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Lorick Huang* Mahmoud Khabou'
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Abstract

The non-linear Hawkes process is a point process for which the occurrence of future events depends
on the history, either by excitation or inhibition. This property made it popular in many fields, such as
neuro-sciences and social-dynamics. In this paper we propose a tractable hidden Markov chain time series as
a discrete-time Hawkes process. Our model allows for cross-excitation and inhibition between components,
as well as for exogenous random noise on the intensity. We then prove a convergence theorem when the
time scale goes to zero. Finally, we suggest a parametric calibration method for the continuous-time Hawkes
process based on the regression on the discrete-time approximation.

1 Introduction

In this paper we introduce a multi-variate time series (P,,),en in N¢ that represents the bin-count sequence of
some events on regular time intervals of size h > 0. Examples of integer valued time series have been studied in
the past, such as the g—functions for {0, 1} valued sequences by Berbee [5] and the integer valued auto-regressive
of order p (INAR(p)) process by Alzaid and Al-Osh([1].

The specificity of our time series resides in its hidden Markov chain structure, in which the intensity depends
on the history of the process. In fact, for any n € N and any i = 1,--- , d, the bin-count variable P? is assumed
to be the realisation of a Poisson distribution of parameter hi;(U,,), where (U, ),en is a predictable tensor
Markov chain, i.e. U, € 0(Pg, -+ ,Pp_1,Wo, -+ ,W,_1), where (W ,),ecn are some exogenous random per-
turbations and (¢;);=1,... 4 are non-negative functions. The choice of the Poisson distribution for the integer
valued random variable is natural: we assume that the time bins are reasonably small, so that one would observe
at most one event most of the time, while still allowing for the rare occurrence of two or more events. This,
for instance, is not possible with the simpler choice of a Bernoulli distribution (as in [29]), even though that for
very small bin size, the two choices are virtually the same. The aforementioned model, called the non-linear
discrete-time Hawkes process (by an analogy with the continuous-time Hawkes process made in section [4)) allows
for self and cross excitation as well as inhibition, which makes it a good candidate for modelling systems in
which the occurrence of an event triggers (excitation) or discourages (inhibition) other events.

The main result of this paper is proving that the continuous-time process (U[t /R Z}f:/ ZJ Pn) converges
teRL

in distribution to a standard continuous-time non-linear Hawkes process, as the time step h goes to zero.

The linear uni-variate Hawkes process was introduced in [18] as an example of a self-exciting point process. It
was then extended to the more general non-linear multivariate process in [§]. Initially used in the context of
seismic activity in [25], Hawkes process found applications in many fields such as genome analysis 28], portfolio
credit risk |14], micro-structure noise [3] and social networks [4].

Due to its clear branching structure [19] and the possibility of obtaining closed formulae for its asymptotic
moments, the linear Hawkes process has been studied extensively in the literature. Linear Hawkes processes with
exponentially decaying intensities have been particularly dealt with in many articles. In fact, the memorylessness
of the exponential kernel ensures that the intensity is a Markov process that solves a stochastic differential
equation (SDE). For instance, Giesecke and Kim [17] devised a self-exiting point process with CIR intensity
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(Nt)ter, whose intensity (A¢):er, solves the SDE

AN = B(p — M)At + o/ X dW; + ad Ny,

where (W;):er, is a Brownian motion that can be seen as a persistent market noise. Dassios and Zhao [10]
suggested an efficient simulation procedure for this process, based on the fact that its evolution follows the
well-studied CIR dynamics between jumps.

Despite the explicit formulae obtained thanks to its Markov properties, the simple exponential kernel is a lim-
iting choice. In fact, it does not account for longer memories nor for delays in the excitation.

Similarly, the linearity’s tractability comes at an expense: unlike the non-linear Hawkes process, the linear pro-
cess does not allow for inhibition, nor for bounded excitation. Moreover, the linear process cannot be perturbed
by a simple Gaussian diffusion as it can drive the intensity below zero.

The link between time series and linear Hawkes processes have been studied in the seminal works of Kirchner
[21], where the linear Hawkes process was proven to be a continuous version of the INAR(oc0) time series and
vice-versa. The proof of convergence relies on the tightness of the sequence in the space of point processes then
showing that all the sub-sequential weak limits follow the same Hawkes dynamics.

To the best of our knowledge, the non-linear Hawkes process has no intuitive discrete-time equivalent in the
literature. The time series introduced in our paper is a recursively constructed approximation for the Hawkes
processes with Erlang kernels (i.e. the product of a polynomial and an exponential) that have a Markov struc-
ture. We also allow for the presence of an exogenous Gaussian perturbation that happens continuously in time.
We then use specific Markov process techniques to show the weak convergence in the space of cadlag functions.

The goal of this discrete-time approximation is twofold; on one hand, most data are recorded on regular time
intervals (e.g. high-frequency financial data) which makes a discrete-time process more realistic, on the other
hand its simulation is more intuitive and tractable than the classic Ogata’s thinning algorithm ([24]) albeit at
the expense of introducing discretisation bias. Moreover, from a practical point of view, the convergence theo-
rem suggests that the parametric calibration of the time-series yields a good estimation of the Hawkes process’
parameters, which is verified numerically.

The paper is structured as follows: Section [2] gives the recursive construction of the discrete-time model
and explores its Markov structure. In section [3| we give the definition of the non-linear Hawkes process, to
which we add a Gaussian perturbation and then we show that it is a Markov process if the kernels are Erlang
functions. Section [4] establishes the link between the discrete-time model and the continuous-time process via
the convergence of the infinitesimal generators. Finally, in section [5| we run a parametric calibration of the
Hawkes process based on a regression on its discrete-time approximation. The experimental results are given
with no theoretical guarantees.

2 The discrete-time model

2.1 Preliminaries

Throughout this paper, d € N denotes the number of components and i > 0 denotes the width of a time bin.

Let ¢1, -+, ¢4 be a family of non-negative functions, called the jump-rate functions. We set the following
assumption
Assumption 2.1. The functions ¢1,--- , ¢q are bounded, i.e.

[6lloc = max_supi(s) < oo.

vd ek
For any vector u = (uy,--- ,uq) of non-negative real numbers, we say that the vector & follows the multi-
variate Poisson distribution of parameter u if the variables &1, -+ ,&; are independent and

& ~ Pois(u;), Vi=1,---,d.

for a more concise notation, we simply write
& ~ Pois(u).

We denote by N, an independent realization of the multivariate standard normal distribution of dimension g.



2.2 Construction

For the sake of better understanding, we start this section by building our discrete-time model in the uni-variate
setting, with a memory parameter p equal to zero. Knowing the history of the process until n — 1, the bin-count
sequence P, is supposed to be drawn from a Poisson distribution of parameter h¢(ay,), where (a,)nen is a the
predictable Markov chain that is defined recursively:

an = (1 —e P 4 e Pha, 1 +aP,_1 +oVAN(0,1),

where a € R, 0 > 0, 8 > 0 and ¢ is a positive function, for some fixed intial state. The hidden Markov chain
a can be seen as a pre-intensity that takes into account the recent past of the process as well as the exogenous
noise (the Gaussian variable), which is turned into the intensity by the action of ¢.

We simulate the uni-variate bin count sequence P, its cumulative sum H as well as the intensity ¢((an))nen
(scaled by h) and the pre-intensity (a,)nen for the jump-rate ¢(z) = In(1 + e*) A 40, a decay parameter 5 =5,
a diffusion parameter o = 2 and a baseline pre-intensity pu = 2.

