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Abstract

This paper addresses the generalization of stationary Hawkes processes in order to allow for a time-
evolving second-order analysis. Motivated by the concept of locally stationary autoregressive processes,
we apply however inherently different techniques to describe the time-varying dynamics of self-exciting
point processes. In particular we derive a stationary approximation of the Laplace functional of a locally
stationary Hawkes process. This allows us to define a local mean density function and a local Bartlett
spectrum which can be used to compute approximations of first and second order moments of the process.
We complete the paper by some insightful simulation studies.
© 2015 Elsevier B.V. All rights reserved.
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1. Introduction

Introductory work on Hawkes processes, an important class of self-exciting point processes,
and in particular on the analysis of its spectrum, the Bartlett spectrum (i.e. the Fourier trans-
form of the autocovariance of the process) is to be found mainly in the following seminal refer-
ences: [14,18,11,7]. A. Hawkes [14] was the first to provide for the definition of a point process
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with a self-exciting behavior. Intuitively similar to a Poisson process, the conditional intensity
function of a Hawkes process is however stochastic as it depends on its own past events. Whereas
Hawkes” model was introduced to reproduce the ripple effects generated after the occurrence of
an earthquake, applications of this model have become since then really numerous in many and
diverse fields such as seismology (see e.g., [20], for a recent review), biology ([22] on genome
analysis) or neuroscience ([21] on brain data analysis), to name but a few. Recently, this model
is also being widely used in finance where self-exciting processes led to many applications such
as microstructure dynamics [2], order arrival rate modeling and high-frequency data [6,5,1], fi-
nancial price modeling across scales [3], and many others. For a really comprehensive list of
applications of Hawkes processes (including very recent applications on limit order book mod-
eling as in [17]) we refer also to the Ph.D. thesis of A. Iuga [15].

In this paper, we contribute by generalizing existing models of stationary Hawkes processes
(i.e. with time-invariant second order structure) to model and capture their time-varying dynam-
ics. This is rather in contrast to the existing literature on trying to generalize from stationarity
of Hawkes processes which we briefly review now and which essentially can be split into two
different approaches. On the one hand, the more theoretical work of [8] and the more empirical
approaches of [13,17] generalize the baseline intensity function (i.e. the function v in Eq. (1)),
and only this function, to become time-dependent. Note that the asymptotic approach of [8] is
inherently different from ours and will be described in more detail in our Remark 3. The work
of [4] includes these approaches in their overview paper on Hawkes processes in finance, and
also discuss a very specific approach of the fertility function to live on the boundary of explo-
sion, hence allowing still for a finite average density. On the other hand, the works by [24,25]
treat claim arrivals for ruin probabilities of risk processes modeled by Hawkes processes. These
processes are nonstationary in the sense that they are not observed in their steady state but along
trajectories converging to the stationary regime.

To give a short description of the ideas behind our approach, we first recall some basic fea-
tures of a stationary linear Hawkes process with fertility p defined on the positive half-line. The
conditional intensity function A(¢) of such a process is driven by the fertility function taken at
the time distances to previous points of the process, i.e. A(¢) is given by

t
A(t)=v+/ pt—s)Nds) =v+ Y pt—1). (1)

- <t

Here the first display is to be read as the integral of the “fertility” function p with respect to
the counting process N, which is a sum of Dirac masses at (random) points (#;);cz. As will be
derived in more detail in Section 2.2, linear self-exciting processes can also be viewed as cluster
point processes. For a classical Hawkes process on the real line, each event is one of two types:
an immigrant arrival or an offspring one. The immigrants follow a Poisson process and define the
centers of so-called cluster processes. These cluster processes are aggregates of successive gen-
erations. More precisely, each center constitutes the initial (single point) generation of a cluster,
and, given all the previous generations, each point of the last generation generates independent
finite Poisson processes called the offspring processes. As immigrants and offsprings can be re-
ferred to as “main shocks” and “after shocks” respectively, an interesting interpretation arises
which is useful not only in seismology but also in high-frequency finance. We refer to [5] who
exploit that Hawkes processes capture the dynamics in financial point processes remarkably well,
and hence, their cluster property can serve as a reasonable description of the timing structure of
events on financial markets.



1712 F. Roueff et al. / Stochastic Processes and their Applications 126 (2016) 1710-1743

In the more general case of spatial Hawkes processes with values in R, the cluster inter-
pretation remains the same but points now represent a location in space (or time-space). Hence
the immigrant process now constitutes a spatial Poisson point process as well as the conditional
offspring processes given the previous generations. Spatial Hawkes processes, considered for
example in [7,16], which also treat the Bartlett spectrum, provide natural models for e.g. a pop-
ulation of reproducing individuals or the time-space development of an epidemic.

In this paper we develop a new non-parametric model of a generalized (temporal, spatial, or
spatio-temporal) Hawkes process with a view on analysis of its Bartlett spectrum. Indeed, the
challenge and motivation for our new approach come from the fact that these days, in many of
the afore-mentioned applications such as genomics or high-frequency data analysis practitioners
have to face (potentially very) long data stretches. Hence the assumption of a stationary model
— meaning time-invariant characteristics (baseline intensity and fertility function) — is no more
realistic and needs to be given up. In terms of spectral analysis of Hawkes processes, this means
that a time—frequency analysis is required which calls for the development of a mathematical
model: this model should allow for addressing the first (and foremost) difficulty, the rigorous
definition of a generalized, i.e. time-varying, Bartlett spectrum. In this paper we adopt the point
of view of local stationarity as introduced by Dahlhaus (see, e.g., [9]) in order to accomplish this
task. The idea is that the observed Hawkes process is embedded into a doubly-indexed sequence
of processes which, as sample size T becomes larger and larger, can locally be better and better
approximated by a stationary Hawkes model. Similarities to the treatment of locally stationary
autoregressive processes exist, in particular by letting the fertility function p(tr — s) in Eq. (1)
now depend explicitly on time ¢ via rescaled time ¢/ T and take the form p(t — s;¢/T), akin
the time-dependency of the autoregressive coefficients of a locally stationary process (see our
formal development in Section 2.4). For univariate processes with N7 now depending explicitly
on sample size T, Eq. (1) would then write as

-
Ar(t) = v(t/T) +/ plt—s:1/T) Nr(ds) =v@/T) + Y pt —ti:4/T), ()

—0Q 1<t

but note that this construction, to be developed in this paper, cannot be used for describing mul-
tivariate time-dependent Hawkes processes (hence our choice for a development via the notion
of cluster processes).

Note also that the dynamics of self-exciting point processes are different from autoregression
on the real line. Consequently the techniques employed here are inherently different. In particular
we derive a stationary approximation of the Laplace functional of the underlying non-stationary
Hawkes process by a local Laplace functional. This allows us to define a local mean density
function and a local Bartlett spectrum of the locally stationary Hawkes process. We show how
those are used to compute in particular approximations of first and second order moments of
the process, including rates of convergence. However, our derivations more generally allow for
treatment of all its moments (under suitable conditions) and, since the Laplace functional charac-
terizes the distribution of a point process uniquely, we can also derive convergence in distribution
of the non-stationary Hawkes process towards the locally approximating stationary version. We
complete the paper by providing some numerical studies where we simulate some insightful ex-
amples of Hawkes processes with time-varying Bartlett spectra. We also discuss how to estimate
these quantities from sampled data, but in order not to overload this work, we reserve the sta-
tistical part of our analysis, including a detailed asymptotic estimation theory, for a subsequent
work.
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This paper is organized as follows. Section 2 introduces some notation used throughout the
paper and the formal definitions of non-stationary and locally stationary Hawkes processes, as
well as the assumptions related to these definitions. The main results are to be found in Section 3,
namely a local approximation of the Laplace functional of a locally stationary Hawkes process
by that of a stationary one. We also explain how to derive approximations of cumulants and of
the mean density. In Section 4, we focus on the one-dimensional case and develop the notion
of a local Bartlett spectrum, for which it is necessary to use all the technical preparations of
the preceding sections. This corresponds to a time—frequency analysis for point processes with a
time-varying second order structure. Section 5 provides some numerical experiments illustrating
our approach. Finally, Section 6 contains the proofs of the main results. A postponed proof and
a useful lemma have been placed in the Appendix for convenience.

2. Main definitions and assumptions
2.1. Conventions and notation

Throughout the paper, £ is a positive integer and we work with point processes and measures
on the space R¢ endowed with the Borel o-field. For any x € R?, we denote by |x| the Euclidean
norm of x.

A point process is identified with a random measure with discrete support, N = )", 87,
typically, where §; is the Dirac measure at point ¢ and {7} the corresponding (countable) ran-
dom set of points. We use the notation wu(g) for a measure pu and a function g to express
f gdu when convenient. In particular, for a measurable set A, u(A) = w(ls) and for a
point process N, N(g) = >, &(Tx). The shift operator of lag 7 is denoted by S’. For a set
A, S'"(A) = {x —t, x € A} and for a function g, §'(g) = g(- +1), so that S'(14) = Lgi (4. One
can then compose a measure p with S’, yielding for a function g, u o S'(g) = u(g(- +1)).

