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Abstract

Hawkes processes have been widely used in many areas, but their probability
properties can be quite difficult. In the paper an elementary approach is
presented to obtain moments of Hawkes processes and/or the intensity of a
number of marked Hawkes processes, in which the detailed outline is given step-
by-step, and it works not only for all Markovian Hawkes processes, but also
for some non-Markovian Hawkes processes. The approach is simpler and more
convenient than usual methods such as the Dynkin formula and martingale
methods. The method is applied for one-dimensional Hawkes processes and
other related processes such as Cox processes, dynamic contagion processes,
non-homogenous Poisson processes and non-Markovian cases. Several results
are obtained which may be useful in studying Hawkes processes and other
counting processes. Our proposed method is an extension of Dynkin formula,

which is simple and easy to use.
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1. Introduction

Hawkes [12]-[14] introduced a family of models for stochastic point processes called
‘self-exciting and mutually-exciting point processes’, the essential property of which was
that the occurrence of any event increased the probability of further events occurring.
The main theoretical properties derived were the Bartlett spectrum and the corre-
sponding covariance density function, useful tools for discriminating between models,
means and variances of event counts. These processes have since become known as
Hawkes processes and, despite a low uptake of applications for the first thirty years
or so, they have recently become widely used in many different fields of study. For
example, see [20], [21], [18], [22], [5, 6], [3] and [16].

This paper considers simple point processes on R>o. We denote such a process
by N(t) := >, ca IT.<t, t > 0, where {T}.} denote the (disjoint) points of N(t). We
interpret R> as ‘time’ and the points 7). as ‘events’ in time. 14 is an indicator function
for event A, i.e., [4 = 1 if event A occurs, otherwise, /4 = 0. An important property
of simple point processes is the (conditional) intensity function, often denoted by A(t),

such that

P{N(t+A) - N(t) = 1|F} = M)A + o(A),

P{N(t+A) — N(t) > 2|F} = o(A),

where (F;)i>0, representing the history of the process up to time ¢ is the filtration
Fi=0(N(s),0 <s <t): so that the history includes knowledge of both intensity and
the events prior to time t. Note that the above property means that the point process
is orderly: i.e., events cannot occur simultaneously.

A simple but fairly general marked Hawkes self-exciting process can be defined by

its intensity in the form

At)=v(t)+ Y Z(t—T,), t>0.

T.<t

The function y(u) > 0, u > 0 controls the effect that an event has on the intensity of
events at time u later: this may be called the exciting kernel. Z, is a mark associated
with the event occurring at time T).: these are usually supposed to be i.i.d. random

variables. Note that in this simple class of processes the mark multiplies the exciting
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kernel so that an event with a large mark will increase the future intensity much more
than an event with a small mark will. For example, an earthquake with large magnitude
will increase the probability of further earthquakes much more than a small earthquake
will. Similarly, a large jump in the price of a financial asset is more likely to cause
more future jumps than a small jump will. Marks can enter the model in more general
ways but this simple version will suffice in this paper. v(t) is the base intensity: we
will treat this as a deterministic function of time, although it may be partly a function
of some exogenous process, representing economic conditions, weather etc., depending
on the process that is being modeled.

It is important to realize that the intensity should always be non-negative, and this
will be assured if v(t), Z, and v(u) are all non-negative. In this paper we will mostly
consider exponential kernels y(u) = e=#%, u > 0, so that our basic class of self-exciting
processes will be defined by

M) =v(t)+ Y Ze POt >0 (1)
T, <t
Sometimes it is useful to suppose that a process has been running for some time,
effectively taking the start time as minus infinity for the stationary process. In this
paper we will always take the process as starting at time zero, so that the event times,
T, are always positive.
A similarly simple class of mutually-exciting models for marked multivariate point

processes, Ni(t), k =1,2,..., K, can be defined by the intensity functions

K
Ak(t) = vk (t) + Z Z Zj pagje M= Tr), (2)

J=1 Ty <t
where A\ (t) and v (t) are the intensity function and baseline intensity, respectively, for
the process of events Ny (t). {T} }r=1,2,.. denotes the series of times at which events of
type j occur and {Z; ,}r=12, ., the marks associated with those events, are typically
assumed to be ii.d. with distribution function Gz,(z). ax; and By, are parameters
that determine the exciting effect that an event of type j has on the future intensity
of events of type k. If j = k we have a self-exciting component; j # k we have a
cross-exciting component.

Hawkes processes have been intensively studied and there have been generalizations

to the models and advances in understanding their mathematical properties. Distribu-
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tions of counts and interval properties of Hawkes processes can be quite difficult. Some
results have been obtained, often using relatively advanced methods such as infinitesi-
mal generators and Dynkin’s formula (for example, see [10]). In this paper we consider
a class of relatively simple Hawkes processes and introduce an elementary method
to obtain expectations of the general form E[g(N(¢), A(t),t)], for example E[N™(¢t)],
E[\¢(¢)] and Cov[N(t),A(t)]. The method is elementary in principle, although the

algebra can sometimes be complicated or we need to resort to numerical integration.

First we briefly describe methods that have been used in the literature to find such
expectations or, better still, to find distributions of N(t) and/or A(t). Oakes [19]
studied the simple self-exciting model (v(t) = v, Z, = « in Equation (1), which is
called as a simple Hawkes process). Using the branching process representation of
the simple Hawkes process, developed in [15], he obtained a set of equations for the

probability generating function (p.g.f) of N(¢), and hence found the mean

E[N(t)] = - )2% {1-empommr, 3)

where m = «a/f is the branching ratio (the expected number of immediate descendants
of any individual in the process). Adamopoulos [1] generalized Oakes [15] cluster
process representation of the univariate self-exciting process to a mutually-exciting
process. He derived a multivariate probability functional (p.g.fl) of the process from
which a variety of probability generating functions, and therefore moments, can be
obtained. For example, he obtained the expected number of type j descendants
of a type i event at the origin that occur in the interval (0,t). He also obtained
some forward recurrence time distributions and distributions of time intervals between
events. Numerical results were given for a simple bivariate earthquake model as
specified by Equation (2) with all marks Z;, equal to 1 and parameters v; = aj; =
a12 = 0 but each of the parameters vs, a1, age > 0. Thus, type 2 events were self-
exciting and also excited type 1 events; type 1 events were entirely generated by the
occurrence of type 2 events, even the baseline being zero. Errais et al. [11] modeled
the occurrence of defaults in a portfolio of assets using the simple marked self-exciting

process of Equation (2), but with different notation and with time-varying baseline
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intensity

At)=c+e (g —c)+ Z Zpe " t=Tr)
T, <t

The marks, Z,., were proportional to the loss of the defaulting asset, so large losses
were likely to lead to further defaults by causing large increases in the intensity.

As the joint process (N (¢), A(t)) is Markovian, they were able to use the infinitesimal
generator and associated Dynkin formula to obtain closed expressions for the moments
of the Hawkes intensity. In particular

E[A(t)] = (';C + A0> et — % (4)

where ;1 = E(Z,) — k. A similar method was used to find E[A?(¢)] and, therefore, the
variance. They also show that a conditional transform of J = (L, N), where L(t) is

the cumulative loss up to time t, satisfies
Elexp (uJp|Fi)] = exp (a(t) + b(E)A(t) + udy) ,

where the functions a(t) and b(¢) satisfy certain differential equations. Differentiating
with respect to u leads to differential equations that can be solved, algebraically or

numerically, to obtain various moments. For example,

E[N ()] = %2‘“0 (" — 1) — %t. (5)

Dassios and Zhao [8] introduced the dynamic Contagion model, denoted as (Np(t),
Ap(t)), where Np(t) and Ap(t) are corresponding counting process and its inten-
sity function. They could use piecewise-deterministic Markov process theory and
the work of [9] to show that the infinitesimal generator operating A on a function
g(n, A\, t) to obtain a conditional joint Laplace transform-probability generation func-
tion E [pNo(O-No(We=vAo®|F ] ¢ > u > 0, for the distributions of Np(t) and Ap(t)
in terms of a function that satisfies a certain ODE. Marginal Laplace transforms, p.g.fs
of Np(t) and Ap(t) are obtained by setting § = 1 and v = 0, respectively. Moments
can be obtained in the usual way by taking appropriate derivatives with respect to 6
and v. However, instead they apply the infinitesimal generator to functions of the form
g(n, A\, t) = n™\* to obtain a differential equation whose solution yields the expectation

E [N (t)A%(t)]. In this way they obtain, for example, E[Ap(t)], E[A3,(t)], E[Np(t)],
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E[N3(t)], E[Np(t)A\p(t)] and hence also variances and covariance. In each case there
is a different differential equation to solve which, using their methods, includes using
martingale properties of the generator.

Chen et al. [3] gave perhaps the easiest solution for the expectation of intensity
of the univariate Hawkes process with exponential exciting kernel. They wrote its
intensity function in the integral form A(¢) = v + fot ae PE=WdN (u). On taking
expectations we get E[A(t)] = v + fot ae PR [\(u)] du and the Laplace transform

of this is p*(s) = fOOOE[)\(t)] e stdt = ¥ + Sj_‘ﬁgp*(s). So p*(s) = ﬂfa(g — s-&-[%a)’

which has inverse transform
_ v —(B—a)t
E[\(t)] = o (b’ ae ) , t>0,a#p. (6)

This is equivalent to Equation (4) if, in that equation, A\g = ¢ = v, so that the baseline

intensity is constant, and x = 3, E[Z,] = a.

