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HAWKES PROCESSES

BY GIOVANNI LUCA TORRISI
CNR—Istituto per le Applicazioni del Calcolo “Mauro Picone”

We give a general Gaussian bound for the first chaos (or innovation)
of point processes with stochastic intensity constructed by embedding in a
bivariate Poisson process. We apply the general result to nonlinear Hawkes
processes, providing quantitative central limit theorems.

1. Introduction. In the seminal papers [27] and [29], Stein’s method and
Malliavin’s calculus have been combined to derive explicit bounds in the Gaus-
sian approximation of random variables on the Wiener and Poisson spaces. Fur-
ther developments on the Poisson space include, for example, [19, 30, 32, 34]. In
particular, in [32] the authors derive new Gaussian bounds for functionals of the
one-dimensional homogeneous Poisson process by using the Clark—Ocone repre-
sentation formula; see, for example, [31]. In contrast with covariance identities
based on the inverse of the Ornstein—Uhlenbeck operator the Clark—Ocone repre-
sentation formula only requires the computation of a gradient and a conditional
expectation. For this reason, the Clark—Ocone representation formula is a valuable
tool even for the probability approximation of random variables on spaces differ-
ent from the Wiener and Poisson. We refer the reader to [33] for the use of the
Clark—Ocone representation formula for the Gaussian and Poisson approximation
of random variables on the Bernoulli space and to [26] for the use of the Clark—
Ocone representation formula for the Gaussian approximation of solutions of some
stochastic equations.

The contributions of this paper are the following. We provide a Gaussian bound
for the first chaos of a large class of point processes with stochastic intensity; see
Theorem 3.1. Particularly, we consider point processes on the line constructed by
embedding in a bivariate Poisson process and provide a Gaussian approximation
for the first chaos (or innovation) combining Stein’s method and Malliavin’s cal-
culus via a Clark—Ocone type representation formula.

To the best of our knowledge, this is the first paper which provides Gaus-
sian bounds for the innovation of a point process with stochastic intensity by the
Malliavin—Stein method.
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We apply our general result to nonlinear Hawkes processes, deriving an explicit
Gaussian bound for the innovation; see Theorem 4.1. In the special case of self-
exciting processes (or linear Hawkes processes), relying on the knowledge of the
intensity of the process and the spectral theory of point processes, we are able to
provide alternative Gaussian bounds for the innovation which, in some cases, im-
prove those one obtained by directly applying Theorem 4.1; see Theorems 5.1, 5.2
and Proposition 5.3. We exploit such Gaussian bounds to provide new quantitative
central limit theorems in the Wasserstein distance for the first chaos of Hawkes
processes; see Corollaries 4.5 and 5.4. The quantitative nature of these Gaussian
approximations allows, for example, to construct in a standard way confidence in-
tervals for the corresponding innovations, we outlined this simple application in
Example 4.6.

From the point of view of applications, the extension of our results to multi-
variate point processes with stochastic intensity and random marks is certainly of
interest; see, for example, [1, 22] and [39]. This topic is presently under investiga-
tion by the author, as well as the topic concerning the Poisson approximation, via
the Malliavin—Stein method, of first-order stochastic integrals with respect to point
processes with stochastic intensity (note that for this latter argument some results
are already known, see [3] and [4]).

In the last years, there has been a renewed interest on Hawkes processes, mainly
due to their mathematical tractability and versatility in modeling contexts. Self-
exciting processes were introduced in [15] and [16], while the wider class of non-
linear Hawkes processes was introduced in [7]. Various mathematical aspects of
these processes (and their generalizations), such as stability, rate of convergence
to equilibrium, perfect and approximate simulation, large deviations and limit the-
orems, are studied in [5, 7-9, 15-17, 22-25, 39, 42, 43]. Linear Hawkes processes
are Poisson cluster processes with a simple self-exciting structure which makes
them very appealing to account for situations where the occurrence of future events
directly depends on the past history. Nonlinear Hawkes processes allow to account
for inhibitory effects. For these reasons, Hawkes processes naturally and simply
capture a causal structure of discrete events dynamics associated with endogenous
triggering, contagion and self-activation phenomena. Typical fields where this kind
of dynamics arise are seismology (occurrence of earthquakes), neuroscience (oc-
currence of neuron’s spikes), genome analysis (occurrence of events along a DNA
sequence), insurance (occurrence of claims) and finance (occurrence of market or-
der arrivals); see, for example, [1, 2, 18, 28, 35-37, 41] for applications of Hawkes
processes in these contexts.

The paper is organized as follows. In Section 2, we give some preliminaries
on point processes including the notion of stochastic intensity, the Poisson embed-
ding construction and a Clark—Ocone type representation formula. In Section 3, we
prove a general upper bound for the Wasserstein distance between the first chaos of
a point process with stochastic intensity (constructed by embedding on a bivariate
Poisson process) and a standard normal random variable. In Section 4, we apply



2108 G. L. TORRISI

the result in Section 3 to nonlinear Hawkes processes. Particularly, in Section 4.1
we provide an explicit Gaussian bound for the first chaos (and a suitable approxi-
mated version of it) of a stationary nonlinear Hawkes process. The corresponding
quantitative central limit theorem is derived in Section 4.2. The special case of
self-exciting processes is treated in Section 5.

2. Preliminaries on point processes. In this section, we give some prelimi-
naries on point processes, and refer the reader to the books [6, 12, 13] for more
insight into this subject.

Let {T,,},cz be a sequence of random times defined on a probability space
(2, A, P). Given a Borel set A € B(R), we define

N(A):= > 1a(Tp)
nez
and we call N := {N(A)}aeBr) the point process with times {7}, },c7. We suppose
that NV has the following properties:
T, e R:=R U {+o0}; T, <0 = T, <Tyir; To<0<Ty;
N(A) < oo, for all bounded A.

These conditions guarantee that N is simple, that is, N({a}) <1 for any a € R,
and locally finite.

Given a sequence {Z, },cz of random variables on 2 with values in some mea-
surable space (E, £), we define

N(A) =) 14Ty, Zy), AeBR)I®E
nez
and
[ v DN @ x 2 = ¥ (@ Z)1a (T, Z,)
nez

for a measurable function ¥ : R x E — R for which the infinite sum is well de-
fined.

2.1. Point processes with stochastic intensity. Let F := {F;};er C A be a fil-
tration such that F; 2 .7-'tN for any t € R, where F N .= {]-'tN }ter 1s the natural
filtration of the point process N, that is,

FN:=0|{N(A): A€ BR), A C (—o0,1]}.

Let {\(1)};cr be a nonnegative stochastic process defined on (2, A, P) which is
JF-adapted, that is, A(¢) is F;-measurable for any ¢t € R, and such that

b
/ A(t)dt < o0, a.s., forall a, b € R.
a
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We call {A(t)};cr F-stochastic intensity of N if, for any a, b € R,

b
E[N((a, b])| Fa] = E[/ A1) di

]-"a}, a.s.

Since one usually considers predictable stochastic intensities, we define the pre-
dictable o -field. Given a filtration G := {G;};ecr C A, we define the o-field P(G)
on R x Q by

PG ::G{(a,b] xA:a,beR, A Ega}-

We call P(G) predictable o-field and say that a real-valued stochastic process
{X (®)};er is G-predictable if the mapping X : R x Q@ — R is P(G)-measurable.
A typical G-predictable process is a G-adapted process with left-continuous trajec-
tories.

2.2. Point processes constructed by embedding in a bivariate Poisson process.
Hereafter, N denotes a Poisson process on R x R, defined on a probability space

(Q,_A, P), with mean measure dt dz. Let FV := {]—',ﬁ} teRr be the natural filtration
of N, that is,

FN:=o[N(Ax B): AcBR), BeB(R,), A C (—o0,1]}.

Point processes with stochastic intensity may be constructed by embedding in a
bivariate Poisson process as follows.

LEMMA 2.1. Let f, g : R x 2 — R4 be two nonnegative, P(]—“ﬁ) -measurable
mappings such that

b
/ |f(t) —g(t)|dt < 00, a.s., foralla,b € R,
a
set I, == (min{ f(¢), g(t)}, max{f(¢), g(®)}], t € R, and define the point process
on R
N(dt):= Nt x I,), teR.

