inf{t>0: N"(t — A,t] = 0}. (1.10)
Recall that 7 = max(z,0) and 2~ = max(—z,0) for z € R, and let set (z)k = (x)*.

Theorem 1.5 (Concentration inequalities). Let N* be a Hawkes process with immigration
rate X > 0, reproduction function h : (0,400) — R, and initial law m, satisfying Assump-
tion 1.2. Let A < oo be such that A > L(h). Consider the hitting time T given by (1.7),
the entrance time 1y given by (1.10), and the probability measure on N ((—A,0]) defined



n (1.8). Consider f € By(N((—A,0])) taking its values in a bounded interval [a,b], and
define a%(f) as in (1.9) and

+ A EEQ((IOT( (StNh)‘( ,0)—7TAf)dt) ))12
c (f)_?;g;(k' T)J( ) ,
+ A su 2 E@( T —]E@
c{r) _k>g(k" Vary (T

2 2 B ((r0 — E (To))k) =
C+(TO) ?;g(k' Vary (o) : ) '

Then, for all e > 0 and T sufficiently large

1
B 7 <)
<o < (T = VT)e = |b—alEy(r)? )
8To2(f +4c+(f)((T— VT)e — |b— a|Ey(7))
( — VT)e — |b— a|Ey(7))? >
8T —|—4c ()T — VT)e — |b— alEy(T))
((T = VT)e — |b— a|Eg(7))*
8T - 2““% Dy dlb — alet (7)((T — VT)e — |b— a|Ey(7))

T
/0 FUSIND) Cag) = 7af

+ exp

((T VT)e — |b — alEy(7))?

+ ex
’ 8T!b—a!2var” +4b—ale (7 )((T—\/T)e—!b—a!ﬂ‘l@(f)))

_ (VTe — 2|b — a|En(70))?
e < 8lb — af? Varm(o) + 4Jb — ale* (r0) (vVTe — 2|b — aIEm(TO))> - (L1

If N](_Ap] = () then the last term of the r.h.s. is null and the upper bound is true with T
instead of T — VT in the other terms.

This concentration inequality can be simplified, using upper bounds for the constants
ct(f) and ¢* (7). In the following corollary, we use explicitly the fact that the hitting time
7 admits an exponential moment (see Proposition 3.4).

Corollary 1.6. Under assumptions and notation of Theorem 1.5, there exists a > 0 such
that Eg(e®™) < oco. We set

2(b—a)?

T
_ E aty aEg (1) A |
v = 5 {E@( >J 0(e“T)e , and c=

Then for alle >0

(|5 [ SN a) = maf

o (re-p- alEq(r))’
4(2v+c(Te — |b—alEy(7))) |’

> 6) < 4exp



or equivalently for all 1 >n >0

P@(‘;/OTf((StNh)\(_A’Q])dt —7af| > 677> <, (1.12)

where

1
=7 <|b — a|Ey(7) — 2clog (g) - \/402 log? (g) — 8vlog (Z)) :

Remark 1.7. All these results hold under (1.6) even if En(N°((—A4,0])) = +oc. Indeed,

1 (T 5 1 [A-L(h) A
7 [ Tl can)d =5 [T RN Dl ag)at
1 rT

+ = NP+ ag)dt.
T AiL(h)f( (- +8)l-a0)

The first r.h.s. term converges Pm-a.s. to zero, even when multiplied by V/T. For the
second r.h.s. term, we can apply the Markov property at time A — L(h) (which will be
justified when proving that (S,Nh)|(_A7O] is a Markov process) and show that

E(SAfL(h)Nh)I(fA,O] (NO<(—A, 0])) < +00.

2 Hawkes processes

In this Section, we first give a constructive proof of Eq. (1.2), which yields a coupling
between N and N"" satisfying N* < N "™ The renewal times on which are based the
proofs of our main results are the instants at which the intensity A” has returned and
then stayed at A for a duration long enough to be sure that the dependence on the past
has vanished, in order to be able to write the process in terms of i.i.d. excursions. The
coupling will allow us to control the renewal times for N by the renewal times for N Kt
When dealing with A™, we use the well-known cluster representation for a Hawkes
process with nonnegative reproduction function. This representation allows us to inter-
pret the renewal times as times at which an M/G/oco queue is empty, and we use this
interpretation in order to obtain tail estimates for the interval between these times.

2.1 Solving the equation for the Hawkes process

In this paragraph, we give an algorithmic proof of the existence and uniqueness of strong
solutions of Equation (1.2). This algorithmic proof can be used for simulations, which are
shown in Fig. 2.1.

Proposition 2.1. Let Q be a (F;)i>0-Poisson point process on (0,+00) x (0,400) with
unit intensity. Consider Equation (1.2), i.e.,

Nh:NO+/ 5u]l{9<Ah(u)} Q(du,d@),
(0,400) x(0,400) -
+
AP () = ()\ +/ hu—s) Nh(ds)> , ws0,
(—OO,’U,)

8



in which h : (0,4+00) = R is a signed measurable reproduction function, X > 0 an immi-
gration rate, and N° an initial condition in N'((—o0,0]) and law m. Consider the similar
equation for N " i which b is replaced by h™. Assume that

1A <1 (2.1)
and that the distribution m of the initial condition N° satisfies
t
Vvt >0, / Em(/ Wt (u—s) N°(ds)) du < +oo. (2.2)
0 (—00,0]
a) Then there exists a pathwise unique strong solution N" of Equation (1.2), and this
solution is a Hawkes process in the sense of Definition 1.1.

b) The same holds for N*" | and moreover N* < N'" a.s. (in the sense of measures).

Remark 2.2. In order to prove the strong existence and pathwise uniqueness of the solu-
tion of Eq. (1.2), we propose a proof based on an algorithmic construction similar to the
Poisson embedding of [5], also referred in [10] as thinning. A similar result is also proved
in these references using Picard iteration techniques, with Assumption (2.2) replaced by
the stronger hypothesis that there exists Dy > 0 such that

V>0, Em(/(_oo e - s)yND(ds)> < Du. (2.3)

When h is nonnegative, the result can be deduced from the cluster representation of the
self-exciting Hawkes process, since N"([0,t]) is upper bounded by the sum of the sizes of a
Poisson number of sub-critical Galton-Watson trees, see [18, 24].

Remark 2.3. Proposition 2.1 does not require that L(h) be finite. When L(h) < oo then
the assumption (2.2) can be rewritten as

L(h)
/ Em</ W (u— s) No(ds)> du < +00. (2.4)
0 (—L()0

A sufficient condition for (2.4) to hold is that En(N°(—L(h),0]) < 4o0. Indeed, using
the Fubini- Tonelli theorem, the Lh.s. of (2.4) can be bounded by ||h™||1 En(N°(—L(R),0]).
Therefore, the results of Proposition 2.1 hold under Assumptions 1.2.

Before proving Proposition 2.1, we start with a lemma showing that Assumption (2.2)
implies a milder condition which will be used repeatedly in the proof of the proposition.