We introduce some notation for the functional norms which we deal with in throughout work.
The usual L7-norm of & is denoted by |i|, for g € [1, 0o]. We also use the following weighted

L'-norm to control the decay of a function / : R® — R

|kl = |h x |- 1P|, = / lh(s)||s|? ds,

where B is a given positive exponent. Let now m be a positive integer and U be an open subset of
C™. Define O (U) be the set of holomorphic functions from U to R. We denote, forallz € O (U)
and compact sets K C U,

lhlo,x = sup [h(2)].
zeK
Recall that a holomorphic function / on U is infinitely differentiable on U. We denote by O (U)
the set of R x U — R functions & such that, for all t € Rt, z — h(t, 2) belongs to O (U).
The translation operator S* is extended to this setting by defining also S* for any s € R as the
operator

S*(h) : (t,2) — h(t +s, 2),

that is, we translate 4 by the lag s only through its first parameter. When & € O (U), for any
multi-index @ = (e, ..., o), we denote by 8%}1 the function obtained by differentiating with
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respect to the second variable, that is, for all # € R and z = z1,...,2m) € U,

9 \* 9\
a%h(l‘,z) = <£) ce (az ) h(t,Z).

Notice that, for 1 € O (U), one can integrate with respect to # and obtain a holomorphic function,
providing some simple condition on the integrability of the local supremum (see the Cauchy
inequality given by Eq. (58), and Lemma 15 for a precise statement).

For any p € [1, oo], we further denote by @p (U) the subset of functions h € O (U) such
that the function ¢ — sup,x A(t, z) has finite L”-norm on IR? for all compact sets K C U. We
denote

hlo g p Séllr()lh(',z)l
Z

p
We also denote by B (r; K, p) the set of all functions g € @p (U) such that |g|5 g p < T

Finally, for a given exponent 8 > 0 and a compact set K C U, we use the following norm for
h e O ),

sup |(:, 2)|

Mok = €K 8)

The corresponding balls are denoted, for given r > 0,

Bo k. (N =1he OW): 6.k, <)

2.2. Hawkes processes as cluster processes

Although intuitive, the definition of Hawkes processes through its conditional intensity as
in (1) is only adapted to time point processes. A more general approach for defining Hawkes
processes applying for points in the space R’ is to see them as a special case of cluster
processes. Cluster processes are point processes constructed via conditioning on the realization
of a so-called center process, usually a Poisson point process, denoted PPP in the sequel (see
[11, Section 6.3] from which we borrow notation conventions and terminology). We consider
here point processes on the space RY.

Let N. be a PPP with intensity measure .. This is the starting point for the following
mechanism as it represents the immigrants which appear spontaneously (in fact, later on they
will represent those parents which are not generated by the iteration in the offspring generation).
At each center point t € R® of N,, a point process N (-|¢€) is generated independently (we will
explain below how these descendants of t are generated). The cluster process N is defined as the
set of all the immigrants (points of the PPP N,) and of all the descendants (realizations of the
point process N (-|t€)) generated independently at each center point t¢ of N,:

N(A) =N, (N (A|-)), for every bounded A in B(R). 3)

Remark 1. Recall our notation: here, we have to do with an integration over center points t©
using the measure N.. That is, denoting N, = ) , 8;¢ as a sum of Dirac point masses,

N(A) = ZN(A|t,f).
k
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In [11, Definition 6.3.1], N (-|¢t¢) is called the component process generated at position #¢ and the
process N is merely the superposition of all these components when the center points 7 run over
the support points #; of N.

Hawkes processes are cluster processes for which N, is a PPP and N (-|¢€) are independent
branching processes in which each point s may generate offsprings according to a PPP with finite
intensity measure @ (-|s). We detail below the iterative scheme for generating all generations of
the component N (-|¢¢). For the moment, let us just say that standard Hawkes processes are made
stationary by assuming that N, is a homogeneous PPP on the whole space R and s + 1i(:|s)
is shift invariant, u(-|s) = u o S*, where u is fixed (i.e. & = w(-|0)). In this case, the condition
w(R) < 1 insures that the obtained process has finite intensity (density) m = u./(1 — n(R))
(see [11, Example 6.3(c)]). The second order properties are also derived in this case (see
[7,16] for additional insights). In the following section, we extend the Hawkes model to the
non-stationary case where N, and s +— u(-|s) are no longer restricted to be homogeneous and
shift-invariant, respectively.

2.3. Non-stationary Hawkes processes

In this section, we consider non-stationary Hawkes processes, namely ¢ +— . (t¢) and
s +— wu(-|s) may not be shift invariant. The usual cluster construction still applies in this case.
Namely, each component N (-|t€) can be constructed as the superposition of point processes
defined iteratively. For each center point #¢,

N(O)(_|tc') =5
Ny = /m(")(-|s)N(")(ds|tc), foralln > 0,

where {m"™ (-|s), s € R¢, n > 0} are independent PPPs with respective intensity measure f(:|s).
The resulting component at center point 1€ is defined as

N[t =Y N (). )

n>0
We observe that for any non-negative (test) function g defined on R, we have
E[NO(gl)] = g(t°)

and, for alln > 0,

E [N<"+“<g|tc>] =K [E[N<"+‘><g|f> | N(”)<-lfc>]] =E [N " <“(g )

t“)] .
Hence, we obtain, for any n > 1,

B[N (gli)] = u (gle), )
where *" is defined iteratively as follows: for any g, for all center point ¢ € R¢,

{M*O(gltc) = g(t)

WD gle) = 1 (gl ©

tc), forany n > 0.
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We also note that the intensity measure of a component generated at center point ¢ reads
M (1) = BINCE)] =) w ¢le). (7
n>0

It is easy to see that if u(-|s) = p o S°, then u*"(-|s) = u*" o S, where u*"* now denotes the
standard convolution of measures. Then (7) with ¢ = 0 corresponds to the formula given for
M1(A|0) in [11, Page 184].

From (7), we deduce that, for any non-negative function g,

Mi(glt) = g(t) + Y ™ (glt)

n>1

and we conclude that

Mi(g) =E[N(g)] = / Mi(g1t®) pe(dr®). ®)

Note however that at this point, N so defined may not have locally finite intensity measure
(E[N (g)] may be infinite for g bounded with compact support). This can be guaranteed by the
following result.

Theorem 1. Suppose that

¢1 1= sup (RY]s) <1. ©)

Then, for all t¢ € RY, the component process N (-|t) defined by (4) has finite moment measure
satisfying

M (RYr€) = E[N (RY£)] < .
I -1

Proof. Observe that, for any non-negative function g, we have by (6) that

sup 1*%(glt) = sup(g),
rceR?

where sup(g) denotes the sup of the function g over R¢. By induction, we get that
sup (M*(")(gl-)) < ¢{'sup(g),

since if this is true for n, (6) implies

up (M*(n+1)(g|.)) < ¢t sup(u(gl) < ¢ sup(g),

where the last inequality follows from the definition of ¢ in (9). The proof is concluded by
applying (7). O

Consequently, applying (8), we conclude that under Condition (9), if u. is locally finite, then
N admits a locally finite intensity measure. Note also that Condition (9) corresponds to the usual
condition in the stationary case, see [1 1, Example 6.3(c)].
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2.4. Density assumption

We now assume that the intensity measures (. and @ (-|s) admit densities with respect to the
Lebesgue measure on R¢. We denote by A. the density of 1. and by d(- — s; s) the density of
w(-|s). In this notation the fact that s > (-|s) is not shift invariant is apparent in the fact that
d(t — s; s) does not depend on ¢t — s only but also on s. Note also that the function d (¢ — s; )
can be equivalently rewritten as a function of  — s and ¢ (using an obvious change of variable),

which we do by introducing the function p(-; -) defined on R by setting
pt —s;1) =d(t —s;s), foralls,reRE.

When localizing the non-stationary behavior, it will turn out to be more convenient to use the
description with the density p, that we call the (non-stationary) fertility function, rather than
with d. The intuitive reason is the following: coarsely speaking, d(t — s; s)dt = p(t — s;¢)dt
represents the probability that a parent located at s generates an offspring in the elementary set dz
around location ¢. From this view, the location ¢ corresponds to the position where the probability
mass is located and it is more convenient that the second argument corresponds to this location
rather than the location s of the generating point.

Definition 1 (Non-Stationary Hawkes Process). We say that the so defined non stationary
Hawkes process has immigrant intensity function A, and varying fertility function p(:; -). By
Theorem 1 and (8), if

{1 = sup /p(r; Hdr <1 and ||y < 00, (10)

teR?

then the point process admits a density function (the density of M) which is uniformly bounded
by [Aeloo /(1 = E1).

The following argument will also be useful to simplify the proofs, since we often look at the
behavior of N around a specific position #z, which amounts to consider the behavior of N o §~/
around the origin.

Remark 2. Let N be a non-stationary Hawkes process with center intensity A. and fertility
function p(-;-). For any t € R, the distribution of the shifted process N o S~ defined by
N o S7'(g) = N(g(- — 1)) for a function g, is that of a non-stationary Hawkes process with
center intensity A.(- + ¢) and fertility function p(-; - + ¢).