Figure [I] gives an illustration in the self-exciting case of o = 2 whereas the self-inhibiting case a« = —2 is
illustrated on figure

We now generalize this process to the multivariate setting for a general memory parameter p. This construction
can be seen as an Euler scheme of the continuous-time Hawkes process’ intensity, which will be defined in Section

Bl

Definition 2.2. For an integer p € N, let o = (aéj)i,jzl’... d€ R@+tDxdxd [op 3 — (Bij)ij=1,-,a € Ma(R%),
q=0,,p

we Ry, o eRY and p € R

The discrete time Hawkes process H = (HY, -+, H%),cn is defined by

n
H,=> P,
k=1
where Py, ~ Pois(hd(ay)),Vk > 1 and the "pre-intensities” (ax)ren are defined as
d p
Ty = i + Z Z Oézjuzj_]rql + Okt
j=1q=0

where (u%); 1. 4 and (y*)i=1.... a are respectively the discrete cascade of memory terms and the discrete

q=0,,p
cascade of perturbation terms, defined recursively by:

) b
Y =€ y}c+1+\/ﬁ/\/(0,1)

ij,p _ _—Bijh(,, P 1j,p—1

Ugiy =€ Bis (u? + huy; )s

B _ Bk (g9 ) Vi 1ees d (1)
uk+1 =e / (uk + uk )7 ,)]=1L1-,a

13,0 _ _—Biih,, 1,0 J

Ugiq = ¢ Pis ul + Py

With the given initial states uf)j’q =yb =0, for everyi,j=1,---,d and q=0,--- ,p—1 and Py = 0.

Remark 2.3. For eachi=1,--- ,d the sequence (P,) can be seen as the number of events of a continuous-time
counting process (INy);>o0 observed in a time bin of size h, i.e.

Pn = Nnh - N(nfl)h-
That is why a bin-size parameter h appears in the definition.

The system [I] in Definition [2:2) can be put under the matrix form.

Let B
? ).
uk] p yi
ul=| : |eR, Y,=|:|eR% (2)
u;j,() y,”f



The memory and perturbation cascades are perfectly described by the family ((U ij)iyjzl’... d Y).

o1 -+~ 0 O
o0 .-+ 0 O
Let o = (al,- - ,af) and K = Sonoe ot € Mppi(R), with 1 on the super-diagonal and 0
0 0 0 1
0 0 0 0

elsewhere.

From the definition of K we set Mif; = e Pul(I + hK), where I is the identity matrix.
e,+1 designates the vector of RPT! with 0 everywhere and 1 in the last component and 0" = diag(e=wih, ... e~wah),

Proposition 2.4. The cascade (Un,Y ),y where U,, = (U;j)i,j:l’...’d is a Markov chain that follows the
matriz dynamics
Yn+1 = QhYn + \/ENd

Its one step generator T" evaluated at (w,y) € ((RPT1)4*4 x R?) for a function f: (RPT1)4*4 x RY) — R has
the expression

Thf (ua y) =E [f(Un+17 YnJrl)‘ (Una Yn) = (uvy)] ’
—eh i #i(@ (wy)) gN [f ((MZ“”)Z- )

{Ug;i-l = MUY + Pleyi

d,th + \/E./V’d)}

=1,

20"y VING) | R (@™ ()

d
R YL P (G R
m=1

+ RQ(ua y)

Where the remainder Ry 1s

d a™ tm ~m
d7th+\/HNd) H (hém(a (?,y))) o hbm (@™ (w.9))

im

R2(ua y) = EN Z f ((MZ’LLW + i'mep-‘rl)Lj:l’_”7
i1+ Fig>2 m=1

and for everyi=1,---,d
d
i'(u,y) = pi +oig’ + Y (@, u).
j=1
EN stands for the integration with respect to the standard normal distribution in d— dimensions.

Proof. The matrix equation is simply a compact formulation of the recursive definition of (g*,b%%); j_1 ... 4.

q=1,---,p
For the one-step generator that knowing the state U,, = w and Y,, = y, P!,--- , P? are independent Poisson
variables where

d p

Pi~P | hoi | i+ oigh + Y > aidbiia ] |,
j=1q=0
d
P (b (it oig + 3 @) | ]
j=1

~ P (h; (@ (u,y))) -

The expectation operator E stands for the integration with respect to both the Poisson variable and the Gaussian
variable. We denote by E the sum against the Poisson distributions and EV the expectation with respect to
the multivariate standard normal distribution. Since the Poisson variables and the Gaussian variables are built



in two separate spaces we have that:

Tnf(u,y) =E[f(Uns1, Y ni1)| (Un, Yr) = (u,9)],
_EV []EP [f ((M{;U:’f’ + Plepit)ijetim ., MY, + \/ENd) (U, Y ) = (u, y)” :

+oo
=EVN| Y f ((Mg;.uw +ijepi1)ijt,.a, Y + \/HNd) P[P} =iy, Pl =ig|(Un,Yy) = (u,y)]

i1, 50a=0

Keeping in mind that P! ~ P (hqbi (di(u, y))) are independent we have that

d & ,
Tnf(uw,y) = Z BV |/ (Mh“ +ijept1)ig=1,.d y+\de>H GAGICY) e (@ @) |

i1, ,8a=0 1

J
—eh i 6i(@ (w) ) gV {f ((Mzhuu) Ly + \/ﬁ/\/'d)}

Q=1

+ e Bl () Z BN [ (Mu? + Lnsjepnn), -y g QY+ VING) | B (@ ()
+ Ro(u, y).
the last equality is obtained by separating according to the three scenarii
e Exactly zero jumps.
e Omne jump at exactly one component j € [1,d].

e Two or more jumps.

O

In order to illustrate the discrete time Hawkes process we simulate it for h = 0.2, d = 2 and p = 1. The
jump-rate functions are chosen to be ¢1(z) = max(x,0) A 40 and ¢o(z) = log(1 + e*) A40. The decay rates are
chosen to be 11 = P12 = 5,21 = P22 = 6 and the baseline parameters are (u1, p2) = (2,3). The results are
shown on figures [3] and [4] in the appendix [7]

Notice how H; (or Hs) has jumps whose sizes are larger than one. This is possible because the jumps are
chosen to be Poisson variables (along the lines of [20]), unlike the alternative choice of a Bernoulli variable (cf.
[29]). Even though the two choices are equivalent when h — 0, the Poisson approach allows multiple jumps
within a single time bin and allows the possibility he;(a%) > 1.

Remark 2.5. Fven though in Proposition the cascade (U, Y )nen were proven to be a Markov chain, it
is straightforward to show that (U, Y n, Hy,)nen s also a Markov chain. From now on, we mainly focus on
the pre-intensity, because it already contains the jumps of H.

2.3 Stability

We show that if the jump rates are bounded, the pre-intensities <(U§Cj ) ) have bounded averages
hi=1 keN

and are thus almost surely finite.

Proposition 2.6. Let (U,,,Y »)nen be the Markov chain defined m@following the recursive formula of Propo-
sition [2.4) and assume assumption 1s in force. Then there is a positive constant C' independent of n such
that

d D
oD ukitlyl| <0
i,j=1q=0

for any n € N.



Proof. We start with Y,,, using the triangular inequality and the mean of the folded normal distribution

7 —w; 7 2h
El[yi1l] < e P E[yil] + 4/ —

hence, using the discrete version of Gronwall’s lemma:

. 2h 1
Ellyniall < P p—
For U,,, we set .t'he decreasing positive sequence ({7, -, 77 ) and we define Dk 1= 2n—o E[u;jjrql] i ijﬂ. The
dynamics of U}/, ; yield
. p .. p r .. - ..
DY =e P (SR { i, ‘1} mIBE + Y R u? A 1} TIBE | +E [P,g} 7§ Bijs
q=0 =1

p—l - .
— ¢~ Bijh <IE {uw,p} wﬁpﬂ +ZE [UZJ’Q_ (Wzizj +hﬁij7Tf]J+1 q+1> +E PJ 7To 78,
et <E[ ov] mi +ZE[ | (77 + hsimil ﬁ‘”l) + Bl oo B

Using the fact that 1 +z < e” we get

]
8ih (i i oy Tgt1
e Pish (wff + hﬂijm;ﬂd) =i il (1 + hﬁijiglj ;

q

S 7TZ'1j exp hﬁi] qij—l -1 ;
7qu
Dk+1 < kig Dy} 4 hl|9lloomd Bij

ij
m
Kij = Iax exp | hBi; atl g ce Pl h <1,
q=0,--- ,p—1 W,ZJJ

hence the result. O

ij
where T:‘:fjl — 1 < 0. Finally, we obtain that

q

with

The result above does not prove stability in variation (c¢f. [8]), but it ensures that the self-excitation (in case
« is positive) is not explosive. In fact, the result of Proposition entails that (using Markov’s inequality)

. C

P [u?> M] < 2 "meEN
The result also ensures that the sequence (U,,Y )nen is tight, thus having weakly convergent sub-sequence,
which in turn can be used to prove the convergence towards a stationary distribution. We chose not to prove

it in this paper, as the long-time behaviour has already been studied in [11] for the continuous-time Hawkes
process, using classical Markov process techniques.

