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Abstract

The marked Hawkes risk process is a compound point process where the occurrence and
amplitude of past events impact the future. Since data in real life are acquired over a dis-
crete time grid, we propose a strong discrete-time approximation of the continuous-time
risk process obtained by embedding from the same Poisson measure. We then prove tra-
jectorial convergence results in both fractional Sobolev spaces and the Skorokhod space,
hence extending the theorems proven in Huang and Khabou ((2023). Stoch. Process.
Appl. 161, 201-241) and Kirchner ((2016). Stoch. Process. Appl. 126(8), 2494-2525).
We also provide upper bounds on the convergence speed with explicit dependence on
the size of the discretization step, the time horizon, and the regularity of the kernel.
Keywords: Hawkes process; Euler scheme; Sobolev space; Skorokhod space; Poisson
autoregression
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1. Introduction

Initially introduced as a model for contagious events [19], continuous-time linear Hawkes
processes found applications in many fields of study involving self-excitation or cross-
excitation, such as portfolio credit risk [13], microstructure price dynamics [31], queuing
networks [11], social media networks [32], and earthquakes [34]. The Hawkes process was
then extended to the nonlinear setting in a seminal article by Brémaud and Massoulié [6],
thus allowing a more general dependence on the past including self-inhibition, in opposition
to the mere affine dependence allowed by the linear process. This generalization comes at a
price: the nonlinear Hawkes process lacks the Galton—Watson framework, as well as closed
formulae for its expected value and covariance [20]. Nonetheless, nonlinear Hawkes processes
have found applications in fields where self-inhibition and cross-inhibition are crucial, such as
neuroscience [30]. Because of the flexibility they confer, nonlinear Hawkes processes and their
estimation recently became a popular field of research. For instance, Sulem et al. [37] provided
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guaranties for the Bayesian estimation of such processes. Similarly, in the Markov setting, we
refer to [12] for the nonparametric estimation on neuronal networks.

As the amount of data involving bin counts (or count series) has been increasing, appropriate
discrete-time count models have recently become a relevant object of research. In the context
of autoregressive processes, a number of count series models have been proposed to capture
the self-exciting (or self-inhibiting) aspects of a given dynamics. One of them is the integer
autoregressive process of order p (INAR(p)) [1]. The generalization of this model to the infinity
order (INAR(c0)) has been proven to be a discrete-time version of linear Hawkes processes
(see [29] and the convergence results therein). Because of the way they are constructed, INAR
time series are linear models capable of capturing only self-excitation.

Another prominent family of count series that has been extensively studied in the litera-
ture is Poisson autoregressions [14, 35]. Statistical guaranties such as strong consistency and
asymptotic normality of maximum likelihood estimators have been proven for Poisson autore-
gressions, initially for the univariate case [15] and then generalized to the multivariate [17] and
network [2] settings.

Beyond their simpler definition, Poisson autoregressions present another advantage com-
pared with INAR series: they can be nonlinear and thus allow the modeling of self-inhibition
in counts. Such nonlinear models have been studied in [16] in the Markovian setting and have
been generalized to the case of infinite memory in [25].

The Markovian nonlinear Poisson autoregressions have been proven to be a discrete-time
version of nonlinear Hawkes processes with Erlang kernels (that is, the product of a polynomial
and an exponential) in the Skorokhod topology in [23]. This constituted a bridge between the
literature on count series and the literature on Hawkes processes in the Markovian case.

In this article, we suggest a straightforward approach based on the intuitive discretization of
a stochastic integral, further bridging the literature on Hawkes processes with the literature on
count series in the general setting. This can be used, for instance, to derive more data-oriented
estimation procedures for nonlinear Hawkes processes. The results proven in this article also
constitute a building block for quantitative Euler schemes for the simulation of state-dependent
Hawkes jump-diffusions [27].

To give an explicit illustration, we start by recalling the definition of a continuous-time
Hawkes process. Let N = (N;)sc[0,7] be a point process observed on a time interval [0, 7] and
measurable with respect to its canonical filtration V. Assume that N has an intensity; that s,
a predictable process measuring the propensity of N to jump in the near future, or informally

rdt =E [dN,|FN ], M

where dN; = N;4+q; — N; takes the value 1 or 0, depending on the presence of a jump at time .
Obviously, the larger A; is at a given time #, the more likely N is to jump, and vice versa.

We say that N is a Hawkes process of kernel 4 and jump rate v if the intensity takes the
form

_
/\z=1ﬁ<u+/ h(r—s>st), te[0, 71, ©
0

where the integral is taken in the Stieltjes sense. We take i to be a positive Lipschitz function
and 4 to be integrable. Up to some standard stability hypothesis that will be stated in the next
section, it is possible to build the Hawkes process on R and show that, like for the Poisson
process, the random variable N7 is of order O(T') on average.

In this article, we work with a discrete-time model entirely based on the Riemann sum
approximation of the integral (2). Indeed, given a discretization time step A > 0, the infinites-
imal increment dN; can be seen as the number of events observed in the ‘small’ time interval
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(nA, (n+ 1)A], where n = Lﬁj. Giving a discrete approximation of N is then equivalent to

giving a sequence of bin counts (Xo, X1, ..., Xjs), where M = L%J. Knowing all of the past
count values, we simulate the count series X,, according to a Poisson distribution of parameter
A - lnA, where the expression for the (discrete) intensity is

n—1
Ih=v (Zh(A-(n—k))Xk>,

k=1
ensuring that it is predictable with respect to the filtration (o (Xo, . .., Xi)ren). We point out
that given l,%, X, is independent of (Xp, ..., X;—1).

The choice of the Poisson distribution P(A-1}) guarantees that A -/ =
E[X,|Xo, ..., X,—1] (which is the discrete equivalent of (1)) and is preferred to the
more trivial choice of the uniform distribution U(A - lnA) used in [36] for the following
reasons:

(i) A priori, we do not have a guarantee that A - lﬁ <.

(ii) Even for reasonably small time steps A, we can always expect to see two or more events
in a given time bin, especially if events are clustered due to self-excitation.

We then embed the discrete-time process back into the continuous-time setting by means
of cadlag (right continuous with left limits) embedding, thus obtaining a new process N
defined as

Li/A]
NA=Y X
k=0

Since the new process has a discontinuous trajectory, the uniform distance fails to capture its
proximity to the original process N, as two very similar trajectories will have a large distance
in the uniform metric as soon as they have one discontinuity that does not occur at the exact
same time. This is why we provide approximation results in two different spaces that are more
adapted to cadlag processes: the fractional Sobolev space and the Skorokhod space, both of
which are defined in Section 3.

To the best of our knowledge, this is the first work that provides strong approximation
results for Hawkes processes, the other two studies [23, 29] proving weak convergence in
the Skorokhod metric. Furthermore, the bounds are provided in this article with explicit
dependence on the time step A and the time horizon 7, making them useful for numerical
applications. We also point out that unlike [23], in which Markov process techniques are used,
we prove convergence results for any kernel of finite p-variation and not only of the Erlang
type. Moreover, since we use Poisson autoregressions instead of INAR time series as used in
[29], we give convergence results that work for nonlinear Hawkes processes.

It is also worthwhile highlighting that our framework is different from the classical approx-
imation results of Poisson jump-diffusions, because interarrival times cannot be explicitly
simulated for Hawkes processes (unless the process is linear with an exponential kernel [10]).

This article is organized as follows: In Section 2 we give the rigorous definitions of the
continuous-time and discrete-time Hawkes processes, as results of thinning from the same
underlying Poisson randomness. In Section 3, explicit bounds on the Sobolev and Skorokhod
distances between the continuous-time Hawkes process and its discrete-time approximation are
given. Our findings are summarized in Section 4. Appendix A contains the different proofs, and
Appendix B contains the technical lemmata.
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2. Definitions

In the two following subsections, we define the compound marked Hawkes process, both
in continuous time and in discrete time using the Poisson embedding idea from [6]. The main
source of randomness for these two processes is a tridimensional Poisson measure P that takes
values in the configuration space

n
Q= {w:ZS(r{ﬁi,yi)’O< << 7, (i, y) Ry x Randn e NU {+o0} ¢ .

i=1

Given a nonnegative Borel measure v on R such that v(R) = 1, we take P to be the probability
measure under which the point measure P defined as

P((0,1, (0, 61, (o0, y]) (@) = ((0, 11, (0, 6], (=00, y]),  (1,6,y) € R} xR,
is a Poisson measure with intensity dr x d6 x v(dy). We also let
Fi=o (P(T xS), T CB(QO,1])and S € B(Ry x R)),
be the filtration associated with P. Throughout this article, the conditional expectation knowing

JF; is denoted by E;.

2.1. The continuous-time setting

For a fixed T > 0, let & be a function in L([0, T]). Let ¥ be a positive L-Lipschitz function
on R and b be a positive Borel function on R. We now state the stability assumption on the
aforementioned elements.

Assumption 1. We have

pr = LIRILE[LXY)] <1,

where Y is a random variable of distribution v and ||k|; = fOT |h(?)|dt. We also assume that v
has a finite first moment; that is, E[|Y]] < 4+o00.

We now give the definition of the marked compound Hawkes process (or risk) as a result of
thinning from the underlying tridimensional Poisson measure P. The procedure is now standard
(see, for example, [6] or [33]) and gives the Hawkes process as the unique pathwise solution
of a stochastic differential equation (SDE) as examined in more detail in [21].