2.5. Locally stationary Hawkes processes

The non-stationary Hawkes processes under the density assumption, can still evolve quite
arbitrarily in the space, as the functional parameters A, and p(-; -) can be quite general. The
stationary case corresponds to the case where A, is constant and p(-; -) is constant over its sec-
ond argument. This can be interpreted as a particular set of parameters for A, and p(-; -), which
we explicitly exhibit by introducing the following notation. In the stationary case, the immi-
grant intensity A, and fertility function p(-; -) only depend on the constant )L((;S> and the function
p®S R — R, by setting

Ae(@©) = A forall 1€ € R (11)

c

p(rit)y = pS (), forallrteR" (12)
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We now wish to define a model of point process that can be locally interpreted as a stationary
Hawkes process, in the same fashion as locally stationary autoregressive processes in time series
(see [9]). The model is a doubly indexed point process N7 (A), A € B(R) such that for each
T > 0, Nt is a non-stationary Hawkes process defined as previously. Here T' correspond to the
size of the observation window so that we only observe N7 (A) for Borel sets A € TD, where
D is a fixed domain and TD = {Tx, x € D}. The collection (N7)7~0 of non-stationary Hawkes
processes are defined using the same p. and s +— w(-|s) but scaled differently so that, if the
observation window has the form 7D, then it matches the corresponding fixed domain D for
these parameters. In this way, while the observations evolve in 7DD the parameter of interest is
defined independently of 7' on the domain ID. We call this model a locally stationary Hawkes
process and denote the fixed parameters by AﬁLS) and pS(.;.). For £ = 1, as for the locally
stationary time series, one typically takes D = [0, 1].

Definition 2 (Locally Stationary Hawkes Process). A locally stationary Hawkes process with
local immigrant intensity )xéLS) and local fertility function pTS!(-;-) is a collection (N7)7=0
of non-stationary Hawkes processes with respective immigrant intensity and fertility function
given by A.r(t€) = AEL S>(t” /T) for all 1 € R’ and varying fertility function given by
pr(:t)=pTS(;t/T) forall t € RE.

Remark 3. Let us continue the comparison of our approach with that of [8] initiated in the
introduction. We already mentioned there that the fertility function is not varying, so pr(r; t) =
g(r) for a fixed function g neither depending on ¢ nor 7. To obtain a meaningful asymptotic
theory, the non-stationary Hawkes process Nt is supposed to be observed on the fixed interval
[0, 1] but the immigrant intensity is taken of the form A7 (t) = arv(t) withar — cocas T — oo
(T corresponds to n in [8]). This can be interpreted by saying that the number of immigrants on
the observation interval tend to infinity so that many Cluster processes are generated allowing for
a consistent identification of g and v (which are parameterized by a finite dimensional 6 in [8]).
This is to be compared with our approach where A.7(f) = v(t/T) and pr(r; 1) = p'"S) (r, 1/ T)
but with N7 observed on the interval [0, T'], which allows one for interpreting the behavior of
Nt on a fixed interval [uT, uT + a] to be approximately that of a stationary Hawkes process
with immigrant intensity A.(x) and fertility function r — p&S) (r, u).

For a given real location t, the scaled location ¢/ T is typically called an absolute location in
D and denoted by u or v.

As explained in Definition 1, the following assumption, which corresponds to (10), guarantees
that, for all T > 0, the non-stationary Hawkes process Ny admits a uniformly bounded intensity
function.

(LS-1) We have

¢ = sup /p<LS>(r;u) dr <1 and ‘)\§LS>‘ < 0. (13)

ucRt o0

Under this assumption, moreover, for each absolute location u € R, the function r
p I8 (r; u) satisfies the required condition for the fertility function of a stationary Hawkes pro-
cess. In the following, under (LS-1), for any absolute location u, we denote by N (-; u) a station-
ary Hawkes process with immigrant intensity )\éLS) (u) and fertility function r — p&S) (r; u).
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Remark 4. Using the above notation and definitions, in the case where £ = 1, the conditional
intensity function introduced in (2) takes the form
-
ar) =1 /1) + f p™S) (¢ —s;1/T) Nr(ds)
—00

=2/ + > p"SNa—tirit/T), (14)

tiT<t

where (#; 7);ez denote the points of Ny. We will use this fact in Section 5.1 to simulate locally
stationary Hawkes processes on the real line.

2.6. A simple example

Let us provide a simple example of a locally stationary Hawkes process compatible with Def-
inition 2. Start with the widespread parametric model of a stationary Hawkes process on R with
exponential fertility function. This model corresponds to a constant immigrant intensity A, > 0
and fertility function

g(r) =¢0e" g, (r),

where 6 > 0 and ¢ € (0, 1). By simply changing the constant parameters A., ¢ and € into time
varying functions A= (u), £ &5 () and 6LS) (u) defined on u € R with values in (0, ), (0, 1)
and (0, oo) respectively, we obtain a locally stationary Hawkes process with local immigrant

intensity )\éLS) and local fertility function

PG u) = ¢ W)™ ) e O g ().

For this model, Assumption (LS-1) (which guarantees the definition of N7 as locally finite point
process) simply reads as

sup §<LS) (u) <1 and ’AéLS) ‘ < Q.
ueR o0

This example is extended in Section 5.2 by allowing a Gamma density shape function and a delay
in the left-hand boundary point of the support of p.

It is interesting to draw a parallel between this specific example of locally stationary Hawkes
process with the case of the TVAR(1) process which is a specific case of locally stationary time
series (see [9]). The TVAR(1) process (X;,7):cz can be defined as the (L2 uniformly bounded)
solution of the recursive equation

Xipir =@/T) X1 +0(t/T)é t €L,

where (&;) is a white noise and ¢ : R — [—p, p] for some p € (0,1) and o is a positive
bounded function. The idea is indeed similar: one starts with a stationary model (¢ and o are
constants) and make it locally stationary by replacing these constants by rescaled functions.
Consequently, for any absolute time u, as T — oo, a sample X; r on a window of the form
t € [Tu—hr,Tu+ ht] with hy = o(T) can be approximated as a sample of the stationary
AR(1) process with AR coefficient ¢ (1) and innovation variance o2 (). Such an approximation
holds in a more general fashion for locally stationary time series and allows one to derive sound
statistical results for the time—frequency analysis of such processes, see [10] for a recent overview
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of this approach. In the following we intend to set the bases of such an analysis for a general class
of locally stationary Hawkes processes.

3. Main results
3.1. Local approximation of the log Laplace functional

An important tool for statistical applications is to have a local approximation of N7 as
T — oo. Let us make precise what we mean by “local” here. Let a fixed absolute location u € R*
be given. Then N7 shifted at the real location T'u, namely N7 o S~7* approximately follows the
distribution of a stationary Hawkes process with intensity A(S) := AéLS) (u) and fertility function
p'S = pS)(.; ). To this aim the following remark will be useful.

Remark 5. By Remark 2, the exact distribution of N7 o S™7* can be obtained by replacing
ATy with A (@ + Twy/T) = A5 + 1/T) and pS) s 1/ T) with pLS (s (¢ +
Tu)/T) = p(LS) (r; u+1t/T). In other words, )»ELS) (v) is replaced by )»ﬁ.LS>(u+v) and p<LS)(s; v)
by pS) (s; u + v).

We examine local approximations of the distribution of the locally stationary Hawkes process
(NT)T>0 through the Laplace functional which is an efficient tool to describe the distribution of
point processes. We denote the Laplace functional of N7 by

Lr(g) =E[expNr(g)] = E [exp f N7 (gl) Ncr(dﬁ} :

where N.r and Nt (-|¢¢) are the corresponding center process and component process generated
by a center at location t¢, respectively. Our goal is to derive the asymptotic behavior of
L7(S~T4g) as T — oo for any given absolute location u and any function g. Under appropriate
condition, it should converge to the Laplace functional applied on g of a stationary Hawkes
process with immigrant constant intensity given by AEL S) (1) and with fertility function given by
pT8) (. w). Tt is in fact more interesting to investigate convergence of the log-Laplace functional
using the norm |-|p g defined in Section 2.1 by authorizing g to depend on an auxiliary variable
z € U. We will, by convenient abuse of notation, continue to write £(g) in this setting, to denote
the function z — L(g(:, z)) defined on U. Therefore using the symbol S also for functions that
depend on a second argument z, as explained in Section 2.1, we now investigate the behavior, as
T — oo, for any given u € R, of

LT(S_T”g) 7z E [exp Nr(g(- —Tu, z))] ,

seen as a function defined on z € U. An example of application is to obtain approximations of
cumulants of arbitrary orders, since they can be obtained as

Cum (N(g1), -+, N(gm)) = 8" |:=0,, l0g L(z181 + -+ + Zm&n), 5)

where 1,, and 0,, denote the m-dimensional vectors filled with ones and zeros respectively. We
develop this idea in Section 3.2.
The following assumptions use some of the norms introduced in Section 2.1 and the S-Holder

exponent of a given function g denoted by k) [g] = SUP,,z, %.

< oo and EC(’B) = kB [)»éLS)] < 00.

o0

(LS-2) We have |!

LS) ‘
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(LS-3) We have |¢#)|, < oo, where £ (r) .= kP [ptS(r; )] for all r € RE.
(LS-4) We have

Ls
&S = sup | w)| < oo, (16)
ueR 00
(Ls) _ ‘ (Ls), .
=su (~,u)‘ < 0. (17)
ORI 4 L ®)

These assumptions can be interpreted as smoothness conditions on )»éLS) (LS-2) and on p(LS> ;9
with respect to its second argument (LS-3) and some uniform decreasing condition on pSI( )
with respect to its first argument (LS-4).

We can now state the main result, where the appearing norms |-|o g, |5 g o Il k B and
the sets B3 (R; K, q) are all defined in Section 2.1. In this theorem, for any u € R, we denote by

L(-; u) the Laplace functional of the stationary Hawkes process with constant intensity )»E-LS) (u)
and fertility function pESY s w).