3 The continuous-time Hawkes process

3.1 Preliminaries

Let Q% be the space of configurations, where



Q.= {w:Z%i,gi), 0=ty <ty <- <ty 0; ER,, TLENU{+OO}}.
=1

Let F be the o-field associated to the vague topology on ¢, and PT the Poisson measure under which the
family .
r= (F])j:L.” d

where

7 ([0,4] x [0,0]) (w’) :=w? ([0,¢] x [0,8]), (t,b) €eRE, j=1,---,d
is a family of independent homogeneous Poisson processes with intensity measures dt®df. We set FT = (ftr )
to be the natural filtration of (I‘j )j
by ET.
On a separate space €', we construct a standard d—variate Brownian motion W = (W1 ... W%) and we de-
note its filtration by FW = (]—'tW ) >0 and by PW the associated probability. The expected value with respect

to the Brownian measure is denoted by EW.
We define P = PT' @ PW and F = F¥' Vv FW. The expected value with respect to IP is denoted by E.

t>0

_1... 4~ The expected value with respect to the Poisson measure is denoted

3.2 Definition and construction

We start by defining the non-linear multivariate Hawkes process in the general framework.

Fori =1,---,d, consider the events times 7{, 74, - - - associated with the i—th component and define the counting
process
i>1

To N = (N%);—1,... ¢ we associate a predictable intensity vector A = (A?);—1 ... 4 such that
PN/ g — N} = 1|F] = Ndt

which measures how likely it is for N7 to jump between ¢ and t + dt, right before ¢.

Let (0i;)i,j=1,.--,a be a set of real integrable (not necessarily non-negative) functions on R4 and ¢ as defined in
subsection

The process NN is called a non-linear Hawkes process of memory kernel § and jump rate ¢ if its intensity follows
the dynamics

d
A= ¢ u¢+/[) > 6t = $)ANT | + ogem iAWy |
0,t

j=1

d
=¢i [t > Y 0it—1)) +/ gie~ i t=qwi | |

5=1 19 <4 [0,t)

for some w; > 0, for every ¢ = 1,--- ,d. [8] constructed the non-linear Hawkes process as the result of the
embedding from a Poisson measure. We give the result in the following theorem.

Theorem 3.1. LetI' a d—dimension Poisson measure on Ri and W a standard d—wvariate Brownian motion.
Let ¢ and 0§ be functions as defined in the beginning of this subsection. Let u € R, w € (Ri)d and o € Ri.
The following SDE has a unique solution (N, X) with N F—measurable and A F—predictable

NZ:/ ]1{9<)\i}ri(d8,d9), tZO, i:17~-~ ,d,
(0,t] xRy -

X =60 (i + S (021 014t = $)ANT ) + s 0AWE ) 120 =1, d.



Remark 3.2. In [(§], the assumption that the functions ¢1, - , ¢4 are bounded is relaxed and replaced by the
condition that ¢; is l;— Lipschitz and that the matrix

+oo
<zi / |5ij(8)|ds>
0 ij=1,.d

has a spectral radius strictly less than one. This guarantees that IN ezists on Ry and has a stationary distribu-
tion.

In our definition a Gaussian perturbation was added to the original definition of the intensity. This can be
seen as the effect of exogenous factors on each component of the system, that do not occur on the jump times
of a point process, but continuously in time. On the other hand, the unperturbed Hawkes intensity follows a
piece-wise deterministic dynamics.

In the following section, we choose the memory kernels from a specific family of functions and we show how this
choice guarantees that the Hawkes process is Markov, without being too restrictive.

3.3 Markov properties of the Hawkes process with memory kernels given by an
Erlang function

From now on, we restrict the choice for the memory kernels to be in the Erlang functions family

L
9= (o) ene
= T

for all s > 0 and Vi,j =1,---,d. Thus, the intensity takes the form

d
Ay =i | i+ Z/ < —Bij(t=9) Z dNJ> / e~wit=s)qwi
= 0,6)

When the memory kernels are Erlang functions, the stability condition in remark becomes

Assumption 3.3. The functions ¢; are l;— Lipschitz fori=1,--- ,d and the matrix
(12 8]
ij=1,,d

Remark 3.4. This is a special class of Erlang memory kernels. The more general approach would be to make
the (Bi)i=1.... a dependent on q, along the lines of [11)]. This choice would allow to approzimate every L*(R4,R)
kernel, hence approzimating any Hawkes process with an integrable kernel. In fact, it has been proven in [27]
that for any T there is a constant Cp such that for two Hawkes processes N and N of memory kernels § and
) respectively, we have that

ZE[W Nilry <0TZ/ () — By (9)]ds,

1,5=1

has a spectral radius strictly less than one.

where || - ||ov is the total variation distance on [0,T).
The results in this paper are entirely adaptable to those kernels, we chose however to write them down solely for
B independent from q because the computations are less tedious.

We now show that, the vector formed by the continuous-time memory and perturbation cascades

iy t—g)? .
it = | L esaany, (4)
[0,t) q:

and

7 = / e (= qw, (5)
[0:)

is a (p+ 1)d? + d—variate Markov process that solves a certain SDE.



Theorem 3.5. Let N be a d—wvariate Hawkes process with Erlang memory kernels. For everyi=1,---

ol = (ald, - alf) e RPHL,

Let Vij = (vij”’7-~~ , U Z] 0) ERPTY and Z; = (2},--- , 2%) € RY, such that

/M"‘Uzzt"_z om sz> ,
j=1

¢l (dl Vtv Zt
Then, (V,Z) = ((Vij)m-:lf.. s (29)i=1,... .a) is a Markov process that follows the SDE:
AVY = (K - B; 1)V dt + dN/ e,y 1,
dZ, = -—diag(w;,- - ,wq)Zdt +dW,
where epy1 = (0,-++,0,1) and W = (W1 ... W),
Proof. For the auxiliary processes v*/* for fixed 4,5 € [1,--- ,d] and q € [1,--- ,p] we have
1 t

ijaqeﬁijt _

vy (t —s)de ﬁ”SdNJ

ZCltl/ )2~ "ePid N,

which yields after differentiation

g g 1 a t , a ]
(4o + Bigutat) Pt —— (th C’flltl‘l/ (—s)0 e dNT 4+ 3 Chlt(—ty=4e"T1aNT |
q: 0
=0

and since
q! B (g—1)!
G- —D  Yg—1—a—)a—1

1 _ — -1
C,l= =qC, 1,

we have

| | 1 t )
(dvzj’q‘i‘ﬁijvz]’th) efist zjdtz cLoitt / (—s)7ePusdNT,
q: 0

l —1-1 ﬂijs j
_1dtz 1t/ —s)a B qNT |

1 ¢ ‘
= dt/ (t —s)9 LePiasdNT,
(q - 1! 0

and after re-arranging the terms
t
dvi? = (_Bijvzj,q +/ (t— S)q—le—ﬁij(t—s)ng) dt,
0

( ﬁu J,q_’_vmq 1) dt.

For the last term .
W= [[esataan,
0
a straightforward differentiation yields

dv? = —Biu0dt + dN] .