Definition 1. Let P be a tridimensional Poisson measure on R%r x R of intensity df x df x
v(dy). Fix the time horizon T > 0 and let 1 € L ([0, T), ¥ : R — R4 L-Lipschitz, and b : R —
R such that Assumption 1 is in force. The SDE on [0,T]

R, = f(Q,Z]XRJrX]R yleg;\sP(dS, de, dy),
3)
o=y ( Sioezs s h(E = a2, b()P(ds, d6, dy))

has a unique pathwise solution (R, 1) such that R is F measurable and A € LYNdP x dr) is F
predictable.

We say that R is a marked Hawkes risk of kernel A, jump rate v, and claim size
distribution v. We call A the intensity of R, and b the marks the modulation function.
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Furthermore, we define the marked simple Hawkes process N as
Nt = f IQS)WP(dS, de, dy), 1 e [O, T],
(0,7 xR+ xR
and the auxiliary process as

£ = / b(y)1g<;, P(ds, 6, dy).
(0,/]xR4 xR

Proof. The proof is an adaptation of a classical contraction argument to the L' setting,
following the proof of Theorem 1.2 in [18].

First, we start by mentioning that the system (3) is triangular. Therefore, once A is con-
structed, R is simply obtained by thinning from the underlying Poisson measure P. We thus
focus on the construction of the intensity A.

Let f be the function that maps a predictable, integrable process on [0, T] of finite
expectation to the integrable predictable process k := f(A) defined by

K=Y (/ h(t — $)1g<; b(y)P(ds, db, dy)).
[0,f)xRy xR

Given two predictable processes A and A" and their images « and «’, we have

T T
E[/ |Kt/—/<,|dti|§LE|:/
0 0

T
<IE [ / / Ih(t = )| |1g<3; — Lo<3, | BGIP(ds, O, dy)dt},
0 [0,f)xRy xR

/ h(t — s)(Ag <y, — Lg<x,)b(y)P(ds, dO, dy)‘ df]
[0,H xRy xR

and using the fact that A and A’ are predictable, we have

T T
E U |k} — Kt dt} <LE U / |h(t — )| |2y — As| ]E[b(Y)]dsdt}
0 0o Jio.n

T T
=LE[b(V)|E [ / / |h(t — )| | Ay — A dtds]
0 K

T T
= LE[b(Y)IE [ / |AG — A / |h(t—s)|dtds]
0

N

T
< LE[bM)]||RII/E [/ |25 = 2] df]-
0

By introducing the norm

T
IXI=E [ /0 |X,|dt],

we can write the last inequality in the form

IFG) = FOIN < LE[DO)T Al A = A,
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where LE[b(Y)]||h]|1 < 1 thanks to Assumption 1. Using the Banach fixed-point theorem, we
conclude that f has a unique fixed point A. (]

Remark 1. The assumption that b is positive is superfluous from a mathematical point of view
and can be omitted (up to the introduction of absolute values). However, we chose to keep it
here because we want the excitation/inhibition to be determined by the sign of the kernel #,
assuming that ¥ is monotonous.

If ¥ (x) = 4+ x, x € Ry for a positive constant ¢ under the constraint 2 > 0, we say that the
Hawkes process/risk is linear. In this particular case, the Hawkes dynamics have a branching
process representation. Although the first two moments of the process are explicitly known
(up to the computation of an infinite sum of convolutions of #4; see [3, 21]), linear Hawkes
processes do not allow for self-inhibition.

The marked Hawkes risk can also be defined in a more elementary (yet informal) way
without explicit use of the thinning procedure. Let N be a simple point process on [0, T]
and (Yp)ken be a family of independent and identically distributed (i.i.d) random variables of
common distribution v. Note that we do not assume the variables (Yy)ren and the process N to
be independent. N is said to be a marked simple Hawkes process if its intensity A follows the
dynamics

=1 (Z ht — n)b(Y»),

Ti<t

where (7;)ien are the arrival times of the points of N. Note that the intensity can also be

expressed in the integral form
[_
= ([ o).
0

where £ is the auxiliary process & = Z;{V; 1 b(Yy), t€]0, T]. The risk process is simply the
aggregation of all the marks

Ni

R, = Z Y, t€[0, T).
k=1

The marked Hawkes process is useful in modeling phenomena where the intensity is impacted
not only by the realization of an event t; but also by its ‘severity’ Y;. For instance, the choice
b(y) =1,>, means that only claims of a size larger than a given threshold a have an impact
on the intensity. Karabash and Zhu [24] provided limit theorems for a general class of marked
Hawkes processes, albeit in the linear setting.

This constitutes a generalization of the compound Hawkes process usually studied in the
literature (see [13, 26, 28]) where the marks Y do not impact the intensity.

If the modulation function b is chosen to be equal to the constant 1, we can retrieve the

usual unmarked intensity A; = ¢ ( fot_ h(t — s)dNS). Similarly, the choice Y =1 ensures that

R = N; hence we will focus exclusively on R.

The goal is to suggest an intuitive discretization scheme on [0, 7'] and to obtain a bound on
the distance between this scheme and the continuous-time process in a convenient functional
space.
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2.2. The discrete-time setting

Throughout this article, the bounded interval [0, T] is discretized into M € N* equidis-
tant intervals (¢;, tiy+1] of length A, where A =T /M. For a given t € [0, T], we define (f)a =
[t/ A]A to be its projection on the time grid. We also define n, = [#/A].

For a k <M, we set hy = h(kA). We omit the dependence on A to avoid cumbersome nota-
tion. Before defining the discrete-time marked Hawkes risk, we give the following stability
assumption.

Assumption 2. Assume that

M

pna =LY I AE[b(V)] < 1,
k=1

where L is the Lipschitz coefficient of ¥ and Y is a random variable of distribution v. We also
assume that v has a finite first moment; that is, E[|Y|] < 4o00.

Just like the continuous-time case, we build the discrete-time marked Hawkes risk using the
same tridimensional Poisson measure P.

Definition 2. Let P be a tridimensional Poisson measure on Ri x R of intensity df x df x
v(dy). Fix the time horizon T > 0 and let h € L'([0, 1)), ¥ :R— Ry L-Lipschitz,and b : R —
R such that Assumption 2 is in force. Fix M ¢ N and let A =T /M.

,,,,,

Xy =0, 1§ =18 =y(0), D§ =0,

X2 = Jinnanaixr, xr OV g<p P(ds, 40, dy),
B = (T b)),

Dy = f((n—l)A,nA]xR+><R lé)slnAP(dS’ de, dy),

forn>1. “4)

The discrete-time Hawkes risk R and intensity A2 are the cadlag piecewise constant processes
defined as

A _ 1A
A =roa

A _pA _ NN
RP =Ry, = D ket f((k—l)A,kA]xR+xR yl(,ﬂkAAP(ds, do, dy).

Furthermore, the discrete-time auxiliary process can be defined as

n;

A A

& =§(,)A= E Xk,
k=1

and the discrete Hawkes process can be defined as

_JA
_ln,’

ny
A _ A
NP =Nij, =D De.
k=1
Note that despite their names, the discrete-time processes defined above are continuous-
time embeddings of the times series 12 and X2 however, their values are allowed to change
exclusively on the points of the discretization grid.
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Algorithm 1 Nonlinear Poisson autoregression with general kernel.

Require: (XM keq1,...np» (REWkell,...n}
S0
fori=1,...,ndo
S« S+ /’ln.:,_]_iXiA
end for
Ui +1 S A)) >The stochastic intensity built from previous counts
A
Dn <P (A ln—H)
Sample Yf+ Y’H' ~viid.
n+1
A
Xn+l
A
R(n—H)A <R,
fori=1,. Dfﬂ do
+1
x4, <—XnJrl +b (Y." )

R(n-‘rl)A
end for

return (X2 ke(1,...n+1)> (REAke(l,.ont1)

«~0

+1
< R(n+l)A + v}

2.3. Simulation of nonlinear Poisson autoregressions

For simulation purposes, it is possible to build the sequences X* and /* without simulat-
ing the underlying Poisson measure P. This is based on the following observation: knowing

XIA, .. XA (and thus l 1 according to (4)), the variable
Xn+l / b(y)1y_a P(ds, do, dy)
(nA,(n+1)A]xR, xR —

is a compound Poisson variable; that is,

rl+l

n+1 Z b(Yn+l

where D2, [(X, ..., X)) ~P(A 18, ) and Y+, .. ¥2L! are i.id variables of distribu-
n+l
tion v and independent of D

Algorithm 1 yields the 51mulat10n of ( bRy R(An 41 A) given (XA, RkAA)kzl ,,,,, ne

Intuitively, the variable X2 el = Dk D b(Yy 1) s the discrete equivalent of the increment
d&, given in Definition 1. This is why we see R® as a good approximation of R, which is what
we will prove in the rest of this article.

We conclude this subsection by discussing the numerical cost of simulating the discrete-
time process. Generally, the computation of the recursion (4) is of order O(M 2. This cost can
be reduced in two cases:

(i) If the kernel is an Erlang function, that is, h(f) = O)e P! where >0 and Q is a
polynomial of degree g, then the intensity is a Markov chain (up to the introduction of
auxiliary processes; see [23]) and the computation cost is of order O(gM).
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FIGURE 1. Top: Discrete Poisson process of a constant deterministic intensity. Because of the inde-
pendence, some nonzero counts are close to other nonzero counts. Bottom: Self-inhibiting Poisson
autoregression. The realization of a nonzero count decreases the likelihood of observing counts in the
near future.

(ii) If the kernel & is of compact support S, that is, 4(f) = O for any ¢ > S, then the cost is of
order O(rM), where r = S/A.