Theorem 2. Let 8 € (0, 1]. Assume (LS-1), (LS-2), (LS-3), (LS-4). Let g € O (U)N Oy (U)
such that for all compact set K C U,

1 S
8lo.k.1 < ~5¢; log ¢ (18)
and
1 LS
1816,k00 < —5 10881~ Col8lo ks (19)
where
é_<LS>
Co= 20 (20)

@D = gy

Then for each T > 0and eachu € RY, z — L71(g(-, 2)) and z — L(g(-, 2); u) can be expressed
as

Lr(g) =exp(Kr(g)) and L(g;u) = exp(K(g:u)),

where K7 (g) and K(g; u) are holomorphic functions on U. Moreover, for all T > 0, u € R*
and all compact sets K C U,

[Kr s~ Kigsm| , = €1 (Iglo gim + C218lo.x1) T 21)
where
571, WLS)‘ D L)
C = © _ 4 and Cp = . (22)
(e —g9)" @ g GRONEE T

Proof. This result requires preliminary results to be found in Section 6.1 (about the derivation
of the log-Laplace functional for non-stationary Hawkes processes) and 6.2 (about local ap-
proximations for log-Laplace functional of the component processes Nt (-|t)). The proof is then
completed in Section 6.3. [J
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Remark 6. Since we assume g € O (U) in Theorem 2, we know that |g|O k.1 < ooon the
right-hand side of (21). However the assumptions on g do not guarantee that | g|O K.(p) < 00
This condition needs to be verified in order to apply (21) meaningfully, this fact should be
checked first.

This theorem shows that for T large, the Laplace functional of the non-stationary Hawkes
process Nt translated at location Tu can be approximated by that of the stationary Hawkes
process N (-; u). It moreover provides in (21) a rate of convergence T ~# of this approximation in
an adequate norm. Since the Laplace functional characterizes the distribution of point processes,
it is not surprising that an immediate corollary of Theorem 2 is that Ny translated at location
Tu converges in distribution to N(-;u) as T — oo. Recall that the set of locally finite
nonnegative Borel measures on R¢ endowed with the usual weak convergence of locally finite
measures can be equipped with a metric to constitute a complete separable metric space, see
[11, Theorem A2.6.111].

Corollary 3. Let B € (0, 1]. Assume (LS-1), (LS-2), (LS-3), (LS-4). Then, for any u € R, as
T — oo, the point process N7 o S~T" converges in distribution to N (-; u).

Proof. By [12, Proposition 11.1.VIII], it is sufficient to show that, for a given continuous and
compactly supported function 4 : R¢ — R, the random variable N7(S~7“h) converges in
distribution to N (h; u). Let us define, for all (¢, z) € R x C, g(t,z) = zg(t). Let U be the
open ball of C with center 0 and radius r > 0. Then for any ¢ € [1, o] and any compact set
K c U, we have |g|@’K’q <r |h|q, and similarly, |g|@’K’(ﬁ) < r |hl)- Since |h|q and |h|g)
are finite, we conclude that g satisfies (18) and (19) for r small enough and that |g|5 (g < O°
Thus Theorem 2 gives that for » > 0 small enough, we have that z > E[exp(z Nr(S~T"h))]
and z — E[exp(z N (h; u))] are holomorphic on U and the former converges uniformly to the
latter. This is enough to insure the convergence in distribution of N7 (S “Tupyto N(h;u). O

Observe that in Corollary 3, we do not exploit the rate of convergence 7 # established in
Theorem 2. Approximations on the cumulants will be more precise in that respect.

3.2. Local approximation of the cumulants

Recall that the cumulant of any order can be obtained from the log-Laplace functional through
Eq. (15), which is valid whenever g, ..., g satisfy E[|[N(g;)|"] < oo. Using Theorem 2, we
obtain the following result for approximating the cumulants of N translated at location 7'u with
those of N(-; u).

Theorem 4. Ler 8 € (0, 1]. Assume (LS-1), (LS-2), (LS-3), (LS-4). Then, for any T and any
u € RY and all bounded integrable functions h : R — R, the random variables Nt (h) and
N (h; u) admit finite exponential moments, that is, there exists a > 0 such that E[exp (a |Nt (h)|)]
and Elexp (a |N (h; u)|)] are finite. Let moreover for any m > 1, g1, ..., gn be real valued

bounded integrable functions on RY. Then for any T and any u € R, we have

’Cum (NT(S*T“gl), o NT(S*T"gm)) — Cum (N(g1: ), ..., N(gm: u))‘

m—1
am=ley 7k
< <1LS>>ml {1—12 (leil +c2 !gjfl)} { > (il +Co ]g,-]l)} ’

(— log {1 =1,..., m j=1,...m
where Cy is defined in (20) and C and C, are defined in (22).
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Proof. The proof of this result is given in Section 6.4. [
3.3. Local mean density

Applying Theorem 4 with m = 1, we obtain that the intensity measure M7 of the non-

stationary point process N7 can be approximated by the intensity measure M 1<LS>(-; u) of the
stationary Hawkes process N (-; ), namely for any bounded and integrable function g defined
on R¢, we have

_ LS
Mir(S~Tg) — M (g: w)

<C (I8l +1gh) T7°,

where C is a positive constant This result can be stated in a handier way by using the densi-

ties of M7 and M ( u). As seen in Definition 1, for all 7 > 0, M7 admits a uniformly
bounded density, hereafter denoted by m 7. Since N(-; u) is a stationary Hawkes process, we

know from [11, Eq. (6.3.26) in Example 6.3(c)] that M 1<Ls> (-; u) admits a constant mean density

(LS)
(LS) A (u)
m U) = —————- 23
We call miLS) (u) the local mean density at absolute location u. We have the following result.

Corollary 5. Let B € (0, 1]. Assume (LS-1), (LS-2), (LS-3), (LS-4). Then, for any T, Nt
admits a density function mr satisfying

AéLS)‘
o

LS) "
-

Moreover, we have, for all u € RET >0andb > 0,

|miT oo <

ess Supy.jy_u <y |mir (@) —m{™ )| < € (C2 +bP) T, (24)

where m1 (u) is defined in (23), and C1 and C are defined in (22).

Proof. The existence and uniform boundedness of m 7 is embedded in Definition 1. Let now
u € RE, T > 0and b > 0. Applying Theorem 4 with m = 1, we have for all bounded and
integrable functions g defined on RY,

Ae(u)
g = Twmir () &t = T s <Ci (gl +Calgh) T
We define the function f on R¢ by
Ac(u)
1) = = ——,
SO =mz) =1 T
so that the previous display reads
‘/g(r — Tu) f(0)dt| < Cy (18l + C218ly) T7P. (25)
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Let a be any positive number strictly smaller than the left-hand side of (24), that is, a <
ess supy,_ry <p|f(#)]. Then there exists a Borel set A C {r : |r — Tu| < b} with positive
Lebesgue measure, f 14 > 0,suchthat|f(¢)] > aforallt € A.Let g be the function defined so
that g(t — Tu) is equal to the sign of f(¢) if € A and to zero everywhere else. Then we get that

a/]lA s/Am - ‘/g(t—Tu)f(t)dt

On the other hand we have |g|; = [ 14 and

|g|(ﬁ>=/|g(s)||s|ﬁ dr5/ It — Tulf dtfbﬂ/ﬂ_A’
A

where we used that A C {z : |t — Tu| < b}. Inserting these bounds in (25) gives that

a/]].Afcl <bﬁ/ﬂ.A+C2/ﬂA> T-F.

Simplifying by /14 > 0 and letting a tend to ess SUp|;_ 7y <pl £ (1)], we get the result. ]

4. Time—frequency analysis of point processes

One of the benefits of locally stationary time series is that they provide a non-parametric sta-
tistical framework for time—frequency analysis of time series, see [10] for a recent contribution.
We show here how such ideas can be applied to locally stationary processes. Throughout this
section, we take £ = 1 for sake of convenience and D = [0, 1]. Most of the definitions and
results easily extend to £ > 2.

4.1. Local Bartlett spectrum

Following [11, Proposition 8.2.1], the Bartlett spectrum I' of a second order stationary point
process N on R is defined as the (unique) non-negative measure on R such that, for any bounded
and compactly supported function f on R,

R A2
Va(v() =1 (7P = [ |f@] re.
where f denotes the Fourier transform of f,

flw) = / f@ye ™ dr.
For stationary Hawkes processes with immigrant intensity A, and fertility function p, the Bartlett
spectrum admits a density given by

Ac
27 (1— [ p)

see [11, Example 8.2(e)]. Under (LS-1), applying this result to the stationary Hawkes process
N (-; u), we have, for any bounded and compactly supported function f,

I'(do) = 11— p(w)| 7 do,

Var(N(f3w) =T (1712 u), (26)
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where

LS
A ()

') (dw; u) = (1= [P S ()

)
‘1 — w0 do, 27)

with
PN (w; u) = f pUS (13 u) 7 dr.

We call T'"S)(.; u) the local Bartlett spectrum at absolute location u. We have the following re-
sult, which says that, although N is not stationary, for 7' large enough, its variance in the neigh-
borhood of Tu can be approximated by using the local Bartlett spectrum at absolute location u.

Corollary 6. Let 8 € (0, 1]. Assume (LS-1), (LS-2), (LS-3), (LS-4). Then, for all u € R,
T > 0, and all bounded functions f supported inside [—b, b] for some b > 0, we have

Var (N7 (s 1)) = TSI £ )
8C1 (bP + ) -
S 1 <LS)2 |f|1 (|f|oo+C0|f|1) T ﬁ, (28)
—log¢,
where Cq is defined in (20), Cy and C; are defined in (22) and T'VS)(; u) is defined in (27).

