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Because of their tractability and their natural interpretations in term of
market quantities, Hawkes processes are nowadays widely used in high-
frequency finance. However, in practice, the statistical estimation results seem
to show that very often, only nearly unstable Hawkes processes are able to fit
the data properly. By nearly unstable, we mean that the L! norm of their
kernel is close to unity. We study in this work such processes for which
the stability condition is almost violated. Our main result states that after
suitable rescaling, they asymptotically behave like integrated Cox—Ingersoll—
Ross models. Thus, modeling financial order flows as nearly unstable Hawkes
processes may be a good way to reproduce both their high and low frequency
stylized facts. We then extend this result to the Hawkes-based price model in-
troduced by Bacry et al. [Quant. Finance 13 (2013) 65-77]. We show that un-
der a similar criticality condition, this process converges to a Heston model.
Again, we recover well-known stylized facts of prices, both at the microstruc-
ture level and at the macroscopic scale.

1. Introduction. A Hawkes process (N;);>0 is a self exciting point process,
whose intensity at time ¢, denoted by A;, is of the form

h=p+ Y ¢(r—J,->=u+/(0t)¢<t—s>d1vs,

0<Ji<t

where u is a positive real number, ¢ a regression kernel and the J; are the points
of the process before time ¢; see Section 2 for more accurate definitions. These
processes were introduced in 1971 by Hawkes (see [22-24]) for the purpose of
modeling earthquakes and their aftershocks; see [1]. However, they are also used
in various other disciplines. In particular, in recent years, with the availability of
(ultra) high-frequency data, finance has become one of the main domains of appli-
cation of Hawkes processes.

The introduction of Hawkes processes in finance is probably due to Chavez-
Demoulin et al. (see [14]), in the context of value at risk estimation, and to Bow-
sher (see [12]), who jointly studied transaction times and midquote changes, using
the Hawkes framework. Then, in [9], Bauwens and Hautsch built so-called latent
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factor intensity Hawkes models and applied them to transaction data. Another pi-
oneer of this type of approach is Hewlett. He considered in [26] the particular
case of the foreign exchange rates market for which he fitted a bivariate Hawkes
process on buy and sell transaction data. More recently, Bacry et al. have devel-
oped a microstructure model for midquote prices based on the difference of two
Hawkes processes; see [6]. Moreover, Bacry and Muzy have extended this ap-
proach in [7] where they design a framework enabling to study market impact. Be-
yond midquotes and transaction prices, full limit order book data (not only market
orders but also limit orders and cancellations) have also been investigated through
the lenses of Hawkes processes. In particular, Large uses in [34] a ten-variate mul-
tidimensional Hawkes process to this purpose. Note that besides microstruture
problems, Hawkes processes have also been introduced in the study of other fi-
nancial issues such as daily data analysis (see [17]), financial contagion (see [2])
or credit risk; see [18].

Hawkes processes have become popular in financial modeling for two main
reasons. First, these processes represent a very natural and tractable extension of
Poisson processes. In fact, comparing point processes and conventional time series,
Poisson processes are often viewed as the counterpart of i.i.d. random variables,
whereas Hawkes processes play the role of autoregressive processes; see [16] for
more details about this analogy. Another explanation for the appeal of Hawkes pro-
cesses is that it is often easy to give a convincing interpretation to such modeling.
To do so, the branching structure of Hawkes processes is quite helpful. Recall that
under the assumption ||¢||; < 1, where |¢||; denotes the L' norm of ¢, Hawkes
processes can be represented as a population process where migrants arrive ac-
cording to a Poisson process with parameter ©. Then each migrant gives birth
to children according to a nonhomogeneous Poisson process with intensity func-
tion ¢, these children also giving birth to children according to the same nonhomo-
geneous Poisson process; see [24]. Now consider, for example, the classical case
of buy (or sell) market orders, as studied in several of the papers mentioned above.
Then migrants can be seen as exogenous orders whereas children are viewed as
orders triggered by other orders.

Beyond enabling us to build this population dynamics interpretation, the as-
sumption ||@||; < 1 is crucial in the study of Hawkes processes. To fix ideas, let us
place ourselves in the classical framework where the Hawkes process (N;) starts at
—o00. In that case, if one wants to get a stationary intensity with finite first moment,
then the condition ||¢||; < 1 is necessary. Furthermore, even in the nonstationary
setting, this condition is usually required in order to obtain classical ergodic prop-
erties for the process; see [5]. For these reasons, this condition is often called a
stability condition in the Hawkes literature.