As an illustration, we simulate a nonlinear self-inhibiting Poisson autoregression (see
Figure 1). For simplicity, we let v(dy) = §1(dy). In this case, XnA = Df for all n > 0. We choose
the kernel to be

W)= ———,
@ 147

and the jump rate ¥(x) = (1 +x);. We also simulate a discrete Poisson process of constant

discrete intensity A (see Figure 1).

Remark 2. We seek to approximate /. by a piecewise constant function. We choose to approx-
imate & on [#y, tx+1[ by h(tx). We can also approximate % on [#x, fx+1[ by N f(tk,tm] h(s)ds.
This latter choice is more convenient from the mathematical point of view. Nevertheless, the
exact computation of the coefficients (A~ f(tk, o] h(s)ds); can be cumbersome for general
kernel h.

Before we show that R® converges to R as the time step A goes to zero, we discuss the

choice of the spaces in which the convergence occurs.

2.4. Discussion of functional spaces

The quality of the strong approximation of continuous stochastic processes (Z;):c[o,7] (and,
in particular, diffusion SDEs) is evaluated by controlling the average uniform error

E| sup |Z —Z"||.
0<t<T
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While the supremum norm is adapted to processes that have continuous trajectories, it can
also be extended to jump-diffusion SDEs driven by a homogeneous Poisson process [7]. This
is the case because the arrival times of a Poisson process (t;) are explicitly known and can
be simulated exactly (unlike for general Hawkes processes), therefore rendering the problem
equivalent to approximating a diffusion on (7;, 7j11].

The supremum norm, however, should not be used to evaluate the proximity of cadlag
trajectories.

By construction, the Hawkes process and the discrete Hawkes process are cadlag piece-
wise constant functions. The Hawkes process jump times are contained in the set of the jump
times of the underlying Poisson random measure. On the other hand, the jumps of the discrete
Hawkes process are contained in {t;, k=1, ..., N}, the set of the points of the subdivision.
Thus, almost surely supsc(o.77 [Ns — N, A1>1 on a set with non-null probability. The processes
(N®) Ae(0,1) Will not converge to N in the uniform norm on compact sets of R* almost surely.
This leads us to compute the distance between the Hawkes process and the discrete Hawkes
process in ([0, T, R) equipped with the Skorokhod metric

ds(f. &) = lnf{ sup [t —u(n|V sup lf(t)—g(u(t))l}, ®)

0<t<T 0<t<T

where A is the set of strictly increasing continuous functions from [0, 7] to itself such that
1(0)=0 and u(T)=T. Note that since this distance allows some flexibility in the time at
which the jump occurs (the role of the time change 1), the problem that occurs with the uniform
distance disappears.

By working in D([0, T], R), we do not pay attention to the properties or the potential reg-
ularity of the paths of the processes. As increasing processes, the sample path of the Hawkes
process and the discrete Hawkes process belong to a set of functions with finite bounded
variation starting from 0 endowed with the distance

drv.1(f, )= sup Z (i) — g(si)l,

where the supremum runs over all finite partitions (s;) of [0, T]. It should be noticed that
SUPse[0.7] If(s) — g()| <drv.7(f, g) if f(0) = g(0) = 0. Thus, N A will not converge to N when
A converges to 0 for the dry, r distance.

As pointed out in [8] or [9], fractional Sobolev spaces provide a good framework for
the study of the rate of convergence of cadlag piecewise constant processes. According to
Definition 2.1 in [4], forp>1and 0 <n <1

t
wi? = (ue 120, 7, S0 ¢ ppgo, iy, ©)
(1= )"
They are Banach spaces endowed with the norm | - || WP where

Ju(s) = (o)l
el o= fo u(s) Pds + / /m T s

The classical Sobolev space is wbLqo, ) = {ue LY([0, T, u(-)=u(0)+
f(; W'(s)ds with o’ € L1([0, T])} with Nellwr1o. 7y = fOT [lu(s)| + |«/(s)|lds. For p=1,
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fractional Sobolev spaces are interpolated spaces between L!([0, T']) and the classical Sobolev
space:

L'(0, T c W' c wh((0, T]) forall y € (0, 1]

with continuous injections; see [4] for more details. One can go further. The sample paths of
R — R” are not absolutely continuous with respect to the Lebesgue measure, but they can be
seen as fractional integral in the following senses. Since R — R2 is a linear combination of indi-
cator functions, according to Example 4.1 in [4], there exists a process g with sample paths
in L'([0, T]) almost surely such that R — R® = 1), (g*). Here, for u € LY([0, T]), the Liouville
fractional of u of order 7 is defined by I, (u)(r) = %n) Jo (¢ =" tu(s)ds, te[0, T]. The
Riemann-Liouville space

I (N0, T)) = {u=1Ij, (), u' €L'([0, T}
endowed with

/
lullre.n.r = w1 0.1y

is a Banach space. According to Theorem 4.1 in [4], since R — R” is piecewise constant,
lim, 1 [|[R — R®||ge.n.7 = drv. 7(R, R®). Moreover, according to Theorem 3.2 in [4], for
n',ne@©, 1) n>n,

1 ’ /’1
Wi NI (L0, TD) C Wi,

with a continuous injection. Thus, we compute the distance between the Hawkes process and
the discrete Hawkes process in W1([0, T]) for all 0 < n < 1 and in Riemann-Liouville frac-
tional Sobolev spaces. See [4] for some definitions. We expect that the rate of convergence in

W' will vanish when 5 goes to 1.

3. Main Results

In this section, we show the strong convergence of the discrete-time Hawkes risk process
to the continuous-time counterpart and give convergence rates both in the time step A and in
the time horizon 7. In this section K is a constant that may depend on L, v, k, and b but is
independent of T and A. We emphasize that while K is finite, if the stability assumption given
by Assumption 1 holds, it can diverge to infinity as pj approaches 1.

We also emphasize that our continuous-time and discrete-time processes are thinned from
the same Poisson measure P. As an illustration, Figure 2 shows both processes and their
underlying common randomness for two values of the time step A.

3.1. Preliminary results

First, we give a regularity result on the limit process; that is, the continuous-time process.
This is motivated by the fact that if X is too irregular, a piecewise approximation of it would
accept (or miss) many points that are not accepted (or are rejected) in the continuous-time
process.

Lemma 1. Let h, v, and b be three functions satisfying Assumption 1. There exists a constant
K such that for any v € [0, T] we have

A T—A
]sK(/O Ih(y)Idy + sup]/0 |h<y+e>—h(y>|dy>.

ecl0,A

E [Mv — A(V)A
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(a) - (b) Continuous-time and discrete-time intensities. 4 = 0,02

< and d ntensities, 4 = 0.2

FIGURE 2. A realization of the discrete-time and continuous-time intensities as thinning from the same
underlying Poisson measure P. The jump rate ¥ (x) = (1 4+ x)+ and the kernel function A(f) = O'G’I'i'; @
(a) When the discretization step A is relatively large, the discrete intensity is more susceptible to miss
points that are accepted by the continuous-time trajectory; (b) As the discretization step A becomes
smaller, the two trajectories become closer and tend to accept the exact same points.

Proof. For v=T, Ay, — A), = 0; thus we choose v € [0, T). Since v is L-Lipschitz and
using a linear change of variables, we have

Ma
} +E H / h(v — 5) — h((v)a — 5)d&,
0

E[IAy = Awal]

v Wa
<LE H/ h(v — s)d&s — / h(v)a — s)dé
0 0

SL(IE H/V h(v — s)d&; :|>
Ma

v a
<L ( / Ih(v — )| E[B(VIE [ ds + / (v — 5) = h(()a — )| E[b(Y)]E[xs]ds)
( 0

v)A

because dE[£] = E[b(Y)]E[A,]ds. Using the bound on the expected value proved in Lemma 5,

we have

E[b(Y)]Ly (0 A Ma
E [y — A [] < —a2ILVO) (/0 |hcy>|dy+/0 |h<y+v—<v)A>—h<y>|dy>,

1 = E[b(Y)]L|IA]I
and the result follows immediately. U
This lemma shows that the kernel’s regularity in the sense of the shift operator in the L!

norm Yyields the intensity’s regularity.

Since the risk process is the result of accepting the points of the underlying Poisson measure
under the intensity’s curve, the approximation of the intensity is an important step in proving
the convergence of R to R. We now give the first bound on the distance between intensities
on the points of the discretization grid.

The following constants will be useful for the sequel.
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Definition 3. We recall that p = L||h||1 E[b(Y)] and pp o =L 22/1:1 || AE[b(Y)]. We set

1 n 1
A=pn)  (=ppa)

Cs(h, A) =

A T—A T—A
Crlh, A) = /0 )+ sup /O Ih(y + €) — h(y)ldy + /0 IhO) — () + A)ldy.

The constant Cs(h, A) is related to the stability assumptions given by Assumptions 1 and 2,
while the constant Cr(4, A) depends on the regularity of the kernel.

Lemma 2. Let A (or A®) be the intensities defined by thinning from the Poisson measure P in
Definition 1 (or Definition 2). Assume that Assumptions 1 and 2 hold. There exists a constant
K such that for all u € [0, T we have

E[|Aws — +2]] < KCr(h, A)Cs(h, D). @)

The proof of this Lemma is given in Appendix A.

Before proving the convergence of the discrete-time Hawkes risk, we point out that if
h satisfies Assumption 1 and is sufficiently regular, that is, it satisfies Assumption 3, then
Assumption 2 becomes superfluous.

Assumption 3.

T—-A
lim f h(r) — h((H) + A)|dr = 0.
A—0 Jo

Lemma 3. If Assumptions 1 and 3 are satisfied by a kernel h, then for any € > 0 small enough,
there exists a threshold A1 > 0 such that

1 1

= +e€
I—pna " 1—pn

for any A < Ay. In particular, if there exists Ao > 0, Assumption 2 is verified by h for any
A < Ay.