The SDE for D? is obtained identically, in fact, it is a multi-variate Ornstein-Uhlenbeck process.

,d, set



Remark 3.6. Note that the vector process formed by the memory and perturbation cascades as well as the
point process (V,Z,N) is also a Markov process. But since it makes the notations and the computations more
tedious, we simply consider (V,Z) that already contains all the jump information.

In fact, the jumps of N' are exactly the points of the underlying Poisson measure under the curve ¢; (&i(Vt, Zt)):

AN} :/ Wo<o,ai(vy,z,)) L (dt, d6).
Ry

This remark is the continuous-time analogue of Remark 2.5
In the next proposition we give the infinitesimal generator for the process (V', Z) defined in the last theorem.
Proposition 3.7. We recall that e,41 is the vector that has 1 at the p + 1—th entry and 0 elsewhere. Let
f: (RPH)dxd  RE 4 R
(v,2) = f(v, 2).

be a C' function in the first variable and C? in the second variable. Then the infinitesimal generator A of the
process (V,Z) at f is

d_ 52 d
Zaif Z K 61] 'Uijvv’uijf(’uaz)> - <diag(w1,--- 7wd)z7vzf(vaz>>
= -
+ Y b (@ (v, 2)) (f (05 + Ljmmepi1)i=1, 0, 2) — f (v,2)),
m=1
where v = (Vij)ij=1,.d, 2= (21, "+ ,za) and @™ (V, 2) = fim + OmZm + Z?:1<amj,vmj>.

Proof. For the unperturbed uni-variate case, the expression of the generator can be found in [11]. The second
derivatives are a result of the Gaussian perturbation. This is more precisely the generator of a multi-variate
Ornstein Uhlenbeck process. O

For the linear Hawkes process, (¢;(x) = «,Vi = 1,--- ,d and 6;; > 0,Vi,j = 1,--- ,d) the Gaussian per-
turbation with constant volatilities poses a problem, since the intensity is no longer guaranteed to remain
non-negative. That is why the volatility must be a variable function in the intensity. For instance, the intensity
of an uni-variate linear Hawkes process with an exponential kernel §(t) = ae™#* is assumed to solve the SDE

AN = B — A )dt + adN; + o/ N d W,

to ensure that he intensity remains positive (¢f. [17] and [10]), with the upper bound ¢? < 2uf3. The existence
of these ”jump-diffusion” processes as well as other results on the affine point processes can be found in [12].

4 Convergence of the discrete-time Hawkes process to the continuous-
time Hawkes process

4.1 Preliminaries

Let D(Ry, E) be the space of right continuous processes with left limits (cddlig) on a metric space E. We
denote by ” = 7 the weak convergence of processes in the Skorokhod topology (cf. [6] for example).
Throughout this paper, ¢ (E) denotes the set of continuous functions from E to R that vanish at infinity and the
functional convergence is in the uniform norm denoted by || -||. In the Markov framework, the weak convergence
of a family of processes in the Skorokhod topology can be deduced directly from the behavior of its transition
operators. This is formulated in the following theorem in [15]:

Theorem 4.1. Let E be locally compact and separable. For h > 0, let v (x,-) be a transition function on
E x B(E) such that the operator Ty, defined by

T f(@ / F@)vn(@, dy)
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satisfies Tr, : C(E) — C(E). Suppose that T (t) is a Feller semi-group on C(E).
Assume that h ] 0 and suppose that for every f € C(FE),

lim 7, =T(0)f, 120

for each h > 0, let (Ykh)keN be a Markov chain on E with a transition function vy, and suppose that (th)h>o
has a limiting distribution when h | 0. Define

Xt =Yin:
Then there is a Markov process X corresponding to T (t) with sample paths in D(R4, E) and
X" = X.

The the convergence for the semi-groups is usually proved by proving the convergence of the infinitesimal
generators on a subset of functions called ”the core” of the limiting generator. For a generator A of a contraction
semi-group 7T (¢) defined on a Banach functional space L, we suppose that there are two dense subsets D and
Dy such that Dy C D C L. We say that D is a core for A if for any ¢t > 0, T(¢t) : Do — D.

Proposition 4.2. Let L be a functional Banach space. For h > 0, let T, be a linear contraction on L and put
_ 1

==

where I stands for the identity operator. Let T (t) be a strongly continuous contraction semi-group on L with
generator A. Let D be a core of A, then the following are equivalent

Ap

1. For each f € L, limy EWhjf =T()f,Vt > 0.
2. For each f € D, there exists a sequence f, € L such that limy o fr, = f and limp o Ay fr, = Af.
Proof. This is a modification of theorem 6.5 in [15] page 31. O

Remark 4.3. Fven though the auziliary processes defined in are predictable (hence left continuous with right
limits or caglad), the theorems used in this section prove the convergence in D(Ry, E). That is why we replace
our processes with their cadlag version that has the exact same jumps and dynamics.

4.2 Main result

In this section we prove that the discrete time Hawkes process defined in section [2.2] is an approximation of
the continuous-time multivariate non-linear Hawkes process. To do so we provide a convergence theorem for
the auxiliary processes that contain the jumps and the dynamics. Note that it is possible to prove the results
for the augmented process (V,Z, N), but this is not necessary as (V, Z) is sufficient to reconstruct N (cf.

Remark .

For the initial state, there is nothing to prove since we take it always to be equal to zero. To prove the
convergence of the process on D(R,, E) we state the following result

Proposition 4.4. Let Ty, be the discrete cascade’s transition operator defined in[2.7] and let A be the generator
for the auziliary processes of a Hawkes process defined in[3.7 Set

_Tn—1
=
Then, for any f € S(E) (the Schwartz space of functions) one has

lhiﬁ)lAhf = Af.

Ap,

Proof. Let f € S(E) and h > 0. Using Lemma we have that

Ti () =~ HEe)g [f ((MZ“”) Py + \/ﬁNd)}

4,J=1,0

2Oy VING) | R (@™ (. )

4j=1,

d
e h T (@ @) 3N [f ((Mihjuij +1ejepin)
m=1

+ O(h?).
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Note that the subscript 4,5 = 1,--- ,d has been omitted to make the notations less tedious.
For a d—variate Gaussian variable Ay, we write a Taylor expansion in the second component

f ((MZ;’U,”) 7th + \/ENd) :f ((MZ’U,”) 7th) + \/E<Nd7 (Vyf) ((MZ’LL”) 7th)>
+ E <Nd7 (Hessy f) ((Mzhulj) thy) Nd>
h3/2 Z R, Mh z] hy) (Nd)r,
|r|=3
where the remainder R, satisfies

R, (M), Q"y) | < max sup [D*f(2)],
[s|=3 zcRrd
<,
since f is in the Schwartz space. Hence by taking the expected value with respect to the centered d—variate
Gaussian we have that

d o2
BN [ (M) 0y + VRNG) | = 7 (M) ) + 53 % (MPw?) Q) + O(h2).
i=1 7%

Now, a second order Taylor expansion with a Lagrange remainder in the first component yields

d

F (M), Qhy) =F (wij, Q"y) + Z (M} = D, Va,, f(uij, Q"y))

4,J=1

+ Z Z 1 — C)I + cMh)uij,th) ((MZ; — I)’U,U)S
i,j=1|s|= 2 !
for some ¢ € (0,1). Since for any i,j =1,--- ,d M}y — I = h(K — ;1) + O(h?),

d

F((Myuig) Q) =F (uig, Q) + b Y (K = Bilwig, Va, f (uij, 2y))
ij=1

d
+ Z <O(h2)uij,Vuijf(uij,ﬁhy»

1,j=1

d
FI2YT ST S (1= ) o Mgy, Q) (K = 5T + O() )

i,j=1|s|=2

Since f is taken to be in the Schwartz space, it follows that its derivatives multiplied by any polynomial are
uniformly bounded, hence

d
f ((M i), Qy) = f (uy;, Qy) +h Z (K = BijD)wij, Vu,, f(uiz), Q"y)) + O(h?)

i,j=1
A similar argument for the second component of the function and its gradient gives us that

d

FA(Mfug) Q) =f((wij),y) + b Y (K = BiDwij, Va, f((uis), )

— h(diag(w1, " ,wa)y, Vy f((ui),y)) + O(h?).