Lemma 2.4. Suppose that Assumption (2.2) is satisfied. Then for any nonnegative ran-
dom variable U and r > 0,

U+r
]P’m(/ / W (t — 5) NO(ds) dt < +00, U < —i—oo) — Pu(U < +00).
U (—00,0]
Proof. First note that, for every integer n,

/ / W (t — 5) NO(ds)dt < +o00, P — as.,
0 J(—00,0]

9



using condition (2.2) and the Fubini-Tonelli theorem. This leads easily to

(Vn>0 / / t—sNO(ds)dt<+oo>:1,
00,0]

and, for a positive real number r, to

u+r
Pm(VUZO, / / ht(t — s) N%(ds)dt < +oo> =1,
u (—00,0]
which gives the announced result. O

Proof of Proposition 2.1. Proofs of both a) and b) will be obtained by induction on the
successive atoms of N

Proof of a): initialization. Let

ARt) = </\+/ Ooo]h(t—s)NO(ds))+, t>0, (2.5)

Uy 1nf{u >0: / / Q(dv,db) > 0} , (2.6)
0,u] J(0,A2 (v

with the usual convention that inf () = 4+oco. First note that conditionally on N?,
Q({(v,0) € (0,¢] x (0,+00) : 6 < AG(v)})

follows a Poisson law with parameter [ Al(t)dt. Using Assumption (2.2) and Lemma 2.4,
we can find g9 > 0 such that [§° [ o h*(t—s) NO(ds)dt < +o0o. We thus have, Py-a.s.,

/OEO Ag(t)dt = /080 ()\ + /(0070} h(t—s) No(d5)>+dt

€0
< \eo +/ / Rt (t — s) NO(ds)dt < +oo.
0 00,0

Consequently, Q({(v,0) € (0,e0] x (0,+00) : < Al(v)}) is finite Py-a.s. If it is null
then Ulh = 400 and N* = NO. Else, Ulh is the first atom on (0, +00) of the point process
of conditional intensity AZ. Since Al (t) = A"(t) for t € (0,U}], thus U} is also the first
atom of N* on (0, +00).

On {U} = +o0}, we define U = +o0 for all k > 2.

Proof of a): recursion. Assume that we have built U{‘, U ,? such that on the event
{U,? < +oo} these are the first k& atoms of N" in increasing order. We are going to
construct U ,? ' 1, which will be when finite an atom of N h greater than U, ,?

On {U}! = +o0} we set U}, = +oo. Henceforth, we work on {U}! < +o0}. Let

+
AR(t) = (A+/ h(t — s) N°(ds) + h(t — s) Nh(ds)> ., t>0, (2.7
(—00,0]

(0,U}]
up :’nf{ >Uh:/ / dv, dd >0}.
k1 = nteu k Wt a1 Jonr Q(dv, df)

10



As in Step 1, we first prove that there exists € > 0 such that Q(R.) is a.s. finite, where
Re={(v,0) :v e (UU!+¢], 0 € (0,Alv)]}.

Since the random function AZ is measurable with respect to ]:Uz?’ conditionally on }—Ux?’

h
Q(R.) follows a Poisson law with parameter fg,f i Al(t)dt (see Lemma A.3) so that
k

U£+a
P(Q(R.) < +00) = E(P(Q(R.) < +00| Fyn)) = E (]P’ (/Uh Al(t)dt < +00 ‘ ng» .

Using the fact that z < z* and the monoticity of z — z™, we obtain from (2.7) that

U£+£ U£+£
/ AR(t)dt < Xe + / Rt (t — s) NO(ds)dt
up up (—00,0]
U£+6
+ / Wt — s) N (ds)d .
up (0,UN]

On {U}! < +oc} the second term in the r.h.s. is finite thanks to Assumption (2.2) and
Lemma 2.4. It is thus also finite, a.s., on {U}' < 400}, conditionally on }—UI?' Now, using

the Fubini-Tonelli Theorem and Assumption (2.1), we obtain that

U£+s U£+6
/ W (t — ) N™(ds)dt = / ( / W (e — s)dt) N (ds)
uh (0,U] oup\Jup

< (IR [l N (0, UR]) = KlIh* |1 < +oo.

h

This concludes the proof of the finiteness of féjg e Al(t)dt, so that Q(R.) < +00, Py-a.s.

If Q(R.) is null then U}", ;| = 400 and thus N" = NO+3k  6pn. Else, U, is actually
a minimum, implying that U,f} < Ul?—&-l and, since A" and AZ coincide on (0, U,?H), that
U,y is the (k4 1)-th atom of N".

We have finally proved by induction the existence of a random nondecreasing sequence
(U;?)kzl, which is either stationary equal to infinity, or strictly increasing. On this last
event, the U, ,? are exactly the atoms of the random point process N on (0, 400).

To complete the proof, it is enough to prove that limg_, 4 U,? = 400, Py-a.s. For
this, we compute Ey(N"(0,1)) for t > 0. For all k > 1,

En(N"(0,¢ AUL)) = IEm( /0 ok Ah(u)du)

= Em(/OMUg (/\ + /(—oo,u) h(u —s) Nh(ds))Jr du)
<M+ Em< /0 t /( ) No(ds)du>

tAU
+Em</ / h+(u—s)Nh(ds)du).
0 (0,u)
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Using the nonnegativity of A and Assumption (2.2),

]Em</0t /(_0070] ht(u— s) No(ds)du) < /Ot Em</(_0070] ht(u— s) No(ds))du < 4o00.

For the last term, we use again the Fubini-Tonelli theorem and obtain

tAUP tAUP
Em</ / ht(u— s) N(ds) du) = Em(/ / Rt (u— s)du Nh(ds))
0 (0,u) (0,tAU) Js

< 1ty B (N 0.0 U] ).
These three inequalities and the fact that ||h™||; < 1, see Assumption (2.1), yield that

t

0 < En(N"0,t AU < 1||1h+H ()\t + /0 Em(/( ht(u — s) No(ds)>du> (2.8)
- 1

where the upper bound is finite and independent of k.

As a consequence, we necessarily have that limg_, o U, ,? = +00, a.s. Otherwise, there
would exist 7' > 0 and Qg such that P(Qp) > 0 and limg_, U,? < T on €g. But this
would entail that Eq(N"(0, T AU)) > (k — 1)Py () which converges to +oco with k and
cannot be upper bounded by (2.8).

Note additionally that once we know that limg_, 1 U, ,f} = +00, a.s., we can use the Beppo-
Levi theorem, which leads to Ey (N"(0,t)) < +oc for all ¢ > 0.
Note that uniqueness comes from the algorithmic construction of the sequence (Ul)g>1.

_0070}

Proof of b). The assumptions of the theorem are valid both for h and for h*, and the
result a) which we have just proved allows to construct strong solutions N and N W oof
Eq. (1.2) driven by the same Poisson point process ). Proving b) is equivalent to showing
that the atoms of N” are also atoms of N, which we do using the following recursion.

If U = 400 then N* as no atom on (0, +-00) and there is nothing to prove.

Else, we first show that the first atom U of N" is also an atom of N W The key point
is to establish that

vt e (0,UM), AMt) < AV (). (2.9)

Indeed, from the definition of U{z, there exists an atom of the Poisson measure () at some
(U, 0) with @ < AR((U])-). If (2.9) is true we may deduce that (U7, ) is also an atom
of Q satisfying # < A" ((U})_), and thus that U} is also an atom of N"".

We now turn to the proof of (2.9). For every t € (0,U}'), we clearly have

AR () = AR(t) & (/\ + /( h(t — s) No(ds))+,

—00,0]

we use the fact that z — z7 is nondecreasing on R to obtain that

AR () < A+ / (= s) NP (ds) 2 AP ().
(—o0)

We now prove that if U, .. ., U,? are atoms of N*" and U,?H < 400 then U,?_H is also an
atom of N"". By construction, A"(t) = A(t) for all t € (0,U}, ), and there exists 6 > 0

12



such that (U,,0) is an atom of Q satisfying § < A"((U}",,)-). To obtain that U}", | is
also an atom of IV h+, it is thus enough to prove that

vt [UF, UL, AM(E) < A" ().