Summarizing the methods have been used so far for obtaining moments and count
distributions of Hawkes processes, we know that the methods are: (i) infinitesimal
generator and Dynkin’s formula, (ii) probability generating function, (iii) Martingale
method and (iv) Laplace transform, but all these methods are only for Hawkes processes
with exponential kernel intensity functions.

The rest of the paper is organized as follows. In Section 2 provides our main results
in the paper, in which a procedure of obtaining moments for Hawkes processes is
developed and illustrated by applying it to a simple Hawkes process, and the relation
of our method and Dynkin’s formula is discussed as well. In Section 3 various results
are obtained for a simple one-dimensional marked Hawkes processes. In Section 4 the
method is applied to a variety of processes such as general mutually-exciting processes,
Cox processes, dynamic contagion processes, non-homogenous Poisson processes, a
one-dimensional self-exciting process with multiple marks and a non-Markovian case.

Finally, Section 5 contains conclusions and discussion.

2. Main Result

Methods of finding moments that make use of infinitesimal generator, Dynkin for-
mula and martingale may be considered a bit advanced by many people. In this section

we propose a new approach for finding moments that use probabilistic arguments that
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are fairly elementary in principle, although the complicated algebraic manipulations
are needed sometimes for this approach. Somewhat like [8], they lead to differential
equations that may be solved algebraically or by numerical integration.

The aim of the method proposed in this paper is to calculate the expectation value
of any arbitrary function of point process N(¢) and its intensity function A(t), denoted
as f(t) :=E[g(N(¢), \(t),t)]: for example, the special cases of E[N™(¢)], E[A\"(¢)] and
Cov[N(t), A(t)]. The procedure for this method is described below in subsection 2.1,
taking the simple Hawkes process as an example, and fp, »(t) = E[N™(¢)\"(¢)] as an
objective function. This process is relatively simple but illustrates most of the ideas
used in the general method. Subsection 2.2 provides some comparisons with a method

using infinitesimal generators and Dynkin’s formula.

2.1. Procedure of the elementary approach

The main idea of our elementary approach for obtaining the moments of Hawkes
processes is as follows. Given the history of Hawkes process F; = o(N(s),0 < s < t)
and a small positive A > 0, we know that N (¢t + A) — N(¢) is Bernoulli distributed
approximately, thus A(t + A|N(t + A) — N(t), F:) are two-point distributed random
variables approximately, then it is easily to obtain E[g(N(t + A), A\(t + A), ¢t + A)|F]
based on these Bernoulli and two-point distributions approximately. Furthermore,
some differential or partial differential equations on E[g(N (), A(t),t)] can be given via
letting A — 0 and using double expectation theorem, these differential or partial differ-
ential equations can be solved analytically or numerically to obtain E[g(N (), A(¢),t)].
In the following, we present a procedure exemplified by application for a simple Hawkes
process to give the detailed steps to show how our elementary approach works. Consider

a simple Hawkes process N (t), t > 0 with an intensity function given by

t

At)=v+ /aeiﬁ(tfu)dN(u) =v+ Z aefﬁ(t*TT),
o T.<t

where T,. are positive event times, r = 1,2,..., v, a, 3 > 0.

Procedure of the method: the start

Step 1. Set an objective function f(t) = E[g(N(t), A(t),?)] that is calculated:
for example, E[N™(¢)A\"(t)]. (The required conditions on g(n,\,t) will be given in

subsection 2.2.)
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Step 2. Find the probabilities of the following related point process events.
For a simple (or orderly) point process, we need conditional probabilities
P{N(t+ A) — N(t) =0|F:} and P{N(t+ A) — N(t) = 1|F:},
where the filtration F; = o(N(s),0 < s < t) represents the history of the process up

to time t.

For the simple Hawkes process, we have
P{N({t+A) = N(t) =0|F} =1—-At)A + o(A),

P{N(t+ A) — N(t) = 1|F:} = M)A + o(A).

Step 3. Calculate the intensity function values A(t + A) given the following two
events:
{N({t+A)—N()=0}and {N(t+A)— N(t) =1}.
For the simple Hawkes process, we have,

(i) when {N(t + A) — N(t) = 0} occurs,

At+A) =v+a Y e PUTTTY = (1 BA)N(E) + BuA + o(A);

T;<t+A

(ii) when {N(t + A) — N(t) = 1} occurs,

)\1(t + A) = v+a Z e*ﬂ(t*TiJrA) + ae*ﬁ(t*TN(t)-HJrA)
T; <t

= )\O(t+A)+a(1—5A1)+0(A1)7 0< Al <A

Step 4. Calculate and simplify E[g(N(t + A), A(t + A),t + A)|F;] by using the
results obtained in Step 2 and Step 3.

For the simple Hawkes process, we have

E[N™(t 4+ A)A"(t + A)|F]
=N+ A)1 = A@)A] + [N(E) + 1A (E + A)AE)A + o(A
_ Nm(t))\n(t) N™ (¢ nzl n n 7,)\1( zn: (TL) Vl n— z)\z+1( )A
m m , " 1=0 ) =0
£ (o] )a O+ o)

where V1 = B[A(t) — v]A, 0 < A < A.
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Step 5. Take expectations on both sides on the formula of E[g(N(t + A), A(t +
A),t + A)|F;] which was gotten in Step 4, then let A — 0 to get the differential or
partial differential equation on E[g(N(t), A(t),t)].

For the simple Hawkes process, we have

d oo EINT(E+ AN+ A)] — EN™ ()" (1)
SJENTON@®] = lim =

= nBUEN™(H)A"L(1)] — nBE[N™ (£)\"(1)]

+ 3 () BNl

J
(G)C)mroo o

=0

m n—1
+2
§=0 i=0

Note that where f: [o] =0, when w < 0.

Step 6. Solve thle:?}stablishcd differential equations based on the boundary condi-
tions.

For the simple Hawkes process, this differential equation (obtained in Step 5) can
be solved, subject to initial conditions E[N?(0)] = 0, E[A*(0)] =%, (i = 1,2,...).

Procedure of the method: the end.

This procedure provides the main result for our elementary method, the quantities
Ao(t+ A) and A1 (t+ A) are required, and the double expectation theorem is used, then
differential equations are developed, which can provide solution for E[g(N (¢), A(¢),1)]
Remark 1. In Steps 3 and 4, the symbol o(A) is used, which is for X = o(A) such
that

X

lim— =0, a.e.,
NIG)

where X is a random variable. In the paper the notation o(A) is used in many
places, some of them are for the deterministic sense, some for the random case like
just mentioned in Step 3. However, which one does not matter for the calculations,
the reason for this can be seen in Remark 2.

Remark 2. We have used the conclusion lAiliI(l) E[X/A] = 0 such that X = o(A) (of
course, it is not a general infinitesimal, which is raised in our paper), this operation
means that

lim E[X/A] = E[lim X/A] = 0.
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The holding of above equality needs, in general, the sequence {2 )} as0 = {Z}aso
being uniformly integrable. In fact, we have
sup E[|X/A|] < oo
0<A<S
where ¢ is a given very small positive value, it is well-known that this condition can
guarantee the the sequence {%} A>o being uniformly integrable. Thus the interchange
of expectation and limit is a reasonable operation in our procedure. In the following,

we shall show some facts appeared in our paper. Note we assume that
Ellg(N(#), At), 1)]] < oo.
Case 1. In Step 3 in Section 2.1, for

Xo(t+A)=v+a D e PUTTHA = (1 - BAIN(E) + BoA + o(A),

T;<t+A
where o(A) = [(BQA!) - (5§) + (’Bﬁ) — @) = v] = [e7PA — 1+ BA][A(t) — v]. On
the other hand, we can know that
o(A) —BA _14+BA
E E —
12200 < 1 PR ) o),
o—BA_ ) n o) )
and [<—302) < 5 ()" z G =80 B = et - ).
we choose AfS < 1, i.e., A < 1/B =4, then we have
—ha 1 A
LB ey,

For any given time ¢ , we know that E[|A(t) — v|] < C, i.e., it has a bound (where C
does not related to A). Thus we can obtain that

o(A)
A

provided that A < 1/8 = 4. It proves sup E[X/A|] < o
0<A<S
Case 2. In Step 3 in Section 2.1, for

Ef

| <ple-1C

/\1(t + A) =v4« Z e—ﬂ(t—Tm‘f‘A) + ae*B(t*TN(t)JAJFA)
T;<t

= Ao(t + A) —+ Oé(l — BAl) —+ O(Al), 0< Al < A,
where A; is a random variable, but it has the lower and upper bounds: 0 and A |

respectively. Similarly, we can prove that sup E[|X/A|] < oo, A <1/8=04.
0<A<s
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Case 3. In Step 3 in Section 2.2, in E[g(N(t + A),A(t + A),t + A)|F;], we used
that

o(A) = g(N(t + A), Ni(t + A),t + A)YP{N(t + A) — N(t) > 2}, (i > 2),

it has assumed that

P{N(t+A) = N(t) > 2} = op(A)

which is a deterministic case (using the letter “D” to denote it). On the other hand,

based on the boundness of E[|g(N(t), A(¢),t)|] for any time ¢ , we have
E[o(A)/A] = [op(A)/AJE[g(N(t + A), Ait + &), t + A)] = op(A) /A,

which proves that sup E[|X/A|] < oo.
0<A<S
Remark 3. The double expectation theorem is used in our elementary method, i.e.,

Elg(Nt+A)LAEt+A),t+A)]=E[E[g(N(t+A),\t+A),t+ A)|F]].