Applying the same arguments to the second derivative yields

d
EV [f ((MZU”) ,Qy + \/E/\/'d)} =f((uij),y) +h Z ((K = BijDwij, Vau,, f((uij), y))
d

—h <diag(wla e ,Wd)y, V'yf((uij)7 y)> + Z 9,2 ((’U,”) 7y) + O(hg/z)
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Finally, using the fact that the jump rates ¢, - , ¢4 are bounded and the Taylor expansion of the exponential

» d
e Tl e (@ @) — 1 3¢, (@ (uy) + O)

i=1

we conclude that
To(0)f(wig),y) = (i), y) + BAS((wig), y) + O(h*/?),
which yields the result. U

We now state the main result, establishing the convergence of the discrete-time Hawkes process to the
continuous-time Hawkes process.

Theorem 4.5. Let (U,,Y ,,, Hy)nen be the Markov chain defined in ,
For a bin size h > 0, set (f/f, Z?,N?)teR+ the cadlag process that coincides with (U, Y , H,,) on the n—th
time bin, i.e.
~h =h =~h
(Vs Zy ,Ny) = U\ e/n) Y (40 H 11/n)),
(cf. Figure[3 for an illustration).

Then b oeh -
(Vi,Z,, N, )ier, = (Vi,Zt, Nt)ier, ,

in distribution as the bin size h goes to zero.

Proof. Tt is sufficient to prove the convergence of (V?, Z?)te]}h to (Vi,Zy)ier, as h — 0 (cf. Remarkand
3.6). Since the Schwartz space S(E) is a core for the infinitesimal generator A (¢f. Lemma , Proposition
[4.2] ensures that

lim 7, f = T(0)1,

for each f in the Banach space (¢f. Lemma C(E).
Theorem [.1] yields that the process

~h ~h
(Vtazt) = (ULt/hijLt/hJ)a

converges to the auxiliary process (V', Z) of the non linear multivariate Hawkes process, weakly in the Skorokhod
metric.

O

~h h
To illustrate the convergence, we simulate a™(V,, Z, ) in the bi-variate case for ¢ € [0, 15] for two different
bin sizes. We recall that a™ (v, 2) = pim + omzm + Z;l:l(amj, Um;). The jump rates are

61(z) = (€), A 40, () = log(1 + e*) A 40
and the memory kernels are

() ) = (e )

The convergence is illustrated in the transition from figure |5| (h = 0.125) to figure |§| (h=5.1073).

5 Parameters calibration using regression

The estimation of linear Hawkes processes have been thoroughly studied in the linear case, both in a parametric
and a non-parametric way.

For the exponential kernels, [26] proved that the computation likelihood function is linear in the number of
events, numerical results are given in the 1—d case as well. [9] derived an estimation of the parameters using
the stationary moments that can be explicitly derived for the linear Hawkes process with exponential kernels.
This method is not applicable in the non-linear framework since the expressions of the first moments are not
known explicitly.

Since the kernel’s shape is usually not known in advance and since the exponential family is not rich enough
(e.g. power laws, non monotonous functions), methods for non-parametric estimation have been derived for
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the linear Hawkes process. The first of which is based on the numerical resolution of a system of Wiener-Hopf
equations, introduced by [2]. The second is introduced by [20] and by [13] based on time series. These methods
are close to the ones we present in this paper. The reader can refer to |[30] for a comparison between the time
series method and an E-M method.

The non-linear framework has also been studied, though to a lesser extent. For the parametric estimation,
[23] derived an algorithm for the log-likelihood maximisation for kernels composed by an exponential mixture
and a ReLU jumps rate. For a more general choice of the jump rate functions as well as kernels, [31] obtained
concentration rates of the posterior distribution on the parameters.

When it comes to the non parametric approach, Reynaud-Bouret et al. devised a method for the non-parametric
estimation for multivariate Hawkes processes with ReLU jump-rates.

In this section, we assume that both assumptions [2.1| (boundedness of the jump-rate) and (jump-rate

\0‘0
q=0 ﬂf1+1

has a spectral radius less than one) are in
ij=1,,d
force. In fact, if assumption is not respected, the pre-intensity a* can grow to infinity, before being capped
by the upper bound ||¢;]|, transforming the Hawkes process into a Poisson process of intensity ||¢;||co from
which no other parameters can be recovered. This is the problem of identifiability which is discussed in more
details in [31].
We then implement a conditional least-squares (CLS) regression on the observed discrete time version (Pg)g=1,....m =
(Hyp — Hy_1)g=1,.,m of an underlying Hawkes process (N¢);c[o,r], with time bins h = T/M. Let F, =
o (Py,---, Py) be the filtration that contains the information up to k. We seek to find

functions are [;—Lipschitz and the matrix (l P

M
D Pk = B[Py Fi ]|

min
(o, B,p) €(RPHD XX )5 My (R ) xRE 17—

For the sake of brevity, we set

ZHPk— [Pl Froi]ll?,

M d
(Pi —E[P|Fia])®
k—=1i=1

The underlying process is supposed to follow multivariate Hawkes dynamics

cor(m S e [ eosina:

with known jump-rates ¢, unknown baseline intensities g and unknown kernels §;;(s) = e —Bij = oo‘fzjf%v
where p is unknown. We do not estimate the Gaussian perturbation’s parameters.
Since we have proved that the discrete time Hawkes process converges to the continuous-time Hawkes process,
we set

P = Ny, — N;L(k‘—l)
for a fixed h > 0.
General results about CLS estimators for time-series, including asymptotic bias and normality can be found in
the seminal work of [22].
Using the definition of the discrete time Hawkes process, s can be computed linearly in the number of points
as

d
QM+1 = QM +Z (P]i4+1 —-E [PK4+1|FM])2’
=1
2

_QM+Z PM+1 h(z)z Mz"'z K UM+1> 5

=1 Jj=1
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where the UY are also computed recursively
Ullsr = MU + Py

If the jump-rates are assumed to be differentiable almost everywhere, the same holds for the gradients which
are computed recursively

d d
O Qm+1 = 0, Qunr — 2h(¢)" | pi + Z<0‘ijv U?\j/l+1> PJZQ-H —hoi | pi+ Z<aija U3\J4+1> )

j=1 j=1
.. d .. .. . d .. ..
Vo Quir = VauQu — 20U 5 (¢0) | pi + Y (@7, UG ) | | Phirsr = hei [ i+ D (@, UG | |
Jj=1 j=1
.. s d .. . . . d .. ..
aﬁij QM—H = 8,31']' Qm —2h <OL”, 86113' Ux1+1> (¢l)/ i + Z<am’ U3\J4+1> P]l\/[-i-l - h¢l i + Z<aw7U7}\]/I+1>
j=1 j=1

g, UZZ-VJ-IH = MY (aﬁm’ U?\j) - th&) .

Note that unlike the linear Hawkes process with Erlang kernels, this cannot be simplified to a computation in
the number of events.
As a first trial we simulate an unperturbed 3—dimensional DTHP with A = 0.1 for M = 5000. The kernels are

(1+0.25)e™3  (0.2+ 3s)e™** 35e—35
o(s) = 0 (—0.1—2s)e=2  (1—5s)e 15 |,
(=0.5 — 2s)e™" 0 (0.7 + 6.25)e=355

with jump-rates
¢)(1‘) = ((CE)+ A 40 hl(]. + ew) A 40 He:ﬁ) s
and baseline intensities
p=(04 1 2.
The minimization of @y is done using the SLSQP method of the function scipy.optimize.minimize with
assumption [3.3] as a constraint.
. e ~4d S ~q i —1 1W= Pl
The initial guesses are &2 ~ U([0,1]), B;; = 1 and o' = (¢') (%)

The minimization results are then averaged (for five calibrations) and are given in figure

5.1 Calibration experiment for the perturbed Hawkes process

The underlying dynamics are assumed to follow a continuous-time 3—variate Hawkes process with a Gaussian

perturbation of parameters
w = (3 4 5)

and
o=(1 2 2).