Using that h < h™ and the induction hypothesis that the first k& atoms Ulh, LU ,? of N*
are also atoms of N"" | we obtain for all ¢ € (UL, Uk, ) that

/ h@—s)NW%)g/‘ Wt —s) N (ds) < [ BH(t—s) N"(ds).
(0,U}] (0,UN] (0,t)

This upper bound and the definition (2.7) of A} yield that, for all t € (U}, U}",,),
A(t) < AT (1),

and since Az and A" coincide on (0, U,? '+1), we have finally proved that U, ,? '\, is an atom
of N*". This concludes the proof of the proposition. O

Figure 2.1: (a) Hawkes process with a positive reproduction function h. (b) Hawkes process with
a general reproduction function h. The dots in the plane represent the atoms of the Poisson point
process Q) used for the construction. The atoms of the Hawkes processes are the green dots on the
abscissa axis. The bold red curve corresponds to the intensity A" and the colored curves represent
the partial cumulative contributions of the successive atoms of the Hawkes process. In (b), the
bold blue curve corresponds to the intensity of the dominating Hawkes process with reproduction
function h.

2.2 The cluster representation for nonnegative reproduction functions

In this subsection, we consider the case in which the reproduction function h is nonnega-
tive. The intensity process of a corresponding Hawkes process can be written, for ¢ > 0,

ht) = —u) NM(du) .
A(Q_A+14@mh@ ) NP (du)
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The first term can be interpreted as an immigration rate of ancestors. Let (Vj)r>1 be
the corresponding sequence of arrival times, forming a Poisson process of intensity A.

The second term is the sum of all the contributions of the atoms of N before time ¢
and can be seen as self-excitation. If U is an atom of N", it contributes to the intensity
by the addition of the function ¢ + h(t — U), hence generating new points regarded as
its descendants or offspring. Each individual has a lifelength L(h) = sup(supp(h)), the
number of its descendants follows a Poisson distribution with mean ||k||;, and the ages at
which it gives birth to them have density h/||h||1, all this independently. This induces a
Galton-Watson process in continuous time, see [18, 24|, and Fig. 2.2.

To each ancestor arrival time V; we can associate a cluster of times, composed of the
times of birth of its descendents. The condition ||h||; < 1 is a necessary and sufficient
condition for the corresponding Galton-Watson process to be sub-critical, which implies
that the cluster sizes are finite almost surely. More precisely, if we define Hy by saying
that Vi + Hj, is the largest time of the cluster associated with Vj, then the (Hy)g>1 are
i.i.d random variables independent from the sequence (Vj)g>1.

Reynaud-Bouret and Roy [24] proved the following tail estimate for Hj.

Proposition 2.5 ([24, Prop. 1.2]). Under Assumption 1.2, we have

Vo >0, P(H: > ) <exp(—7(lhll —log|lhfi = 1) + 1= [|h]1) . (2.10)

o

L(h)

If we define

& |IAlly = log(l[2[l1) — 1
L(h)

then P(H; > z) < exp(1 — ||h||1) exp(—yz), and 7 is an upper bound of the rate of decay

of the Galton-Watson cluster length.

v (2.11)

Generatiors

Figure 2.2: Cluster representation of a Hawkes process with positive reproduction function. The
abscissa of the dots give its atoms. Offspring are colored according to their ancestor, and their
ordinates correspond to their generation in this age-structured Galton- Watson tree.

When h is nonnegative, it is possible to associate to the Hawkes process a M /G /oo
queue. For A > L(h), we consider that the arrival times of ancestors (Vj)x>1 correspond
to the arrival of customers in the queue and associate to the k-th customer a service time
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ﬁ[k(A) £ H;, + A. We assume that the queue is empty at time 0, and then the number Y;
of customers in the queue at time ¢t > 0 is given by

Yi= > Lt oyt (2.12)
k:Vi <t

Let To = 0, and the successive hitting times of 0 by the process (Y;):>0 be given by
Vk>1, Tp=inf{t>Ti1, Yo #0, Y; =0} (2.13)

The time interval [V1, T;1) is called the first busy period, and is the first time interval during
which the queue is never empty. Note that the 7T are times at which the conditional
intensity of the underlying Hawkes process has returned to A and there is no remaining
influence of its previous atoms, since Hy(A) £ Hy, + A > Hy, + L(h).

Thus the Hawkes process after 7 has the same law as the Hawkes process with initial
condition the null point process () € N'((—A4,0]), translated by 7. This allows us to split
the random measure N into i.i.d. parts. We will prove all this in the next section.

We end this part by giving tail estimates for the T, which depend on A\ and on ~y given
in (2.11) which respectively control the exponential decays of P(V; > x) and P(H; > ).

Proposition 2.6. In this situation, for all x > 0, if X < ~, then P(T; > x) = O(e™%),
and if y < X, for any a < v then P(T; > z) = O(e~°%). Notably, if & < min(},v), E(e®T1)
is finite.

Proof of Proposition 2.6. The proof follows from Proposition 2.5, from which we deduce
that the service time H; = Hy + A satisfies:

P(H; > z) =P(H; >z — A) < exp(—(x — A)y+ 1 — ||h]1) = O(™7®). (2.14)
We then conclude by applying Theorem A.1 to the queue (Y;);>0 defined by (2.12). O

Theorem A.1 in Appendix establishes the decay rates for the tail distributions of 73
and of the length of the busy period [V1,71). It has an interest in itself, independently of
the results for Hawkes processes considered here.

3 An auxiliary Markov Process

When the reproduction function h has a bounded support, N h|(t,+oo) depends on N h\(,oo’t]
only through Nh|(t_L(h)7t]. The process t — Nh|(t_L(h)7t] will then be seen to be Markovian,

which yields regenerative properties for N*. It is the purpose of this section to formalize
that idea by introducing an auxiliary Markov process.

3.1 Definition of a strong Markov process

We suppose that Assumption 1.2 holds and consider the Hawkes process N" solution of the
corresponding Equation (1.2) constructed in Proposition 2.1. We recall that L(h) < oo.
Then, for any ¢t > 0 and u € (—oo, —L(h)], h(t — u) = 0, and thus

AP(E) = </\ + /( e Nh(ozu))+ _ ()\ + /( IR0 Nh(du)>+. (3.1)
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In particular NV h|(07+oo) depends only on the restriction N O|(_ L(h),0) of the initial condition.

Recall that the shift operator S; is defined in (1.3) and (1.4). Note that if ¢,s > 0
then Ss1 N = S;S,N" = S,S;N". Let A < oo be such that A > L(h). Consider the
(F¢)-adapted process X = (X;)¢>0 defined by

X = (StNh)|(—A,0] = Nh|(t—A,t](‘ +1)), (3.2)

ie.,
X B((—A,O]) — R+
B = Xi(B) = N"_a(B +1),

The measure X; is the point process N in the time window (t — A, t], shifted back to
(—A,0]. This is a function of Nh|(_A7+OO). Using Equation (3.1) and the remark below
it, we see that the law of N h](_ A,+00) depends on the initial condition N U only through
N°|(_ 4,0 Therefore, with abuse of notation, when dealing with the process (X;);>0 we
shall use the notations Py and Ey even when m is a law on N((—A4,0]), and P, and E,
even when v is an element of N'((—A4,0]).

Note that X depends on A, and that we omit this in the notation.

Proposition 3.1. Under Assumption 1.2. Let A < oo be such that A > L(h). Then
(Xt)t>0 defined in (3.2) is a strong (Fi)e>o0-Markov process with initial condition Xo =
NOI(_Ayo] and sample paths in the Skorohod space D(R4, N ((—A,0])).