Remark 4. We have not mentioned the marks in Hawkes processes in this procedure,
but, in fact, the i.i.d. marks do not affect our method in essential, they just make
the computations complicated. Thus in the following context, we consider them not

always.

2.2. Relation of our method to use of infinitesimal generators and Dynkin’s

formula

From the procedure provided above, we know that the key issue is to get the
differential equation. To embody this key point, we summarize and provide the detailed
steps for a general function g(N(t), A(t),t) which and its related expectations must
satisfy the following conditions:

(i) %g(N7 A, t) is uniformly continuous in ¢;

(ii) %g(N, A, t) and %g(N, /\,t)% are uniformly continuous in A;

(iii) All expectations exist and are finite.

Given the filtration F; = 0(N(s),0 < s < t), and noting that \(t) = A(¢, N(t), Z),

where the random variable Z is a mark in the Hawkes process N (¢) with distribution
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function Gz(z).

E[g(N({t+ A), At + A),t + A)|F]
= g(N(®), do(t + A),t+ A)[1 = A)A]
+g(N(t) + 1, \(t+ A), 1+ A)AHA] + o(A)
=g(N (@), ot + A),t+A) —g(N(t), Ao(t + A),t + A)A(t)A
+g(N@) + LAt +A),t+ A)AE)A +o(A),
where A\og(t + A) = At + A, N(t), Z1, Zo, . . ., ZN())s
ME+FA)=ANE+AN@E)+ 1,21, Zs,. .., ZN(#)+1)
hm Ao(t+A) = Xt,N(t), 21, Za,. .., Zn)) and,
hm)\l(t—i—A) AE,N(t)+ 1,21, Za, .. ., ZN(t)+1)-
We have

B{B[(N(+ A) A+ A), ¢+ A)IF] — g(N (A1)
A
MBI @) Aot + A), Lo A)] — E[g(N (D), do(t + A), 1]

= lim
A0

A
i BV (0), Mot + A), )] ~ E[g(N (1), A1), )]
ALO A
+ E%{E[A(t)g(N(t) +LA(t+A),t+ A)]

—E@)g(N (@), Mo(t +A), 1+ A)[}.

We get

N0, 0, = Bl a(N (), X0). 0] + BT a(V0L X0 0 A0 o

FEA@®)g(N () + 1, A1) + Z,t)] = E[A(t)g(N(2), M), 1)]
provided that

1o Elg(N(0), dolt + A),6)] = Blg(N (@), A(1),8)] _ . 0 d
A0 A 19D} dt

and
[EA@G(N () + 1L,A®) + Z,1)] = E[A(#)g(N (1), A(t), £)]] < o0
hold.
Equation (8) can be used for any function g(N, A, t) for which the expectations of
]E[%g(N(t), A(t),t) 2 ()] and E[A(£)g(N (£)+1, M(t)+Z, t)] can be calculated or can be
expressed as functions of E[g(N(t), A(t), )] or Equation (8) can be solved analytically

or numerically.
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For completeness, we recall that the definition of an infinitesimal generator A of

process X(t) is given as for any function g : R* — R,

Ag(@) =i DITONZID 4 x(0) = 2, i g(X(0) = o12).

Furthermore, we can take an integral operation from time ¢ to 7' (¢t < T') on both

sides of Equation (8) getting

Blg (N (1) A(T). T = g (N0 X0
= [E{ oV M@, )i+  E{ S (N ), M) )X

+fE (W)g(N () + 1, A(u) + Z, w)|Fildu — EP(#)g(N (), A(£). 1)

E{f ) T 10N () + 1, M) + 2,0) — gV (), Aw), w)]dG(2)

0
ag ag dX\

That is to say, we have

E[Q(N(T)7 )‘(T)7T)|]:t] - g(N(t), )\(t),t) = ]E[/ Ag(N(u), )‘(u)vu)du‘]:t}v (9)

which is the Dynkin formula. The infinitesimal generator A is given for a function
g: NxRT x RFT — R with continuous partial derivatives by

a7
Ag(N, A\ t) = %+%E+A/[Q(N+l,>\+z,t)fg(N,/\,t)]dGZ(z). (10)
0

Based on the above analysis, we see that, if the process is Markovian, the results
obtained by using the Dynkin formula can also be obtained by using our method. Fur-
thermore, our method is very naive and simple. However, our method is more general
because, as the following example shows, it can also be applied in non-Markovian cases
for which the Dynkin formula is not applicable. In fact, another non-Markovian case
example will be presented in Section 4 as well.

Remark 5. We presented our elementary method by using a procedure rather than
formula like Equation (8). Because (i) our method does not need any advanced theory
and works for more situations rather than limited to the Markovian cases which the

Dynkin formula needs; (ii) Our method can be operated simply without any conditions
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to be checked if it works. In fact, In subsection 3.2.3, we shall show this point via the
comparison between our method and Dynkin formula.

We consider any regular counting process such that the probability of multiple events
in an interval of length A is of order o(A) as A — 0. Then we have the following

Theorem:

Theorem 1. For a counting process such that P{N(t + A) — N(t) > 2} = o(A), then

we have

dpnmp) = 3 (m)EW‘(mu)}, (m>1). (1)

dt = \J
Proof. The proof is similar to that in Steps 4 and 5 in the procedure for the simple

Hawkes process. O

Remark 6. Theorem 1 does not require the Markov property, it holds for all counting
processes that do not have multiple events occurring simultaneously. This fact tells us

that our method is an extension of Dynkin formula.

3. Applications on Self-Exciting Hawkes Processes

In this section, the applications on several self-exciting Hawkes processes for our
elementary method given in Section 2 are shown, in which the detailed steps or

numerical examples are presented.

3.1. Applications on a simple Hawkes process

Consider a simple Hawkes process N(t),t > 0 with an intensity function given in
Section 2. In the following steps, we demonstrate our method for E[A"(¢)], ¢t > 0, and
derive all general equations (i.e., equations (12), (14) and (15)). Then consider special
cases like n =m = 2.

Step 1. Set our target as E[A"(¢)] for any positive integer n (n > 1).

Step 2. Find two probabilities such as

P{N(t + A) — N(t) = 0|F} =1 — M)A + o(A),
P{N(t + A) — N(t) = 1|F,} = M)A + o(A),

where the filtration F; = o(N(s),0 < s < t) represents the history of the simple
Hawkes process up to time ¢, and A > 0. And we also know that P{N(t+A) — N(t) >



Moments of Hawkes Processes 15

2|F:} = o(A) due to the assumption.
Step 3. Calculate the intensity function A(t + A) given F; and two events
{N({t+ A)—N(t) =0} and {N(t+A)— N(t) =1}
(i) When {N(t + A) — N(t) = 0} occurs,
M(t+A)=v+ > ae PUTTTY = (1 BAN(E) + vA + o(A);
T; <t+A

(ii) When {N(t + A) — N(t) = 1} occurs,

M(t+A)

v+ Z ae PU=Ti+A) 4 =B
T; <t

= Ao(t+ A) +a(1 — ﬁAl) +O(A1), 0< Al <A

Step 4. Calculate E[A"(t + A)|F].
Based on values of Ag(t + A) and A;(t + A) given in Step 3, we have

EN"(t+A)F] = A@E+A)[1-A#)A ] + AT (t+ A)A(E)A + o(A)

Aot 4+ A) + A()A (n) Mo (t+ A) (o — BA) "+ o(A).

i—o \'
E[A™(t+ A)|F] is gotten because when {N(t+A)— N(t) = 0} occurs, then A(t+A) =
Ao(t +A). When {N(t + A) — N(t) = 1} occurs, then A(t + A) = A\ (t + A).
Step 5. Get a differential equation on E[A"(¢)]. Let A — 0, and using the result

obtained in Step 4 and the following equality
EEN"(t + A)[F]] = EA"(t + A)],

then we have

S BN ()] = nBuE (0] ~ nBEN (0] + §:<>”1EN“OLm21%(D)

Step 6. Solve the established differential equation for getting E[A"(¢)]. Now we
consider the case of E[N?(t)].
We have from Equation (11),

CB [N2(0)] = END)] + 2E INOAD)]. (13)

thus we need two terms: E[\(t)] and E[N(¢)\(t)], for getting E[N(t)?].
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Similarly, for E[N(¢)A(t)], following Steps 1 to 5, we can get differential equations
as follows.

%E[N(t)k(t)] = BUE[N (1)] + EA(H)] + (o — B)E[N ()A(1)] + E[N (1)), (14)

We thus can set up and solve a chain of differential equations.
EA®)] = EN ()] — - = EN"(1)], (n>1).