Then N has FN -stochastic intensity {| f(t) — g(t)|}ter.-

This result is an extension of the method proposed in [21] for the simulation
of nonhomogeneous Poisson processes and was used, for example, in [7] and [22]
to study the stability of various classes of point processes, including Hawkes pro-

cesses.
Throughout this paper, we consider point processes N on R defined by

2.1 N(dt) ;= N(dr x (0, A(1)]),
where {AL(?)};cr is a nonnegative process of the form

2.2 A1) = (1, Nl(—o0,n)
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such that
b
(2.3) / A(s)ds < oo, a.s., foralla,b e R.
a

Here, ¢ : R x ' — R, is a measurable functional, A denotes the space of simple
and locally finite counting measures on R x R endowed with the vague topology
(see, e.g., [13]) and, for simplicity, with a little abuse of notation, we denote by
ﬁ|(_oo,t) the restriction of N to (—oo, ) x R, that is,

Nl(—o0.)(A) ;= N(AN((—o0,1) x Ry)), A € B(R) ® B(R4).
Since the process {N|(—oo,t)(A)}teR is ]-'ﬁ—adapted and left-continuous the map-
ping
(t, ) = N(®)|(=o0,)(A)
is f(]fﬁ)—measurable for any fixed A C B(R) ® B(R.). Therefore, {A(¢)};cr is

FN _predictable (see, e.g., Remark 1 in [22]). Consequently, by Lemma 2.1 we de-

duce that N defined by (2.1), (2.2) and (2.3) has F N _stochastic intensity {L(?)};eRr.-
As we shall see more in detail later on, Hawkes processes may be constructed
by embedding in a bivariate Poisson process; see [7].

2.3. The finite difference operator on the Poisson space and a Clark—Ocone
type representation formula. Given a measurable functional ¥ : N — R, we de-
fine the finite difference operator D by

DY (N) =% (N +e¢.5) — ¥ (N),

where ¢(; ;) denotes the Dirac measure at (f,z) € R x R;. We also define the o -
field

FN.=o(N(Ax B): Ac B(R), BEBR,),AC (—o0,1)}, 1€R.

The following Clark—Ocone type representation formula holds; see Theorem 1.1
in [20] (see also Lemma 1.3 in [40]).

LEMMA 2.2. For any measurable functional ¥ : N'— R such that ¥ (N) €
LZ(Q, dP), we have

VW) B[y @)= [ B[Py WMIF(N @ x d2) — dr o)

XIR4

As pointed out in [20] and [40], we can (and we will) work with a P(.Eﬁ) ®
B(R)-measurable version of the conditional expectation E[ D, Z)w(ﬁ) |]~"t]\_'].
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3. Gaussian approximation of the first chaos of point processes with
stochastic intensity. In this section, we provide a bound for the Wasserstein dis-
tance between a standard normal random variable Z and the first chaos

3.1 S(u) = A‘{u(t)(N(dt) — A(r)dr),

being u : R — R a measurable function and N defined by (2.1), (2.2) and (2.3).
We recall that, given two random variables X, Y defined on the same probability
space, the Wasserstein distance between X and Y is

dw(X.Y):= sup [E[h(X)]—E[r(Y)]
heLip(1)

k)

where Lip(1) denotes the class of real-valued Lipschitz functions with Lipschitz
constant less than or equal to 1. We also recall that the topology induced by dw
on the class of probability measures over R is finer than the topology of weak
convergence (see, e.g., [14]).

Following [29], we give a general bound for dw (X, Z), where X is an inte-
grable random variable. Given /& € Lip(1), it turns out that there exists a twice
differentiable function f; : R — R so that

(3.2) h(x) —E[h(Z)] = fi(x) — xfn(x), x eR.

For a function g : R — R, we define [|g|loc := sup,cg |g(x)|. Equation (3.2) is
called Stein’s equation [38] and the function fj has the following properties:

I flloo < 2[H s [ filloo =2/ [oos I filloo < 2[1 ]|

see [11], Lemma 2.4. Since ||4||~o < 1 (indeed h has Lipschitz constant less than

or equal to 1), letting F denote the class of twice differentiable functions f so
that || flloo <2, | f'lloc < +/2/7 and || f"lloc <2, we have

(3.3) dw(X,Z) < sup |[E[f'(X) — Xf(X)]]-
feFw
Note that the right-hand side of (3.3) is finite since the functions f, f’ are bounded
and X is integrable.
The following upper bound extends Corollary 3.4 in [29] to a class of not nec-
essarily Poisson processes.

THEOREM 3.1. Letu :R — R be a measurable function such that

(3.4) E[/R|u(z)|,\(r)dz] < o0,
(3.5) E[/R|u(t)\2)»(t)dt} < 00,

(3.6) /RxIRg (]; lu($)|E[| D2y A(5)]] ds) drdz < oo,
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(3.7) /]RXR+ (foo|u(s)|2E[|D(,,Z)x(s)|]ds) drdz < 0o

t

and
(3.8) [l;xﬂh |u(t)|2</t‘ |Lt(s)|E[]l(0,k(z)](z)|D(,,Z))»(S)|] ds) drdz < o0.

In addition, assume that, for dx dy-almost all (t,z) € R x R4, the random func-
tion | D A(-)| is a.s. locally integrable on (t, 00) with respect to the Lebesgue
measure. Then

dw(8(u), Z)

< 2/nEH1—/R|u(z)|2,\(z)dzu+E[/R|u(t)|3x(t)dt]

3.9
+00
+2./2/% /R . yum\( /f yu<s)yE[ﬂ(o,k(,)]@|D(mx(s)y]ds) drdz

+00
+ /]RXR+ ‘M(l‘)|</£ |u(s)|2E[]l(0,)L(;)](Z)}D(t,z)k(s)H dS) drdz,
where 5(u) is defined by (3.1).

REMARK 3.2. Note that if the function u« is bounded, then conditions (3.4)
and (3.6) imply (3.5), (3.7) and (3.8).

PROOF OF THEOREM 3.1. We may assume

(3.10) E[/R|u(t)|3x(t)dt] < oo,

+00
3.11) A; i |u(t)‘</t |u(s)|E[11(0,w)](z)}D(m)x(s)y]ds)drdz<oo
and

+o00 5
(3.12) /R ) |u(t)|( /t u(s)| E[]l(o,k(t)](z)|D(t,z))»(s)|]ds) dt dz < 0o,

Indeed, if one of the above terms is equal to infinity, then the claim is trivially true.
We have

S(u) :/Ru(t)(N(dt) —A(r)dt) = /Ru(t)(ﬁ(dt x (0, A(1)]) — A(r) dr)

= /RXR+ u()0..1() (N (dt x dz) — dr dz).

For any f € Fw, we have f(8(u)) € L?%(2,dP) since f is bounded. So by
Lemma 2.2 we deduce

F(8w) —E[f(8w))] :/R . E[D(,,Z)f(a(u))pfﬁ](ﬁ(dt x dz) —dr dz).

Xl
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For ease of notation, we set

1(t,,2) = u) 10001 and gt ®,2) :=E[Dg.o) f(600))|FY] ().

By the arguments at the end of Section 2.2 and the comment after the statement of

Lemma 2.2, we have that g; and g, are P(Fﬁ) ® B(R.)-measurable. Note that,
due to assumptions (3.4) and (3.5), g1 is integrable and square integrable with
respect to dr dzd P (w). We shall check later on that

(3.13) g> is integrable and square integrable with respect to dt dz d P (w).
So by Theorem 3 in [8] [formulas (19) and (20)], we have

E[8(u) f(8(u))] =E[s(u)(f (8(w)) — E[£(8(w))])]
E[(/RXR ¢1(t, (N (dt x dz) — dt dz)>

X (/RxR+ g2(t,2)(N(dt x dz) —dt dz)>:|

=E[/ gl(z,z)gz(r,z)dzdz].
RxR4

By the Taylor formula, we deduce

(3.14) Do) f (8(u)) = f(8(w) + Dt.)8(w)) — f(8(u))
(3.15) = f'(8u)) D58 () + R(D(1,58(w)),

where the rest R satisfies |R(y)| < y? since || f”|loc < 2. Since f is bounded,
by (3.14) we have that g; is a.s. bounded, and so by the standard properties of the

conditional expectation [note that A(¢) is F tIY -measurable] and Fubini’s theorem
we deduce

E[s(u) f(8(w))] = E[ /R
Consequently, by (3.15),

E[f'(8(w)) = 8(u) £ (8(w))]]

= B[ 6u) - |

RxR

g1(t,2) D ) f (8 (u)) dr dz].
Ry

X

21(t, ) Do £ (3()) dt dz]
.