Proof. Let u € R, T > 0 and f be a bounded and compactly supported function. Applying
Theorem 4 with g1 = go = f and (26), we get that

8C, T~
5 (£l + C21f11) (1l + Col f11)
—log¢,

[Var (N7 (57T ) = TS| <

To conclude the proof we observe that if f is supported inside [—D,b], then |f|p) =
bPIfl. O

4.2. Kernel estimation of the local Bartlett spectrum

We now turn to the situation where we dispose of a realization of a locally stationary
Hawkes process N7 on the interval [0, 7], that is, we observe points #; 7 between 0 and T,
k=1,2,..., Nr([0, T]), from which we want to estimate its local Bartlett spectrum.

We start with a general description of local estimation (in time) of the moments of a locally
stationary Hawkes process Nt evaluated at a general test function. To this end, let f denote the
test function and m a moment function (such as m(x) = x, m(x) = x2,..).Leth; > Obea
given time bandwidth and u( a fixed time in [0; 1] (namely, ug = t9/T with ty € [0; T]). We
build an estimator of E[m (N (f; up))] based on the empirical observations of N7 and defined by

o) —Tu 1
E [ (N (570 )) i Wy, | = o [ V(7 =1 = Tua)) Wi /) at

1
= ?/m <Xk: fer —1t— Tu0)> Wp, (¢/T) dt, (29)

where W), denotes a weight function in absolute time u: u — Wp,, (u) = bfl W (u/b1) for some
fixed kernel function W. In practice, the test function f should be compactly supported, so that
this integral can be computed from a finite set of observations {# r} in [0, T].
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The natural idea of this general construction of a moment estimator is the following. As mo-
tivated in Section 4.1 by Eq. (26), the process N7 needs to be evaluated at some appropriate
test function f (later chosen to be a kernel function which localizes the spectral content in fre-
quency). Moreover, taking into account the local stationarity of the process, one needs to localize
the moment estimation over time: here, all the points 7 in a relatively small neighborhood around
uoT are taken into account via the localizing window of the weight function, in time, of length
proportional to b1 T.

Although the moment estimators proposed by Eq. (29) are quite general, we now specify them
for our goal of kernel estimation of the local Bartlett spectrum. For this we need to look at the
first two moments, only, and proceed with the following choice of the test function f. Let K be a
real valued kernel compactly supported and its Fourier transform K such that i |I€ ()]? dow = 1.
Let b, > 0 be a given frequency bandwidth and wy a fixed frequency. We wish to estimate the
quantity

1 A
Vs (@05 1) = / 5 K (@ = wo)/b2) 1> TS (dw; uo), (30)

which in turn, as b, — 0, is an approximation of the density of I'™S)(-; u¢), given by Eq. (27),
at wg: By the usual asymptotics of kernel estimation (now in frequency) we observe that as by
tends to zero (with sample size T' tending to infinity) the (scaled) kernel b, ! |I€ (- /b2)|2 in (30)
concentrates around frequency wy.

To construct an estimator of yj, (wp; 1), observing Eqs. (26) and (27) we now simply choose
the test function f in (29) to be f = Ky, «,, i.€. a kernel function in frequency defined via the

12g ((w—wyp)/bz). Consequently, by inverse Fourier

transform, we get as functional form for the kernel in time that Kp, «, () = bé/ 2ot g (bat).
Finally, we take m(x) = |x|2 and m(x) = x successively to define as moment estimator of

Vb, (wo; ug) the quantity

property to have Fourier transform w +— b,

~ ~ 2
sy @03 10) = E (IN7 (ST Ky )5 W, ) = | E (N1 (ST Kp): Wi, )| B1)

Observe that this quantity 7}, 5, (wo; o) is a natural estimator of Var(N7(S™T"0Kp, o).
Thus, by (26), (30) and Corollary 6, ¥p, s, (wo; to) is a sensible estimator of yp, (wo; uo)
which is expected to share the usual properties of a nonparametric estimator constructed via
kernel-smoothing over time and frequency. As can be observed along the numerical experiments
of our next section, for sufficiently small bandwidths b; in time and b; in frequency this
estimator becomes well localized around (wg; ug). Asymptotic expansions of its bias and
variance behavior, under the usual conditions of by — 0, b1T — oo and by — 0, bpT — o©
as T — oo, and under some appropriate regularity conditions (such as (LS-3), (LS-3), (LS-4)),
leading to consistency of this estimator, are left for future work.

5. Numerical experiments
5.1. Simulation of locally stationary Hawkes processes
Following Definition 2, we consider a locally stationary Hawkes process (N7)7s¢o with local

immigrant intensity AéLS) and local fertility function p(LS>(‘; -). Provided that s +— p<LS>(s; u)
is supported on the positive half line for all u, the conditional intensity A7 of a locally stationary
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Hawkes processes N7 is given by (14). It follows that, for a given T > 0, N7 can be simulated
over the interval [0, T'] by using Ogata’s modified thinning algorithm (see [19]). This algorithm
is a recursive algorithm which only requires that, having simulated the process up to time ¢, one
is able to provide an upper bound

M) > sup Ar(t).
t'e[t;T]

Choosing AgLS) and ptS)(-; .) adequately, one can for instance use the bound

M(1) = sup ( (u)) 3" sup sup ( Wt — tir: u))
uelR tiT<t ueR t'>t
To avoid boundary effects at the beginning of the sample, we used a burn-in period to initiate the
process in a close to steady state of the stationary Hawkes process with the parameters at absolute
time u = 0. This corresponds to having AéLS) (u) = )Lﬁl‘s)(O) and p<LS>(-; u) = p<LS> (-; 0) for all
u<0o.

5.2. Examples

We consider a specific class of examples by taking a constant immigrant intensity 1. and by
focusing on a local fertility function with the shape of a Gamma distribution. Namely, for positive
parameters §, ¢, n > 1 and 0, let us denote by p the fertility function defined for all » € R by

- ene—é(r—S) 1
) 85 s Iy 9 = -0 —
pG(r ¢,m,0)=2¢(r ) G(n) r>8
with G(x) = fooo s¥le=s ds denoting the usual Gamma function. Note that § is a time-shift
parameter which induces a periodic phenomenon in the self-exciting generating process: each
event may generate a new event only after a delay . For this specific fertility function, we can
easily compute the quantities appearing in our assumptions (e.g. [ pg = ¢ and pg(r; 8, ¢, n, 6)
is maximal for r = "9;1 + 8) and we can exactly compute the corresponding mean density
mg1(6,¢,n,0) and Bartlett spectrum I'g (dw; §, ¢, 1, 0):

o mg1(8,¢,n,0) =
e 'g(dw; 6,¢,n,6)

e
_ mg1(8,¢,1,6) .
= Tli-po@i.c.aop 9@ With

-n

po(@:8,¢,n.0) = e (1 4 %)

Now, letting the parameters depend on the real time u provides the definition of a local fertility
function,

PN s u) = pG(r‘S(u) ¢ @), n(u), O(u)).

The local mean density m1 (u) and the local Bartlett spectrum 'LS)(.; u) can be defined ac-
cordingly from m¢; and I'g, respectively. In our examples, the shape parameter n remains con-
stant and the other parameters are Lipschitz functions of u, assumed to be constant outside the
interval (0, 1). Such a choice for the fertility function satisfies (LS-1), (LS-3) and (LS-4) with
B = 1 provided that

(M= sup cw) < 1, inf O(u) > 0,
uel0,1]

uel0,1]
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and, if § is not constant, one has moreover to assume that > 2. We focus our numerical study
on two examples:

e Example 1 [Exponential case without delay]:
Ae =0.5, §=0, n=1, ¢(u) = (cos(2Qmu) +2)/4 and
0(u) = cosQrmu) +3/2 foru € [0, 1].

e Example 2 [Gamma case with varying delay]:

re =0.5, n=2, £ =0.5, =1 and
5(1,{) = (6 — lOu) X 1[0;1/2](14) + (1014 — 4) X 1(1/2;1](14) foru e [0, 1].

Note that Example 1 has a time varying local mean density miLS) (since ¢ varies) and Example 1

has a constant local mean density mgLS>. Both examples, however, exhibit time varying local
Bartlett spectra I'(MS),

Fig. 1 displays the theoretical local mean density mgLS) (as a function of the absolute time
u € [0, 1]) and the theoretical local Bartlett spectrum I'LS) (as a function of the absolute time
u € [0, 1] and the frequency w € [0, 1]) for Example 1 and Fig. 2 displays the theoretical
local Bartlett spectrum LS} (as a function of the absolute time u € [0, 1] and the frequency
w € [0, 2]) for Example 2. Because in the second example, the delay § is varying linearly between
6 and 1 for u going from O to 1/2 and then back to 6 for u € [1/2, 1], we see the spectral content
evolving accordingly with a peak frequency evolving as the reciprocal of the delay (increasing for
u going from O to 1/2 and then decreasing for u € [1/2, 1]). We can simulate one trajectory of Nt
for each example over the interval [0; T'] by using Ogata’s algorithm as described in Section 5.1.

Figs. 3 and 4 display the associated conditional intensities A7 (¢) for t € [0, T] for these
two simulated point processes with 7 = 10000. The fact that the mean density is varying in
Example 1 is visible in Fig. 3 as the conditional intensity sharply decreases in the middle of the
sample. On the contrary, the conditional intensity is fluctuating around the same average in Fig. 4
which matches the fact that the mean density is constant in this example.