When n = 1, we have

%E[A(t)] = (a — BEN®)] + Bu (15)

with initial condition E[A(0)] = v. This differential equation is easily solved as

_/BU _|_ ﬂe(a_ﬁ)t, When Q # /6’

Ept) =8 a=p (16)

v +vat, when a = .

Taking m = 1, in Equation (11) gives

d
T EWNVO]=ER@)] =
—put av _
p + 3 [el@=P)t _ 1],  when a # 8,
E[N ()] = /E Mwldu={ =0 (=) (17)
0 vt + 51}04152, when a = .
Furthermore, we have from Equation (12),
CEDN() = (280 +a)ERD] + (20— 2BERW), (m=2).  (18)

Solving Equation (18), we have, with initial condition E[A?(0)] = v2,

[AH e Aw] e=20=Bt  when a % B,
EpG(y) =< lo=8 — a=f
v(a? + 2611)(§t2 +1) + 02, when « = §,

B aed@=Bt  ge2la—p)t B a g
where Ay = (@®+26v)v [ 3(a—p) B 2(a— ) } A = (P 2500 {3(04 - B) - 2(a = B)

Similarly, solving Equation (14), we get, with initial condition E[N(0)A(0)] =0,
ela=A)t j [BUE[N (u)] + E[A(u)] + E[A*(u)]]du, when o # 83,
EN@AD] =4, 0 (19)
Of[ﬁvIE[N(u)] + E[A(u)] + E[N(u)]]du, when a = .
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Based on Equation (13), we have, with initial condition E [N2(0)] = 0,

t

E[N?(t)] = / [E [A(w)] + 2E [N (u)A(u)]dy, (20)

0

which is a closed-form for the second order moment of a simple Hawkes process. In
fact, these are not so easy to describe in general but results for low order moments
are easy to obtain. Results for all first and second order moments can be found from
Equations (16) and (17) for first order then Equations (14), (18) to (20), for second
order moments - see example 1 below. All expectations of order m can be found as
follows: calculate all expectations of order less than m; find expectation E[A™(¢)] using
the recursion of powers of A(t) from Equation (12); finally, use appropriate versions of
corresponding Equation (21) (to be given in subsection 3.2) to obtain successively all

expectations of order m,
E" ()] = E[Ng()A™ 1 (t)] = - = E[NF T (OA®)] = EINF ()], (m > 1).

The whole recursion can be represented as
order 1: E[A(t)] = E[N(¢t)] — order 2
order 2: E[A2(t)] — E[N(t)A(t)] — E[N?(t)] — order 3

order m — 1: --- — order m
order m: E]A™(t)] — E[N(H)A™L(t)] = --- = E[N™ L (t)A(t)] — E[N™(t)], (m >
)

In the following, a numerical example is given for a simple Hawkes process.

Example 1. For a simple Hawkes process, if « = 2, § =3, v = 1, we have
E[A(t)] =3 27"

from Equation (16), then from Equation (17)

E[N(t)] = /E[x\(u)}du =-—2+3t+27h
0

%E[)\Q(t)]—&—?IE[)\Q(t)] = 10E [\(t)] from Equation (12) = E[A(t)] = 15—20e™ " +6e~2;
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SEN®A®)] + E[N($)A(E)] = 3E [N(£)] + 2E[A(1)] + E[A2(¢)] from Equation (14)

= E[N(t)A(t)] = 6 + 9t — 18te™" — 6e~ 2,

%IE[NQ(t)] — E[A®)] + 2E [N (£)A(1)] from Equation (21)

= E[N2(t)] = / E [\(w)] + 2B [N (u)A(u)] du
0

= E[N?(t)] = —44 + 15t + 9> + 36te ™" + 38¢ ™" + 62",
We further obtain in the usual way
Var[A(t)] = 6 — 8e~! + 2e~2¢,
Var[N(t)] = —48 + 27t + 24te™" + 46e~" + 2e 2,
Cov[N(t),A(t)] = E[N(H)A(t)] — E[N@®)|E[A(#)] = 12 — 12te~! — 10e~! — 2~ 2L,
As shown in FIGURE 1, we see that correlation coefficient p(¢) of N(¢) and A(t) is a

decreasing function of time ¢ and ltiilol p(t) =1, }%m p(t) = 0, as we intuitively expect.
o0

094
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044
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021
0.1

0 100 200 300 400 500

FIGURE 1: The correlation coefficient p(t) of N(t) and A(¢) for a simple Hawke process..

3.2. Applications on a simple self-exciting marked Hawkes process

In this subsection, we shall use our method to obtain some results for the simple
self-exciting marked Hawkes process defined as follows (see Equation (21)). A simple
self-exciting marked Hawkes process Ny (t) has intensity

At)=v+ Y Zie T >0, (21)
T,.<t
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with {Z,} a sequence of i.i.d. random variables with distribution function Gz(z). An
even simpler model is obtained if Gz(%) is a degenerate distribution with all values
equal to a constant a, which is a simple Hawkes process we have discussed previously. It
is easy to see that the pair (Ng(t), A(t)) forms a Markov process. Within this subsection
we simplify the notation by writing E[Z"] = p,., 7 > 0. Note that throughout this paper
we always use p; as the ith moments for random variables, their distribution functions

can be known from the context.

3.2.1. A result for EINF(t)A"(t)].
Similar to that in subsection 3.1, we have that if there is no event occuring in

(t,t + A), with probability 1 — A(¢)A 4 o(A), then Ny (t + A) = Ny (t) and,

M(E+A) =v+ Z Zie PUHA=T) — 44 o=BA Z Zie BT — X\(t) = Vi +0o(A).
T;<t+A T;<t

If there is an event occuring in (¢,t + A), with probability A(¢)A 4+ o(A), then Ny (t +
A) = Ng(t)+1 and

/\1(75 + A) = v+ Z Zieiﬁ(ﬁ?AiTi)
T; <t+A
= )\(t) —Vi+ ZNH(t)+1v2 + O(A)7

where V1 was given in Step 4 of subsection 2.1, and Vo =1 — SA;. Thus we can get

Theorem 2 given below, which is a differential equation that can be solved recursively.

Theorem 2. For any non-negative integers m and n, suppose the random marks Z;,
(i = 1,2,...) with distribution function Gz(z) are independent of previous values of
Hawkes process Ng(t) and its intensity \(t); and its kernel function is y(t) = e~ Pt

Then we have, using the notation fu, »(t) = E[N7F(£)A"(t)],

H

D hs®) = 180f 1) = B )+ 3 ( ) Fimea (8
5=0
+iZ( )(})iestisnrto (22)

7=0 ¢=0

w
where Y [8] =0, when w < 0, and u, = E[Z"] = fquGZ (u) < o0.
i=0

We see that f, () satisfied a first-order differential difference equation, which can
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be solved easily. Furthermore, we can know that getting f, ,(t) needs all values for
fii@®), (4,9) € {(0,1,...,m—1),(0,1,...,n+ 1)}

In addition, Theorem 2 can be obtained by using the Dynkin formula approach
too. We now show that the same general result can be derived from Dynkin’s formula.
Because of the Markov property for stochastic process (Ng(t), A(t)), and using the
results in [9] and [8], we consider the function g(N, A, t) = N7 (t)\"(t), then we have

Ag(N,\t) = ﬁ(v—)\)% +)\[/g(N+1,)\+x,t)dG(x) —g(N, A\, 1))
0

= B = NN\ (N +1)"AY (?) Nopty_y — NN
=0

provided that

n

[BEEY (TZ‘) Nftn—i — N™A"| < o0,

i=0
where the operator A is the infinitesimal generator of the Hawkes process with intensity
o0
function A(t) = v+ > Zie AT 1, = [2:dGz(2), i = 0,1,.... Based on the
0

T; <t
Dynkin formula, we have, for t < T,

T
E[NF (T)N'(T)|Fi] = Nig (A" (¢) + E[/ Ag(Np(u), A(u), u)du|Fi].

Take expectation operation on both sides of the above equation and set ¢ = 0: we have

T
E[NJ} (T)\"(T)] = / E[Ag(Nsr (u), Mu), w)du].
0

Differentiating the above equation, we get

);t)]

t),
)
55 (5) (e

1

= nﬁvfm,n—l(t) - nﬁfm,n(t

< Fmn(t) = BLAG (N (6, X
m—=1 /m
+ ]Z:O (j)fj,n+1(t) +J

which is coincident with our result presented in Theorem 2. This again shows that
our method gets the same result as the Dynkin formula in the cases where the latter

method is valid.
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3.2.2. Auto-covariance and cross-covariance

21

Here we consider the calculations of auto-covariance and cross-covariance functions

for the simple self-exciting marked Hawkes process Ng(t) and its intensity A(¢) as

follows.

Because auto-covariances are symmetric we need consider only v < ¢t when finding

E[A()A(u)] and E[Ng (t)Ng (u)]. Then

EA(t + A)X(u)|F
= AMt)AMw) = Vid(u) + E[Zn,, )41 V2 — Vi]Au)A(t)A + o(A),
and so %E[A(t))\(u)] = BvE[A(u)] 4+ (11 — B)E[A(t)A(u)], with solution
el =B)(t—u) _q
(11— B)

in terms of expectations that we already know how to find.