Proof. For a given kernel h € L1([0, T]) we have

M-1

2

i=1

M-1

M—1
A Z Ih(iA)| < Z A
i=1

i=1

iA
/ h(s)ds
(i-1A

iA
h(iiA) — A7 / h(s)ds
(i-DA

M-1 A T
< h(iA) — h(s)|d —i—/ h(s)|d
Zf(i_m| (i8) = h(s)lds + | Ih(lds

i=1
T—A
= [ [h(s) — h((s)a + A)|ds + [|7]];- ®)
0
Since the first time on the right-hand side of the last inequality tends to zero, we conclude that

Assumption 2 is satisfied below a certain threshold A > 0. (|

To conclude this subsection, we comment on the role of the stability assumption given
by Assumption 1. First, we point out that in the linear setting (that is, ¥ (x) = u + x for
some p > 0), the violation of that assumption means that [E [A;] diverges. In particular, if
h(t) = e B witha > B, then E[\,] ~ Cel@=hP): see [13]. We expect that the bounds proven in
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(a) (b)

Continuous-time and discrete-time intensities, & = 0.2 Continuous-time and discrete-time intensities, & = 0.02

P8
LogaPlL. 81

<L PiE8)

Epz

FIGURE 3. A realization of the discrete-time and continuous-time intensities as thinning from the same
underlying Poisson measure P. The jump rate ¥(x) = 1 + x and the kernel function A(f) = 1.01e™". This
figure should be contrasted with Figure 2. (a) When the discretization step A is relatively large, instability
means that the continuous-time intensity and its discrete-time approximation diverge greatly; (b) As the
discretization step A becomes smaller, the two trajectories become closer, at least for short times. As
time increases, this becomes less true as instability amplifies small differences.

Lemma 1 no longer hold uniformly in time, but instead hold with a factor e’ for some ¢ > 0,
where T is the time horizon. Such results can be proven with use of the Gronwall lemma, but
this is beyond the scope of this article.

As an illustration, we simulate a slightly unstable linear Hawkes process with an exponential
kernel (not marked) and its discrete-time approximation in Figure 3.

With these results stated, we are now ready to give the first approximation result for the risk
process. We will skip the dependence on Cg(h, A) in the convergence results.

3.2. Convergence in the fractional Sobolev space

The goal of this subsection is to give a bound on the distance between the risk process on
the compact interval [0, 7] and its discrete counterpart in the fractional Sobolev space defined

in (6). Recall that for n € (0, 1), Wi := {u & LI(0. T llullypa < +oo} . Here we restrict

ourselves to g =1 and omit it from the notation. We also recall the fractional integral. For
ueL'([0,T)and 0 <n < 1,

1 t
I (u)() = — / (t— )" us)ds, rel0, T,
0* ' Jo
and the Riemann-Liouville space
17 (L'([0, T1) = {u € L'([0, T1) | there exists v € L'([0, T]), u=1I,()}.

Proposition 1. Let T > 0. Let (h, ¥, v, b) fulfill Assumption 1. Let R (or R® ) be the continuous-
time (or discrete-time) risk process. We have

(R)rero.r1 € Wi N IJL(LY([0, TD) and (R Yrepo,ry € Wi NI (L1([0, T1))

almost surely.
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10-1 4

=Ny — N§|

10-2 1

103 102 10-?
A

FIGURE 4. A Monte Carlo approximation of E [lNT — NTA |] for T =35 (blue), and the least-squares linear
approximation (orange), with the equation being y = 8.4 - Al:!,

A
Proof. Note that R, = Z;Ll Yy and RtA = thzl Yy for all t € [0, T]. Moreover, N and N2
are counting processes with finite expectation. Indeed,

T
B[Nzl + E[N2] = / (EDr,] + EDA) ds < oo,
0

according to Lemmas 5 and 4. Thus, the processes R and R® are linear combination of
indicators of finite subinterval of the form [a, T] with a > 0 of [0, T] which belongs to
Wi N1, (L'([0, T1)) according to Example 4.1 in [4]. O

We now give a bound on the difference between the aggregate risk observed for the
continuous-time risk process and its discrete-time counterpart, which will be crucial in proving
convergence in the fractional Sobolev space.

Proposition 2. Let T > A > 0. Let (h, ¥, v, b) fulfill Assumptions 1 and 2. Let R (or R®) be
a continuous-time (or discrete-time) Hawkes risk process, defined by thinning from the same
underlying Poisson measure P.

There exists a constant K such that forall 0 <s <t<T

E[I(R; — Ry) — (R® —RM|] < K (Cr(h, A) [(Da — (5)a]l + A),

where Cr(h, A) is given in Definition 3.

The proof of this proposition is given in Appendix A. Before we move to strong functional
convergence results, we give in Figure 4 a numerical illustration of Proposition 2 for the simple
Hawkes process of kernel h(f) = %.

We are now ready to give the first general strong convergence result for the discrete-time

Hawkes risk processes.
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Theorem 1. Let T > 0. Let (h, , v, b) fulfill Assumptions 1 and 2. Let R (or R™) be a
continuous-time (or discrete-time) Hawkes risk process. We have

E[IR— Ry | < K [12Ch(h, 2)+ A7),
where Cg(h, A) is defined in Definition 3 and K is a positive multiplicative constant depending

on n that does not depend on T or A.

Remark 3. The rate of convergence depends on the functional space in which we are envision-
ing the processes under study. The rate of convergence in A decreases with the parameter n
and vanishes when 71 goes to 1.

The strong approximation result in Theorem 1 is not useful for numerical approximations,
because the dependence of Cgr(h, A) on A is not explicit a priori. It turns out that if the kernel
is of finite p-variations, we can give the order of convergence in A.

For p > 1, the p-variation of a function f:[0, T] — R is defined as

1/p

llpvar := | sup D sy —f@l” |

D tieD

where D is the set of finite subdivisions of [0, T].

The set of functions of finite p-variation contains piecewise Holder functions of a Holder
index p~! € (0, 1]. As we will see in Corollary 1, these functions are regular enough to have
more explicit rates of convergence. Using Lemma 9, we derive Corollary 1.

Corollary 1. Let T > 0 and p > 1 and assume that Assumption 1 holds. Moreover, assume that
the kernel h is of a finite p-variation ||h|p-var. Then, for A small enough, Assumption 3 is
fulfilled and

p=l 1
Cr(h, &) < K[ [l 7 A7 + Allhloo
Moreover,
B[IR = Rly] < Ky [lllpacT 7 A7+ TAI 4 Al |

for some positive constant K, that does not depend on T or A.

Remark 4. The parameter p measures the regularity of the kernel /. The rate of convergence
in A is a decreasing function of p, and in 7 is an increasing function of p.

We now turn to the proof of Theorem 1.

Proof. First, we recall the result of Proposition 2:
E[I(R: — Ry) — (R} — RM)|] <K [Cr(h, A) (Da — ()a) + Al

The norm of the difference between the continuous-time risk process and its discrete-time
counterpart in the fractional Sobolev space is written as

T T (TE[I(R — Ry) — (R® — RY
IE[||R—RA||W,,]=/ E[|R,—Rf|]dz+/ / (IR = Ry) — i S)|]dtds.
T 0 o Jo |t — s|1+n
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We bound each of the three terms individually. We start with the second term. Thanks to the
symmetry of the integrals with respect to s and ¢,

/T /T E [l(Rt —Ry)— (RtA _RSA)|]dl‘dS

|t—s|1+’7

ANt /’AAT]E (R — Rx)—(RtA—RSA)I]dtdS
(i-na Ji-na |t — s|1+7

_% /,m TR [IR = R) = RE —RMI]
— Ji-va Ji-na |t — 5147

+DAAT R [1(R — (RA _RA
+2Zf / [I(R: —Ry) 1(+t S)|]dtds
(i—DA [t — s 7
M=2 M
AT R [|(R, — Ry) — (RS — R
+2 Z / / |( t— s) 1(+t s )|]dtds
=1 e Ja=na Jg-na |t — s|*F7

For the first term, since s and ¢ are in the same interval [(i — 1)A, iA), we have RtA — RSA =0.
Moreover,

Ni

t
EfIR —Rs[]<E Z 1Yil :EHY”E[Nt_Ns]:K/ E[A,]du

i=Ny+1

Using Lemma 5 and the fact that p, < 1, we have

E[R — Ryl < 'j(’_s)
— on
<K(t—s).

Therefore,

IANT iANT E |(Rl S) — (RIA — RSA)l d d Z /lAAT IANT IE |Rt R |]d d

(—1)A Ji-1)A |t — s|1+n G-a Ji—na |t —s|HHn
iIANT IANT

t—s

| | ———dtds

i-A Ji-1)A |t —s[1+n

IANT

(i-DAAT Ji—Da (E—s)"
M IANT .
<K / (t—(i— DAY d
Z (i—DA

<K,TA'™"
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. . . Dy
When s and ¢ are in adjacent bins, RA RA r— Yj in distribution, where

Dy = ]((n,—l)A,ntA]XR+XR 1y<;a P(du, df, dy). Thus,

by

(i—DA

/UHWT]E (IR —R) - RP —RDI]

|t — s|1+n

DA —1
Ri=Ri= Y Y

iA (+1)ant E [ — :|
drds
/(i—l)A /iA |t — s|14n

/m /<z‘+1)AAT E[|R — R[]+ E[|Y|]E [D} ]
(i—1hHA

]

M—1

B

1

M-1

2

i=1

IA

drds.