< ‘E[]”(Mu))(l — A@X]& 81(t,2) D)6 (u) dt dz):H

+ ‘E[/RXR+ g1(t, Z)R(D(I’Z)S(u)) dr dzi|
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< 2/7‘[EH1—/ gl(l‘,Z)D(nZ)S(M)dl‘dZ
RXR+

]

+E|:/ ‘gl(l‘,Z)‘|D(Z,Z)5(u)|2dtdzi|.
RXR+

Therefore, using the basic inequality (3.3), we have

dw (8w, Z) < 2/71EH1—/]R _ 816, 0)De b drdz

}

+EU \gl(t,z)HD(,,Z)a(u)yzdzdz],
RxRy

We shall check later on that

(3.16) E[/ |g1(t, 2)||Ds.2)8 ()| dt dz} <00
RXR+

and

(3.17) E[/ |g1(z, z)||D(,,Z)8(u)|2dt dz} < 00.
RXR+

So the above upper bound on dw(§(u), Z) is nontrivial. For dx dy-almost all
(t,z) e R x R, we have

D(,’Z)S(u) = D(I,Z) <A; R gl(s, U)N(ds X dv)) - D(I,Z) (Ak R gl(s, v) ds dv>.
+ +

X X

Computing separately these two finite differences and writing ¢; (N|(=00.p)) in
place of ¢(f, N|(—oo,)) for ease of notation, we have

D ) (A;XR g1(s, v)N(ds x dv))
+
= Dq.z) (./RxR+ ILsszbt(s)ﬂ((),(ps(m(_m,x))](v)N(ds x dv)
+ /]Rx]m ]ls>’”(S)E(O,ws(ﬁl(_oo,s))](U)N(ds X dv)>
= I]'SSIM(s)]l(o,wg((ﬁ‘i‘a([,g))l(foo’g))](v)(ﬁ + 8(;12))((1.5‘ X dU)

RXR+

+ — ]ls>zM(5)1(0’%((ﬁ.;.g(tqz))k_ooﬁs))](U)(N + &(1,7))(ds x dv)

_/RXR+ Ly <(5)L gy (7] o1 (W (ds x d)

_ /RXRJF ]ls>lM(S)]l(ovfps(ﬁk_oo’x))](U)N(ds « dl))
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= Ls<1() L0, 7)(_e.o] (VN +(1,))(ds x dv)

RXR+

+ ]ls>tu(S)1(0,%(N\(foo,sﬂré‘(,,z))](U)N(ds x dv)

RXR+

_ [RXR+ ]lsftu(s)]l(O,%(N\(_OCJ))](U)N(ds < dU)
— /H\QXR*— :H_s>tu(S)]]-(O:(ﬂs(ﬁ‘(,ooys))](U)N(ds % d‘U)

=10+ [ 06N s),
(t,00)
where for s > ¢

U(r,2) (8) 1= sign (s (N | (—oo,5) + €(1.2) — @5 (N |(—00,5)))u(s)
= sign(D. A (s))u(s),
N1, (ds) := N(ds X (05 (Nl(—00.5) + €(t.2)) A @5 (Nl(=00.5))
@s(N|(—00.5) + £(1.2) V @5 (ﬁ|(—oo,S))])-

Here, for ease of notation, we denoted by @ A b and @ V b the minimum and the
maximum between a, b € R, respectively. Moreover,

+00
D,z (foR g1(s,v)ds dv) =/t u(s)D.A(s) ds
+

+00
=/t u(t’z)(s)|D(t’Z))\(s)|ds.
Therefore,

(3.18) D1,58(u) = g1(1,2) + 8(r,5)(u),

where
Sty (i) = /( t )u(t,z)(s)(zv(t,z)(ds) — |Doyr(s)|ds).
, 00

Combining (3.18) with the previous bound on dw (8 (1), Z), we deduce

dw(8), Z) < 2/7rEH1—/R|u(t)|2A(t)dtH
+ Z/FEI:/RxR+|u(t)|]l(0’k(t)](Z)|8(I’Z)(u)|dt dz]

(3.19) +E|:/R|u(t)|3k(t)dt}
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+ 2E[ [ @m0 @806 dz}
RXR+

+E|:/ |u(t)’]l((),)\(t)](z)|5(;yz)(u)‘2dtdZi|.
]RXR+
We shall check later on that
(3.20) E|:/ |g1(t, z)|2}D(t,Z)8(u)} dr dz} < 00,
RXR+

and so by (3.5), (3.10), (3.16), (3.17), (3.18) and (3.20) the bound (3.19) is nontriv-
ial. By Lemma 2.1, for dx dy-almost all (7, z) € R x R, the point process N,)

on (¢, 00) has {.7-'SN }s>¢-stochastic intensity {| D ;)A(s)|}s>:. Indeed, the mapping
(1,00) X 23 (s,w) = | D A(s, w)| €R

is P({]-'Sﬁ }s>¢)-measurable and (by assumption), for P-almost all w, it is locally
integrable in s with respect to the Lebesgue measure. We note that

10,1(1)1(2)8(z,7) (1) =/(. )ﬂ(O,A(t)](Z)M(I,z)(s)(N(t,z)(dS) — | D, (s)| ds)
1,00
and the mapping
(t,00) X 23 (5, w) = L,r(1,0)](DU,7) (s, ®)

is P({]-"SN}D,)—measurable. By (3.6) and (3.7), we have

400
/t | ($)[E[L(0,1(1)1(2)| Dr.0y A () [] ds < oo,
for dx dy-almost all (¢,z) e R x Ry
and
+00 5
ft |t ($)|"E[ 10,1111 (2) | Dz, )2 (8) ] ds < oo,

for dx dy-almost all (¢,z) e R x R.

Therefore, by Theorem 3 in [8] [formulas (19) and (20)], for dx dy-almost all
(t,z2) e R x R, we have

(3.2 E[1(0,.(1)1(2)8¢:,-) )] =0

and
(322)  E[L0u01@[8¢.0 @[] = /f () |*E[L 0,101 (2)| Dit, A (5)[] ds.

By the triangular inequality and formula (19) in [8], we have

(3.23) E[10,211(2)[8¢,0()]] < 2/; | ($)[E[1(0,5.(01(2) | Dz, 0y ()] ] ds.
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Inequality (3.9) follows combining (3.19) with (3.21), (3.22) and (3.23).
It remains to prove the integrability conditions (3.13), (3.16), (3.17) and (3.20).
Since f € Fyw, then it is Lipschitz continuous with Lipschitz constant less than or

equal to 1. Therefore, by (3.14) we have |D(; ;) f (6(u))| < |D(,;)8(u)|, and so to
prove (3.13) it suffices to check

f E[|D.»8(u)|]drdz < oo and f E[| D8 (w)|*] dr dz < oo.
RXR+ RXR+
Using relation (3.18) and formula (19) in [8], we have

fR o ElIDa0sdr:

< E|:/R|u(t)|)»(t)dt:| + ZEUI;X]& (/tm|u(s)||p<t,z)x<s>\ ds> dr dz]

and this latter term is finite due to assumptions (3.4) and (3.6). Using again relation
(3.18) and formula (20) in [8], we have

/R . E[| D8 w)|*]dr dz

2 o 2
§2E[/11&]u(t)\ )»(t)dt}+2E[/RXR+</I |u(s)] \D(,,Z))»(s)\ds) dtdz}

and this latter term is finite due to assumptions (3.5) and (3.7). By (3.18) and
(3.23), we have