E[A()A(u)] = BuE[A(u)] + =AU IEN2 ()], u<t,

We define the cross-covariance function of Ny (t) and A(¢) as
Cov[Nn (t), AM(#)] = E[Nu (t)A(w)] — E[Ng ()[E[A(u)].
To find E[Ng (t)A(u)], when u > t,

E[Ng () (u+ A)|F]
= Nu(OAu) — N () V1 () + Ny ()E[ZVa — Vi (w)]A(w)A + o(A).

Then %E[NH ()X (u)] = BVE[Ng (t)] + (1 — B)E[Ng (t)A(u)], which has solution

elm=B)(u—t) _ 1

E[N (1)Mw)] = BoEINn (1) ——;

+ W =AW=DE [N (E)A()].

When u < t,

(23)

(24)

E[Ng(t + A)X(w)|F]) = Nag(O)A(w)[l — ME)A] + [N (€) + A (w)A(E)A + o(A),

then
E[Ng(t + A)A(u)] = E[Ng(t)A(uw)] + EA(w)AE)]A + o(A),

which means %]E[NH(t))\(u)] = E[A(u)A(¢)] which has solution

E[Ny (0)Aw)] = E[Ng () A(w)] + / EX@AW)]dv,  u<t,

(25)
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in terms of expectations that we know how to calculate. Finally,
E[Ng(t+ A)Ng(u)|F:] = Ng(t)Ng (u)[1 = ME)A] + (N (t) + 1) Ny (u)A(E)A 4+ o(A)

gives us the differential equation

%E[NH(t)NH(u)] = E[Np(u)A(t)]

with solution in terms of expectations that we already know how to find
t
E[Ng ()N (u)] = E[NF (u)] + / E[Ng(u)A(v)ldv, u<t. (26)
3.2.3. Correlation between Ny (t) and fot Au)du
Similar to subsection 3.2.2, the related discussions are presented as follows.
If there is no event occuring in (¢,t + A), with probability 1 — A(¢)A + o(A), then
Ng(t+ A) = Ng(t) and

t+A t t+A
/A(U)du = /A(u)du+ / o+ > Zie P T]duy
0 0 t T;<u
t t+A
= /)\(U)du-&- / [v + Z Zie BT dy
0 t T; <t
t
Au)du + M)A + o(A).

|
o

If there is an event occuring in (¢,t + A), with probability A(¢)A + o(A), then Ny (t +
A) = Ng(t)+ 1 and we get

TN ()41 t+A
Muwdu+ [ v+ Y ZiePedu+ [ 4 Y Zie PeT)]dy
t T;<u TNH(t)Jrl T;<u
t+A t+A
Auwdu+ [ v+ ¥ Zie PO Dldu+ Zy, a1 [ e PeTTveon)dy

t T:<t TNH(t)+1

AMu)du + XA + Zn, i+ 8711 — e PEHATNL 0 +1)] 4 o(A)

Aw)du + M)A + Vs + o(A),
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where V3 = Zn, (1)+14', 0 < A" < A. Then we have

E{NZ(t+ A" (t+ A)] g’ w)du]t|F }
= N7 (t)[A Oft)\(u )du + M)A [L — AM)A] + [Nu(t) + 1]™
% [A(t) — v1+v2]n0ftm
i g () -mio £)
X (—V)"TINHL (A + ﬁ ]>NJ 3 O( ) Vs — V1) IAL (1) A)
)f

(u)du]'"*A + o(A).

M)A + V3'A(#)A + o(A)

x [bM )]l + I (BN ()]

Thus similar to Theorem 2, we can get

E{Nm f Au
—nﬁvE{NH HAP( f/\ N nBE{NE (1) f/\
+E (M Eeh o0l A V}+]§: ; (7) (’j)un_iE{NL(t)

0
x /\Z“ ft>\ )du] }+Z]E{Nm( AL (¢ )[f‘A(u du]= 1.
0 0

(27)

Similar to that in subsection 3.1, we thus have the following chain recursions for getting

(t)jA(u)duL

t

order 0: E[[ A(u)du] — order 1
0

order 1: E[A(?)

AMu)du] = E[Ng(t) [ A(u)du] — order 2

o o
o o

order m — 1: --- — order m

order m: E[A™(¢ f/\ Ydu] — E[Ng (£)A™1(t)

o &

Au)du] —

E[N(t f A(u)du]

Similar recursions can be given for [ = 2, [ = 3 and so on.
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¢
For example, for E{ Ny (¢)[ [ A(u)du]}, we have
0

fA u)du] = E[A(?)],

]E{)\ ft)\ )du]} = ﬁvIEfAu)du (11 — B)E{A() ft)\ )du} + E[A2()],

dt]E{NH@)[Of (u)dul) = BQAOL] Atw)dal} + EIN(OA(0]

Remark 7. The first equation above holds always, the reason of listing it here is that

it will be used below.

In fact, we can use the Dynkin formula to give the equation

SR / A(u)du]} = BoE| / Aw)du] + (1 — BEA)] / Au)dul} + ED2(1)].

Let g(Ng(t), \(t),t) = A(t) j A(u)du, then we have
0
Ag(Nu(®),A(1),1) = % 4 %%i) FAO{AND + 7] /)\(u)du ~A() / Mu)du)
0 0

t t
S oo [
= Z
g7 Aluw)du + A(t Auw)du
0
t

t

(=)

= A2(t) + [Bv — BA(t) /)\ )du + A(t Z/A(u)du,
0

0
then we have

i) OfA Jdul} = E[Ag(Ni (), A(6), 0]

= BuE[

O —

A(u)du] + (p1 = B)E{A(?) [Oft Aw)dul} +E[N(2)],

which is the equation we obtained by using our elementary approach.

Remark 8. When we see the procedure of using the Dynkin formula above, we can
dg

know it may sometimes have some confuse on derivation process for —= B because there

is a A(¢) in the integral, which tells us that our method is more simple and direct.
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Example 2. For the simple self-exciting Hawkes processes in Example 1, we have

t t
E[[ A(u)du] = [E[A(u)]du = -2 + 3t 4 2¢~*,
0 0
t t
JE{)\ [ AMu)du]} + E{A)[[ Alw) f)\ )du] + E[A2(t)] = 9+ 9t — 14e ! + 62
0 O

¢
= E{)\(t)[f (u)du]} = e~ f U9+ 9u — 1de ¥ + 6e~2%)du = 9t — 14te™t + 6e~! — 62,
0

%E{NH f/\ Jdu]} = E{A®) fA Jdul} + B[Ny (DA(1)] = 6 + 18t — 32te~t + et — 1262

= E{NH(t)[f Mu)du]} = —32 + 6t + 9t? + 32te™" + 26e~" + 62,
0
¢
IE{ f AMuw)du)?} = 2E{\(t)[[ Mu)du]} = 18t — 28te™" + 12" — 12e !
0

t
= E{[[ Au)du]*} = —22 + 9t* + 28te™" + 16e~" + 6e 2.
0

Then we have

Var[Np ()] = 2e~2 + 46¢~" + 24te~t + 27t — 48,

t
Var[ [ A(u)du] = 2e72 4+ 24e~" + 16te™" + 12t — 26,
0

Cov[Ng (¢t ,OftA =E{Nx(t) f)\ )du]} — E[Ng (¢ )}E[Oft)\(u)du]

2e~2t + 34e_t + 20te~t + 18t — 36.
Thus we have the correlation coefficient

272t + 34et 4 20tet 4 18t — 36
V2e=2t 1 46e—t + 24te—t + 27t — 48+/2e— 2t + 24e—t + 16te—*t + 12 — 26

pt) =

As shown in FIGURE 2, we see that correlation coefficient 5(¢) of Ny (t) and fo
is an increasing function of time ¢t and lti&)lﬁ(t) ~ 0.8662, tl%m p(t) = 1, which is

interesting compared with FIGURE 1.

3.2.4. Generating functions

This subsection contains results for probability generating functions for the distribu-
tion of Ny (t), Laplace transforms for the distribution of A(t) and the joint distribution
of the two. As usual, we are here concerned with obtaining the appropriate partial

differential equation. We start with the joint distribution:
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FIGURE 2: The curve of correlation coefficient p(t).

Theorem 3. For the Hawkes process with intensity function \(t) = v+ 3. Z,.e Pt=Tr),
T, <t
we have

%G(G,s,t) [1—Bs—0¢(s )] 4 G(0,s,t) — PusG(0,s,t), (28)

G(0,s,t) == E[NuBe=3AD)] s the p.g.f/Laplace transform of the joint distribution
of (Nu(t),\(t)); ¢(s) = Ele™*?] = [;* e **dGz(z), is the Laplace transform of the
density function of the marked random variables. The initial condition is G(0,s,0) =

e %Y.