Proof. This follows from the fact that N" is the unique solution of Eq. (1.2). Indeed, let
T be a stopping time. On {T" < oo}, by definition

Xrt = (SN a0 = (S:STN")|(— a9 -
Using that N satisfies Eq. (1.2) driven by the process Q, we have
SrN" = Sr(N"|(—oo17) + ST(N"| (7, 400))

:(STNhH(,oo,O}—'_ (T +00)x (01 )5U,T]1{9§Ah(u)}Q(du,d0)

— (SrN")| o0y + |

(0,-+00) x (0,4-00) Sl Fngyy STQ(dv,db),

where S7@Q is the (randomly) shifted process with bivariate cumulative distribution func-
tion given by

STQ((0,1] x (0,a]) = Q((T,T +1t] x (0,a]),  t,a>0, (3.3)
and where for v > 0,

(o) = A+ T) = (A + /(_OO RO $)5rNt(ds)

This shows that Sp N satisfies Eq. (1.2) driven by S7@Q with initial condition (S7N")| (—o00,0]"
Since A > L(h), moreover SpN"|( o) actually depends only on (S N™)|(_ 40 £ X7.
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Let us now condition on {T" < oo} and on Fr. Since Q is a (F)i>0-Poisson point
process with unit intensity, STQ is a (Frt)¢>0-Poisson point process with unit intensity,
see Lemma A.3 for this classic fact. In particular it is independent of the Fpr-measurable
random variable Xp. Additionally, Xt satisfies Assumption (2.2), which becomes in this
case: for all r >0

/ / W (u— 8)(SpN™Y(ds) du < 400 Paeacs.
0 J(=A0]
We have indeed that:

/ / gt (= (SN (ds)du
/ / ALTT] WH(T +u — s)N"(ds) du
/ / A+TT — s)N"(ds) dv
/ / N d“/m /OT] (v — 5)N"(ds) dov

T+r
/ / Wt (v — s)N(ds) dv + |[F|LN"(0, T]
< 400 Pm—a.s.,

since the distribution m of N© satisfies (2.2), and since we have shown at the end of the
proof of Proposition 2.1 that Ey(N"(0,t]) < +oo for all ¢ > 0.

Thus the assumptions of Proposition 2.1 are satisfied, which yields that (X71¢)¢>0 is
the pathwise unique, and hence weakly unique, strong solution of Eq. (1.2) started at X
and driven by the (Fr.t)¢>0-Poisson point process Sr@. Hence, it is a process started at
X7 which is a (Frit)e>0-Markov process with same transition semi-group as (X;)¢>o. If
we wish to be more specific, for every bounded Borel function F' on D(R, N ((—A4,0]))
we set

IIF () £ Ex(F((X¢)120))
and note that existence and uniqueness in law for (1.2) yield that

Em(F«Xt)tZO) ‘T < 00, .FT) = HF(XT> .

This is the strong Markov property we were set to prove. O

3.2 Renewal of X at ()

Using (X¢)i>0 and Proposition 3.1, we obtain that if 7" is a stopping time such that
Nh|(T,A’T] = (), then Nh](T7+oo) is independent of Nh](,oo’ﬂ and behaves as N started
from () and translated by T'. Such renewal times lead to an interesting decomposition of
N’ enlightening its dependence structure.
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The successive hitting times of § € N((—A4,0]) for the Markov process X are such
renewal times. This subsection is devoted to the study of their properties. Recall that we
have introduced in (1.7) the first hitting time of ) € N'((—A,0]) for X, given by

TEIf{t>0: X, #0, X, =0} =inf{t > 0: N"[t — A,t) #0,N"(t — A, ] = 0}.

It depends on A, but this is omitted in the notation. It is natural to study whether 7 is
finite or not. When the reproduction function h is nonnegative, we introduce the queue
(Y2)t>0 defined by (2.12), and its return time to zero 7; defined in (2.13). The following
result will yield the finiteness of 7.

Lemma 3.2. Under Assumption 1.2. Let A < 0o be such that A > L(h). Let T and Ty be
defined in (1.7) and (2.13). If h is nonnegative then Py(T = T1) = 1.

Proof. We use the notations defined in Subsection 2.2. To begin with, we remark that
7 > V. First, let us consider ¢ such that V; < ¢t < 7;. By definition, there exists ¢ > 1,
such that

V, <t <Vi+ Hi(A)=V;+ H; + A.

Since the interval [V;, V; + H;| corresponds to the cluster of descendants of V;, there exists
a sequence of points of N® in [V}, V; + H;] which are distant by less than L(h) and thus
less than A. Therefore, if t € [V, V; + H;], then N"(t — A,¢] > 0

If t € [V; + H;,V; + H; + A], then N"(t — A,t] > 0 as well since V; + H; € N" (it is
the last birth time in the Galton-Watson tree steming from V;, by definition of H;). Since
this reasoning holds for any ¢ < 77, thus 7 > 73.

Conversely, for any ¢ € [Vi,7), by definition of 7 necessarily N"(t — A,t] > 0. Thus
there exists an atom of N" in (t — A,t], and from the cluster representation, there exists
i > 1 such that this atom belongs to the cluster of V;, hence to [V;,V; + H;]. We easily
deduce that

Vi<t<Vi+H,+A

and thus Y; > 1, for all ¢ € [V, 7). This proves that 7 < 77 and concludes the proof. [

To extend the result of finiteness of 7 when no assumption is made on the sign of h,
we use the coupling between N and N W stated in Proposition 2.1, b).

Proposition 3.3. Under Assumptions 1.2. Let A < oo be such that A > L(h). Let T be
defined in (1.7), and 7 be defined similarly with h™ instead of h. Then

Pu(r <7h)=1.

Proof. We use the coupling (N", Nh+) of Proposition 2.1, b), which satisfies N* < N*" . If
T = 400, since the immigration rate \ is positive, for any ¢ > 0 necessarily N*(t—A,t] > 0
and thus N"" (t — A, t] > 0, which implies that 71 = +oc0 also, a.s.

Now, it is enough to prove that 7 < 7 when both times are finite. In this case, since
N"" is locally finite a.s., 7+ — A is an atom of N*" such that N*"(7+ — A, 7] = 0. This
implies that N*(7+ — A, 77] = 0. If 7+ — A is also an atom of N”, then 7 < 77.

Else, first prove that N*(—A,7T — A) > 0. The result is obviously true if N # 0.
When NY = (), the first atoms of N* and N W coincide because Al = Ah+, where these
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functions are defined in (2.5). This first atom is necessarily before 7+ — A, and hence
Nh(—A, 7% — A) > 0. The last atom U of N" before 7+ — A is thus well defined, and
necessarily satisfies N*(U,U + A] = 0 and N"[U, U+ A) # 0sothat T < U+ A < 7F. We
have thus proved that 7 < 71, Py-a.s. O

We now prove that the regeneration time 7 admits an exponential moment which
ensures that it is finite almost surely. The results will rely on the coupling between N”
and N*" and on the results obtained in Section 2.2. We define

+ o 1PN —Tog(IA* ) — 1
v L(h™)

Proposition 3.4. Under Assumption 1.2. Let A < 0o be such that A > L(h), and assume
that En(NY(—A4,0]) < +oo. Then 7 given by (1.7) satisfies

Va <min(\,9"), En(e*) < 4.
In particular T is finite, Pyn-a.s., and Ey(7) < +00.

Proof. Using Proposition 3.3, it is sufficient to prove this for 7. When m is the Dirac
measure at (), the result is a direct consequence of Lemma 3.2 and Proposition 2.6. We
now turn to the case when m is different from Jy. The proof is separated in several steps.