E|:/]R><R+ |g1 (t’ Z)HD(t,z)g(u)‘ dr dzi|
< E[/H;}M(I)P)L(t)dt} + E[/RXRng(t, 2)|[8¢1.2) ()| dt dz]

SEUR}M(;)FA(z)dt}

o0
w2 f |u(t)|< [ ) 102011 P.20)] ds) dr dz,
RxR4 t
and (3.16) follows by (3.5) and (3.11). Similarly, by (3.18) and (3.22) we have

E[/RxRng(t’Z)||D(z,z)5(u)|2dt dz]
sz[/ !u(t)|3,\(t)dt} +2EU |g1(t’Z)H‘S(t,z)(bl)’zdtdz]
R RxR4

zzE[/R|u(t)|3,\(r)dt}

+ 2'/[;%(1&r }u(t)|</£ |u(s)|2E[]l((),)\(t)](Z)|D(I7Z))»(S)H ds) drdz,
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and (3.17) follows by (3.10) and (3.12). Finally, (3.20) may be checked similarly
to (3.16), but using (3.10) and (3.8) in place of (3.5) and (3.11), respectively. The
proof is completed. [

4. Application to stationary nonlinear Hawkes processes. A nonlinear
Hawkes process with parameters (¢, 4) is a point process N on R with FN-
stochastic intensity of the form

4.1 t|—>¢</(_ t)h(t—s)N(ds)), teR,

where ¢ : R — R4 and & : Ry — R are measurable functions. A particular case
is the self-exciting process (or linear Hawkes process) with parameters (v, ), for
which ¢ (x) := v + x, for some constant v > 0, and / is nonnegative.

In the seminal paper [7], the authors proved that if ¢ is Lipschitz continuous
with Lipschitz constant & such that e < 1, where p := |21 g dn) then there
exists a unique stationary distribution of N with dynamics (4.1) and finite inten-
sity A := E[N((0, 1])]. The stationary solution is constructed by embedding in a
bivariate Poisson process, as follows. Define recursively the processes 1 = 0,

N = N (@ 0.1907)

and
A+ (g ::¢(/ h(t —s)N(")(dS)),
(—00,t)

n>0,teR, where N is a Poisson process on R x Ry with mean measure
dt dz. It turns out that, for any fixed n > 0, the point process N is station-

ary and (A (1)},er is an FN-stochastic intensity of N ™) Tt is then proved that
N®((a,b]) = N((a,b]) and . (t) — A(¢) a.s., for any a, b, t € R, and the lim-
iting process is stationary and satisfies

N =N(dr x (0,A0)]).  A() = ¢(/(_OO = s)N(ds)), teR

and A € (0, 00). Note that L(¢) = ¢(t, N|(_oo,t)), for some functional ¢ : R x N' —
R satisfying

@(t, Nl (—00.t))

= 1 ~ zht—sﬁdsxdz),
¢</(—oo,z)xR+ 0.0, N (-0, (D = SN )

Then by Lemma 2.1 it follows that N is a point process on R with F" -stochastic
intensity {1(#)};er. In conclusion, N is a stationary nonlinear Hawkes process with
parameters (¢, 4) and finite intensity.

4.2)
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4.1. Explicit Gaussian bound for the first chaos of nonlinear Hawkes processes.
The following explicit Gaussian bound holds.

THEOREM 4.1. Assume that h : Ry — [0, 00) is locally bounded and ¢ :
[0, 00) — [0, 00), ¢ (0) > 0, is nondecreasing and Lipschitz continuous, with Lips-
chitz constant o such that ey < 1. Let N be a stationary nonlinear Hawkes process
with parameters (¢, h) and finite intensity A € (0, 00). Ifu € LY(R, dx), then

4.3) dw (3(14), Z) <M,
where
0
2/ max{[1 = 0Ol g - [1= 12 o 1 ||
o0 | 2R Oan —ap)
(44) + 1 ” ”L3(R d.x) (1 - a,U«)z ”u”Lz(]R,dx)

o ,
I —ap)? leell 2,y 1| 2Ry -

REMARK 4.2. Suppose that ¢ and / satisfy the assumptions of Theorem 4.1.
One says that N’ is a (nonstationary) nonlinear Hawkes process on R with pa-
rameters (¢, h) and initial condition ZC (see [7]) if N’ has stochastic intensity

A(t) = ¢(/_OOJ) h(t — s)N/(ds)>, t>0

on R, and N’ satisfies the condition ZC on R_. If u’ € L' (R, dx), following the
lines of the proof of Theorem 4.1, one can show (without major difficulties) that
the Gaussian bound (4.3) holds replacing & (u) with

§'(u) = / u'(1)(N'(dr) — A/ (2) dr)
Ry
and replacing u with u’ (and R with R, ) in the expression of 91.

Let N be a stationary nonlinear Hawkes process with parameters (¢, #) which
satisfy the assumptions of Theorem 4.1. Since 4 > 0 and ¢ is nondecreasing and
Lipschitz continuous with Lipschitz constant o, we have

4.5) d0) <Ai(t) <¢(0)+ oz/( )h(t —s)N(ds), teR.
—00,1
Taking the mean, we deduce ¢ (0) <A < ¢(0) + Ao, and so

4.6) $(0) <1< 1‘“ )
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Given an integrable function u, one may think of approximating the quantity
/ u(HA(t)de
R

with its expectation A [ u(¢) df. Unfortunately, in general the intensity A is not
known explicitly (unless we consider the linear case which is treated in the next
section). However, it may be estimated by, for example, Monte Carlo simulation
(using the ergodic theorem). For a fixed positive constant e [6(0),d(0)(1 —
o), to be interpreted as an estimate of the intensity A, we define the “approx-
imated” first chaos by

8q(u) := /Ru(t)(N(dt) —adr).

The following explicit Gaussian bound holds.

THEOREM 4.3. Under assumptions and notation of Theorem 4.1, we have

2¢(0)arp
1

“4.7) dw (84 (), Z) <N+ ” el 21 (i) -

REMARK 4.4. In the case of stationary linear Hawkes processes, the bounds
(4.3) and (4.7) may be (slightly) improved due to the knowledge of the intensity A,
see Theorem 5.1. Moreover, alternative bounds may be obtained by using the spec-
tral theory of self-exciting processes; see Theorem 5.2.

The proofs of Theorems 4.1 and 4.3 are given in Section 4.3.

4.2. A quantitative central limit theorem for nonlinear Hawkes processes. The
following quantitative central limit theorem in the Wasserstein distance is an im-
mediate consequence of Theorems 4.1 and 4.3.

COROLLARY 4.5. For ¢ > 0, assume that h, : Ry — [0,00) is locally
bounded and ¢, : [0,00) — [0,00), ¢:(0) > 0, is nondecreasing and Lips-
chitz continuous, with Lipschitz constant o such that azpue < 1, where e :=
Jo° he(t)dt. Let N be a stationary nonlinear Hawkes process with parameters
(¢¢, he) and finite intensity L. € R4, and take u, € LY(R, dx). Then:

€
(4.8) dw(8©we), Z) <Me, >0

and

2¢:(0)ae e

4.9)  dw (8 (ue), Z) <M. +
I —agpe

”ué‘”Ll(R,dx)’ g > 0.
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Here, M. is defined as N in (4.4), with ¢, u., ac and | in place of ¢, u, o and
W, respectively,

Mw%y=émﬁxmmm—uomm

xxn:=@(f hAt—wAkww)
(—o00,1)

8 ue) = [ (0 (Ve(d) = 7 )

and s € [¢:(0), ¢ (0)(1 — e pte) 1.
(i) If,as e — 0,

(4.10) agpte — 0,
(4.11) G O lue 72 gp) = 1
(4.12) Ge ) llue 173 gr) = O
(4.13) V0O tte | )] 2 ar) = 0.
then

dw(8® (ue), Z) -0,  ase— 0.
If moreover, as ¢ — 0,

4.14) ¢8(0)a€/L8”u€HLI(R,dx) — 0,
then

dW((Sc(,g) (ug), Z) = 0, as e — 0.
We conclude this subsection with an example.