Proof.
G(0,s5,t + A|F;) = E[pNu (tHA) g=sAt+8) | 7]
= ONE B e=sPO=ABAO =BT — \(t)A]
+0E |:9NH t) g =s[A(®) A(ﬁ/\(t)fﬁv)JrZNHum(lfﬂA’)]A(t)] A +0o(A)
= ONEOe=sAOL] 4 S[BA(t) — BU] AL — A(t)A]
+0E {QNH(t)e*S[A(t)*A(ﬁA(t)*Bv)])\(t)efszsz(t)ﬂ(l*ﬁA')} A+o(A), 0 <A <A
Then we have

%G(Q,s,t) = [Bs—1+0¢(s)E [aNH“) “AON()] — BusE[pNH B A D]

= [1—Bs—0¢(s )} G(0,s,t) — BusG(0, s, 1),
the proof is completed. O

Corollary 1. Under the same conditions as above, the Laplace transform of the dis-

tribution of A(t), g(s,t) :=E [e‘s’\(t)] = G(1,s,t), and satisfies the partial differential
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equation

o a(s0) = [1 = Bs — 9()] -g(s, 1) — Fusgls 1), (20)

with boundary/initial conditions g(0,t) =1, ¢g(s,0) = e~

SvU

The proof follows simply from the theorem by taking g(s,t) = G(1,s,t).

Corollary 2. Under the same conditions as above, the p.g.f. of the distribution of
Ny (t) is given by G(0,t) = G(0,0,t) and satisfies the differential equation

%G(e, ) = (0 - DE [0¥Ox0)] (30)

subject to conditions G(1,t) =1; G(,0) = 1.
The joint probability generating function for (N (t), A(t)) can be given by solving

a partial differential equation, which provides, at least, a way to find the moments and

count distribution for Hawkes processes.

4. Other Applications

Previous sections have dealt with results for the simple self-exciting Hawkes. In
this section we consider briefly results for some other models such as mutually-exciting
process, Cox process, dynamic contagion process, inhomogenous Poisson process and

non-Markovian process.

4.1. Mutually-exciting process

We now consider a fairly general model comprising K mutually-exciting marked

point processes with exponential exciting kernels. Suppose the intensity of N;(t) is

given by
K
M) =+ N(t), 1=1,... K, (31)
j=1
where
)\lj(t) = Z Zj’TOélje_ﬂlj(t_Tj”), (32)
Ty <t

and {T,},_, ,  is a sequence of occurrence times of type-j events and {Z; .} _, ,

the marks associated with them. Note that there is an extra factor oy; that contributes

to the effect of a type-j event, and its mark, on the future intensity of type-l events:
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this is because the same event and same mark may have different effects on various

other types of event. Then
K
B[N+ A7 (¢ + AIF] = N {a(0) = A X2 3y (06,3 {1—A2A(>}
K
+E[N{ (1) 4 12# AN () {N(t) — A 21 OBy + Zin,tyr10ui(1 — A B) }]
i=1,7 j=

+E[(Ne(t) + 1) Axg () { () — A i N ()81 + Zi Ny an (L= A Bi) } ']+ o(D),

where 0 < A’ < A. Taking expectations and appropriate limits as A — 0,

K
d m n T)’L n— m n
FEINEOAN (D] = —nE | NI'(DA] L Z)\U (OB | —E | D NI BAF ()N, (2)
j=1
K n
ILCID DRVE) Bl (RO
J=1,j#k i=0

+E

(N3 (t) + 1) Ax(t) . Nty o 1
e (o

where u(]) =E [ZJ”;’] is the (n — ¢)th moment of Z;, for all r =1,2,....

This can be written as

,_.

m

d m—
Lepeam = —nZﬁu o)+ Y (7

j=0

JE M 0mwr©)]

. () Z oy [NE (DN (1)A,(1)]
=0

4.2. Cox process

Cox [4] introduced a doubly stochastic model of point processes, now usually called
Cox processes. More recent treatments of the properties of general classes of Cox
processes are given, for example, by [2] and [17]. For this paper, we consider a simple
version used by [7] in the context of catastrophe insurance. It has intensity

At)=v+ > Ve 27Tt 0, (34)
T, <t
{Y:}, 1o, is asequence of i.i.d. random variables with distribution function Gy (y),

y > 0. This looks much like Equation (1) for the Hawkes process when v(t) = v. But
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there is one very big difference: the events {T}.} on the right of Equation (34) arise from
a time homogeneous Poisson process with rate 7, and the {Y,.} are marks associated
with events of the Poisson process; in contrast, the events on the right of Equation (1)
belong to the same process that is generated by the intensity A(¢) on the left — it is
this that drives the contagious property of the Hawkes process, with the occurrence of
past events increasing the intensity that governs future events.

Note that the above Cox model involves two point processes, the Cox process N¢ ()
and the Poisson process, Np(t), that drives it. These can be considered as forming a
bivariate mutually-exciting pair. In this case the general form of Equation (2) can be
written as the special case

Mo(t) =v+ ¥ Yie B Trn),
Tpr<t (35)
Ap(t) =n.

In general, each intensity of a bivariate mutually-exciting Hawkes process consists
of a baseline intensity and two exciting terms: a self-exciting term and a cross-exciting
term. In this case we see that the Cox intensity contains a term that is excited by the
Poisson process, but no self-exciting term; the Poisson intensity has no exciting terms
at all. So they are not really mutually-exciting, because the Cox process is not excited
at all!

Similarly, we know that the triple (N¢(t), Np(t), Ac(t)) forms a Markov process.

For the Cox process we have two point processes, N (t) and the Poisson process,

Np(t), that drives it. Therefore, for small time increment A, we need four probabilities

P{{Nc(t+ A) — Ne(t) =0} N {Np(t+ A) — Np(t) = 0}|F:}
= [ = AMAJ[L = nA] +0(A) =1 = (n+ A(t))A + o(A);
P{{Nc(t+A) — Nc(t) =0} N{Np(t+ A) — Np(t) = 1}|F:} = nA + o(A);
P{{Nc(t+A) — Nc(t) =1} N{Np(t+ A) — Np(t) = 0}|F:} = A#)A + o(A);
P{{Nc(t+ A) — No(t) = 1} N {Np(t + A) — Np(t) = 1}|F} = o(A).
Note that the reasons are, for example, for the above last equality as follows.
Because, we can consider two cases: (i) {N¢(t + A) — Ne(t) = 1} occurs not later

than occurring of {Np(t+ A)— Np(t) = 1}; (ii) {Ne(t+A) — Ne(t) = 1} occurs after
occurring of {Np(t + A) — Np(t) = 1}.
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For case (i), we have

P{{Nc(t+A) — Nc(t) =1} N {Np(t+ A) — Np(t) = 1}|F:}

=P{{Np(t+A) = Np(t) = 1}{Nc(t + A) — No(t) = 1}, Fi}
x P{{Nc(t + A) = Nc(t) = 1} F}

=P{Np(t+A) = Np(t) = }FIP{Nc(t + A) = Ne(t) = 1}|Fi}
(due to N¢(t) does not affect Np(t), and P{N¢(t + A) — No(t) > 2} = o(A) if
{Np(t+ A) — Np(t) = 1} affects N (t))

=nAXt)A + o(A) = o(A).

For case (ii), we have,

P{{Nc(t +A) = Ne(t) = 1} N {Np(t + A) = Np(t) = 1}[F:}
=P{{Nc(t+A) = No(t) = 1}{Np(t+ A) = Np(t) = 1}, Fi}P{{Np(t + A) — Np(t) = 1}| 71}

= At + D)AAP{{Np(t + A) = Np(t) = 1}|Fi} + o(A)
= At + A)A()AnA 4+ o(A) = o(A),
where
At+A) = v+ > Ve FTrtd)

Tp,i<t+A
= v e PPN —v]+F Y e PR (0< A <A)

= (1= BAE) + BvA +Y* e P21 4 o(A).

For the Cox process we have

A(t) — AIBA(E) — Bo] + o(A), given {Np(t + A) — Np(t) = 0},
At+A) =
A(t) = A[BA() = o] + Yy (41 +0(A),  given {Np(t + A) = Np(t) = 1}.
Thus, apart from the constant term, the intensity decays exponentially with an added
jump, Y, when a new Poisson event occurs at a time that precedes the end of the time
increment by A’, (A" < A).
Let V4 = Yy, (t)+1(1 = BA'), s0 kii%(w — V1) = Ynp(t)+1- Then we have

E[NZ(t + A)A™(t + A)|F
= NEHB) (M) — Vi)™ (1 = (A(®) +m)A) + NE (@) (M) — Vi + Vi) "nA
+ (Ne(t) + D)™ (M) = V1)"A()A + o(A),
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and

SENZON@] = lim BINE (¢ + A1+ 2)] - ENFON(0)

= BUEINZ (0N (0] ~ nFEINE (D" (1)
w13 ()i EINE (X )

m 7 n+1
n (j >]E[Nc(t))\ (0)). (36)

=0

where p, = E[Y"] is the rth moment of the mark Y. In fact, because of the Markov
property of (N¢(t), A(t)), we have the same result for Cox process by using the Dynkin
formula for the objective function E[NZ (¢t)A"(¢)].