Based on these two samples of N7, we finally compute the estimator ¥, 5, (w; u) defined by
(31), over an appropriate grid for (w; u). We set b = 0.05 and b; = 0.1 in these experiments and
we used [—1/2, 1/2]-supported triangular shapes for kernels K and W. The obtained estimates
of the local mean density and local Bartlett spectra for Example 1 and Example 2 are respectively
given in Fig. 5 and in Fig. 6.

We observe that the estimated local Bartlett spectra show the main features of the true
underlying spectra, which illustrates the approximation result derived in Corollary 6.

6. Proofs
6.1. Laplace functional of non-stationary Hawkes processes
In this section we suppose that N is a non-stationary Hawkes process as defined in Section 2.3

with immigrant intensity function A, and varying fertility function p(-; -) satisfying (10).
We define

L(glt) =E[exp N(glt)], (32)
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Fig. 3. Conditional intensity function of a simulated Hawkes process with respect to Example 1, with 7 = 10 000.

conditional intensity

05

25

15
L1

T T T T T T
0 2000 4000 6000 8000 10000
time

Fig. 4. Conditional intensity function of a simulated Hawkes process with respect to Example 2, with 7 = 10 000.
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Fig. 6. Estimation of the local Bartlett spectrum for Example 2.

conditioning on N, and using that N, is a PPP with intensity ., we get that, for well chosen
functions g,

L(g) =E[exp / log L(gl) Nc(dtc):| = exp / (L(glt) = 1) 2e(t€) dr°. (33)

By (4) and monotone convergence we have, for all non-negative functions g,

L(gl) = lim Ly(slt°), (34)



F. Roueff et al. / Stochastic Processes and their Applications 126 (2016) 1710-1743 1731

where
Ly(glt) =E [expz N® <g|rf)] :
k=0

Moreover, by dominated convergence, Eq. (34) remains valid for complex valued functions g,
provided that £ (| gl | t“) < 00. Let us define, for functions g and 2 and s € R¢,

(2,016 = g)+ [ (10 1) pte—sin)ar. (35)

The integral in (35) is always defined if / is non-negative but may not be finite. If / is complex-
valued, P, (h) is well defined whenever &, (Jh]) < oo. We denote the nth composition of the
operator 9, by

@;‘: Pgo---0P,.

——
n terms

We have the following relationship between &, (¢) and £, (glt).

Proposition 7. We have, for all non-negative functions g and all t¢ € RY,
L.l = exp (| 22(0)] ).
The same formula holds if g is complex valued, provided that L, (|g| ’ lc) < 00.

Proof. See Appendix. O

We now consider a function g depending on a second variable z € U. We thus extend the
definition of the operator @, to functions 4 defined on Rf x U as

[D(M)](s,2) = g(s,2) + /(eh(t’z) —Dpt—s;0dt seR, zeU, (36)

with some adequate conditions on p(-; -), g and /& to guarantee that the integral is well defined.
In particular, in order to obtain a control of the derivatives of L(g(-, z)|t) with respect to z, we
work within the space O (U) by adding some control on adequate norms of the functions (see
Section 2.1 where the main notation is introduced). Proposition 7 and (34) immediately provide
a way to express L(g|t€).

Corollary 8. Let g € O (U). Suppose that there exist a compact set K C U and rog > 0
such that the sequence (¢§(| gI)) X takes its values in Bp (roo; K, 00). Then, we have, for
n>

(Lebesgue) almost every t¢ € R* and all 7 € K,
Lig¢ )l = lim exp (124()(,2).
n—od
The following lemma will be useful.

Lemma 9. Let p € [1, 00]. Suppose that h, h' € (’jp w)n @oo (U). Then el — e also belong
to O (U) and, for any compact set K, if |h|5 g o, V |h’|@ K oo = Foo, we have

’
‘eh _oh

Okp <e™ |h— h’|@)K’p . (37)
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Let now B > 0 and suppose that h,h' € Ouo (U). Then, for any compact set K, if
IhI@K’OOV|h/|@KOOSrooand|h—h/ < 00, we have

O.K.(B)

L <e™ |h—h|- . 38
‘e ¢ ’@,K,(ﬂ)_e ’ ‘(’),K,(ﬁ) (38)

Proof. This follows directly from the inequality |[e* —e”| <e”(y —x) valid forall y > x. [

Mimicking the notation introduced in (LS-1) and (LS-4), we consider the following
assumption.

(NS-1) We have ¢ < 1 and ¢oo < oo where ¢, = sup,cge [p(:5 1)l

Recall that the first condition in (NS-1) already appeared in (10) of Definition 1. By Lemma 9,
we have thatif 1 € O (U)N O (U) thene — 1 € Oy (U). Consequently, if Z5, < 0o, then we
get that, for all s € RY and compact sets K C U,

/sup ehta) _ 1‘ pt —s;0)dt < oo ‘eh — l) < 00,

zeK @,K,l

and, applying Lemma 15 for any s with u defined as the measure having density 7 — p(t —s; 1),
it follows that, if g € O (U), then $4(h) € O (U). Applying this line of reasoning, we get the
following result.

Proposition 10. Suppose that (NS-1) holds. Let g € Oy (U) N Oy (U). Then, for all h €
01 (U) N Ox (U), the function (t, z) +— [Pg(h)](t, 2) in (36) is well defined on Rt x U and
belong to O (U) N Oy (U). Moreover, for all h,hi' € Oy (U) N Oy (U) and compact sets
KcU,

(a) |¢g(h)|@,K,oo <1816,k 00 T S0 |eh - 1|(§,K,l’
(b) |(pg(h)|@,1(,1 = lglpx1 +& |eh - 1|C_),K,1’
© |@eth) = @] ¢y =01 [eh e

0.k,
We now derive a stability and contraction property on the operator @, for the norms |5 x ,

and |'|(§,K,oo'

Proposition 11. Suppose that (NS-1) holds. Let

Foo € (0, —logzy) and r e (0, rooe_r‘”g“o_ol>. (39)
Then we have

Ry =n (1 - §1er°°) € (0,r1), (40)

Roo =100 — € s0r1 € (0, 7). 41)

Let K C U be a compact set and g € Bs (Ry; K, HnN B5 (Roo; K, 00). Then Bs (ri; K, 1)N

Bp (reo; K, 00) is stable for the operator ®,, which is strictly contracting on this set for the

norm || g |- More precisely, we have

’Qg(h) - Qg(h/)’@,K,l
lh =116 k1

sup <ge>* <1,
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where the sup is taken over all h, h' in Bp (r1; K, 1) N B (reo; K, 00) such that |h — h’|@ k.1
> 0. o

Proof. Recall that (NS-1) implies {; < 1. Obviously, (39) then implies 0 < 1"~ < 1 and then
(40) and (41). Let now K C U be a compact set, g € By (Ry; K, 1) N By (Roo; K, 00) and
h e Bp (r1; K, HnN Bs (reo; K, 00). By Proposition 10 with Lemma 9, we get that

}ég(h)}@’l(,l = |g|(§,K,l +¢pe™ |h|(§,](71
<R +4e>®r=r.

And, similarly,

(2406, oo = 1816, 0+ 80 € Ihlo g
< Roo + o0 € 11 = rec.

Then, &,(h) € B5 (r1; K, 1) N Bs (reo; K, 00). Finally, using again Proposition 10 with
Lemma 9, for all h, h" in B (r1; K, 1) N B (reo; K, 00),

| @e(h) = B (M) < 1™ [h=h'] g
which concludes the proof. [

We will use the compact open topology presented in [23, Section 1.4]. The convergence under
this topology is equivalent to uniform convergence over all compact subsets of U, and, more im-
portantly, O (U) endowed with this topology is complete. Similarly, the space O; (U) endowed
with the convergence in the norm || O.K.1 for all compact sets K C U can be made complete
by taking equivalent classes for the equivalence relationship hRA’ if h(t¢, z) = h'(t¢, z) for all
z € U and almost every ¢ € R¢. Then, by the standard fixed point theorem, we may introduce
the following definition, which will be useful in Section 6.3.

Definition 3. Suppose that (NS-1) holds. Let g € O; (U) N Oy (U). Suppose that for all
compact sets K C U, there exist r; and ro satisfying (39) such that g € Bj5 (R1; K, 1) N
B (Roo; K, 00), with R{, Ry defined by (40) and (41). We denote by @go the limit of
(@g (8))n>1 in O (U). Moreover, on each compact set K C U, there exist r; > |g|; and

roo > |gloo such that the restriction of .° to R® x K coincides with the unique fixed point
of &gin By (r1; K, 1) N B (reo; K, 00), that is, the unique solution of

¢g(h) =h forh € By (r1; K, 1) N By (reo; K, 00).

On the other hand, by Corollary 8, we get that £(g(-, z)|¢¢) can be expressed as the limit of
exp ([452,’ (9)1@e, z)) as n — o0o. Hence we have the following corollary.

Corollary 12. Suppose that (NS-1) holds. Let g € Oy (U) N Os (U). The following assertions
hold.

(i) Let K C U be a compact set. If there exist r\ and ro satisfying (39) such that g €
Bps (R1; K, 1) N By (Roo; K, 00), with R, R defined by (40) and (41), then the sequence
(@g,’ (8))n>1 takes its values in B (r1; K, 1) N By (reo; K, 00).

(i1) Suppose that for all compact sets K C U, there exist r1 and r satisfying (39) such that
g € Bj (Ri;K,1)N Bs (Roo; K, 00), with R1, Ry defined by (40) and (41). Then for
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almost every t¢ € RY, z — L(g(-, 2)|t°) is holomorphic on U and, for all compact sets
K cU,

tim [ sup |£(g( 2)lr) —exp ([24 (2147, 2))| de = 0.

n—oo zeK

Note in particular that applying (33), Lemmas 9 and 15, this corollary implies that if A, is
uniformly bounded on R, then z — £(g(-, z)) is holomorphic on U.