We simulate 35 Monte Carlo samples for ¢ € [0,100], which we regroup in 35 DTHP arrays with a time step
h = 0.25. The discretisation introduces bias, by discarding the possibility that a given event in a given bin be
the origin of a later event in the same bin.

The result of the CLS minimisation is given in figures [§] [9] and [0}

5.2 Calibration with a lower degree

We now simulate 15 continuous-time Hawkes processes with kernels

(0.7 — 25+ 1.55%)e" 15 (0.5 + 4s — 10s?)e 3¢ 252728
o(s) = 0 (55 + 652)e=3¢ (1 —10s%)e=25¢ ,
—bsZe=2s 0 (0.8 + 7s + 8s?)e®¢
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with jump-rates
d(z) = ((z)4 A0 In(1+e") A 40 =),

and baseline intensities
n= (0.4 1 2) .

The Gaussian perturbation’s parameters are
w = (3 4 5)

and
o=(1 2 2).

The processes are then discretized on a grid with a time-step h = 0.25. We minimise the conditional least
squares )y with assumed kernels of the form

3i;(s) = aldeBiis,

The exponential kernels composed with the average parameters are illustrated in figure When it comes to
the baseline intensities refer to figure [I2]

6 Conclusion

In this paper, we introduced a tractable and intuitive Markov Chain approximation of the multivariate non-
linear Hawkes process with a Gaussian perturbation, and we proved that this approximation converges when
the time-bin size goes to zero. This result can be extended to a wide array of similar processes with Markov
dynamics, for instance for a perturbation parameter ¢ that depends on the system’s state, a baseline intensity
formed by a mixture of Erlang and trigonometric functions to account for seasonality or for jumps with random
sizes.

A parametric calibration method has been studied numerically but without theoretical guarantees on the con-
vergence of the estimated parameters to the ground truth parameters. The experiments show that the calibrated
parameters are close to the actual kernels despite the Gaussian perturbations and the bias introduced by the
discretization. This method can be enhanced for instance by adding a penalisation or by decreasing the variance.

7 Lemmata

Lemma 7.1. Set E = (RPT1)9%d x R?. Then the space é(E) of continuous functions that vanish at infinity
equipped with the uniform norm is a Banach space. .
Moreover, the space of C*° functions of compact support C°(E) is dense in C(E).

Proof. Let (fn)nen be a Cauchy sequence in (f(E) For every x € E, the sequence (f,(x)), oy satisfies

[fn(@) = fm(@)] < | fn = fmll, Yn.m €N,

and thus, is a Cauchy sequence in E. Since F is complete, the sequence converges to the point-wise limit f(x).
Letpe Nand x € F

[fo(®) = f(2)] = [fp(z) = Tim fo(z)],

n——+oo
= lim_|f(2) = fu(@)],
<l flfp = fall

n—-+oo

Let € > 0 and M such that for m,n > M, ||f; — fol <e. Ip>M

[fp(@) = f(z)] <€

Thus (fp)pen converges to f uniformly, hence f is continuous.
For some p such that ||f, — f|| < €/2, Let K, be the compact such that Va ¢ K,:

|fp(x)] < €/2.
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We have for any « ¢ K,

[f(@)] < [f(2) = fp(2)] + [fp(2)],
<If = foll +€/2,

<e.

Which proves that C(E) is a Banach space.
For the density of the C°(E), it is an application of Stone-Weierstrass’ theorem, thanks to the existence of
bump functions. O

Lemma 7.2. Assume that assumption[2-1] is in force.
Let Ry be the remainder defined in Proposition[2.]} Then, uniformly in w and y,

Ro(u,y) = O(h?).

Proof. We recall that for a function f € D,

d . i
T hom (@™ (uw,y))) ™ _ ~m
Rolwy) =BV | S 7 (Ml 4 imepin), @y ViAG) [T OO DT e e
i tia>2 m=1

Since f is bounded we have that

d ~m Gm
Ro(u, )] <EN | S fl= ] (hom (@™ (W Y)™ g, @™ (1)

T !
i1+ Fig>2 m=1 m

d ~m im
= fl > H(h¢m(ai:!l/7y))) o—hém (@™ (uy))

i1+ +ig>2 m=1
Since i1 4+ -+ i, <2and h < 1, him < h? for any m = 1,--- ,d. Hence
2 T O (@ (W Y)" g a
[Ro(w, )l < [Iflh® > ] e~ om(@ w)),

Im)
i14tig>2m=1 m

S bl
<lflh® - > 11 =0

i14-+ig>2m=1
< |If looh2eXm=1 lIml.
O

Lemma 7.3. Fori,j=1,---,d, let Ml’; = e Pul(I + hK) and Q" = diag(e™“",---  e~“") be the matrices
defined in section 2.4, Then
M}y =1+ h(K — ;1) + O(h?),

and
QF = 1 — diag(wi, - - - ,wa)h + O(h?).

Proof. This is a simple second order Taylor expansion. O

Lemma 7.4. Set E = (RPT1)dxd x R4,
Let T be the semi-group associated with the Markov process defined by the auziliary processes 4 and [3, i.e.
defined for every t > 0 and f € C(F) by

T(t)f(v,2) =E[f(V, Z)|(Vo, Zo) = (v, 2)].

Then T is a Feller semi-group.
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Proof. Tt is trivial to see that for any t > 0, T(t) is a contraction (i.e. ||[T(t)f|| < ||f|| for every f € C(E) ) and
positive (i.e. for every non-negative function f, 7(¢)f is a non-negative function).
Now we show that it is strongly continuous. To do so, one must show that it has the Feller property

Vfel(E),t>0,T(t)f €C(E).

First, by solving the SDE in [3.5| with the initial conditions Vj = v% and Z, = z we have

V’é] = e(I(_ﬁijl)t’uij +/[ )e_(K_Bijl)(t_s)ep.Q_lng’
0,t
= (K =BuDtyij | &w

and

t
Zt = diag(e_w1t7 e ?e_Wdt)z + / diag(e_uH(t_S)a e 7€_Wd(t_5))dWS7
0
= diag(67WIt7 e 367Wdt)z + 557“7

where 5,} " and £f’ij are two finite random variables. Since f is bounded it is possible to exchange limits and
integrals and one has for any fixed t > 0:

lim T(t)f('v, z) = lim E {f ((6(K75ij1)tvij + €t17ij)i,j:1,-~ d,diag(eiwlt, . ,eiwdt)z + 5?,1]):| ’

(v,2)—c0 (v,2)—00

=FE |: lim f <(6(K*5ij1)tvij —+ €%’ij)i,j:1,-~ s diag(ef“’lt, o ’efwdt)z + Ef’”)] ’

(v,2)—00
=K [O] )
=0.

This, combined with the weak continuity (trivial) yields that T is a Feller semi-group (cf. the first chapter in
7). O

Lemma 7.5. Let E = (Rffﬂ))dXd x R
Let S (E) be the space of Schwartz functions, i.e. the C*° functions such that

sup |&™ D™ f(x)| < +oo,
kIS

for any multi-indices m and n. Then S (E) is a core for A.