Step 1: Analysis of the problem. To control 71, we distinguish the points of N"*
coming from the initial condition from the points coming from ancestors arrived after zero.
We thus introduce K = N%((—A, 0]), the number of atoms of N°, (V.?);<;<k, these atoms,
and (H?(A))1<i<k the durations such that V.0 + H?(A) — A is the time of birth of the last
descendant of V2. Note that V¥ has no offspring before time 0, so that the reproduction
function of V is a truncation of h. We finally define the time when the influence of the
past before 0 has vanished, given by

0, 770
E= max (V" + H;(A)),
with the convention that E = 0 if K = 0. If K > 0, since V € (—A,0] and H’(A) > A,
we have E > 0. Note that 77 > E.
We now consider the sequence (V;);>1 of ancestors arriving after time 0 at rate \. We
recall that they can be viewed as the arrival of customers in a M/G /oo queue with time
service of law that of H 1(A). In our case, the queue may not be empty at time 0, when
E > 0. In that case, the queue returns to 0 when all the customers arrived before time 0
have left the system (which is the case at time E) and when all the busy periods containing

the customers arrived at time between 0 and E are over. The first hitting time of 0 for
the queue is thus equal to

T+:{ E if Yg=0, (3.4)

inf{t >F:Y,=0} if Yg>0,

where Y; is given in (2.12) by Y; = 37 o<y, <t ]l{vk+ﬁk(A)>t}‘
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Step 2: Exponential moments of E. In (3.4), E depends only on N° and (Y;)>0
only on the arrivals and service times of customers entering the queue after time 0. A
natural idea is then to condition with respect to E, and for this it is important to gather
estimates on the moments of E. Since V! < 0, we have that

0<FE < max IEIlO(A)
1<i<K
The truncation mentioned in Step 1 implies that the fIP (A) are stochastically dominated

by independent random variables distributed as Hy, which we denote by H?(A). Thus for
t > 0, using (2.14),

Pu(E > t) < Puf max HY(A) > t)

=1 En((1 - P(Hi(4) > 1))")
<1 —En((1—Ce 7 HE),
Thus there exists g > 0 such that for any ¢ > tg,
Pu(E > t) < CEn(N(—A4,0])e 7" (3.5)
As a corollary, we have for any 8 € (0,7") that
En(e’F) < 400. (3.6)

Step 3: Estimate of the tail distribution of 7. For ¢t > 0, we have
Pa(tT >t) =Pu(tT >t, E> )+ Pu(r >t, E<)
<Pu(E > t) + En(lipey Pu(r" > t| E)).

The first term is controlled by (3.5). For the second term, we use Proposition A.2 which
is a consequence of Theorem A.1. For this, let us introduce a constant x such that K < 4T
if y* < Xand k = X if A <~*. We have:

En(Lpey P(r" > t|E)) < En(lipey ACEe ™) = A\Ce By (I 5y BeP).

Since k < 47T, it is always possible to choose 8 € (k,7") such that (3.6) holds, which
entails that Em(]l{ <ty & el ) can be bounded by a finite constant independent of ¢.
Gathering all the results,

Po(77 > 1) < CEq(N(=A,0])e™ 7 4 ACe ™ = O(e™").
This yields that Em(ea7+) < +o0 for any a < k, i.e. a < min(\,y7T). O

Theorem 3.5. Under Assumptions 1.2. The strong Markov process X = (X;)i>0 defined
by (3.2) admits a unique invariant law, 74, defined on N((—A,0]) by (1.8): for every
Borel nonnegative function f,

maf = g [ S ar).

Moreover, ma{0} = 1/(ANEy(7)) and thus the null measure () is a positive recurrent state
in the classical sense for X.
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Proof. We recall the classic proof. Let (Ps)s>0 denote the semi-group of X and f be a
Borel nonnegative function. Then

1 T 1 0
Ta Py :IE</P5 th)z/ Eg(l~nPsf(Xy)) dt.
A f E@(T) 0 0 f( t) E@(T) 0 @( {r>t} f( t))
Using the Markov property at time ¢ and since {7 > t} € F;,

Eo(Lrsiy Psf(Xe) = Bg(LroyBo (f (Xets) | Ft)) = Eg (Lo f(Xits))
and thus

TAPsf = Eol(r) /OOO Eg(Lroiy f(Xeys)) dt = E@l(T)E@ (/OTf(XHs) dt) :

Using the strong Markov property at time 7,

ma [ s ae) = mo( [ scx an)

E, </STf(Xt)dt> +Ey </TT+sf(Xt)dt)
E, (/STf(Xt)dQ +Ey (/Osf(Xt)dt>
_ EQ)(/OTf(Xt)dt).

Thus maPsf = maf. We conclude that 74 is an invariant law for (Ps)s>0.
The proof of its uniqueness is an immediate consequence of Theorem 1.3 b), which will
be proved later. Indeed, for any invariant law w of X it holds that

m=Pr(X; € ") ._.Mtalti@j:“o“ P, (Xo € -) = ma.

From the definition of 74, we obtain that

ma{0} = E;(T)E@(/OT gy (X2) dt) -

Under Py, an excursion (X;)e (-] proceeds as follows. First, X; = ) for ¢ € (0, Ul with
Ul the first atom of N" defined in (2.6). Under Py, U} follows an exponential distribution
with expectation 1/\. Then, X; # () for ¢t € [U}',7) by definition of 7. We deduce from
this that b
WA{(D} — E@(Ul) — 1 )

Ey(m)  AEy(7)
This concludes the proof. ]

The strong Markov property of X yields a sequence of regeneration times (7x)k>o0,
which are the successive visits of X to the null measure ), defined as follows (the time 7
has already been introduced in (1.10)):

70 = inf{t > 0: X; =0} (First entrance time of ()
Te=inf{t >7_1: Xem 0, Xe =0}, k>1. (Successive return times at ()

They provide a useful decomposition of the path of X in i.i.d. excursions:
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Theorem 3.6. Let N be a Hawkes process satisfying Assumption 1.2, and A > L(h).
Consider the Markov process X defined in (3.2). Under Py the following holds:

a) The 1y for k > 0 are finite stopping times, a.s.
b) The delay (Xt)iec[o,7y) i independent of the cycles (Xr,_,+t)tefo,r—ry_,) for k> 1.

c¢) These cycles are i.i.d. and distributed as (Xt)ic[o,7) under Py. In particular their dura-
tions (T, — Tp—1)k>1 are distributed as T under Py, so that limy_, o 7 = +00, Py-a.s.

Proof. The above items follow classically from the strong Markov property of X. Let us
first prove the finiteness of the return times 7. For any m, from the definition of 7y and
7, we have that 79 < 7, Pp-a.s. Then, Py(79 < +00) = 1 follows from Proposition 3.4 (i).
For k£ > 1, using the strong Markov property of X, we have for any m:

Pm(Tk < +OO) = Em(]l{rk,1<+oo} PX‘FIC71 (7’ < +OO))

= Em(ﬂ{7k71<+oo} P@(T < +OO))

Let us now prove a) and b). It is sufficient to consider (Xi)ic(0,79)s (Xro+t)ic(0,r1—70)
and (X7, +t)tc[0,r,—r)- Let Fo, F1, and Fy be three measurable bounded real functions on
D(Ry, N (—A,0]). Then, using the strong Markov property successively at 71 and 7y, we
obtain:

En (FO((Xt)tE[O,To)) B (Xrott)ee[o,m—mo)) Fz((Xn+t)te[o,727n)))

=En (FO((Xt)te[O,To))> Ey (Fl ((Xt)te[O,T))> Ey (FQ((Xt)te[O,r)))'

This concludes the proof. O

4 Proof of the main results

We translate the statements of the main results in terms of the Markov process X. Let
T > 0 be fixed, and define

Kr2max{k>0:7,<T}, (4.1)

which goes to infinity with 7" since the sequence (74)r>0 increases to infinity. For a locally
bounded Borel function f on N ((—A,0]) we define the random variables

kaé/Tk F(X)dt, k>1, (4.2)

which are finite a.s., i.i.d., and of the same law as [ f(X;)dt under Py, see Theorem 3.6.
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Proof of Theorem 1.3 a)
Assume first that f > 0. Then, with the notation (4.1) and (4.2),

1 & 1 /T 1 [ 1 Kt
— I S—/ X, dtﬁ—/ Xy dt + — I f.
KT]; kf el f(Xe) % Jo f(Xe) e 1;1 kS

Since f is locally bounded, [;° f(X;)dt is finite, Pp-a.s., thus

1 0

The strong law of large numbers applied to the i.i.d. sequence (Iyf)r>1 yields that

1 Pm—a.s. . a
KiT kz::l I f mEm(Ilf) —E@(/O f(Xy) dt), Pu-a.s.

Gathering the two last limits,

;T/()Tf(Xt)dt %E&/Jf(&)dt) =Ey(7)7af .