And since E [DA] o Al) A E[A8]du, we bound A2 using Lemma 4 and the definition of

Cs(h, A) given in Definition 3:

M—1 /iA /(i-‘rl)A/\TE [|(Rt _ Rs) _ (RtA _ RSA)']dtd
\)
(i—DA

|t—s|1+n

M-1 A (i+1)AAT 1 A
<Ky / / + ——duds
7 Ji-na Jia =91  (t—s)*"

M-
Z /( N (((H— DA — )71 — (A — )l
1 11—

— A+ DA — )" + AGA — s)—")ds

A
=K Z / (x+ M) X A+ AT+ AxTdx
. 0

M—1
i=1

<K,TA'"™.

We now treat the third-case scenario, when s and ¢ are separated by more than one bin. Keeping
in mind that A <t — s implies ((H)a — ()a) < (t —s+ A) <2(¢t — 5) and using the result of
Proposition 2 and Remark 3, we have

M-2 M jAAT]E R _ RA_RA
/ [I(R: — Ry) — (R; s)l]dtds

Z Z/ (—1)A E|Yi||r — |17

i=1 j=i+2 (i-DA

M-2
<k Z
i=1

JANT Cr(h, At — A
f / (h, A)(t —s)+ drds
(i—1HA

(—DA |t — s|1+7
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M= T
Cgr(h, A)(t — A
=K Z / i X 1+S)+ drds
i—1 J—DA J+DA [t — s+
M-
=K Z Cr(h, A)t — )" + A+ DA — 5)7"ds

(i-DA

< Ky | Crth, AT+ TAI).

For the first term, using the fact that 1o <¢, we have

T T
/ E[|R,—R[A|]dt§K/ (Cr(h, A)in + A)dr
0 0

T
<K / (Cr(A) + A)dr
0

<K [CR(A)T2 + AT].
0

This yields the first explicit speed of convergence of the discrete-time marked Hawkes risk
for a rich family of kernels. We point out that convergence rates can also be obtained for
different kernels that do not lie in the set of functions with finite p-variations. A particularly
interesting example is the Hawkes process driven by the kernel

C
h(t) = 7t1te(0,r],

where C > 0 is a constant that ensures that Assumption 1 is in force.

Since this kernel is not of finite p-variation, it should be verified that Assumption 2 holds.
This is possible because the sum of the inverses of the square root can be bounded by the
integral of \/L;c Once this is done, we can apply Theorem 1. Using the fact that £ is decreasing

on (0, T], we can bound the modulus of continuity of the shift operator in an elementary

fashion:
T—A T—A
/0 Ih(y + €) — h(y)ldy = /0 h(y) — iy + )dy
T—A T—A
_ / hy)dy — f hy + €)dy
0 0

—O(A?).

Hence,

E [||RA - RIIW;] <K(TA? + TAIM).

This rate is slower than the rate of convergence for Hawkes risks whose kernels are of bounded
variations K(T?A + TA'~"), which is natural because of the singularity of the inverse square
root near zero.

We now prove the convergence in the space of cadlag functions equipped with the
Skorokhod metric for a class of Hawkes processes.
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3.3 Convergence in the Skorokhod space

We start this section by recalling the definition of the Skorokhod space. We call D([0, 71, R)
the space of right continuous functions, with left limit (cadlag). The canonical metric over this
space is the Skorokhod metric defined by (5). The fact that this distance allows for small
uncertainties in time, unlike the uniform distance, ensures that it is well adapted for Hawkes
risk processes whether in continuous time or in discrete time. The different properties of the
Skorokhod space can be found in [5]. Let A denote the class of strictly increasing continuous
mapping of |0, 7] into itself such that A(0) =0, A(T) =T. For x and y in D([0, T1),

ds(x,y) = Inf {J|A —Idlloc V |lx — yAlloo} .

where Id is the identity map from [0, T7].

Since the jump times of the continuous-time Hawkes risk R occur almost surely out-
side the time grid o = (kA)i=1,...m, the projection (AsR)sc(0,7] := (R(r), )re[0,T] TEPrEsents an
intermediate process between R and R2: hence,

ds(R, R®) < ds(R, AgR) + ds(AsR, R™).

The first term on the left-hand side simply evaluates the distance between the path of R and its
projection on the grid, and is bounded (see [S], Lemma 3, p. 127) by

ds(R, AcR) < AV wi(A),
where wi(A) is the A modulus of continuity for the cadlag process

oy(A)= inf max sup |X,— X,

A-sparse 1 <i<M u,velti_i,t)

the infimum being taken on the set of all partitions {z;} of [0, T'] such that min#; —#,_1 > A.
Therefore, the Skorokhod distance between the continuous-time Hawkes risk and its discrete-
time counterpart is controlled by

ds(R, R®) < A + wh(A) + ds(AsR, R™).

It is then enough to control the regularity of R (using (wg(A)) and its distance from R” on
the points of the grid (ds(AsR, R2)). Indeed, noticing that both A, R and R2 are constant on
[kA, (k+ 1)A)fork=1, ..., M, we immediately see that

ds(AsR, R®) < |AgR — R® |00
= max |Ria —R2 s
k:l,...,M' ka = Rial

yielding
ds(R, R®) < A + wi(A) + max |Ria - REA - )

Before giving an upper bound on the distance between the two processes evaluated on the
points of the grid, we remind the reader that F is the filtration associated with the common
underlying Poisson measure P.

Proposition 3. Assume that Assumptions I and 3 or Assumptions 1 and 2 are in force. Assume
also that v has a finite second moment. Let

kA
Er:= Rka — E[Y] f Asds
0
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and
k
=A A A
Ef = Ria —EIY] ) A3 A.
i=1

.....

where K is a positive multiplicative constant that does not depend on T or A and Cg(h, A) is
defined in Definition 3.

The proof of this Proposition can be found in Appendix A.
We finally give an upper bound on the Skorokhod distance between the continuous-time
Hawkes risk and its discrete-time counterpart in the case that the jump rate v is bounded.

Theorem 2. Suppose that Assumptions 1 and 3 or Assumptions 1 and 2 are in force. Assume
furthermore that \r is bounded and that v has a finite second moment.There exists a positive
constant K that does not depend on T and A such that

E [ds(R R] <K (& (14 ¥l + 191%7°1) + VTCr(h, &) + TCk(h, 8)).

Moreover, if h is of finite p-variations for p > 1, then Assumption 3 automatically holds and

E [ds (R )] <KA (1410 le (14 T2101%) )

-1 1 P11
+K <\/I|h||p-varT P AP +TAlhlloo + lIllpvarT 7 AP + TAIIhlloo)-
Proof. Taking the expected value of the inequality (9), we have

E[ds (R, R®)] < A+ E[wi(A)] +E [k max R — R,(AA@

.....

.....

kA
/ Ayds — Z,\iAAA
0

=A+A1+A+As.

< A+ E[wp(A)]+E [k max | Bk — s,ﬁq

+E |: max
k=1,...M

The difference between the values for the discrete-time and continuous-time processes has
been separated into a martingale part and a compensator part.

The martingale term A; has already been dealt with in Proposition 3. For A3, we simply
write
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)\iAA‘ds

kA k
/ heds =Y AR A
0 :
i=1

(i— 1)A

< Z/ AiAA|ds.

(i— ])A

Taking the expectation of each term of the previous inequality and using the inequality (7), we
obtain

A3 < KTCRg(h, A).

The last term is A;. Since the jump rate is bounded by [|¥||co, the compound Poisson
process

IT; =/ [yo<y |l P(ds, d6, dy)
(0,/1xR4 xR

dominates the process R. That is, for any 0 <a <b <T, 1, — 1, > |Rp — R,| . The problem
now is to determine the behavior of the modulus of continuity of a compound Poisson process
of intensity || ||, Which is solved in Lemma 8. O

The case of a bounded jump rate is quite restrictive; for instance, the results of Theorem 2
cannot be applied to the standard linear Hawkes process. We therefore give a generalization to
unbounded jump rates in the following theorem.

Theorem 3. Suppose that Assumptions 1 and 3 or Assumptions 1 and 2 are in force. Assume
that h is bounded and that v has a finite second moment. There exists a positive constant K that
does not depend on T and A such that

E[ds (R R*)] <K (A% (1+72) + VTCk(h, &) + TCr(h, A)).

Moreover, if h is of finite p-variations for p > 1, then Assumption 3 automatically holds and

E [ds(R, R®)] <K (A% (1 n T2) + TA)

-1 1 p-1 1
+K<\/I|h||p-varT 7 AP +TAlhlloo + hllpvarT 7 AP +TA||h||oo)-

Proof. Let C a positive real number to be fixed later and let /¢ =y A C. We also denote
by A€, N€, RC the intensity, Hawkes process and risk process, and by A6A NCA S RCA
the discrete intensity, Hawkes process and risk process associated with €. On the event I'c =
{w, sup,<7 A, < C}, the process ()Ltc, Ntc, th te |0, T]) and (), N,, R;, t€]0, T)) coincide,
and on the event I'c,a = {o, sup,7 A < C}, the processes ( A NEA REA relo, T])
and (A2, N2, R2, t€]0, T1) coincide.

On the event 2\ (FC N FC,A), we estimate

Nr T
ds (R, R") < sup IR + sup |Ry'| < Z Vel + ) 1¥il.
s<T —
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Thus,
E[ds (R R*)] =E [ds (R R*) Trcorc,y ] + E [ds (R R*) (Treure,, )]
<E [ds (RC, RC’A)] +E [dg (R. RY) (1% + IFE,A>]-
Using Cauchy-Schwarz and Markov inequalities, we obtain

E[ds(R. R*)]

2

+ XT:|Y1(| (]PJ (FE')—FP(FE"A))

2

<E [dS(RC, RC'A)] + |4E [f: |Yk|:|

N 2 NE 2
C C,A 2 - - 2 AN2
§E[d5(R R )]+E Ef[> 1| + 1% | |E(supr2+supr2y?).