Proof. The density of S (E) in C(E) is a consequence of the density of C°(E).
Let f € S(E) and ¢ > 0. Then

Tt)f(v,2) =E[f(V, Z)|(Vo, Zo) = (v, 2)],
) [f ((e(K—ﬂijI)tvij + ﬁ?ij)i’j:l,»--,d7diag(€_wlt7 o ewat)y 4 &2”)} 7

where £/ = Jio.o e (E=pii)(t=9)e . \dNJ, and £ = fot diag(e=«1(t=9) ... e=wa(t=))qW are two finite
random variables. Since S(F) is stable by composition with an affine transform (¢f. [16]) and since the
differentiation and the expected value can be exchanged (f is bounded), then T (t)f € S(E). O
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Figure 1: The process is self-exciting for o = 2. This is seen as events tend to be clustered in time. Notice how
one bin contains two events.
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Figure 7: The blue curves are the actual kernels and the orange curves are the calibration results. The estimated
baseline intensities are ft = (0.37,1.3,1.5).
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Figure 8: Calibrations of the coefficient oyf and o’ for i, j = 1,--- ,d. The estimation is clearly less precise for

ay with a larger variance. The red stars are the markers of the ground truth value.
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Figure 9: 21 and P35 are not defined because the kernels are equal to zero.
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Figure 10: The estimator tends to yield larger values for the baseline intensities. This is due to the aforemen-
tioned bias, where some self-excitations are ignored.
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Figure 11: The overall effect (excitation, inhibition, independence) are well captured by the exponential kernels.

For composite kernels (e.g. d12 and d22) the exponential kernel captures the more influential behaviour.
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Figure 12: Again, the baseline intensities are over estimated because of the bias.

25




References

[1]

[13]

[14]

[15]

Abdulhamid A. Alzaid and Mohamed A. Al-Osh. “An integer-valued pth-order autoregressive structure
(INAR(p)) process”. In: J. Appl. Probab. 27.2 (1990), pp. 314-324. 1SsN: 0021-9002. DOI: |10 . 2307 /
3214650. URL: https://doi.org/10.2307/3214650.

Emmanuel Bacry and Jean-Frangois Muzy. “First- and second-order statistics characterization of Hawkes
processes and non-parametric estimation”. In: IEEE Trans. Inform. Theory 62.4 (2016), pp. 2184-2202.
ISSN: 0018-9448. por: 10.1109/TIT. 2016 . 2533397, URL: https://doi.org/10.1109/TIT. 2016.
2533397.

Emmanuel Bacry et al. “Modelling microstructure noise with mutually exciting point processes”. In:
Quant. Finance 13.1 (2013), pp. 65-77. 1SSN: 1469-7688. DOI: [10.1080/14697688.2011 . 647054, URL:
https://doi.org/10.1080/14697688.2011.647054.

Emmanuel Bacry et al. “Sparse and low-rank multivariate Hawkes processes”. In: J. Mach. Learn. Res.
21 (2020), Paper No. 50, 32. 1sSN: 1532-4435.

Henry Berbee. “Chains with infinite connections: uniqueness and Markov representation”. In: Probab.
Theory Related Fields 76.2 (1987), pp. 243-253. 1sSN: 0178-8051. DOI: [10.1007/BF00319986. URL: https:
//doi.org/10.1007/BF00319986!

Patrick Billingsley. Convergence of probability measures. Second. Wiley Series in Probability and Statistics:
Probability and Statistics. A Wiley-Interscience Publication. John Wiley & Sons, Inc., New York, 1999,
pp. x+277. 1SBN: 0-471-19745-9. DOI: 10 . 1002 /9780470316962, URL: https://doi.org/10.1002/
9780470316962.

Bjorn Bottcher, René Schilling, and Jian Wang. Lévy matters. II1. Vol. 2099. Lecture Notes in Mathemat-
ics. Lévy-type processes: construction, approximation and sample path properties, With a short biography
of Paul Lévy by Jean Jacod, Lévy Matters. Springer, Cham, 2013, pp. xviii4+199. 1SBN: 978-3-319-02683-1;
978-3-319-02684-8. DOI: |10.1007/978-3-319-02684-8. URL: https://doi.org/10.1007/978-3-319-
02684-8.

Pierre Brémaud and Laurent Massoulié. “Stability of nonlinear Hawkes processes”. In: Ann. Probab. 24.3
(1996), pp. 1563-1588. 1sSN: 0091-1798. DOI: 10.1214/aop/ 1065725193, URL: https://doi.org/10.
1214/a0p/1065725193|

José Da Fonseca and Riadh Zaatour. “Hawkes Process: Fast Calibration, Application to Trade Clustering,
and Diffusive Limit”. In: Journal of Futures Markets 34.6 (2014), pp. 548-579. DOI: https://doi.org/
10.1002/fut.21644. eprint: https://onlinelibrary.wiley.com/doi/pdf/10.1002/fut.21644. URL:
https://onlinelibrary.wiley.com/doi/abs/10.1002/fut.21644l

Angelos Dassios and Hongbiao Zhao. “Efficient simulation of clustering jumps with CIR intensity”. In:
Oper. Res. 65.6 (2017), pp. 1494-1515. 1SsN: 0030-364X. DOI: [10.1287/opre.2017.1640. URL: https:
//doi .org/10.1287/opre.2017 . 1640

Aline Duarte, Eva Locherbach, and Guilherme Ost. “Stability, convergence to equilibrium and simulation
of non-linear Hawkes processes with memory kernels given by the sum of Erlang kernels”. In: ESAIM
Probab. Stat. 23 (2019), pp. 770-796. 1sSN: 1292-8100. DOI: |10.1051/ps/2019005. URL: https://doi.
org/10.1051/ps/2019005.

Darrell Duffie, Jun Pan, and Kenneth Singleton. “Transform analysis and asset pricing for affine jump-
diffusions”. In: Econometrica 68.6 (2000), pp. 1343-1376. 1SsN: 0012-9682. DOI: [10.1111/1468-0262.
00164. URL: https://doi.org/10.1111/1468-0262.00164.

Michael Eichler, Rainer Dahlhaus, and Johannes Dueck. “Graphical modeling for multivariate Hawkes
processes with nonparametric link functions”. In: J. Time Series Anal. 38.2 (2017), pp. 225-242. 1SSN:
0143-9782. por: [10.1111/jtsa. 12213 URL: https://doi.org/10.1111/jtsa.12213

Eymen Errais, Kay Giesecke, and Lisa R. Goldberg. “Affine point processes and portfolio credit risk”. In:
SIAM J. Financial Math. 1.1 (2010), pp. 642-665. DOI: [10.1137/090771272. URL: https://doi.org/
10.1137/090771272.

Stewart N. Ethier and Thomas G. Kurtz. Markov processes. Wiley Series in Probability and Mathematical
Statistics: Probability and Mathematical Statistics. Characterization and convergence. John Wiley &
Somns, Inc., New York, 1986, pp. x+534. 1SBN: 0-471-08186-8. DOI: [10.1002/9780470316658. URL: https:
//doi.org/10.1002/9780470316658.

26


https://doi.org/10.2307/3214650
https://doi.org/10.2307/3214650
https://doi.org/10.2307/3214650
https://doi.org/10.1109/TIT.2016.2533397
https://doi.org/10.1109/TIT.2016.2533397
https://doi.org/10.1109/TIT.2016.2533397
https://doi.org/10.1080/14697688.2011.647054
https://doi.org/10.1080/14697688.2011.647054
https://doi.org/10.1007/BF00319986
https://doi.org/10.1007/BF00319986
https://doi.org/10.1007/BF00319986
https://doi.org/10.1002/9780470316962
https://doi.org/10.1002/9780470316962
https://doi.org/10.1002/9780470316962
https://doi.org/10.1007/978-3-319-02684-8
https://doi.org/10.1007/978-3-319-02684-8
https://doi.org/10.1007/978-3-319-02684-8
https://doi.org/10.1214/aop/1065725193
https://doi.org/10.1214/aop/1065725193
https://doi.org/10.1214/aop/1065725193
https://doi.org/https://doi.org/10.1002/fut.21644
https://doi.org/https://doi.org/10.1002/fut.21644
https://onlinelibrary.wiley.com/doi/pdf/10.1002/fut.21644
https://onlinelibrary.wiley.com/doi/abs/10.1002/fut.21644
https://doi.org/10.1287/opre.2017.1640
https://doi.org/10.1287/opre.2017.1640
https://doi.org/10.1287/opre.2017.1640
https://doi.org/10.1051/ps/2019005
https://doi.org/10.1051/ps/2019005
https://doi.org/10.1051/ps/2019005
https://doi.org/10.1111/1468-0262.00164
https://doi.org/10.1111/1468-0262.00164
https://doi.org/10.1111/1468-0262.00164
https://doi.org/10.1111/jtsa.12213
https://doi.org/10.1111/jtsa.12213
https://doi.org/10.1137/090771272
https://doi.org/10.1137/090771272
https://doi.org/10.1137/090771272
https://doi.org/10.1002/9780470316658
https://doi.org/10.1002/9780470316658
https://doi.org/10.1002/9780470316658