Choosing f =1 yields that

Dividing the first limit by the second concludes the proof for f > 0.
The case of m4-integrable signed f follows by the decomposition f = f* — f~.

Proof of Theorem 1.3 b)

This follows from a general result in Thorisson [30, Theorem 10.3.3 p.351], which yields
that if the distribution of 7 under Py has a density with respect to the Lebesgue measure
and if Ey(7) < +oo, then there exists a probability measure Q on D(R, N (—A4, 0]) such
that, for any initial law m,

1 e
Po (Xt4u)uz0 € *) Emt—irjmg 0.

Since 74 is an invariant law, Pr, (Xitu)u>0 € -) = Pr, (X € +) for every ¢ > 0. Hence,
taking m = w4 in the above convergence yields that Q = P, , (X € -).

It remains to check the above assumptions of the theorem. Proposition 3.4 yields that
Ey(T) < +00. Moreover, under Py we can rewrite 7 as

T=UP+inf{t >0: Xrumy_ 7 0 and Xypun =0}.

Using the strong Markov property, we easily prove independence of the two terms in the
r.h.s. Since U} has an exponential distribution under Py, 7 has a density under Pg.
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Proof of Theorem 1.4
Let f £ f — waf. With the notation (4.1) and (4.2), we have the decomposition

T _ 0 Kr T
/0 F(X0)dt = /0 Foae+ 3 1f + /TKTf<Xt>dt. (4.4)

The I;.f are iid. and are distributed as [J f(X;)dt under By, with expectation 0 and
variance Eg(7)o?(f), see Theorem 3.6. Since f is locally bounded, so is f and
—00

1 0~ Pm—a.s.
— X)) dt ——=0.
\/T /(\) f( t) T

Now, let € > 0. For arbitrary a > 0and 0 < u < T,

m(

T

T
/ f(Xy) dt‘ > a) <Pn(T — T, > ) +Pm< sup
TKT

0<s<u

f(Xt)dt’ > a> .

T—s

But
Po(T —7ip >u) =1 —-Po(3t € [T —u,T): X # 0, X; = 0)

and Theorem 1.3 b) yields that
lim Po(T — 7, >u) =1—-Pr, (3t € [0,u] : X4 #0,X, =0) ,
T—o00

so that there exists ug large enough such that

lim Py (T — 7r, > up) <
T— o0

| ™

Moreover Theorem 1.3 b) yields that

/T f(Xy)dt >a> :IP’WA< sup

T—s 0<s<ug

lim IP’m< sup

T—00 0<s<ug

/08 f(Xt)dt' > a)

and thus there exists ag large enough such that

T
lim IP’m< sup F(Xy) dt‘ > a0> <

T—o0 0<s<ugl/T—s

| ™

and hence
lim sup P, (

T—o00

/TZ f(Xt)dt‘ > ao) <e.

This implies in particular that

T
1 f(Xt) dt probab. 0.

ﬁ TKp T—o00

It now remains to treat the second term in the r.h.s. of (4.4). The classic central limit
theorem yields that

1 i ~ in law 1 ) ,
VT = W nd E@(T)N(O’E@(T)U (f) = N(0,6%(f))



and we are left to control

, % o LT/JEio(T)J )
Ars —=)> Lif-— I.f.
VT (= VT o

Let € > 0 and define

(T,e) 2 {[(1 = )T/By(r) ..., [(1 + )T /Eg(7)]}.

Note that

(1—¢?) < < (14¢&% ,

Ey(r) ~ Eg(r) Ey(7)

which implies that |T/Ey(7)] € v(T, ). In view of (4.3), there exists t. such that if 7" > ¢,
Po(Kr € v(T,e)) >1—¢.

For T' > t., we thus have on {Kr € v(T,¢)} that

1 . ) ) [T/Ey(T)] .
Arl < | = G N
T\ ooyt By () f Tl
2 3 f
S —— 1max Z ka
T nev(Te) k=|(1—3)T/Ey(r)]

Using now Kolmogorov’s maximal inequality [15, Sect. IX.7 p.234] we obtain

L1+ )T/ By(7)] — [(1 = &) T/By(7)]

> <

o(T)o*(f) < 8*(f)e.

Since € > 0 is arbitrary, we conclude that

Kr o LT/Ey()] Drobab.
— SN Lf-— If| 22250.
\/T,; VT ,; il

These three convergence results and Slutsky’s theorem yield the convergence result.

Proof of Theorem 1.5
With the notation f £ f — w4 f and (4.2), let us consider the decomposition

[T/Eg(m

/th )dt = /th ) dt + Z ka+ ;) dt . (4.5)

T|T/E, <T>J

The Iif are iid. and are distributed as Jo f f(X;)dt under Py, with expectation 0 and
variance Eg(7)o?(f), see Theorem 3.6. Since f takes its values in [a, b],

T -
/ f(Xt)dt‘ < b= allT = 77/8y(r)) | -

T0
‘/ f(Xt)dt’ <|b—aln,
0 LT /Eg (7))
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But

LT/Eq (7))

T —Tir/Eyry) = 10— », (—7h1)+T
k=1

LT/Bg (7))
=—1— > (k=71 —Ep(r)) + T — [T/Ep()|Eg()
k=1
in which 0 < T — |T/Ey(7) |Ey(7) < Ey(7) and the 73, — 7,1 — Eg(7) are i.i.d., have same
law as 7 — Eg(7) under Py, and have expectation 0 and variance Varg(7). Thus,

m< -

T
1{/0 FOX) dt— 7af

T/Eg(r)] |7/Eq (7))
<Pal| D Ifl+lb—al|2n0+] Y (7 — 71— Eg(7))| +Ep(r) | 2 Te | .
k=1 k=1

Now, using that

_ (T = VT)z— b alEy(7)

5 +ﬁ€—2\b—a\Em(m) ,

Te —|b—a|lEy(1) — 2|b — a|En(1o)

we obtain that

Pm< -9

T
;/O FOX) dt— maf

LT/Eg(7)]

S]P’m( Z I.f| > (T_\/T)5—2|b—a!E@(7-))
k=1
|T/Eg(7)] B Bl
—HP’m( > (T — o1 — Eg(7)) Z(T \/T)mb_]l;‘ [Eq( ))
k=1

(4.6)

(-t o T

2|b — al

We aim to apply Bernstein’s inequality [20, Cor. 2.10 p.25, (2.17), (2.18) p.24] to bound
the three terms of the right hand side. We recall that to apply Bernstein inequality to
random variables X7, ... Xy, there should exist constants ¢ and v such that