EXAMPLE 4.6. Let I, ¢ > 0, be a given family of bounded Borel sets, I, with
Lebesgue measure ¢., and ¢, : [0, 0c0) — [0, 00), ¢:(0) > 0, ¢ > 0, a family of
nondecreasing and Lipschitz continuous functions with Lipschitz constant ;. Let
We, € > 0, be a collection of positive numbers such that o1, C (0, 1), € > 0, and
define the functions &, (t) := ue fe(t), € > 0, t > 0, where f. is a locally bounded
probability density (with respect to the Lebesgue measure) on (0, o). Hereafter,
we consider the family N,, € > 0, of stationary nonlinear Hawkes processes with
parameters (¢¢, he), € > 0, and the functions

1
[ 9:(0)¢e
I—oepe

ug(t) := 1.(1), e>0,reR.
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We have
e = 2 el g = (L22)
N (B A O TA
1 —ogu 1—a.u 1/2
2 eMe eMe
P lman = g el =(G5) &
So by Corollary 4.5(i) we deduce

(4.15) dw (8 (ue), Z) <M, >0
and
2/ (0) et phe
4.16 dw (8 (ue), Z) <M + 220 650,
(4.16) w370, 7) = M+ = = >
where
22/mae e (2 — agfie) I — o e
N :=./2/maog e + +
ST VRt [~ teite V g0t
4 Qg
Ve OV (T—agpe)
If
“4.17) lirr(1)¢8(0)28:+oo and lirr%)ag/,%:O,
= e—

then one may easily check conditions (4.10), (4.11), (4.12) and (4.13) and so
dw (8 (ug), Z) — 0, as ¢ — 0. To guarantee condition (4.14) and, therefore,

dw(éb(f)(ug), Z) — 0, as ¢ — 0, we need to suppose

1
(4.18) a8M£=0<W), ase — 0.

Clearly, for specific choices of the sets I, ¢ > 0, and the quantities ¢, (0), o, and
e, we can provide the rate of convergence to zero of the Wasserstein distances.
For instance if, for € € (0, 1), we take I, = (0, 1/¢), ¢(0) = v, oz = &, being v
and « positive constants, and p, = ¢, then a straightforward computation shows
that, as ¢ — 0, the right-hand sides of (4.15) and (4.16) converge to a positive
constant when divided by e!/2, and so

dw (8©) (ue), Z) = dw (8 (ue), Z) = 0 (Ve), ase — 0.

The bounds (4.15) and (4.16) may be used to construct confidence intervals for
8@ (u,) and 86(18)(%), respectively. For instance, let Fy denote the distribution
function of a random variable X, assume (4.17), choose bfﬁ), i=1,2,8€(0,1/2),
so that b'” < b and

(4.19) Fz(b¥")<B/2 and Fz(bgﬁ))zl—g
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and choose & > 0 so small that 2,/91, < 8/2, then
(4.20) PP < 5@ W) <bP)>1-28.
Indeed, by (4.15) and the inequality
sup| Fi (x) — Fz(x)| < 2Vdw(X. 2)
(see, e.g., [11]), we have

|Fyou, (07) — Fz(0P) <2y < g2, i=1,2.

Relation (4.20) easily follows by this latter inequality and (4.19).
4.3. Proofs of Theorems 4.1 and 4.3.

PROOF OF THEOREM 4.1. We divide the proof in two main steps. In the first
step, we prove

dw(8(u), Z) < 2/nEH1—fR|u(r)yzx(t)dtH

A 172 R

2ha 2
+ 2 Om\/2/77rIIuIILz(R,clx)

AL

(4.21)

2
T leell 2 ey 1 | 2Ry -

In the second step, we complete the proof. If u ¢ L?(R,dx) N L3R, dx) N
L*(R, dx), then the claim is clearly true. So we shall assume u € L?(R,dx) N
L3R, dx) N L*(R, dx).

Step 1: Proof Ef (4.21). Hereafter, for ease of notation, we write ¢, (W|(_Oo,,))
in place of ¢(t, N|(—c0,1)), t € R. By (4.2), for s, € R, we have

A(S) = @5 (W| (foo,s))

B Luzih(s —u)l N V)N (du x dv
¢(/(—oo,s)xR+ usth( ) (OsS0£¢(N|(7oo’u))]( )N ( )

+ ]]_u>[h(s - M)]l(oqﬂﬂu(ﬁl(—oo,u))](U)N(du X dv)).

(—o00,s)xR4

We shall show later on that # > 0 and ¢ nondecreasing imply

4.22) D »A(s) >0, fors,teR,s >tand z e R,.
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So, by the Lipschitz continuity of ¢, for s, € R, s > ¢, and z € R, we have

0 < D¢,z)A(s)

=< o&(/(_(xm)><RJr Ly<th(s — M)I]'(O,(ﬂu((ﬁ+5(t,z))|(foo,u))](v)(N + &(,7))(du x dv)

+ Coos)xE Tysth(s — ”)1(0,%((N+s(t,z))|(_oo,u))](v)(N + &(,7)) (du x dv)

- 1,<ih(s —u)l ~ V)N (du x dv
/(\—OO,S)X]R_*_ ust ( ) (O’wlt(Nl(foo,u))]( ) ( )
- L,~h(s —u)l = deuxdv)
/(_oo,s)xﬂh u>th (S = )10, g, W) (_og WV )
a(/ Lusih (s =100, (W))W + €(1,2)) (du x dv)
(—oo,s)xR¢ ,

+ Luseh(s = 1010 g, ¥l o] WV + €, (du x dv)

(—o00,s) xRy

_ /( e, L= = 0L (VN (@ x )
(4.23)
_ T,~:h(s — ”)1(0,wu(ﬁl(_oo,u))](U)W(d” X dv))

(—o0,s)xR4

=« (h (s — t)]]-(O,(p, (N|(—00.1)] (@)

+ Lusch(s =010 g ¥l +8(tyz))](v)ﬁ(du x dv)

(—o00,s) xRy

_ Lysth(s —w)lyg , & “ﬁduxm))
/(—oo,s)xR+ usth( )L0.04 (N1 -0 WV )
= O{(h(s — t):ﬂ-(o,(p,(ﬁl(_oo,r))] (Z)
+ h(s — ”)(1(0,% (ﬁ|(—oo,u)+8(f»1))](v)

(t,5)xR4+

B H(O,quI(,oo,u))](v))ﬁ(du X dv))

= C{(//l(s — t)]]-(()’(ﬁ’t(ﬁl(foo "Ml (Z) + /(. ) h(S - M)N(I,Z) (dl/l)),
’ t,s
where N(; ;) is the point process on (¢, o0) defined by

N(t,z)(du) = N(du X ((Pu(ﬁl(—oo,u)), (pu(ﬁk—oo,u) + E(I,Z))])'
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The processes {(pu(ﬁk—oo,u) + 8(t,z))}u>t and {Qﬂu(ﬁl(—oo,u))}u>t are {]:uﬁ}u>t‘
predictable, and we shall check later on that the mapping

(4.24) (t,00) 3 u > E[D( ;A (u)] € R is locally bounded.