From a practical point of view, a lot of interest has been recently devoted to
the parameter ||¢ || {. For example, Hardiman, Bercot and Bouchaud (see [21]) and
Filimonov and Sornette (see [19, 20]), use the branching interpretation of Hawkes
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processes on midquote data in order to measure the so-called degree of endogene-
ity of the market. This degree is simply defined by |¢| 1, which is also called
branching ratio. The intuition behind this interpretation of ||¢||; goes as follows:
The parameter ||¢||; corresponds to the average number of children of an individ-
ual, ||¢ ||% to the average number of grandchildren of an individual, . ... Therefore,
if we call cluster the descendants of a migrant, then the average size of a cluster is
given by > ;- lolI¥ = ll¢lli /(1 = ll@|l1). Thus, in the financial interpretation, the
average propBrtion of endogenously triggered events is ||¢|1/(1 — ||¢]|1) divided
by 1+ ll¢ll1/(1 — ll¢ll1), which is equal to [|¢]].

This branching ratio can be measured using parametric and nonparametric esti-
mation methods for Hawkes processes; see [36, 37] for likelihood based methods
and [4, 39] for functional estimators of the function ¢. In [21], very stable esti-
mations of ||¢||; are reported for the E mini S&P futures between 1998 and 2012,
the results being systematically close to one. In [19], values of order 0.7-0.8 are
obtained on several assets. A debate on the validity of these results is currently on-
going between the two groups. In particular, it is argued in [21] that the choice of
exponential kernels in [19] may lead to spurious results, whereas various bias that
could affect the study in [21] are underlined in [20]. In any case, we can remark
that both groups find values close to one for ||¢| 1, which is consistent with the
results of [4], where estimations are performed on Bund and Dax futures.

This seemingly persistent statistical result should definitely worry users of
Hawkes processes. Indeed, it is rarely suitable to apply a statistical model where
the parameters are pushed to their limits. In fact, these obtained values for ||¢||; on
empirical data are not really surprising. Indeed, one of the best-documented styl-
ized facts in high-frequency finance is the persistence (or long memory) in flows
and market activity measures; see, for example, [11, 35]. Usual Hawkes processes,
in the same way as autoregressive processes, can only exhibit short-range depen-
dence, failing to reproduce this classical empirical feature; see [29] for details.

In spite of their relative inadequacy with market data, Hawkes processes pos-
sess so many appealing properties that one could still try to apply them in some
specific situations. In [21], it is suggested to use the “without ancestors” version
of Hawkes processes introduced by Brémaud and Massoulié in [13]. For such pro-
cesses, ||@||1 = 1, but in order to preserve stationarity and a finite expectation for
the intensity, one needs to have u = 0. This is probably a relevant approach. How-
ever setting the parameter p to 0 is not completely satisfying since this parameter
has a nice interpretation (exogenous orders). Moreover it is not found to be equal
to zero in practice, see [21]. Finally, a time-varying u is an easy way to reproduce
seasonalities observed on the market; see [7] (however, for simplicity, we work in
this paper with a constant u > 0).

These empirical measures of ||¢]|1, close to one, are the starting point of this
work. Indeed, our aim is to study the behavior at large time scales of nearly un-
stable Hawkes processes, which correspond to these estimations. More precisely,
we consider a sequence of Hawkes processes observed on [0, T'], where T goes
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to infinity. In the case of a fixed kernel (not depending on 7') with norm strictly
smaller than one, scaling limits of Hawkes processes have been investigated in [5],
see also [42] for the case of non linear Hawkes processes. In this framework, Bacry
et al. obtain a deterministic limit for the properly normalized sequence of Hawkes
processes, as it is the case for suitably rescaled Poisson processes. In their price
model consisting in the difference of two Hawkes processes, a Brownian motion
(with some volatility) is found at the limit. These two results are in fact quite in-
tuitive. Indeed, in the same way as Poisson processes and autoregressive models,
Hawkes processes enjoy short memory properties. In this work, we show that when
the Hawkes processes are nearly unstable, these weakly dependent-like behaviors
are no longer observed at intermediate time scales. To do so, we consider that the
kernels of the Hawkes processes depend on 7. More precisely, we translate the
near instability condition into the assumption that the norm of the kernels tends to
one as the observation scale T goes to infinity.

Our main theorem states that when the norm of the kernel tends to one at the
right speed (meaning that the observation scale and kernel’s norm balance in a
suitable way), the limit of our sequence of Hawkes processes is no longer a de-
terministic process, but an integrated Cox—Ingersoll-Ross process (CIR for short),
as introduced in [15]. In practice, it means that when observing a Hawkes process
with kernel’s norm close to one at appropriate time scale, it looks like an integrated
CIR. Furthermore, for the price model defined in [6], in the limit, the Brownian
motion obtained in [5] is replaced by a Heston model; see [25] for definition. This
is probably more in agreement with empirical data.