We now bound each term under the square root.
First, since N; = f(o xR, xr Yo<3,P(ds, 40, dy),
2

T T
E[N7] <2 f E[A]ds 4 2E [ / )\Sdsi|
0 0

< 2T sup E[A] + 272 sup E[A2].

s<T s<T
According to Lemmas 5 and 7,
E[NF] < K(1+T7). (10)
Second, since N2 = f(O,t]xR+xR 1y_;2P(ds, d6, dy),
T T 2
E[(N£)*1 <2 /0 E[)2]ds + 2E [/0 Afds}
<2T sup EAA] 4 272 sup E[(A2)7].

s<T s<T

According to Lemmas 4 and 6,

E[(N2)1 <K(1+T2).

A=V (/Ot h(t — s)dgs).

Third, recall that
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Thus, since v is Lipschitz continuous,

t7
As <Y (0) + Lf h(t — s)dé&;.
0
Since & = f(o, fxRy xR b(y)1g<y,P(ds, df, dy) is an increasing process and 4 is bounded,

As <Y (0) + LAl ok
Thus,

sup A2 < 2/(0) + 2L2||h]|2 £2.

s<T

Then, taking the expectation of each term, we obtain

IE[ sup )\f} <29/0) + 2232 E[£2].

s<T

Using the same line as in the proof of the estimation of IE[N%], (10), we have

E[supkf} <K(1+T12). (11)

s<T
Fourth, recall that A,A =y ( Z’z_ll h(ny — k)X kA> Since v is Lipschitz continuous,

ny—1
A SYO) +LDY ] ki — X
k=1

Using the fact that & is bounded and
X2 = / b1 <jp P(ds, 46, dy),
((n=1)A,nA]xRy xR -

we have

sup . < (0)+ Ll | by P(ds, 46, dy).
(0, TIxRy xR

s<T
Using the same lines as in the proof of the estimation (11), we obtain
E | sup ()»SA)2 <K (1 + Tz).
s<T
Then for a universal constant K,

2
E [ds(R. B*)] <E [a5(RC. &%) ]| + k2T
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The quantity E[dS(RC,RC'A)] is bounded with the use of Theorem 2 for ¢ with
¥ lloc < C,

2
E[ds(R. R*)] <K (A[1+ C(1+ CT2) |+ /TCah, &) + TCh(I, ) + K. J;T .

Taking C = Ll we derive
A%

E [ds(R, R*)] < KAH(147) + K (VTCrlh, &)+ TCr(h, ),
where K is a constant independent of 7" and A. U

2
Remark 5. If in the proof of Theorem 3, we bound P(I'¢.) by E[S%TETM instead of %—gm,
we obtain

E [dS(R, RC’A)] <K (A% (14 T7) +/TCr(h, A) + TCk(h, A)).

The power of T in the constant is smaller than in the bound given in Theorem 3 but the rate of
convergence in A is slower.

4. Conclusion

Using coupling arguments based on thinning from a given Poisson measure, we derived
explicit bounds on the distance between the continuous-time embedding of nonlinear Poisson
autoregression (referred to here as the discrete-time Hawkes process) and the standard
continuous-time Hawkes process, both in the Sobolev space and in the Skorokhod space.
Our bounds yield a quantitative generalization of the convergence result proven in [23]. More
specifically, the speed of convergence is given both in the time step of the discretization A and
in the time horizon 7.

We point out that the convergence results proven in this article can be generalized to multi-
variate Hawkes processes involving cross-excitation and inhibition. The difference lies in the
fact that we need to perform the thinning procedure from d independent Poisson measures
instead of one.

Another interesting development from the results shown in this article is their extension to
SDEs involving both Brownian noise and state-dependent Hawkes jumps in the Skorokhod
metric; see [27]. To the best of our knowledge, such results do not exist in the literature where
jumps are supposed to follow a Poisson process [7]. We thus consider that they would constitute
a valuable contribution to the approximation of jump-diffusion SDEs with potential numerical
applications in many fields, such as in option pricing or neuroscience.

Appendix A. Proofs of the Convergence Results

A.1 Proof of Lemma 2

First, we compute the distance between the two intensities at a point of the grid. For a
given u € [0, T) we write the expressions for the intensities in order to find an upper bound of
Al.
E [hwa =2
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A (A 1 A
E [|)"(M)A - )‘u |] =E 17” / h ((u)A - v) d";'—v - w Z hnu_ka
0
k=1

SLE[ }

/ h(() A —v)b(»)1p<;, P(dv, d6, dy)
(tny—1. () A 1XRZ

ny—1
+ie ||y [ (h@0a = P)los, = a1y ) BOIPEr, 0, ) .
k=1 (1.0 xRY. Tk
B [lhq, — 1] < BB [ Ih(0s — I, Jdy
(Wa—A,(w)a]

n,—1
+LY E [
k=1

/ (h((u) A = Wlg<s, — h((u)a — v)1MA) b(y)P(dv, d6, dy)
(tr—1.4:]xR%. Tk

|

|

ny—1
+LY E [
k=1

/ (A(@0A =g 1p = o, k14252 ) BOIP(v, d6, dy)
(tk—1. 0] xRY k k

sK/ (W) s — V)ED Idv
(Wa—A,w)al

ny,—1

+LY / [h(@)a — I E [I2 — 22]] dv
k=1 (tk—1,1]

n,—1

+L Y [ (s == o B[ o
k=1 7(

tk—1,1k]

where K is a constant independent of 7" and A. To apply the same induction used in the proof of
Lemma 4, the quantity in the integral f(o, (u)a—a] @nd the term to the left £ |Au)s — A% should
coincide. That is why we take the projection of A, on the discretization grid. Therefore, using
the upper bounds on EA, and IEA‘,A (see Lemmas 5 and 4) we have

A 1
E[[raws =2l <K (1= () = v)Idv
Ph J(@a=A,@)al

-1
1R
+K|——— / (s —v) — hyp,—k| dv
(1—ph,A kz (zk,l,zk]‘ : ’

=1

n,—1

+ E[b(Y)]L Z / [h(()a — V)| E I:l)"tk—l - )\t%—l |:| dv
k=1 Y 1.1l

+/' (W) — W E Ay — Ay ]] dv
(te—1,1]
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1 A
§K<1— / |h(y>|dy)
— Pn Jo

-1
1K
+EK[—— > f |h()a — V) = hyy—i| dv
1 - Ph,A k=1 (tk—1,t]

n,—1

AL Y B[Ry =28 1] [ s -l
k=1 (tk—1.1]

K A T—A
+—(/ hO)ldy+ sup f |h<y+e>—h<y>|dy>,
— Ph 0 0

1 €l0,A]

where we got the fourth line from Lemma 1 and the first line using a linear time change.
For the second line, we notice that 7;,_; = t; — A = (v)a; hence,

n,—1 ny,—1

Y[ s = b dv= 30 [ s =)~ ks — kA dv
k=1 (tk—1,1] k=1 (

Tr—151k]

n,—1
= [ s == hwa s+ D)l
k=1 Y k—1.%]

War—-A
=/0 |h((w)a —v) — h(()a — (V)a + A)[ dv.

Using the change of variables y = (u)o — v and noticing that (1) is already on the discretiza-
tion grid, we have

n,—1 (DN
> / (@) = V) = hn, 4] dv = / ) = h (s = (@a = ¥)a + A)] dy
k=1 Y tk—1.%] A
)a
_ fA Ih() — B () + A)] dy

T—A
- fo Ih) — h () + A)] dy,

For the third line we notice that f(fk—l 4l |h((u)a — v)| dv depends only on the difference
n, — k; indeed,

(ny—k+1)A

(s — )] dv = E[b(Y)IL / Ih(y)ldy

(nu—k)A

173
E[b(Y)]IL /

k-1

A
= My —(k=1)*
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By denoting n, =n, g, =E |A,,A — )»nAA , and ﬁjA = n]-Aljzz, we have

n—1

gn < C(h, A+ gkiip 4
k=1

where

€el0,A

1 A T—A
Clh, Ay =K —— ( / h)ldy + sup / |h<y+e>—h(y>|dy)
— Ph 0 1J0

1 T—A
PR / IhG) — h () + A)] dy.
— Ph,A JO

Since ﬁA € l; and its sum is bounded by E[b(Y)]L| k|1 < 1, we apply the same induction
as in the proof of Lemma 4 to obtain

_app L G A)
E [, — 4[] = S22

Using Definition 3, we finally conclude that
E [|*wa — A5 |] < KCr(h, A)Cs(h, A).