Therefore,

b
/ D »A(u)du < oo a.s., forany a, b > t.
a

Consequently, by Lemma 2.1 we have that N ;) has {.7-",7 }usr-stochastic intensity
{D(,7;)A(u)},>. Taking the mean in (4.23), we deduce

E[D¢ »A(s)] < a(h(s —)P(r(t) >z)+ /s h(s —u)E[ D ;A(u)] du).
t

Extending the definition of /4 for nonpositive times as h(t) = 0, t <0, we rewrite
the above inequality as

q,2)(8) < pa,2(8) + 1 *q,7) (), s,teR, zeRy,

where for ease of notation we set g ;)(s) := E[D¢,»)A($)], p@,z)(s) :=ah(s —
1)P(A(t) = z), r(s) ;== ah(s) and * denotes the convolution product between func-
tions. Iterating this inequality, we deduce, forn > 1,

n—1

A0.9) <Y P *r(s) +qu *r™(s),  s,teR,zeRy,
i=0

where r* is by definition the Dirac delta function. By (4.24) and the stability
condition eyt < 1, we deduce g(,;) * r*'(s) — 0, as n — oo, for any #,s € R,
z € R4 Indeed, for some constant C; ; ¢ > 0,

N

Gieoy 7 () = /R P — 1) g(e.my (0) dut = / (s — 1)qq.p ) du
t

< C;,Z,s/ r (s —u)du
R

S Cl,z,s (aﬂ)n )
where the latter inequality follows by a standard property of convolutions; see, for

example, Theorem IV.15 in [10]. Therefore,

Q.2 (5) <D Pz ¥ (s)

i>0
(4.25) =P(A1)=2)Y o't f h(s —u — t)h* (u) du
i>0 R

:P(A(I)Zz)Zaih*i(s—t), s,teR, zeRy.

i>1
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Consequently, for any f, g integrable and square integrable, defining f (x) :=
f(—x), by the Cauchy—Schwarz inequality and the properties of the convolution
product (see again Theorem IV.15 in [10]), we have

/ |f(f)|</+oo\g(S)|E[]1(o »(01(2) D )k(s)]ds) drdz
Rx y s <

(4.26) <1y d /|f(t)| (h*i % |g|)(r) dt

i>1

<M fll2@®.dn Zai |7 1l 12 ax)

i>1

<A@ an I8l 2@ a0 2@ 18] i gav

i>1

< AMfll2@,anllgll2@®, dx Zai,ui
—t
4.27) k—au

= ||f||L2(JR,dx)||g||L2(R,dx)1_7

Assume for the moment that we may apply Theorem 3.1, then by (3.9) and the
above inequality (applied first with f = ¢ = u and then with f = u and g = u?)
we easily deduce (4.21).
It remains to prove (4.22), (4.24) and to check the assumptions of Theorem 3.1.
We first prove (4.24). Let (¢, z) € R x R be fixed. Since

E[A(u)] = E[¢u(N|(~00.u))] = } € (0, 00)
for any u € R, to show (4.24) it suffices to prove that the map

U= E[%{ (N|(—oo,u) + g(t,z))]

is locally bounded on (¢, co). We define recursively the processes A ((tog) =0,
N (ds) = N(ds x (0. 4" (9)]).

@28) AP = ¢< /( s = ) (N (du)
—00,s§

+&¢.)(du x (0 )L(E"Z)) (u)]))) n>0,s>t.

We are going to check by induction that, for any n > 0,

(4.29) / /((t"z)) (s)ds < oo, a.s., forany a, b >t
a

and {A/(n)) ($)}s>7 18 {fsﬁ }s=¢-predictable. The basis of the induction is clearly ver-

.z
ified. So assume the claim for )»/(gnz)) and let {T(/t '?) nJmez be the points of N((”)
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on (t,00). By Lemma 2.1, we have that N(/t(")) has {]—'N}D, stochastic intensity

{A'((Z"Z)(s)} s>¢. By the Lipschitz property of ¢ and the nonnegativity of &, we de-
duce

/((tnj)l)( ) <¢(0) +a/ h(s — ”)N(/t(f?)(du)

(—00,5)

+a/(—0° s)h(s — )& (,z)(du x (0, k((:nz))( )])

/™ /(n)
=¢0) +« Z h s — (t’;) m)]l(—oo,s) (T(t,’;),m)
meZ

+ o h —Uu :[L (n v dl/l dv
\/(‘ 00,5) X R (s ) (07},(512)») (M)]( )E(I,Z)( X )

=pO) +a Y h(s = T3") )00 (T(5) )

mez

+ah(s — Z)]l((),)»/(?fz)) (Z)](Z).

Integrating over the finite interval (a, b) C (¢, c0), we have

1(n)
(t,z),m

b b—
/ () ds <O b—a)+a Y 1fr <1 <b) /Ov( ’ /;n) h(u) du
a

meZz (tz)m)
b
+o¢/ h(s —t)ds,
a

and this latter quantity is finite since £ is integrable and N, /o ) has an a.s. finite

number of points in any bounded interval of (¢, co) [due to (4 29)] Moreover, the

process {k((t";g D (5)}sar is {]—"S }s=-predictable. Indeed,

A (s) = ¢(h<s ~ Do m® h(s —w)NG") <d“>)

(—00,5)

and the processes

1(n)
4.31) {h(s— t)]l(o,x/(([’fg)(t)](z)}S>t’ {/(_oo’s) h(s —u)N ;) (du)}pt
are {]-' }s>¢-predictable. To justify the predictability of the first process in (4.31),

one may first note that it is {F; N }s>¢-adapted [since k(( ))(t) is F N_measurable
and 4 is deterministic] and then conclude by applying, for example, Theorem T34
in [6]. To justify the predictability of the second process in (4.31), one notes that

it is left-continuous and {.FSN }s>¢-adapted. The induction is therefore completed
and by Lemma 2.1, for any n > 0 and (¢, z) € R x R, the point process N(;( ))
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on (¢, 00) has {f }s=¢-stochastic intensity {A(t Z)(s)}s>t For fixed (¢,z) € R x

R, since 7 is nonnegative and ¢ is nondecreasing, we have that A )

(/Z("Z))(C )(w) increase with n > 0, for all w, s > ¢ and Borel sets C C (t,00). So

)(s w) and

the limiting processes {A (t.2) (s)} s>y and N (1(7 Z)) are defined for all w. Setting h =0
on (—o0, 0], by (4.30), forany n >0, s, € R and z € R, we have

M50 <60 k(s =) +a [ 7 — N @),

Taking the mean over this inequality, we have
1(n+

1
g IV () < pis) +rx gl (),

where for ease of notation we set q (.2 (») (s) E[r /((tnz)) )], pi(s) :=¢0)+r(s—1)

and the function r is defined as above Iterating this latter inequality and using that

q (EOZ)) =0, we deduce

ngnz—;l)(s) S X(:)r*i k pl/‘(s) - d)(o) z(:)”r*i ”LI(R,dX) + z;r*i(s — t)
1> 1> i>

Passing to the limit as n — oo, by the monotone convergence theorem, a standard
property of the convolution and the stability condition ot < 1, we have

ED )] = g% () < 6O N 1r | i, + 3 r (s — )

i>0 i>1
LR
_ ld)—((o)t)u+; /h*’ (s — t — w)h(u) du
< 1¢f?ﬂ+; f (s —t — u)h(u) du
< Kol —aw e max b

and so by the local boundedness of & we have
(4.32) max qgo;)(s) < 00, forany a < b,a,b>t.
s€la,b] <

In particular,

b
/a /((tO?))(s) ds<oo  as,foranya<b,a,b>t.
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Moreover, {A(t 2) (s)}s>t is {]: }s>¢-predictable as limit of {f }s=¢-predictable
processes and

NG ds) =N(ds x (0,409 ®)]). s>t

So by Lemma 2.1 N /(Oo) has {]—' }s>¢-stochastic intensity {A
the limit as n — o0 1n (4 28), we have

212 (s) = ¢(/(_OO’S) h(s — ) (N (du)

) (s)}5>, Taking

(t,z

4.33)
+ &£(1,2)(du x (0, /\/(E‘f’))( )]))), s>t

Therefore,

E[os (N + £.2)|(—00.5))] = Blos NV l(—oo.5) + £0.0)| =E[1( 5 ()], s>1
and (4.24) follows by (4.32).
We now prove (4.22). Let (¢, z) € R x R be fixed. We define recursively the
processes A (z(g)) =0,

NG (ds) = N(ds x (0,2 5)]).

am D (5) = ¢(/ h(s — u)N(/;(Z))(du)>, n>0,5 >t
(=00,5) '
and note that since # > 0 and ¢ is nondecreasing we have