Differential Equation (36) can be solved, subject to initial conditions E[N((0)] = 0,
ENY(0)] = v, (i = 1,2,...), we see that this involves similar functions with various
powers, so that such equations must be solved recursively. Start with m =0, n =1

and we have

@ + BE[A()] = Bv + nua,
which has solution
EA()] = v+ 222 (1—eP1). (37)

B
Alternatively, this is also easily obtained by taking expectations of Equation (34),

because it is easily to obtain the expectation of a function of Poisson random variables.
If we let m =1, n = 0 then Equation (36) becomes

dE [No(t)]

L —ED)

or, rather obviously,

t

E [Ne(t)] = /E[A(u)]du = <mﬁu + ) t— % (1—e P, (38)
0

The general equation using m = 0 is

EXOL 1 ngmx (6] = ngoElN +nZ( Jn-EN 0,

so that we have a simple recursion for E[A"(¢)] in terms of lower powers of n. Recursion

is not so simple for m > 0, but we give the first two equations that are obviously soluble
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in terms of powers that we already know.

AENcOMO] | gmin,(0)A(1)] = BVE[N(£)] + ninE[No ()] + ER2 ()],
%té(t)] = E[A(#)] + 2E[Nc () (1)).

4.3. Dynamic contagion processes

Dassios and Zhao [8] introduced a dynamic contagion process, Np(t), with intensity

function

Ap(t) = v+ (Ao —v)e M+ 3 Ve A5 4 N 7, =0T, (39)
S,<t T.<t

where {ST}T:LZ... are event occurring times of a homogenous Poisson process with rate
n and {Y,},_,, = are their associated marks, assumed to be i.i.d. random variables
with distribution function Gy (y), y > 0. {I,},_,,  are event occurring times of
a dynamic contagion process with corresponding marks, {ZT}T:LQ’___, assumed to be
ii.d. random variables with distribution function Gz(z), z > 0. It is assumed that the
random variables Y,., Z, are independent of the history of the process prior to their
occurrences. In this case the baseline intensity is not constant.

Note that, apart from changing subscript C into D, and having a time-varying
baseline intensity, Equation (39) differs from the first part of Equation (35) simply by
adding a self-exciting term to the cross-exciting term that is already there. Together
with the expression for Ap(t) in Equation (35) we once again have a bivariate mutually-
exciting process (Np(t), Np(t)) and, because of the exponential form of the exciting
terms, the triple (Np(t), Np(t), Ap(t)) forms a Markov process: in fact, because Np(t)
is Poisson, (Np(t), Ap(t)) is a Markov process. In introducing the dynamic contagion
process, (8] described it as a generalization of both the Hawkes process (with exponen-
tial decay) and the Cox process with shot noise intensity (with exponential decay). We
see that, in fact, it is a special case of a bivariate mutually-exciting Hawkes process.

The Dynamic contagion process was defined in Equation (39). We restate it here in

a slightly different form. The intensity is

At) =v(t) + Z Yie Bt 4 Z Z,e BT
Sp<t T,.<t
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where the baseline intensity is the time-varying function v(t) = v + (\g — v)e™ 7.

In this model we have two point processes: the Dynamic contagion process Np(t),
which has intensity A(t), and the Poisson process Np(t), which has constant intensity
7.

Similarly, we seek to find a differential equation for E [N (¢)NpE(t)A"(t)]. The

result is as follows.

CEING ()NE(N (1)
=n[v’(t)+ﬁvt}E[NJS"(t)N}S(t)A”‘l()]—nﬁlE[ INE(N (1)
SR (MY 00 givm n
w2 (1)'E (1) uEnp ooy () INB(ON; (A (1)
r=0 =0 r=0
(MY (L) mind i+ ' i1
3 (7) S () nmmpongmye g( VB @NE N o),
(10)
where v'(t) = dt)isft) = —B(\g —v)e L.

Equation (40), of course, is a special case of Equation (33) when v(t) = v is constant.
We can consider special cases when some of the parameters m, k, n are zero. We can
also consider other cases such as E[NJ}(£)AT" (£)A52(t)], where

Zye—ﬁ(t S) Aao(t ZZ —B(t=Tr)

Sr<t T,-<t

With the given baseline intensity the process is Markovian and so Equation (40) can
also be derived by Dynkin’s formula. However, our proof is valid for more general

baseline intensity functions.

4.4. Inhomogenous Poisson processes

Here we simply take A(t) to be a given deterministic function: there are no exciting
kernels of the kind we have so far assumed. Using our method, we can get the following

differential equation

EN@)] = {E[g(N () + 1)] = E[g(N())]}A®), (41)
which can be solved analytically for some functions g : R x N — R under some mild
conditions.

Example 3. g(z) = 0%, § > 0, we have

CEIPYO) = (VO] - EFVO]} = (0 - DEDVOIA),
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so that ,

E[ON®)] = exp / (0 — DA (u)du| , (42)
0

which is of course the very well known expression for the p.g.f. of the inhomogeneous
Poisson process.

Example 4. g(z) = 2", n=1,2,..., we have

=

SEV (0] = (B 1)) - EN(O]]A0) = M) j (7)o,

3

I
=

which can be integrated to give

E[N™(t)] = mf (T) /t A(w)E[N7 (u)]du. (43)
J=1 0

In fact, we can have, for an inhomogeneous Poisson process N(¢) whose intensity

function as A(t), and

P{N(t) =k} = MB*A@, k=0,1,...,

k!
where A(t) = jA(u)du,
0
d m d o m AOI ap
GFENTO) = Gy
_ = AT A
= A(t)];)k G A()f)\(t)kzzok e A®)

m—1

(7 )@

j=0
which is the same as Equation (43) with initial condition E[N™(0)] = 0.
4.5. A multi-marked Hawkes process
We now consider a new type of Hawkes process whose intensity function is given by
K
At)=v+ Z Z ijefﬁj(tf:m7 (44)
J=1T.<t

where T,. is the occurrence time of the rth event of the point process N (t); for each

j =1t K, {Z;, ~ Ggz;(2)}r=1,2,. is a sequence of i.i.d. marks; these series are
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also independent of each other and independent of previous values of the process N (t).
The model looks very similar to the standard mutually-exciting process. However, in
this case there is only one point process and each event on the right of this equation
is operated on by a kernel that consists of K different exponential functions, each
multiplied by a different mark sequence, which combine additively to produce the
output intensity. Note that the rates §; are in general different: if they were all the
same then this would become a simpler self-exciting process with marks that are just
the sums of the individual marks Zjil Z;» with a distribution that is the convolution
of the various Gz, (z) distributions. Our method can still work on this more general

Hawkes process. In the following, we only consider the case of K = 2.

Theorem 4. For a Hawkes process with intensity function

At)=v+ Y Zype PO 4 N 7y e P07, (45)
Tr<t T-<t

we have

d

G ENE ON(0)] = —nBENE (OA"H($)A(1)] = nSE[Nf (A" (1) A2 (1))

+ 5 MENL O O]+ T () (un BN ON 0],

where for (k=1,2,...; r=1,2,...)

o0
Al(t) = Z Zlvreiﬁl(tiTT); Ag(t) = Z ZQ,rei’BZ(tiTr); WE = /deGZl17‘+Z2,T (Z)
T.<t T,.<t 0

We can also treat the intensity components separately

CEING (DN (052(0)

= —(m1f1 + maf)EINE (AT (NG (1)) + mg (

"RV OAON (A0
# 2 () EIG OAOA (020
(

2

no—1

”Q)M E[N, (DA (DA5(0)]

IS (1) (02 ) I MO (02 0]

where ,ug) = [2FdG (z), (1=1,2; k=1,2,...).
0
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Proof. The proof is similar to the previous ones. The details are omitted here. [

Some special cases are considered in the following.

When n; = ny = 0, by using Theorem 4, we have

FENEO] = X () B,

, i
=0
which is coincident with Theorem 1 provided for general counting processes. In par-
d t
ticular, &E[NH(t)] =E\(t)] = E[Ng ()] = [E[A(u)]du.
0
When m = 0, by using Theorem 4, we have

B (AT (6)] = —(m By + naB)EN (HA22 (1)

dt
+; (") BN (DA (8)]

ngfl .
X (D) ERON 0X(0)
nll_—l ng—1

+ X () BN (BN (1),

11=0 i2=0

4.6. Non-Markovian Hawkes Processes

In this subsection, a non-Markovian Hawkes process, denoted as Ngg(t), is con-
sidered by using our method, whose intensity kernel function is h(t) = te™t, (t >

0) (Gamma decay function), i.e., its intensity function is

t

At) = v+ / h(t = s)dNpa(t) =v+ > h(t—T) =v+ Y [(t—T)e =], (47)

0 T:<t T;<t

where {T;};=1,2,.. is the series of times at which events occur for the Hawkes process
Nuc(t).

We shall give the results for the moments of Ny (t) by using our method, then
present a closed-form for E[N%(t)] as an example. Because the higher order moments
can also be done similarly, here they are omitted.