A.2 Proof of Proposition 2

Proof. We first start by projecting both s and 7 on the time grid:
E[I(R = Ry) — R} = RO =E[I(R, — Riy) + (Rs)s — Rs) + Ry — Resyp) — R — R
<E[IR = Riys|] + E [IRs — Rs), ]
+E [I(Ros = Rins) = RS, — RO I

We handle the first two terms as follows:

5k~ Roul] <2 |

(Ha,t]xRE xR

< / YIV(dy)E [ / Audu}
Ry ((DHa,1]

<E[|Y]] / E[A,]du
(D)1

1<, yP(du, do, dy) H

KA

< )
L —pn

Hence,

E[IR =R ] +E[IRs — R, l] <K

. Al
o (AL)
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When it comes to the difference between the increments, we have

A A
E H (R(t)A - R(S)A) - (R(t)A - R(S)A) H

<E [ y (199” - 195)LMA> P(du, do, d)’)H

< / Iv)E [ / |xu—xﬁ|du]
Ry ((9)a,(0al

=E[|Y|] E[|au— 25 |] du
(9)a,(Dal

5K</ E [[rwa = 4[] +E [Ihawa —/\u|]du>,
((9)a,(Dal

\[(S)A,(t)A] xRy xR

where the first term in the integral measures the discretization error on the grid and the second
term measures the variation between a given point and its projection on the grid.
The second term in the integral can be bounded with the use of Lemma 1:

Na
/( E[M(M)A —AM|]du

A

K A T—A
=1 (f |h(y)ldy 4+ sup / |h(y +€) = h(y)| dy) (DA —(9)a). (A2)
—pn \Jo €€[0,A1J0
The first term is upper-bounded with the use of Lemma 2:

a
/( B[ 2] 4u = Kl ) @0 ~ G (A3)

Combining the inequalities (A1), (A2), and (A3), we obtain the result. U

A.3. Proof of Proposition 3

.....

Note that (Rt —EY fot Asds) is a continuous-time JF-martingale and (E)ix=0
t

discrete-time martingale. As for the discrete-time process, we have

k
B =Ria —E[Y])_AlhA

i=1

k
= Z / / Y1y, (P(ds, df, dy) — dsdOv(dy)).
i=1 Y(—DAA] JRy xR —iA

By construction we have f((i_l)A,iA] fﬂth ylegxg‘A(P(ds’ do, dy) — dsdfv(dy)) € F;an and

Af\ € Fi—1)a, which yields the result.
For the upper bound, we start by combining the Cauchy—Schwarz inequality with Doob’s
maximal inequality:
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Keeping in mind that AM =T, we have

T
Em — By = / / Yoz, (P(ds, 6, dy) — dsdov(dy))
R+XR
- Z / / Y1,_;a (P(ds, d6, dy) — dsdfv(dy))
(—DAiA] JR xR A

/ / Zyl(, paczin (o=, — 1y ) (PUds. 49, dy) — dsdfvidy)).
Ry xR 72 i
Therefore,

E [|EM — Ef,ﬂz] =E[[E - 8%17]

2

[ 7
=E / / Yi-na<s<ia(o<a, — 1554 )] dsdOv(dy)
0 JRixR (Z EDESsS: O=rip

=E / / Zy 1(1 DA<s<iA (19<)~s 19<)LA) deev(dy):|’
R+XR

because 1([—l)A<s§iA1(j—l)A<s§/'A =0ifi#j. Thus,

£ (12w - 2ir] ]E[Yz]z / B =

By adding and subtracting A;,, we have for all s € ((i — 1)A, iA],
E [|xs — A7l ] SE [lhs — 2aill + E [[2ai — 23]

Following the proof of Lemma 1 and projecting s on the nearest upper point of the grid (instead
of the lower), we have the bound

A T—A
Enxs—xmusK(fo Ih)dy + sup]/o |h<y+e)—h(y>|dy>.

eel[0,A

Thus, using the inequality (7) to bound E [|Aa; — A3;]], we obtain with the expression for
Cgr(h, A) given in Definition 3

E[I8w - Ei?] = KCath, AT

for a constant K that does not depend on 7 or A.
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Appendix B. Technical Lemmata

B.1. Bounds on the moments of the intensities

In this section, for completeness we prove some uniform estimations on the first and second
moments of the continuous-time and discrete-time intensities.

Lemma 4. Assume that Assumption 2 holds and A € (0, T). Then

E[12] < _¥©O
1—pna Oh,A
foranyte (0, T].

Proof. Since A,A = A,fl A» the inequality on the expected value of the discrete-time intensity
will be proven by induction on n. We have for any 0 <n <M

hyn =W (Z Fin,— ka)

In particular, forn =0, 1,

¥ (0)
A =Y(0) < ————
nA 1//( )_ 1—,0 A
Let n > 2 and assume that forallj <n <M
YO
E|A
[ ]A] “1—pna

Using the fact that v is L-Lipschitz, we have

n
Z Pt -k Xe

k=1

Aoina SV (O) +L

n
SYO) +LY lhlwy 14X
k=1

Since E [XkA] =E [IE [XkAMkAA]] =E[bY)]A-E [)LkAA] for any k > 1, we have

n
- [’\(Amrl)A] =y O)+L Z |hln1—1E [XF]
k=1

n

=0 +L Y Al 1—kELMIA - E [A54 ],
k=1

which, according to the induction’s hypothesis, is bounded by
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Lyr(0) Z
E|A2 0) + E[b(Y hlps1—k A
(46408 =@ L s F 2 i
Ly(0) =
<y (0)+ E[b(V)] Y A,
1 — EbOOIL Y25 hlea ; ‘

which yields the result forn + 1 <M. O

Lemma 5. Suppose that Assumption 1 is in force. Let t € [0, T]. We have

E[r] = vo .

1 —pn

Proof. The facts that A, is integrable and 7 — E(A,) is locally bounded follow from the same
lines as in the proof of Theorem 1 in [6]. Using the fact that i is L-Lipschitz, we have

b= ( / " ha— s)d&)
0

-
<O +L ‘ / (i — s)de,
0

t
§¢(0)+L/ |h|(t — 5)dé;,
0

which yields by our taking the expected value

t
E[A] =< ¢(0)+/ L|h|(t — s)E[b(Y)]E[As]ds. (B1)
0
Let *x denote the convolution operator (f x g)(¥) = fot f(s)g(t — s)ds for any integrable f and g.
Let
S=Y_ (EbMILIAN™ (B2)
n>1

where  (E[b(Y)ILIA)™ = E[b(Y)IL|h| * - - - * E[b(Y)IL|h|.  The stability  condition

n times

E[b(Y)IL||h|l1 <1 ensures that S is well defined and that ||S||; =E[b(Y)]IL|A| (1 —
E[bW)IL|A]1)~"
For a given k > 0, convoling the inequality (B1) with L|1|®®, we obtain
(ELBOILID® BRI — (EBMILI S < B0 < (ELOILIE®G + (0) @),

which yields after telescoping

ElA] = (ELOILIN ™D « EGDO = y(©0) + Y (EBOILIAND «v©0) @)

k=1
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Since E[A] is finite, (E[b(Y)IL|ADTHD « E[A] converges to zero as n tends to infinity, and

finally
M
Elx] <@+ Y (BB « () 0
k=1
=v(0) (1 + Z EILWILIRD® * 1)
E[b(Y)IL|Allx
=y0) |1
o ( T T RBOOILAL )
hence the result. O
Lemma 6. Assume that pp, o = LE[D(Y)] 22/[:1 |he| A < 1 and that E[b(Y)z] < 00. Then

E[(12)2 ( 02 + 2B Q2 >;
zes[g,pT] [(I)]S v+ [ ()]1—PhA” .2 (1= pn.a)?

172
where |l .2 = (Z,-Ail |h,-|2A) .

Proof. The process A2 is piecewise constant. Let us recall the definition of AAn = lnA given
in Definition 2:

n—1
=Y (Z hn—ka>~
k=1
Since v is L-Lipschitz continuous, we have

n—1
» <Y +L (Z |hn_k|Xk).

k=1

Let us introduce X = Xz — AE(H(Y))I[2; then

n—1 n—1
<Y O)+L <Z |hn_k|5ck> + Y LAE[M) Il

k=1 k=1
n—1
=T+ Y LAELY)] 71,
k=1

where v, := ¥ (0)+ L (ZZ;II |hn_k|}~(k>. Since lﬁ is nonnegative, we have
n
I3 <¥n+ Y LAEbO)] Ayl

k=0

=¥y + (LAE[BY)]|h| % 1%) (B3)
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* here being the discrete convolution operator for sequences defined on N and that take the
value O for n > M. For a given j € N we recursively define forany n =0, ..., M

0
aS’l ) = ll‘l=0 ’

V' =a, = LAE [K(Y)] |hnl,

ag) = (aV=D % a),.

For a given integer j we take the convolution of the inequality (B3) (whose right-hand side
is nonnegative) with the nonnegative sequence ", yielding for any n =0, ..., M

(¢ 61) <(@05) + (a5 2) .

n

and therefore by telescoping

jt+l
2= (i) <3 (a3 .
7 52 \
i=
Since l,? is almost surely finite for any n =0, ..., M (in fact it has a finite first moment) and

since |la|l1 = [[LAE[b(Y)]|A||l; < 1, we have
(a0 1) < faf* D 5o,
n

i+1,;A
< ||a||J1 120 ——— 0.
—+

Hence, foranyn=0, ..., M

n
ly? = i”n + ZAnfki}ka
k=0

where A 1= ]+=°1° a¥) is well defined because |lal|; < 1 and satisfies ||A[]; < 1[‘|l|!ll||1' Taking

the square, we obtain

2
n n
U3 < @) +2 ) Aniadn + (Z A,,_m)
k=0

k=0

n n
=@ +2) AnaWiTn+2 Y A kA i+ Y (A ) ()
k=0 0<j<k<n k=0

Using the definition of ¥ and the fact that X is a martingale increment sequence, we have for
k<n

k
E [0 ] =00 + L7 ) |yl [} AE[B (V)]
j=1

0 k
<y (0) + LZIW(Y)]% Dl jllj|A
BN
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2, 1/2

<y (0) + LZE[bZ(Y)] Z i A >l A
i=1

0
<0+ LZE[bz(Y)]% IR1% 5,

M 2 172 PhA
where [[hlla.2 = (Z,-=1 i A) . Since J|A||; < we have

2
(1/f(0)2+L2E[b2(Y)] w() ||h||A2 142 Pa +< Oh.A )
1_10hA 1_:0h,A

IA

E[(8)°] =

2
=(w<0)2 Lz]E[bz(Y)] ||h||A2>< Ph.A )

= Ph,A

< (w<0>2 L2E[b2<Y)] ||h||A 2> ac

Lemma 7. Under Assumption 1 and Eb(Y)? < oo,

1
(1= pn)?*

sup E[A2] < (w(0)2 L2E[b<Y>2 v O ||h||2>

1€[0,T]

Remark 6. Unlike Theorem 2.4 in [20] in which an exact expression for E[Atz] is given, we
provide here an upper bound on that quantity. Our result has the advantage of being explicit
in the parameters of the Hawkes process and of illustrating that the second moment is also
bounded in ¢ when the stability condition is met.