(4.34) /(;(")) (s, w) < k/((tnz)) (s, w), forall w,n >0and s > t,

where A ((l ;) =0and )L/((t";g Dy > 0, is defined by (4.28). Arguing as above, we have

that, for fixed (1, 2) € R x Ry, A\ (s, @) and N{;%) (C)(w) increase with n > 0,

for all w, s > t and Borel sets C C (¢, 00), and the limiting processes {A(t 2) (s)}s>t

and N (/[( )) are such that

b
/a /(/,(2(;)@) ds < o0 a.s., foranya <b,a,b >t

{)‘/(,t(;)) (5)}s>1 18 {fﬁ}s»-predictable and

(’;(S’) (ds) = N(ds x (0, /(/t(?;)(s)]) s>,

() = ¢>< / h(s — )N\ (du)), s> 1.
(—00,s)
Inequality (4.22) follows noticing that taking the limit as n — oo in (4.34) we have

/(/Z(CX;) (s, ) < A(on)) (s, w), for almost all w and any s > .
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We now check the assumptions of Theorem 3.1. Since N is stationary with a
finite intensity and u is integrable and square integrable, conditions (3.4) and (3.5)
hold. Arguing similarly to (4.26), for an integrable function g we have

/RxR+</ |g(s>|E[D<z,z)A<s)]ds> dzdzg)\zai/Rh;i*lgMdt

! i>1

< AL

1—au ||g||Ll(R,dx)-

Taking first g = u and then g = u?, one then has that conditions (3.6) and (3.7)
are satisfied. Condition (3.8) follows by (4.27) with f = u? and g = u. Finally, the
local integrability on (¢, 0o) of the random function D ;)A(-) is a consequence of
(4.24). The proof is complete.

Step 2: Proof of (4.3). We have

2
E[ 1 —/R|u(t)} A(t)dt‘]
2 2
< 1= Ml g g | + [ w0 PEL0) = 2] ar

By (4.5) and (4.6), it follows

(4.35)

A(t) —A| < max{a/ a.s., forall € R.
(

= IN@S) ‘p(O)““}

—00,t 1—apn

Taking the expectation on this relation and using the rightmost inequality in (4.6),
we have

2¢(0)arp
1—au
Combining this latter inequality with (4.35) and (4.6), we deduce

EHI — fR|u(t)|2k(t)dtH

(4.36) E[|A(r) — A|] < a.s., forallr € R.

2¢0(0)au
2 2
@37) <1 =Allulfap gl + Tap M@y
20 0)ap 5
< max 1 — x|jul?, + ———ull;» :
x€{¢>(0),¢>(0)(1—au)*‘}| L@an| T —au LR

The claim follows by (4.21), (4.37) and the rightmost inequality in (4.6). [

PROOF OF THEOREM 4.3. Without loss of generality, we may assume u €
L3R, dx) N L3R, dx) N L*(R, dx) (otherwise the claim trivially holds). By the
triangular inequality, we have

dw (8a(u), Z) < dw (8, (), 8(w)) +dw (8 (u), Z).
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So, due to Theorem 4.1, we only need to prove

0
(4.38) (620 80) = P2 15, gy
We have
dw (8. (). 8w) = sup |E[A(8.(w)] — E[h(3))]]
heLip(1)

<E[[8a(u) —8w)|] = H/ u(H)A()dt — /u(t)dt”

< /R|u(t)IEH/\(t) —A[]dr.

Inequality (4.38) then follows by bounding the term E[|A(7) — A1, 7 € R, with the
quantity 2¢ (0)ap/(1 — ap) (since A € [¢(0), p(0)(1 — o)~ '] the same argu-
ments for (4.36) work). [

5. The case of stationary linear Hawkes processes. Let N be a stationary
linear Hawkes process with parameters (v, i) and u := [OOO h(t)dt < 1. Taking the
mean of its stochastic intensity we easily see that the intensity of N is equal to

.1) =0
. - =

and so the “approximated” first chaos reads

Salu) :=/Ru(t)(N(dt) —v(l — )~ 'dr).

5.1. Explicit Gaussian bounds for the first chaos of linear Hawkes processes.
The knowledge of the intensity allows to improve the bounds (4.3) and (4.7) spe-
cialized to the linear case. More precisely, the following theorem holds.

THEOREM 5.1. Assume h : Ry — [0, 00) locally bounded and i < 1. Let N
be a stationary linear Hawkes process with parameters (v, h). If u € L'(R, dx),
then

(5.2) dw(8(u), Z) < £
and
2viL
(5.3) dw(8.(u), Z) < £+ ”M”Ll(R dx)»
where
V
L= ,/Z/n‘l - Iulle(R an| T q”””im&,dx)

n 2«/2/7TVM(2 — W

(1— M)Z ||u||L2(R,dx) + (11— M)z ||u||L2(R,dx) Hu ”LZ(R,dx)'
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In the linear case, alternative explicit Gaussian bounds may be obtained
using the spectral theory of self-exciting processes; see [15]. See also [12],
pages 303-309.

THEOREM 5.2. Under assumptions and notation of Theorem 5.1, if moreover
h e L>(R,,dx), then

(54 dyw (3w, 2) < &
and

dw (84(), Z)
(5.5)

v .
<&+ A= min{pflull 2R axys 121 2R, ax) 1211 L1 R dx) )

where

2
2 = 2/ —_ [
, ‘ \/T((] l—llu” 2(]R,dx))

1/2
v . 2 2
+ 7(1 Y mm{/fUqu L2(R,dx)’ ”h”iz(R_,_,dx) HMZHLI(R,dx)})
2/2/mvu
+ 1 ”M”L%(R dx) + (1 )2 ”u”LZ(R dx)

+”—nun g 422
(11— M)2 L=(R,dx) L2(R,dx)"

The proofs of Theorems 5.1 and 5.2 are given in Section 5.3.

Next proposition (whose proof is a simple consequence of the elementary in-
equality va? + b2 < |a| + |b|, a, b € R, and therefore omitted) provides sufficient
conditions under which the bounds of Theorem 5.2 improve the bounds of Theo-
rem 5.1. Hereafter, for ease of notation, we denote by ¢ the ri ght-hand side of (5.3)
and by £’ the right-hand side of (5.5).

PROPOSITION 5.3.  Under assumptions and notation of Theorem 5.2, we have:

@ It

1 (e
(5.6) V> mln{ ,
4(1 _I’L) ”M”LZ(R dx) I’L

M aman 1017

L2(Ry,dx)
2

then & < £.
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(ii) If
1 {,{w%@®w|w@@wﬂ}
VY > —————max{min 7 ) 3 )
4(1—p) 1172 gy 1
(5.7) ’

2 2
in{ ”u”LZ(R,dx) ||h||L2(R+,d)C) }}
117 1 g e
then & < I
5.2. A quantitative central limit theorem for linear Hawkes processes. The

following quantitative central limit theorem in the Wasserstein distance is an im-
mediate consequence of Theorems 5.1 and 5.2.

COROLLARY 5.4. For ¢ > 0, assume h, : Ry — [0, 00) locally bounded
functions and such that [ = fooo he(x)dx < 1. Let N, be a stationary linear
Hawkes process with parameters (v, he) and take u, € L! (R, dx). Then:

@)

(5.8) dw (8 (ue). Z) < min{€e, S L1, 2@, avy} + Lelin,gr2®, a0

e>0
and
5.9) dw (85 (ue), Z) < min{€e, Ty, crom, any} + Selp,gr2 @y an)

e > 0.
Here, £;, £, f)vg and 578 are defined as £, £, ¢ and E/, respectively, with v, (e,
ugs and he in place of v, u, u and h, respectively;

8(8) g) = & e — Ag s
(ute) /R e (1) (Ne (df) — Mg (1) dr)
Am%=w+/ he(t — $)Ne(ds),
(—00,1)

(e) . _ _ -1
8 (ug) := /R e (1) (Ne (df) — ve (1 — pe) ™" dr).
(i) If,as e - 0,

(5.10) e — 0,
(5.11) vﬁ“”*?”%z(R,dx) -1,
(5.12) Vellite 75 g vy = O

(5.13) ve(ie)? | ue)*| T2 m.an) = O-
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then

dw (8¥)(ue), Z) — 0, as e — 0.
If moreover, as € — 0,
(5.14) Vele llttell L1 (R ax) = 0.
then

dw (8 (ue), 2) -0,  ase— 0.
This latter limit holds even if we replace condition (5.14) with

(5.15) he € L> (R4, dx), e>0.