6.2. Locally stationary approximation for component point processes

We now consider a locally stationary Hawkes process (N7) 7o with local immigrant intensity
)Lf;LS) and local fertility function p(LS>(‘; -), see Definition 2. Note that, for any T > 0,
Assumptions (LS-1) and (LS-4) imply (NS-1) for p(r; t) = p™S)(r; t/ T). Hence we can apply
the results derived in Section 6.1 to the non-stationary Hawkes processes Nt. Also, for any fixed
u € RE, the same assumptions imply (NS-1) for p(r; 1) = p LS u) (this p(r; ) does not
depend on ¢) and hence we can also apply the results derived in Section 6.1 to the stationary
Hawkes processes N (-; u).

Let us denote by N7 (-|¢¢) and N(-|¢t¢; u) the component processes at center point t¢ of Nt
and N(-; u) and let L7(g|t¢) and L(g|t¢; u) denote their Laplace functionals, defined as in (32).
As in Section 3.1, we will in fact take g depending on two variables (¢, z) € R® x U and make
the convenient abuse of notation to keep denoting N7 (g|z¢), N(g|t; u), L1 (g|t¢) and L(g|t°; u)
the corresponding functions defined on U, that is, for instance, [N7(g|t)]1(z) = Nr(g(-, 2)|t°).
And so, continuing the same example, N7 (g|-) is a function defined on R® x U. The goal of this
section is to approximate, for any given u € R, L7 (S~ T%g|t¢) with L(g|t¢; u) as T — oo.

In the locally stationary setting, we use the notation ;“éLs) introduced in (LS-1) with g = 1
and (LS-4) with ¢ = oo so that the conditions on | and r, in (39) read

Foo € (0, —log¢"™) and 1 € (0, rme—’w(g§§5>)—1) (42)
and the definitions R; and R, in (40) and (41) are replaced by

Ri=r (1 — e ) € (0, r1), 43)

Roo = roo — €255 € (0, roo). (44)

Based on these definitions, we say that g € O1 (U) N Oy (U) satisfies Property (P) if the
following holds.

(P) For any compact set K C U, there exist r{(K) and ro(K) satisfying (42) such that g €
Bp (R1(K); K, 1) N Bp (R (K); K, 00), with R (K), Roo(K) defined as in (43) and (44).

We have the following result.

Theorem 13. Suppose that (LS-1), (LS-3) and (LS-4) hold. Let g € (0,11 and g € O (U) N
Owo (U) satisfying Property (P). Then for all u € R and T > 0, and for almost every t° € R,
z > L(g(C, )|t u) and z — L1 (g(, 2)|t°) are holomorphic on U. Moreover, for all compact
sets K C U,

/ sup [ £7(51"g 9le) — Lig (N5 w| i < AKI T (gl e p) + BK)).
zZ€

(45)
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where
|é§(/3)|1 e2reo(K)

2
(1 _ CfLs)erm(K)>

Moreover, we have

A(K) =

and B(K) =r (K)eroo<’<);(%)s>.

eroo(K)
sup |L£(g(-, D)t u) — 1 |tc|'3 ‘< —-— (|g| ~ + B(K)) . (46)
/zeK ’ | 1— §1<Ls>er°0(K) O,K,(B)

The proof of Theorem 13 requires some preliminaries. By Remark 5 and since g — L£(g|t¢; u)
is translation invariant (for all s, £(S*g|t“;u) = L(g|t°;u)), we can take u = 0 without
meaningful loss of generality. For convenience, we denote by p®> (¢) the local fertility function
pS)(1:0) atu = 0.

Following the definition of & in (36), we set, for any g € O ),

[Pr.¢(W)](s. 2) = 8(s.2) + f ("9 = 1) p™ —s:1/7) . (47)

[28) ()](s.2) = 8(s. ) + / ("2 = 1) PS¢ — s . “8)
The following lemma will be useful.

Lemma 14. Let B € (0, 1]. Suppose that (LS-1) and (LS-4) hold and define r| and roo as
in (39). Let g € Bp(R1; K, 1) N Bp (Reo; K, 00) with Ry and R defined by (40) and
(41) respectively. Let r(gy be a constant satisfying

1 (LS)

rgy > (1 — e M) e (). (49)

Then we have
LS LS
Ry = r(ﬂ)(l - erocé‘l( >) — rler“’f((ﬂ) ) € (0, r(ﬂ)). (50)

Moreover, for all compact sets K C U, if g € B (R;;K,1) N Bp(Rx; K,00) N
B@,K’(ﬁ) (R(ﬂ)), then B (r1; K, )N B3 (reo; K, oo)ﬂB@’K’(ﬂ) (r(ﬂ)) is stable for the operator

(S)
¢

o -

Proof. Let K C U be a compact set. Suppose that g € Bp (R1; K, 1) N B (Ro; K, 00) N
Bj g ®) (R(,g)). We already know from Proposition 10 that then B (r1; K, 1)NBg (reo; K, 00)

is stable for the operator ;. Let now i € B (r1; K, 1) N B (roo; K, 00) N Bgs g (4, (rp))-

Then we have
f (eh(s,z) _ 1) p<S) (s — 1) ds

(s) _ s
)@g (h)‘@’K’(ﬂ)§|g|o,K’(ﬁ)+/SUp 118 dr
< |g|@,K,(5)+/Sup e 1‘ (/ S (s —1) |t|ﬁdt) ds.

zek
zek
Observe that, using that |r — s|# < |r|# + |5| for B € (0, 1], we have, for all s € RY,

/p<5> (s —1) |t|ﬁdt=fp<5> () Ir=stPar < |p] 4 [p® i
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Inserting this bound in the previous display and using Lemma 9, we get that

(s) - o [ (8 - o | ) -
470l g = o+ [P0 o+ [P, o

B)
LS LS
< Ry + ¢ e o rg =rp),
where the equality follows from (50). U

We can now prove Theorem 13 in the case u = 0.

Proof of Theorem 13. We deduce from the preliminaries that Proposition 11 and Corollary 12
apply for each T > 0 and each u € R?. Thus for almost every ¢ € R¢, z > L(g(-, 2)|t¢; u)
and z — L7(g(-, 2)|t) are holomorphic on U and it only remains to prove the bound (45) for
a given compact set K C U, again picking the case u = 0 without loss of generality, in which
case we denote £S) (g]r¢) = L(g|t¢; 0). We suppose that

1816,k gy < ©©- (51

(Otherwise the right-hand side of (45) is infinite and there is nothing to prove.) Then by
assumption on g and Proposition 11,

B = B (r(K); K, 1) N Bj (reo(K); K, 00)

is stable both for &7 , and ¢§S> and moreover these operators are Lipschitz for the |-| 5 ; -norm
with Lipschitz constant

p = gl(LS>e’°° < 1.

Let us now write, foranyn > 1 and all & € B,
n—1
n _ #S)n n—k (SYkopy _ gn—k—1 (S) k+1
‘@T’g(h) o (h)‘@,K’1 < /; ‘qﬁr’g o 8K (h) — 4 o B (h)‘@’[c1 .
Using the Lipschitz property of &7, in B, we get, forall h € B,

n—1
|2 () ﬂﬁés)"(h)‘@,m : ;pn_k_l | @160 25 () — 2 k—H(h)‘@,K,l 62

Using (LS-3), we have, for all 4 € B,

| @140 — 2 ()|
_ / sup /(eh(S’Z) -1 [p<LS)(S —t:5)T) — pUSs —t;O)] ds
zek

zeK

7 oo o

O.K,1

dr

dr

O.K.B)
Using Lemma 9 and inserting this in (52), we get, forall 4 € B,

n—1
pn—k—l ’¢§S)k(h)‘

‘Qf’?’g(h) - gpé’S)n(h)‘@,K,l = r ’E(ﬁ)‘l e k=0 9

O.K.(B)



F. Roueff et al. / Stochastic Processes and their Applications 126 (2016) 1710-1743 1737

By Condition (51) and since p = g‘l(]‘s)erw < 1, we have

—1 -1
s LS LS LS
(1 — ¢ )e’w) r1e’°°§(<ﬁ)) = (1 —¢f )erw) <|g|@,K,(/3) +”erw§(<ﬁ> >) =%

and thus, for all

-1
LS LS
rep) > (1 - Cl( >eroo) <|g|@,K,(ﬂ) + rleroog-((ﬁ) >) s (54)
the Rg) defined by (50) is such that |g|@’K’(ﬂ) < Rp). Then Lemma 14 gives that the set

B (r1; K, 1) N Bg (rec; K, 00) N B3 () (r(p)) is stable for the operator @é,s) . We thus have,
forall h € Bp (r1; K, 1) N B (roo; K, 00) N Bgj g B (r(ﬁ)) and k > 0,

‘@f”‘ (h)‘ <rp. (55)

O.K.(B)

We thus get from (53) that, for all 1 € By (115 K, 1) N By (rec; K, 00) N Bgs g 4, (rp)), we
have

n _ piSn -B |£(B) Too _ !
|7 — o) =T D] e - p)
To conclude, we apply this to = g since by construction g € Bg(R;; K, 1) N