Proof. Recall from Definition 1 that

M= (/ h(t — 5)1p<, b(y)P(ds, db, dy)>.
[0, xRy xR

Since W is Lipschitz continuous, we have

A =9(0) + L/ |h(t — $) 1o <), b(y)P(ds, dO, dy)
[0,H xRy xR

t
VI, + LE[b(Y)] f |h(t — $)|Ayds,
0
where

M; = (0) + L/ |h(t — $)[19<;,b(y) (P(ds, db, dy) — dsdfv(dy)).
[0,H xR xR
Using the same lines as in the proof of Lemma 5 or Lemma 3 in [3], we have

t
A < s + / S(t — 5)lds,
0
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where S is defined in (B2). Then
. t o t _ 2
A <M? 42 / S(t — s)MM,ds + ( / S(t — s)MSds)
0 0

t
<M?+2 / S(t — $)MM,ds + / S(t — $)S(t — u)M;M,dsdu.
0 [0,1]2

According to the definition of M;, the fact that & is bounded, pn = LE[b(Y)]||k]l1 <1, and
Lemma 1,

min (u,s)
E [MM,] = V(0 + L? /O E[b(Y)*1|h(s — )| |h(u — r)|E[A,]dr

min (u,s)
< ¥ (0) +L2E[b<Y)2l% /0 |h(s — P)||h(u — r)ldr

s 1/2 u 1/2
<07+ LZE[b(Y)Z v ( / hz(s—r)dr) ( / hz(u—r)dr>
0 0

v (0)

=¥(0)* + L’E[b(Y)* I ||h||2
Since ||S||1 = pall — pr]~! we have
BIA) < (I/f(O)z + LE[b(V)’] &”h”Z) <1 * 12_'0},;11 * (1 —p},th)2>
— (w02 + 2BV 1/f()h> .
(W( )"+ LE[b(Y)7] 172112 T2

B.2. Estimation on the modulus of continuity of compound Poisson processes

Lemma 8. Let N be a Poisson process of intensity [ on [0,1] and R; = ZkN;o | Y|, where (Yy)y is
a sequence of i.i.d. random variables with common distribution v such that fR [ylv(dy) < 4o0.
Then its average modulus of continuity in D([0, T], R) is bounded by

/ A 272 242
E [wk(A, [0, TD] <E[IV I]IT?(S +4I°T) =E[|Y1[IAGS +41°T7).
Proof. First, we assume that 7= 1. Let 1y, 12, ... denote the arrival times of the Poisson

process and Sy, Sy, . . . be the interarrival times. Using the law of total probability, we have

+o00
E [wi(A, [0, 1D] =) Elwk(A)Nr = n]P[Nr =n]

n=1

In
() ol
n!

n=1
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Knowing that N7 = n, the distribution of the arrival times is that of the order statistics of 7 uni-
form random variables on [0,1], that is, of density p(t1 =11, ..., T, =1;,) = o< <..<s, <11l
Using an affine change of variables, we obtain a similar formula for the density of the
interarrival times:

n
PS1=51. ... Sy =50) =1ozs t-ps,<1n! | | Lozo.
i=1
Two scenarios are possible:

(i) All of the interarrival times are greater than A (which is possible only if nA <T). In
this case we have only two possibilities:

° w}e(A, [0, 1]) = |Y,,| if the last arrival time T, is at a distance less than A from 1.
e wi(A, [0, 1]) =0 otherwise.

(ii) At least one interarrival time S; fori=1, ..., n is less than A. In this case, the worst-
case scenario is to have all of the jumps in one interval of size at most A, yielding

WR(A, [0, 1) <) |¥l.
k=1
Hence, we have
Ep [0R(A, [0, 1D)] < Eu[|Y,[1PalA1] + Z En[Yi|1P,[A2]
k=1
=E[Y1[IPy[A1] + nE[|Y1]]P,[A2],

where A ={S;>Aforalli=1,...,nand 1 —1, < A} and A= {thereexistsie[l, n],
Si < A}
Keeping in mind that ,, is the maximum of » uniform i.i.d. variables on [0,1], we have

Pu[A1] <Pull — A < 1,]
=1-P,[1 —A>r1]
=1—-P,[1 - A>U[O, 1]]" because 7, = max U;

i=1,...,n
=1-1-A)
<mA)A L.
For the event A» we have

Pn[A2] =P,[ min (S;) < A]
1<i<n

= / Lming <<y (s <8105y 4+t <172!ds1 - . dsy
R” -
"
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n

< Z/ 1;,<anldsy ...ds,
0} JO<si 4t <1

:n/ 15, <anldsy ... ds,
0<si+-+s,<1

A
<nn! / dsg / dsy . ..ds,
0 0<sp+---+s,<1
1

Therefore,
En [0p(A, 10, 1D] < [WELIY1[1 4+ nEL Y1 |12 A,
By averaging over the Poisson variable, we obtain

Elwk(A, [0, 1D] <E[|Y;[JAQ + 31 4+ )]

<E[|Y1[]JAI(5 + 41%). (B4)

We now define the time-scaled process RZ = R,r, where v € [0, T]. The process RT is also
a compound Poisson process of intensity /7. Using the fact that A-sparse subdivisions of
[0, T] are exactly the %—sparse subdivisions of [0,1] multiplied by T, we have
wp(A,[0,T])= inf max sup |R,—Ry|

A-sparse 1<i<K y ye[t;_1,1;)

= inf max R;,_ —R; |
A-sparse 1<i<K

= inf max R
A-sparse 1<i<K

i— — R,
riz Rl

A
= inf max RSTi_ —RSTI,_1 = Wpr (—, [0, 1]).
& -sparse 1<i<K T

We now take the expected value and use the upper bound (B4) with intensity /7, time step %,
and time horizon 1 to obtain

/ A 272 22
E [wk(A, [0, T])] 5E[|Y1|]IT?(5 +4PPT*) =E[|Y1[IAGG + 4I°T?).

B.3. Estimation for finite p-variation kernels

We now give a more exploitable bound instead of Cr(A) for a class of kernels.

Lemma9. Let T > 0 and p > 1. Assume that h is of bounded p-variation on [0, T]. Then there
exists a constant K, independent of T, h, and A, such that
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A
fo lh(dy < AllAllcc,

T p—1 1
sup /0 |h(t 4 €) — h(D)|dt < KAl p-var, T <TP AP + A),

e<A

T p=l 1
/o |h(y) = h ((¥)a) |dy = K| Allp-var, T (T rAP + A>,

where ||h|p-var,T is the p-variation seminorm of h on [0,T] and ||h|lco, 7 = supg<,<r [R(®)!.
Moreover, for A small enough, Assumption 2 is fulfilled.

Proof. We start the proof by providing an upper bound on the modulus of continuity of the
shift operator in L', along the lines of Lemma A.1 in [22]. Let 0 < € < A. Then

IT/el+1 jen

/|h(t+e)—h(t)|dt_ Z / |h(t + €) — h(r)|dt
0

[T/e]+1

-2 [ i jer n )= b+ - v

o LT/el+1

- Y. @0 AD=HG+G= Doy

Using Holder’s inequality, we have for 7 € [0, €] and é =1- %,
|T/e]+1
Y Ikt +je) AT) = h(t+ G — De)
j=1
\T/e)+1 P (177e141 \ 4
<| D In+jeoAT)=ht+G—De)l >
j=1 J=1

A

p—1
< llpvar,r (LT/e] +1) 7
p—1

T\ 7
=< K”h”p—var,T ; +1
By integration from O to € we get

T p=l 1
/ |h(t + €) — h()|dt < K||hlp-var, T (T rer+ 6)7
0

which by our taking the supremum of € between 0 and A yields

T p=l 1
sup / |h(t + €) — h(H)|dt < K||Alp-var, T (T PAP +A).
€€[0,71 /0
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In a similar fashion, we also show that

T .
fo 1K) = B (D) | < KAllpovar. 7 (Tpl AP+ A).

Indeed,

T M 1y
fo h() — () a)ldy =) / |h(y) — h((y)a)ldy
k=1 7 Tk=1

A M
= [ s+ AT~ i
0 k=1
A M
< [ X et AD = bl + A T)
k=1

— h((tk—1 + 1) AT)|dr.

Thus, we also show that

T n—1
/0 A = 1 (@)a) | < K lAllpevar, 7 (T’p AP + A).

In a similar fashion, we can show that
T—-A p=l 1
[ |[((Da + A) — h()|dt < ||Allp-var, 7T » AP.
0

This means that lima_, ¢ fOTfA |[h(()a + A) — h(t)|df = 0, and hence, thanks to the inequality
(8) we have that Assumption 2 is in force. O
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