REMARK 5.5. In this remark, we compare Corollary 4.5, specialized to the
case of a self-exciting process N, with parameters (vg, h¢), with Corollary 5.4.
First, we note that the upper bounds (5.8) and (5.9) improve the upper bounds
(4.8) and (4.9), respectively. Second, we note that conditions (5.10)—(5.14) coin-
cide with conditions (4.10)—(4.14). Finally, we note that in Corollary 5.4 we de-
duce the convergence to zero of the family {dw (SL(IS) (ug), Z)}e=0 even replacing
condition (5.14) with the alternative condition (5.15).

We conclude this subsection with an example.

EXAMPLE 5.6. Let I, ¢ > 0, be a given family of bounded Borel sets, I,
with Lebesgue measure ¢, and v > 0, ¢ > 0, be a family of positive constants.
Let wg, € > 0, be a collection of positive numbers such that u, < 1, ¢ > 0, and
define the functions A, () := ue fe(t), € > 0, t > 0, where f; is a locally bounded
probability density (with respect to the Lebesgue measure) on (0, oo) such that
fe € L2(R+, dx), ¢ > 0. Hereafter, we consider the family N,, ¢ > 0, of stationary
linear Hawkes processes with parameters (vg, i), € > 0, and the functions

1
ug(t) = 1, (2), e>0,reR.
RV CR RV
Using the expressions of the L”-norms of u, computed in the Example 4.6 [clearly
setting o, = 1 and ¢, (0) = v, therein], one may easily see that conditions (5.6) and
(5.7) are both equivalent to

(5.16) min{¢; !, ||fg||iz(R+’dx)}, e>0.

Vg 2 ————
4(1 — pe)

Note also that the square integrability of f, implies &, € L>(R,., dx). Therefore,
under (5.16), by Proposition 5.3 we deduce £, < £, and £, < £, ¢ > 0. So, under
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(5.16), by Corollary 5.4 we have

dw (8 (u,), Z)

' ~ _ 122

< € = (/2/7 min{(€) "2 1 fell many ) + (€0) RNox =i

& - &
n —M8+2 2/ e , e>0
V&‘Eé‘ 1— Me

and
dw(Sés)(Me)v Z)

~ . - - M

< & = (2w min{(€) ™2 1ol an ) + (€7 =
e &
n + (2y/2/7 + min{1, Ve | foll 2R, ax)) ’ e>0.
ol 1 — e

Finally, one easily sees that if
5.17) e —>0 and v €, — 00, ase —> 0
then
dw (8@ (ue), Z) >0 and dw (8 (), Z) -0,  ase— 0.

It has to be noticed that a straightforward computation shows that condition (5.17)
implies conditions (5.10)—(5.13), but does not imply condition (5.14).

5.3. Proofs of Theorems 5.1 and 5.2.

PROOF OF THEOREM 5.1. The claim follows by an obvious modification of
the proofs of Theorems 4.1 and 4.3. For instance, to get (5.2) it suffices to modify
the proof of Theorem 4.1 as follows. We combine inequality (4.21) [taking therein
A=v( — ,t,L)*1 and « = 1] with inequalities (4.35) and (4.36) [taking therein
A=v( — u)_l, o =1 and ¢ (0) = v]. Note that, due to the knowledge of A, we

do not need anymore to further bound the quantity |1 — A|lu ||i2 ® dx)| as in (4.37).
’ O

PROOF OF THEOREM 5.2. The claim is clearly true if u ¢ L*(R,dx) N
L3 (R, dx) N L*(R, dx). So we shall assume these integrability conditions. We first
prove the bound (5.4). By (4.21) [with A = v(1 — ©)~! and « = 1], the Cauchy—
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Schwarz inequality and the stationarity of NV, we have

dw (8(u), Z) < ,/2/71\/1 - zﬁnuuiz(ﬂw) + /Rzyu(z)u(s)\zE[,\(r)x(s)] dr ds

Vv 3 ZVM 2
(5.18) s @an + g Ve an

7 2
+ 1— )2 M)ZHI"”LZ(R,dx)”u | 2R ax)-
By (5.1) and again the stationarity of N, we deduce
E[L(1)1(s)] = A% 4+ Cov(r(1), A(s))
9)

v 2
= (72) +cov( [ mwona@o. [ nona).

where we set h;(u) 1= 1(—co,r)(u)h(t — u). In the following, for f € L'(R,dx)N
L*(R, dx), we denote by f(a)) =z elet f(t)dt the Fourier transform of f, and
we extend the definition of s on (—oo, 0] setting A(¢) := 0 for ¢ < 0. By the results
in [15], we have (see also formulas (8) and (24) in [8])

COV(/ ht(u)N(du),/ hs(u)N(du)>
(5.20) * ®

= [ R@h@
T T T SR

Note that

(521) 1—h(@)|=[1-|h(@)]|=1-|hw)|>1-p>0, weR

and that fz\,(a)) =el®! ﬁ(—a)) (since & has a positive support). Therefore,

/Iz&z|u(t)u(s)|2E[)»(t))n(s)]dt ds

2
(Y 4
~(7) Wl

2
Vv 2~ 1
o= /R(/R“‘(”' e (@) dt) TE 7T

Vv 2 V 2~ 2
62 = (1) Wl + 5rms L PR@ ] do.

In (5.22), we used Fubini’s theorem, which is applicable since

i 1
Joleton Pl s

(5.22)

ds dt dw
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< g g [ R0 do
(1 — ) B Jr

4 2
- m||u||L2(R,dx)”h”Lz(R,dx) <00,

where in the latter equality we used Parseval’s identity. Setting f x) = f(—x),
u?():=u(-)? and letting the symbol * denote the convolution product, we have

—

fR () (@) df = h(—)i2(@) = h(@)a() = h % u?(w).

Consequently, using again the Parseval identity, we deduce

/’/ {u(t)| h (a))dt‘ do = /|h*u2(a))| do = 27'r|}h>ku ||L2(Rdx)

By this relation, (5.23) and standard properties of the convolution (see, e.g., Theo-
rem IV.15 in [10]), we have

A@z |u(t)u(s) |2E[A(t)x(s)] dr ds

2
< 42”’/‘”12&{ an T % I ”2”%20& dx)
(1—pw) : (1—p) ’

2

= Ufly2
(1 M)Z L*(R,dx)

v . 2 2
+ m mm{ﬂz ||u2”L2(R,dx)’ Hh”%Z(R,dx) ||”2||L1(R,dx)}-

The claim follows combining this inequality with (5.18). We now prove the bound
(5.5). By the triangular inequality and (5.4), we only need to prove

v .
(5 (), 5(“)) = mmlﬂ{ﬂﬂuﬂy(mm), ||h||L2(]R,dx)||”||L1(R,dx)}-
Note that

dw (8a(u),8(u)) = sup [E[1(8,(w))] —E[n(8(u))]|

heLip(1)

<E[|8,w) —8w)|] = H/ u(t)A(t)dr — Af u(t)dt”
and so by the Cauchy—Schwarz inequality we have

dw (84 (), 8(u))

7

(5.24) < (EU/RM(I)A(I) dr — ﬁfﬂ%u(z)dt
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= /Rzu(t)u(s)E[)»(t))L(s)]dt ds — <$>2(‘/Ru(t) dt>2.

To upper bound the first addend inside the square root, we repeat the arguments
above. So, by (5.20), (5.20), (5.21), Fubini’s theorem and Parseval’s identity, we
have

/Rz u(s)u()E[A(s)A(1)] ds dt

< (1_UM>2<A§u(t)dt>2+ﬁé‘@u(t}f;(@dt'zdw

v \2 2 v . 5
625 = (1) (fuwar) + 2l euttig,
v 2 2
=(75) (frow)
1—u R
v .
A= min {2 1ll7 2 g gy 100720 g 117 1 g }-

Note that in (5.24) we used Fubini’s theorem to exchange the double integral with
the expectation. This is justified by the fact that inequality (5.25) holds replac-
ing u with |u| and the resulting right-hand side is finite. The proof is complete.

g
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