It is easy to know that h/(t) = e=t — te™t = hy(t) — h(t), where ha(t) = e, for
t >0, ho(t) =0, for t < 0.
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First we have, when {Ngg(t + A) — Ny (t) = 0} occurs,

M(t+A) = vt D At-T+A)=v+ Y ht—T;+A)
T;<t+A T; <t
= v+ Y ht-T)+AD N(t—T)+o0(A)
T;<t T:;<t
= MO +AD ha(t—T) = > h(t—T))]+o(A)
T; <t T:;<t

= AB) + ADa(t) — AE) + v] + 0(A),

where Ao(t) is a stochastic process, which is defined as

t

Aa(t) = /hg(t— $)ANuG(t) = > ha(t—T;) = Y _ e =70, (48)

0 T;<t Ti<t

Note that A2(t) depends on the point process Ny (t) whose the moments are consid-
ering now. (A2(0) =0, A2(t) =0, when ¢t < T7)
On the other hand, we have, when {Ngg(t + A) — Ngg(t) = 1} occurs,

ME+A) = v+ Y hE-Ti+A) =v+ > h(t—Ti+A)+h(t—T"+A)
T; <t+A T; <t
= X(E+A)+h(A1)+0(A), 0<AI <A, t<T*<t+A.

Using our elementary method presented in Section 2, then we have the following result.

Theorem 5. For a Hawkes process Nya(t) with intensity function

) =v+ Y [(t—T)e =T,

Ti<t
then we have
%E[Nﬁc(t)hn(t)ké(t)] = nE[NFoOX" T ONT ()] = (n+ DE[NFG (A" (H)A5(1)]

B[N (AL ()N, (1))

+Z< > [N (OATH) Ao (t) + 1]
+Z ( ) (A ONS (D) (49)

where > [x] =0, if w < 0 and \'(t) =0, if i <O0.
0
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Proof. The proof is similar to the previous ones based on some complicated algebraic

manipulations, here it is omitted. O

Remark 9. Theorem 5 is presented as an example for our elementary approach on a
non-Markovian Hawkes process in which the Dynkin formula cannot work. It is again
to prove our method is an extension of Dynkin formula.

Special cases: From Equation (49), we have the following special cases.

(i) When m =0, n =1, I = 0, we have

CEND) = EDa(r)] - EAD)] — v

(i) When m =0, n =0, I = 1, we have

d
G ER2(0] = EN®)] — ERa (1))

To summarize cases (i) and (ii), we have a set of 2 differential equations as follows.

—EX®)] = E[X2(8)] - E[A(H)] - v,
d

FEP2(t)] = EN®)] - EDa (1))

Numerical results, with E[A2(0)] = 0, E[A(0)] = v, and set v = 2, are,

1 3
E(t)] = 5o +1+ 35,

1 1
E = e -
[Aa(t)] 5¢ Tttt
(iii) When m = 0, n = 2, I = 0, we have

%E[)\Q(t)] = B\ (B)Ao(t)] — 2EN2(H)] + 20E[A(2)]-

(iv) When m =0, n =1, [ =1, we have

%E[A(t)/\z(t)] =EN ()] + EDS(1)] — 2B () A2(8)] + vE[2(1)].

(v) When m =0, n =0, | = 2, we have

S B3] = 2ENHM ()] — 2BD3(1)] + EAH)]
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To summarize cases (iii), (iv) and (v), we have a set of 3 differential equations as

follows.
%EW( t)] = 2E[A()A2(t)] — 2E[A?(2)] + 20E[A(2)],
;E[A(t)kz(t)] =EN(1)] + EP3(1)] - 2E[A (1) A2(1)] + vE[A2(2)],
%EW( t)] = 2E[A()A2(t)] — 2E[A3(2)] + E[A(?)]-
Numerical results, with E[A2(0)] = 0, E[A\2(0)] = v* = 4, E[A(0)A2(0)] = 0, are,
E[\2(t)] = ZtQ + % + %7 + 2 B ite’zt + 614(3 4t
E[A5(t)] = %t + gt + gi % -2 Zt 2t 614e ",
9, 37 47 T

5
E[)\(t))\g( )] th + TG t+ 674 §€_2t - 6746

(vi) When m =1, n =1, [ =0, we have
4
dt

(vii) When m =1, n =0, 1 = 1, we have

E[Nuc(t)At)] = E[Nuc(t)A2(t)] — E[Nuc(t)A()] + vEA®)] +EN (1)),

%E[NHG( )re(t)] = E[Nuc(OA(®)] — E[Nua(t)ra(t)] + EA()A2(8)] + EA@)]-

To summarize cases (vi) and (vii), we have a set of 2 differential equations as follows.

%E[NHG( )A®)] = E[Nuc(t)X2(t)] - E[Nga()A(1)] + vEA ()] + EN (1)),

%E[Nﬂa(t)/\z(t)] = E[Nuc(t)A(t)] = E[Nua () A2 (t)] + E[A(E) A2(t)] + E[A(®)].

Numerical results, with E[Ngg(0)A(0)] =0, E[Ngg(0)A2(0)] = 0, are,

3 17 943 715 7 5 3
E[Nga(OMNEH)] = =13 + —t2 + — 129 —2t | 24,2t _
[Nua(t)A()] 83 + 817 + 1§§3+2§25 2§gle +41§ +—1636 —12876 ,
EIN — 43 2 _ -2t __ -2t _ Y 42 -2t —4t.
[Nua(B)Xe(D)] = g% + T2 + 50t — 5o + 5e5e S te e+ gt

Based on Theorem 1, we have

RO ( ) Ny (DA®)

dt =0
=E[A(?)] + 2E[Nua(t)A

1 3 17 043, 715 7 5 3 7
— —2t t 2 7t2 i o —2t Zte —2t 2 —2t 4t
g Tt { T8t T 256 T me¢ T a * 16t ~128°
B, 17, , 999" 883 49 5 3 7
— *t3 7t2 72t —te —2t t2 —2t . 74t.
AT T et s T T *3 T 56°

17 999 883 1 _ 225

-1 3
E[NZ . (t 10082 + 7728t + 48 2y Tt B 2 g g
[Ni(t)] = 5376( 087 + 7728t +4893)e > + —ot! + ot? + Tt oot gme M+
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On the other hand, we also have

t

= 1L 1, 3
BNuo(t)] = [ Bl = - je + 52+ 3t
0

The curves for E[N#4(t)], E[Nug(t)] and a sample path of A(t) are presented in
FIGURES 3 and 4, respectively.

-]
—p

R S . S =

[ P V)

[

[T,

A
=
[
[y
e
wr

FIGURE 3: The curves of E[NZ ()] FIGURE 4: A sample path of A(t) with v = 2
and E[Npgq(t)). (T; = 0.5,2,2.5,4, (i = 1,...,4)

Remark 10. The key issue for our method to be used successfully is to introduce a
stochastic process Aq(t) for this non-Markovian Hawkes process with Gamma decay
kernel function. In fact, the process (Ngg(t), A(t), A2(t)) has the Markov property.
In general, how to introduce some stochastic processes makes the Markov property
true for non-Markovian Hawkes processes is a difficult question, which is similar to
the method of supplementary variables. When using our method, one does not need
to check the Markov property being true or not, if the differential equations can be

established successfully, then our method is applicable.

5. Conclusions and Discussion

In the paper an elementary approach is presented to obtain moments of the counting
process and/or the intensity of a number of marked Hawkes processes, in which the
detailed procedure is given step-by-step, and it works not only for all Markovian

Hawkes processes, but also for some non-Markovian Hawkes processes. When the
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process is Markovian the same results can be obtained by the famous Dynkin formula.
Our method starts by finding the expectation of the required moment at time ¢ + A
conditional on the history of the process up to time t. Taking a further expectation
and finding the limit as A — 0 yields a differential equation for the required moment.
It may be possible to solve this explicitly in simple cases, otherwise it may be solved by
standard numerical methods for differential equations. Our method does not depend
on having a Markov process, so that it is more general for this purpose than using a
Dynkin formula.

Results have been found for simple versions of a self-exciting process, mutually-
exciting Hawkes processes, Cox processes, dynamic contagion processes and non-homo
-geneous Poisson processes. We show that all of these actually belong to the Hawkes
process family. Some results are also obtained for a self-exciting process with multiple
marks. We also present an application of our elementary method to a non-Markovian
Hawkes processes with Gamma decay kernel function, which shows again that our
method is an extension of Dynkin formula.

We use exponential exciting-kernel functions. This often results in the process
having the Markov property, but the main advantage is the simple form we get, to
order o(A), for A(t+A). We also use the Gamma decay kernel function by introducing
a new related stochastic process although the marks and exponential parameter are not
used, which is for presenting a simple example in non-Markovian case. As mentioned
previous, the Marks and parameters do not affect our method, they just bring some
complexity but difficulty. The method in introducing a new stochastic process for non-
Markovian Hawkes process looks much like the method of supplementary variables in
essential. The Gamma decay kernel function in the example makes some difference
with exponential kernel function for random intensity functions, the former’s intensity
function increases gradually, but the latter’s intensity has a jump when an event occurs.

An advantage of our method is that it begins by looking at the conditional ex-
pectation of the function we are actually trying to derive. For example, to obtain
results for E[fN®e=2 )] we would begin simply with E[gNt+2)e=sAt+2)| 7] where
the filtration JF; represents the history of the process up to time t. In contrast, for
the dynamic contagion process, [8] (Theorem 3.1 in their paper) approach the same

e—B(HA

problem by beginning with an objective function g(N,\,t) = e A™(t) and
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then use the infinitesimal generator to obtain equations for the functions c(t), A(t),

and B(t). Our approach seems more obvious.

We have given several examples in the paper but the method can be applied to many

problems.
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