[27]

[28]

[29]

[30]

[31]

Antonio Galbis and Enrique Jorda. “Composition operators on the Schwartz space”. In: Rev. Mat. Iberoam.
34.1 (2018), pp. 397—412. 1sSN: 0213-2230. DOI: [10.4171/RMI/989. URL: https://doi.org/10.4171/
RMI/989.

Kay Giesecke and Baecho Kim. “Estimating tranche spreads by loss process simulation”. In: 2007 Winter
Simulation Conference. 2007, pp. 967-975. DOI: [10.1109/WSC. 2007 .4419693.

Alan G. Hawkes. “Spectra of some self-exciting and mutually exciting point processes”. In: Biometrika 58
(1971), pp. 83-90. 1SSN: 0006-3444. DOI: [10.1093/biomet/58.1.83. URL: https://doi.org/10.1093/
biomet/58.1.83.

Alan G. Hawkes and David Oakes. “A cluster process representation of a self-exciting process”. In: J.
Appl. Probability 11 (1974), pp. 493-503. 1SsN: 0021-9002. poOI: 10.2307/3212693. URL: https://doi.
org/10.2307/3212693.

Matthias Kirchner. “An estimation procedure for the Hawkes process”. In: Quant. Finance 17.4 (2017),
pp- 571-595. 1SSN: 1469-7688. DOI: 110.1080/14697688.2016.1211312. URL: https://doi.org/10.1080/
14697688.2016.1211312

Matthias Kirchner. “Hawkes and INAR(co) processes”. In: Stochastic Process. Appl. 126.8 (2016), pp. 2494~
2525. 18SN: 0304-4149. DO1: [10.1016/j.spa.2016.02.008, URL: https://doi.org/10.1016/j.spa.
2016.02.008l

Lawrence A. Klimko and Paul I. Nelson. “On conditional least squares estimation for stochastic processes”.
In: Ann. Statist. 6.3 (1978), pp. 629-642. 1SSN: 0090-5364. URL: http://links. jstor.org/sici?sici=
0090-5364 (197805) 6:3%,3C629 : 0CLSEF%3E2.0.C0; 2-5&origin=MSN.

Remi Lemonnier and Nicolas Vayatis. “Nonparametric Markovian Learning of Triggering Kernels for
Mutually Exciting and Mutually Inhibiting Multivariate Hawkes Processes”. In: Machine Learning and
Knowledge Discovery in Databases. Ed. by Toon Calders et al. Berlin, Heidelberg: Springer Berlin Heidel-
berg, 2014, pp. 161-176. I1SBN: 978-3-662-44851-9.

Yosihiko Ogata. “On Lewis’ simulation method for point processes”. In: IEEFE Transactions on Information
Theory 27.1 (1981), pp. 23-31. DOI: [10.1109/TIT.1981.1056305.

Yosihiko Ogata. “Statistical Models for Earthquake Occurrences and Residual Analysis for Point Pro-
cesses”. In: Journal of the American Statistical Association 83.401 (1988), pp. 9-27. 1SSN: 01621459. URL:
http://www.jstor.org/stable/2288914/ (visited on 06/03/2022).

T. Ozaki. “Maximum likelihood estimation of Hawkes’ self-exciting point processes”. In: Ann. Inst. Statist.
Math. 31.1 (1979), pp. 145-155. 1sSN: 0020-3157. DOI: 10.1007/BF02480272. URL: https://doi.org/10.
1007 /BF02480272.

Mads Bonde Raad, Susanne Ditlevsen, and Eva Locherbach. “Stability and mean-field limits of age de-
pendent Hawkes processes”. In: Ann. Inst. Henri Poincaré Probab. Stat. 56.3 (2020), pp. 1958-1990. 1SSN:
0246-0203. DOI: 110.1214/19-ATHP1023|. URL: https://doi.org/10.1214/19-ATHP1023.

Patricia Reynaud-Bouret and Sophie Schbath. “Adaptive estimation for Hawkes processes; application to
genome analysis”. In: The Annals of Statistics 38.5 (2010), pp. 2781-2822. pOI: 10. 1214 /10~ A0S806.
URL: https://doi.org/10.1214/10-A0S806.

Youngsoo Seol. “Limit theorems for discrete Hawkes processes”. In: Statist. Probab. Lett. 99 (2015),
pp. 223-229. 18sN: 0167-7152. DOI: |10.1016/j.sp1.2015.01.023, URL: https://doi.org/10.1016/j.
spl.2015.01.023.

Leigh Shlomovich, Edward AK Cohen, and Niall Adams. “A Parameter Estimation Method for Multi-
variate Aggregated Hawkes Processes”. In: arXiv preprint arXiv:2108.12357 (2021).

Deborah Sulem, Vincent Rivoirard, and Judith Rousseau. “Bayesian estimation of nonlinear Hawkes
process”. In: arXiv preprint arXiv:2103.17164 (2021).

27


https://doi.org/10.4171/RMI/989
https://doi.org/10.4171/RMI/989
https://doi.org/10.4171/RMI/989
https://doi.org/10.1109/WSC.2007.4419693
https://doi.org/10.1093/biomet/58.1.83
https://doi.org/10.1093/biomet/58.1.83
https://doi.org/10.1093/biomet/58.1.83
https://doi.org/10.2307/3212693
https://doi.org/10.2307/3212693
https://doi.org/10.2307/3212693
https://doi.org/10.1080/14697688.2016.1211312
https://doi.org/10.1080/14697688.2016.1211312
https://doi.org/10.1080/14697688.2016.1211312
https://doi.org/10.1016/j.spa.2016.02.008
https://doi.org/10.1016/j.spa.2016.02.008
https://doi.org/10.1016/j.spa.2016.02.008
http://links.jstor.org/sici?sici=0090-5364(197805)6:3%3C629:OCLSEF%3E2.0.CO;2-5&origin=MSN
http://links.jstor.org/sici?sici=0090-5364(197805)6:3%3C629:OCLSEF%3E2.0.CO;2-5&origin=MSN
https://doi.org/10.1109/TIT.1981.1056305
http://www.jstor.org/stable/2288914
https://doi.org/10.1007/BF02480272
https://doi.org/10.1007/BF02480272
https://doi.org/10.1007/BF02480272
https://doi.org/10.1214/19-AIHP1023
https://doi.org/10.1214/19-AIHP1023
https://doi.org/10.1214/10-AOS806
https://doi.org/10.1214/10-AOS806
https://doi.org/10.1016/j.spl.2015.01.023
https://doi.org/10.1016/j.spl.2015.01.023
https://doi.org/10.1016/j.spl.2015.01.023

	Introduction
	The discrete-time model
	Preliminaries
	Construction
	Stability

	The continuous-time Hawkes process
	Preliminaries
	Definition and construction
	Markov properties of the Hawkes process with memory kernels given by an Erlang function

	Convergence of the discrete-time Hawkes process to the continuous-time Hawkes process
	Preliminaries
	Main result

	Parameters calibration using regression
	Calibration experiment for the perturbed Hawkes process
	Calibration with a lower degree

	Conclusion
	Lemmata