N N |
Z En [X,ﬂ <w, and Z Enm [(Xg)}] < %vcn_2, Vn > 3.
k=1 k=1

First,

LT/Eo (7)) ) T
> Eal(if)?) = | 5= [Ea(o*(f) < To*(f)
= Ey(7)
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and, for n > 3,

|T/Eq (7)) i T
Y Ea((f)t) = |y Ba(U1)2)

‘2 zEm((If)]j:) = n_2éﬂ 2 £ 4\ \n—2
1o (s (pren ) ) LB T

| S

Then,

|T/Eq(7)]
Z Em((Tk — Tk—1 — ]E(;)(T))2) = { T Vary(7)
k=1

and, for n > 3,

[T/Eg(7)]
> En((me =71 — Eg(r)) = | T/Eo(7) [Eg((r — Eg(r))Z)
k=1

n*! Vary(7) EE@((T_EQ’(T))@ = n_QA”J Varg(7) n—2
<Gt (GGt ) ) e T ey,

Lastly, En((70 — Em(70))?) = Varm (7o) and, for n > 3,

En((70 — Em(70))})

|
< n Vary (70) <sup(
2 E>3

T0 — Em (7 £)\FT\ "2 s B
:‘E ul \OfarnIaE(T(f)O))Jr)) ) E‘Varm(To)( (o) 2.

Applying [20, Cor. 2.10 p.25, (2.17), (2.18) p.24] to the r.h.s. of (4.6) yields that

IP’m< ;/OTf(Xt)dt—wAf 25)

- (_ (T = VT)e — |b— afEy(r))* )

- 8To2(f) +4ct(f)((T = VT)e — |b — a|Ey(T))
(T = VT)e — [b— a|Ey(7))? )

8To%(f) + 4c=(f)((T = VT)e — |b— alEqy(7))

(_ (T = VT)e — [b— alEy(r))?

)
8T — a2 Y29C) 1 4]b — ale* (r) (T — VT)e — |b - amwn)
(- VT)e — b — a[Ey(r))? )
8T(b — a2 Y240 1 alb — ale—(r) (T — VT)e — b — alEy(r))

B (VTe = 2|b — a|En(10))? )
8|b — al2 Vary (7o) + 4]b — alct (10)(VTe — 2|b — a|En(10))

which is (1.11).

27



Proof of Corollary 1.6
Under Py, 70 = 0 and thus Equation (4.6) reads:

) (T/5o(7)
> €> <Py

P@(‘T/()Tf(Xt)dt —maf

LT b - a\E@(7)> W

S Lf
H%(

k=1
|T/Ep(7)]
Te — |b—alEy(7
> (e —Th1 —Ey(7))| > | Eo()
= 2|b — al
Similarly as for the proof of Theorem 1.5 we apply Bernstein inequality for each of the
terms in the right hand side. However, in order to simplify the obtained bound, we change
the upper bounds of the moments of I f and 7, — 7,1 — Eg(7). Namely we use the fact
that for all n > 1,

n!

|
Ey(r") < —-Eg(e®™) and Eg(|7 — Eg(r)[") < —Ey(eoT)eBo().

am o

Since 7 is a nonnegative random variable, e®Eo(T) > 1 and in the sequel it will be more

convenient to use the following upper bound: for all n > 1,

E@(T”) < jEW(eaT)ea]Em(T)'
Then
|T/Eg(7)] )
P r 2b—a)?| T
Eg((Ief)?) < Eg(72)(b—a)? < B (607 eE0(7)
kgl o((Ixf)) < {E@(T)J o(79)(b—a)* < = {EQ(T)J (e e ’
and, for n > 3,
|T/Eqg(7)] | )
n n. T 2 ar o - b—al\n—2
> Eo(LHIM) <5 ({ijb—ﬂa?ﬁ@(e JeoEo( >> (U) .
k=1 0
Setting
= 2(b — a)2 T aty aEy(T) N ’b — CL|
v o? {E@(T)JE(D(Q Je , and c= o

and applying Bernstein inequality, we obtain that

2
1T/Bo(n)] L Te — [b— alEqg(r)
Pol| > If|=> Te—lb—alf() ) 2exp | — ( )
= ’ 120+ (Te — o= alEy(7))c)
Also
LT/Eg (7)) — )
> Eg((me — me-1 — Eg(7))?) < P {E@(T)JE@(GM)BQ o(r)
k=1

and, for n > 3,

[T/Ey(7)] |
n n: r 2 aty oEq (T 1

> Eo(n - no B < 5 ([ ) aBolemen™ ™) s

k=1

) |



Applying Bernstein inequality again, we obtain that

LT/Eg(7)]

2
e b alEy () (Te — b~ alEy(r))
(7 =1 = Bo(7)) 2 ——5—) ) = 29| "0+ (T — - alBy()0)

|

Equation (4.7) gives that

k=1

- (TE —b— aUE@(T))Z
420+ (Te — |b— a|lEy(1))c)

IP’Q)(’;/()Tf(Xt)dt—wAf

> 5) <4dexp

To prove the second part of Corollary 1.6 we have to solve

N (T — b — alEy(r))” p
T=REPA T 20 1 (Te — |b— a[Eg(1))c) (48)

by expressing ¢ as function of 7, for any n € (0, 1).
Let us define the following decreasing bijection from R4 into R_:

@) = g

AT = 420+ cx)

The solution of (4.8) is then e, = (|b — a|Ey(7) 4+ x¢)/T where x¢ is the unique positive
solution of

o(x) =log (Z) & 22 +4clog (Z) + 8vlog (Z) =0.

Computing the roots of this second order polynomial, we can show that there always exist
one negative and one positive root as soon as 17 < 4. More precisely,

x9 = —2clog (2) + \/4c2 log? (g) — 8vlog (g),

which concludes the proof.

A Appendix

A.1 Return time for M/G /oo queues

We now state a general result for the tail behavior of the time of return to zero 77 of a
M/G /oo queue with a service time admitting exponential moments. The queues consid-
ered in this section all start with zero customers.

The result is based on the computation of the Laplace transform E(e™*71) on the half-
plane {s € C: R(s) > 0} by Takécs [28, 29]. We extend analytically this Laplace transform
to {s € C: R(s) > s.} for an appropriate s, < 0, which yields exponential moments.

This result has an interest in itself, independently of the Hawkes processes considered
in the paper.
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Theorem A.l. Consider a M/G /oo queue with arrival rate X > 0 and generic service
duration H satisfying for some v > 0 that, fort > 0,

P(H>t)21-G(t)=0(".

Let V1 denote the arrival time of the first customer, Ti the subsequent time of return of
the queue to zero, and B = T1 — V1 the corresponding busy period.

a) If B <y then E(eP) < co. In particular P(B > t) = O(e™%?).
b) If A<y, then P(Ty > t) = O(e™). If vy < A, for a < v then P(Ty > t) = O(e™ ).

Proof. We have T; = Vi + B, and the strong Markov property of the Poisson process yields
that V1 and B are independent. Since V; is exponential of parameter A, we need mainly
to study B. Takdcs has proved in [28, Eq. (37)], see also [29, Theorem 1 p. 210], that the
Laplace transform of 77 satisfies

1 1

- t
A+s s oSt Jo1=G(w)] du dt

E(e*T) =1 ., seC, R(s)>0. (A1)

Since the Laplace transform of Vj is /\%rs, the Laplace transform of B satisfies

Ats 1 1

E(e™*F) = -3 : :
A A fooo e—st—)\ fo[l—G(u)} du dt

seC, R(s) >0. (A.2)

There is an apparent singularity in the r.h.s. of (A.1) and of (A.2), since the integral
term increases to infinity as s decreases to 0. This is normal, since these formulae remain
valid for heavy tailed service. Moreover, (A.1) is proved in [28, 29] using the Laplace
transform of a measure with infinite mass. We shall remove this apparent singularity and
compute the abscissa of convergence of the Laplace transform in the Lh.s. of (A.2) .