B (Roo; K, 00) N Bg ¢ g (R(g)) C By (r1; K, 1) N Bs (roc; K, 00) N Bgs g () (rp)) and
let (g tend to the right-hand side of (54) and obtain that, for alln > 1,

< (10! - A (LS)
s £ D], e <|g|O,K,(ﬁ>+”er Eep) )
- :
O.K, = (1 B gl(LS)eroo)

With Lemma 9, it yields that, for alln > 1,

|25 (&)~ 287 (o)|

B e2re ) roo 1 (LS)
o o0) e = T o )
1

Applying Corollary 12, we thus obtain (45) for all compact sets K C U.
The bound (46) is a by product of the above proof. Namely, observe that by Corollary 8 and
Fatou’s lemma, we have

/sup £ (g(, 2)[1) — 1’ 11€1F dr¢ = /sup lim |exp ([¢§S>"(g)](f,z)) - 1‘ 118 dr¢

z€eK ek ">

< hrnlnf exp 45 M(g) —

‘O,K,(ﬂ) ’

Now recall that we already used that Bg; (r1; K, 1) N B (rec; K, 00) N By ¢ 4 (r(p)) is stable

for the operator ¢§S> , so with Lemma 9 and the previous bound we get

/Sup LS (g(, )t — 1] 1117 dt® < & rp).
zeK
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Letting r(g) tend to the right-hand side of (54) as above we get (46) in the case u = 0, which
concludes the proof. [

6.3. Local Laplace functional

We use the same notation as in Sections 6.1 and 6.2. Let us first explain how to use the previous
results (mainly Proposition 11 and Theorem 13) for deriving the Laplace functional L7 (S~T%g)
of N7 and the Laplace functional L£(-; u) of the stationary Hawkes process N (-; u). We again
set u = 0 in the following without loss of meaningful generality and denote £ = L(-; 0),
£ (g = Lzl 00,22 =21 0) and pS) = p19(; 0).

Note that the assumptions of Theorem 13 allow one to apply Definition 3 with &, re-
placed successively by @7, (for any given T > 0) and @(g(,s), yielding the functions @%f’g and

@(g(,s)oo, whose restrictions to any compact set K C U, are elements of B (r1(K); K, 1) N

B (ro(K); K, 00). Note that Proposition 10 shows that exp (@;’%) — 1 is essentially bounded

on R x K for all compact set K C U. Hence, from Corollary 8 and applying (33), we get that

if )\éLS) < oo, forall T > 0,

’OO
Lr(g) = exp/ (exp (@;’f’g(t", .)> — 1) A @€y dre,
and

9= (1 [ ({0 1) ).

and by Lemma 15, these two functions are holomorphic on U. We thus define 7 (g) and KC(g; u)
by

Kr(g) = / (exp (252, 0) = 1) A1/ Ty ar
and

KBS (g) = K(g: 0) = A1 / (exp (gzsgsm(f, -)) - 1) drc.
Now we observe that, for any compact set K C U,

[Kre) -k (@],

< sup f (exp (qﬁ;?g(f, z)) — exp (¢§S>°°(t“, z))) A (1€ / T) de
+ sup f (exp (glié,s)oo(t”, z)) - 1) (A@LS) (°/T) — ,\6(0)) dr¢| = () + ().
zekK

We can bound () as

(LS) 00 (S) o0
O =] fewp (07%) e (207)]

dre.

A / sup |£7(2(, D) — £ (g (-, 2)11)
ee} zek
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Using (LS-2), the term (II) is easily bounded as

an <P r=F sup/ exp (qsgsm(f,z)) — 1‘ 7€) dr¢
zeK

= Sc(ﬂ) T8 sup/ rS) (g(, Dt — 1‘ |t|ﬂdtc
zeK

<P rF /sup LS (g(, 2)|t°) — 1‘ 1P dre.

zek

We can now bound (I) and (IT) by relying on Theorem 13, so that

oo (K)

c
D+ <7F ‘A<_LS>’ AK) +60 5

} (1glo.x.5) + BK)),  (56)

provided that the assumptions of Theorem 13 hold. Hence, the proof of Theorem 2 now boils
down to the following.

Proof of Theorem 2. As explained above, we just need to prove that the assumptions of Theo-
rem 13 hold. The only non-trivial one is to prove that g satisfies Property (P). Let K C U be
compact. We set

1 S
roo(K) = —> log .
which by (LS-1) satisfies the left-hand side condition of (42). Then the right-hand side condition
on r(K) reads

0 < ri(K) < reo(K) (" H12 51 (57)

and R (K) and Ry (K) defined by (43) and (44) are given by
Ri(K) =) (1= ")) and Roo(K) = oo (K) = (6" 72685 (K.
Condition (18) and the choice of ro, (K) above implies

18l -
a=——80 — < (k)PP =b.

(1 N /2)

Now, any rq(K) strictly being between these two boundaries satisfies (57) and the correspond-
ing R (K) satisfies IgI@QK’1 < R1(K). Moreover as r1(K) tends to the lower boundary a from
above, we have

|g|@’[(,1

Roo(K) 1 reo(K) — (2Sh=172,18) __CIOK 1
tr ) ¢ . (€_1<LS))]/2

From (19), we obtain that IgI@,K,oo < Roo(K) for r1(K) chosen close enough to a. Hence we
have shown that g satisfies Property (P) and the proof is concluded. The constants C; and C»
in (22) correspond to the {. ..} term in (56) and B(K) with the above definitions of r»(K) and
ri(K). O



1740 F. Roueff et al. / Stochastic Processes and their Applications 126 (2016) 1710-1743

6.4. Local cumulants

Let us denote, for r > 0, the polytorus 7" (z) = {z' € C" : |z} — z;| = r} and the polydisc
P"(z)={ e C": Iz; — zi| < r}. We have moreover from [23, Theorem 1.3.3] that the partial
derivatives satisfy the Cauchy inequality

o!
[0%h(z)| < &, Sup (58)
€T (z)
where a! = aq!...ap! and r* = r* . p%m,

Proof of Theorem 4. We apply Theorem 2 first with g(z, z) = z h(t), defined on (¢, z) € Rt x C
and then with

gt,2) =) 2,80 (59)
j=I1

defined on (t, z) € R® x C™. The fact that N7 (k) and N (h; u) admit finite exponential moments
for a bounded integrable function g : R® — R is a direct application of Theorem 2 for the first
choice of g.

We now apply the theorem with g defined as in (59). We assume such that | gj |( 5)
j =1,...,m (otherwise the right-hand side of the inequality is infinite and there is nothing to
prove). Take U the polydisc P/ (0) of C™ with center 0 and radius > 0. In this case we have,
for any compact set K C U and any g € [1, oo],

< oo for all

m

gloxg <7 2 l8il,

=1

Hence (18) and (19) hold for » small enough so that the two following inequalities hold.

< 1
rZ|gj|1 (—-logcf“))@f“))l/z(; Nl =g

2
m
1 LS),— LS LS)y
rZ|8] 0 = ——log{l (§1< >) 1/2(§<§o >)(1 < -2 Z|g]}1
j=1

IA

The largest r satisfying these two conditions is easily found to be
LS
(— log {1( >/2)
—m LS) (LS B m .
Y 85l + @205 (A = ¢ 12 Y gy
j=1 j=1

Moreover we also have

m
8lox.p <7 D_l8ile-
j=1

Hence Theorem 2 with (15), the above bounds on |g|@,1(,1 and IgI@’K’(ﬂ), and the Cauchy
inequality (58), imply
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—T —T . .
[Cum (N7 (57Tg1), ..., N (S~ g)) = Cum (N (13 )., N (g 1)

Sr(])_mcl Z (’gj|(ﬂ)+c2‘gj|1> T,

j=L..m

for any ro € (0, r). Letting o tend to r, this bound is still valid with r(; ™ replaced by

n LS). _ LS LS)_1/2 & m-l
Y il + P28 a4 = 12 Y g5,
j=1 j=1
LS
(—1og;1< >/2)

This concludes the proof. [
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Appendix. A postponed proof and a useful lemma

Proof of Proposition 7. Denoting by F; the o -algebra generated by the family (N (k))ofkg jaWe
have

L(glt) = E [epoN“)(gn“)]

k=0

n—1

—E |:exp Y NO(gli) +E [exp N® (gt | fn]ﬂ .
k=0

Since conditionally on F,_1, N (-|¢) is a sum of independent PPP’s with intensities ¢ +>

p(t — s; t) with s describing all points of N®=D(.1£9), we have for any h : R - Ry,

E [exp N (h|t€) | ]—',,_1] = exp <f(eh<’> —Dp(t —s;1)dt N<"—1>(ds|tf)> )

Applying this with the definition of &, and iterating, we get

n—1
E |:epoN(k)(g|tc) +E [exp N (Rt | .7,,_1]:|
k=0

n—=2
=E |:exp (Z NO ) + NP ([ S, ()] | t%ﬂ

k=0

n—3
=E [exp (Z N® (@) + N2 ([ By 0 By ()] | ﬁ)}

k=0
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E[exp (NO Q@1 119)]
exp (123 1)) .

Applying the obtained formula with 7 = g, we obtain the claimed result. [

The following lemma is a straightforward application of the Cauchy inequality (58).

Lemma 15. Let i1 be a non-negative measure on R¢ and h € O (U). Suppose that for all z € U,
there exists a neighborhood V C U of z such that

% <sup h(, z)) < 0.

zeV

Then z — u(h(-, 2)) belongs to O (U) and for any multi-index a, we have, for all 7 € U,

0 (h(-, 2) = (89 (- 2).
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