The main point to prove is that the abscissa of convergence o, of the Laplace transform
in the Lh.s. of (A.2) satisfies 0. < —v. In order to remove the apparent singularity in the
r.h.s. of (A.2), we use integration by parts: on the half-line {s € R: s > 0},

st o0

/°° oSt [I1-G(w)] du df — le_e_xfotu_c(u)] du]
0

—S
t=0

00 A—St .
o / = (_)\[1 - G(t)]) e_>‘ fo [1-G(w)] du dt
0

—S

o t
_ L >‘/ [1— G(t)]e o B-Cldu gy (A.3)
0

S S

After inspection of the integral on the r.h.s., since 1 — G(t) = O(e™!) and

o0

)\/00[1 o)) e Jyi=Gldu 3, _ [_eA Jin-c() du] _ o AE(H)
0 t=0

we are able to define a constant 6 < 0 and an analytic function f by setting
[ee] t
H:dM{SSO:A/ u—G@ﬂaﬂ<UUmeN%ﬂ<1}vpﬁ%
0
1

At
1— )\fOOO[l N G(t)] e—St—AfOt[l—G(u)} du dt

I(s) == —§ . seC,R(s)>0. (Ad)
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The Laplace transform in the Lh.s. of (A.2) has an abcissa of convergence o, < 0 and
is analytic in the half-plane {s € C : R(s) > 0.}, see Widder [31, Theorem 5a p. 57]. Both
this Laplace transform and f are analytic in the domain {s € C : R(s) > max(6,0.)},
and since these two analytic functions coincide there on the half-line {s € R : s > 0} they
must coincide in the whole domain, see Rudin [27, Theorem 10.18 p. 208], so that

E(e™*B) = f(s), s€C, R(s) > max(0,0.).

This Laplace transform must have an analytic singularity at s = 0., see Widder [31,
Theorem 5b p. 58], and since f is analytic in {s € C : R(s) > 0} necessarily o, < 6.
Since € < 0, by monotone convergence
A+60 0 1
lim f(s) =~ — 5 t =E(e ) € 1,00,
s—0+ A A 1 )\f[;)o[l B G(t)] e—@t—)\ fo [1-G(uw)]du dt

t
which implies that A [°[1 — G(t)] e Jo =Gl du gy 1, and thus that 6 = —.
We conclude that 0. < —. Thus, if 8 < 7 then E(e®?) < oo, and P(B > t) = O(e~ )

using the Markov inequality. Moreover, if P(B > t) = O(e~®!) then

t

P(Ti >t) =P(B+V; > t) :e_)‘t—i—/\/ e MP(B >t —u)du
0
t
< ef)\t + C/ ef)\ufa(tfu) du,

0

hence if A < v then choosing A < a < 7 yields that

t
P(T; > 1) < e M 4 Co M / e~ (@MW) qy < [1 4+ Cf(a = Ao,
0

and if o < v < A then

t

P(T; >t) <e ™M+ C’e_at/

e~ dy < 14
0

}e_at ) O

We now provide a corollary to the previous result.

Proposition A.2. Consider a M /G /oo queue with arrival rate A > 0 and generic service
duration H satisfying for some v > 0 that

P(H >t)=0(e ).
Let Yy denote the number of customers at time t > 0, and for each E > 0 let
T =inf{t > E:Y, =0} (A.5)

be the first hitting time of zero after E. If A <~y then let « = X, and if v < X then let
0 < a <. Then there exists a constant C < oo such that

P(rg > t) < ACE e B wt>F.
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Proof. The successive return times to zero (7 )x>0 of the process (Y;);>0 have been defined
in (2.13). The events {Tz—1 < E, T, > E} for k > 1 define a partition of 2 and, for t > FE,

+o0
P(rg >t) =Y P(rg >t, i1 < E, Ty > E)

k=1
+oo
k=1
+o00

= > E(l7 <o P(Ti 2 t| Fr )
k=1
+o00

<> E(ﬂ{n_lgE}P(Tk —Tp—1 2t — E| fml))
k=1

so that, since Ty — T;—1 is independent of F7; | and distributed as 77,

+o0 oo
P(rg > t) < Y E(Lz <y )B(Ti 2t = B) =P(Ti > t - E)E<Z ﬂ{n_ISE}) :
i=1 P

By Theorem A.1, under the assumptions there exists a constant C' such that
P(T1 >t — E) < Ce?t=E)

Moreover ZZ;’? 147, _,<Ey is the number of returns to zero before time E. It is bounded by
the number of arrivals between times 0 and E, which follows a Poisson law of parameter
and expectation AE. This leads to the announced inequality. O

A.2 Strong Markov property for homogeneous Poisson point process

In this appendix, we prove a strong Markov property for homogeneous Poisson point
processes on the line. This classic result is stated in [26, Proposition 1.18 p.18] when the
filtration is the canonical filtration generated by the Poisson point process. Here, the filtra-
tion (F¢)¢>0 may contain additional information, for example coming from configurations
on R_.

Lemma A.3. Let Q be a (Fi)i>0-Poisson point process on (0,+00) x (0, 400) with unit
intensity. Then Q) is a strong (Fi)t>0-Markov process in the following sense: for any stop-
ping time T for (Fi)i>0, conditionally on T' < oo the shifted process StQ defined by (3.3)
is a (Frit)e>0-Poisson point process with unit intensity.

Proof. 1t is enough to prove that, for any stopping time 7" and h,a > 0, conditionally on
T < oo the random variable Q((7,T + h] x (0,a]) is Frip-measurable, independent of
Fr, and Poisson of parameter ha. Indeed, in order to prove the strong Markov property
at a given stopping time T, it is enough to apply the above to the stopping times T + ¢
for ¢t > 0 in order to see that S7(Q satisfies that for every t, h,a > 0, the random variable
Q((t,t + h] x (0,a]) is Fy1p-measurable, independent of F;, and Poisson of parameter ha.
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We first prove this for an arbitrary stopping time 7" with finite values belonging to an
increasing deterministic sequence (t,)n>1. For each B in Fr and k > 0,

P(BNA{T < oo} N{QUT, T + h] x (0,a]) = k})
= Z ]P)(B N {T = tn} N {Q((tnytn + h] X (O,CL]) = k})

n>1
in which, by definition of F7 and since F;, , C Fy,,
Bn{T =t,} = (BN{T <tp})— (BN{T <tp_1}) € Fy, .
The (F:)¢>0-Poisson point process property then yields that

~ha (ha)*

P(B (AT = ta} N{Q(tns tn + 1] x (0.a)) = k}) = P(B{T = t,}) e 220

and summation of the series that

P(BN{T < oo} N{QUT, T +h] x (0,a)) = k}) = P(BN{T < co})e" (h/?')k

Hence Q((T, T + h| x (0, a]) is independent of Fr and Poisson of parameter ha. Moreover,
for k > 0, similarly

{T < 00, QUT, T+ h] x (0,a]) =k} N {T +h <t}
= U{T =tn, Q((tn,tn + b x (0,a]) =k} N {tn + h <t} C Fy

n>1

and hence Q((7,T + h] x (0,a]) is Fryp-measurable.
In order to extend this to a general stopping time T', we approximate it by above by
the discrete stopping times

1 n>1.

k
? {(Ert<r< £y =

Tn:

”Mg

Letting n go to infinity, the right continuity of ¢t — Q((0,t] x (0,a]) and of (F3)¢>0 allows
to conclude. O
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