The paper is organized as follows. The assumptions and main results, notably
the convergence toward an integrated CIR are given in Section 2. The case of
the difference of two Hawkes processes is studied in Section 3. The proofs are
relegated to Section 4.

2. Scaling limits of nearly unstable Hawkes processes. We give in this sec-
tion our main results about the limiting behavior of a sequence of nearly unsta-
ble Hawkes processes. We start by presenting our assumptions and defining our
asymptotic setting.

2.1. Assumptions and asymptotic framework. We consider a sequence of point
processes (N;T)tzo indexed by T.' Fora given T, (N,T) satisfies NOT =0, and the
process is observed on the time interval [0, T']. Furthermore, our asymptotic setting
is that the observation scale T goes to infinity. The intensity process (! ) is defined
for ¢t > 0 by

t
’\’T:’H/o o7 (t —s)dN]T,

10f course by T we implicitly means 7, with n € N tending to infinity.
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where 1 is a positive real number and ¢’ a nonnegative measurable function on
RT which satisfies ||¢” ||; < +oo. For a given T, the process (NtT) is defined on
a probability space (Q7, FT,PT) equipped with the filtration (]:,T)ze[o,T], where
.F,T is the o-algebra generated by (NST )s<:- Moreover we assume that for any
0§a<b§TandAe.7:aT,

E[(N] = NT)14] :EU; A1 ds],

which sets AT as the intensity of N T In particular, if we denote by (JnT)nzl the
jump times of (NIT), the process

. AT -
N - / Ay ds
0

AT

is a martingale and the law of N7 is characterized by A”. From Jacod [27], such
construction can be done. The process N7 is called a Hawkes process.

Let us now give more specific assumptions on the function ¢’ . We denote by
ll.lloo the L> norm on RT.

ASSUMPTION 1. ForteRT,

T
¢ (1) =aro(),
where (ar)r>0 is a sequence of positive numbers converging to one such that for
all T, ar < 1 and ¢ is a nonnegative measurable function such that

+00 oo
¢(s)ds =1 and /0 sp(s)ds =m < o0.

Moreover, ¢ is differentiable with derivative ¢’ such that ||¢'|cc < +00 and
¢l < +o0.

REMARK 2.1. Note that under Assumption 1, ||¢|| s is finite.

Thus, the form of the function ¢ depends on T so that its shape is fixed, but
its L' norm varies with T. For a given T, this L' norm is equal to a7 and so is
smaller than one, implying that the stability condition is in force. Note that in this
framework, we have almost surely no explosion,’

lim JnT = +o00.
n——+00
However, remark that we do not work in the stationary setting since our process
starts at time ¢t = 0 and not at t = —o0.

2n fact, for a Hawkes process, the no explosion property can be obtained under weaker conditions,
for example, fé ¢(s)ds < oo for any ¢t > 0; see [5].
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The case where ||¢7 || is larger than one corresponds to the situation where the
stability condition is violated. Since ar = l#T |11 < 1 tends to one, our framework
is a way to get close to instability. Therefore we call our processes nearly unstable
Hawkes processes. There are of course many other ways to make the L! norm
of ¢T converge to one than the multiplicative manner used here. However, this
parametrization is sufficient for applications and very convenient to illustrate the
different regimes that can be obtained.

2.2. Observation scales. In our framework, two parameters degenerate at in-
finity: 7 and (1 — ar)~'. The relationship between these two sequences will de-
termine the scaling behavior of the sequence of Hawkes processes. Recall that it
is shown in [5] that when ||¢]|; is fixed and smaller than one, after appropriate
scaling, the limit of the sequence of Hawkes processes is deterministic, as it is, for
example, the case for Poisson processes. In our setting, if 1 — ar tends “slowly”
to zero, we can expect the same result. Indeed, we may have T large enough so
that we reach the asymptotic regime and for such T, ar is still sufficiently far from
unity. This is precisely what happens, as stated in the next theorem.

THEOREM 2.1. Assume T (1 — ar) — 400. Then, under Assumption 1, the
sequence of Hawkes processes is asymptotically deterministic, in the sense that
the following convergence in L* holds:

1 —ar

sp ~— TN, —E[N,]| 0.

vel0,1]

On the contrary, if 1 — a7 tends too rapidly to zero, the situation is likely to
be quite intricate. Indeed, for given T, the Hawkes process may already be very
close to instability whereas T is not large enough to reach the asymptotic regime.
The last case, which is probably the most interesting one, is the intermediate case,
where 1 — ar tends to zero in such a manner that a nondeterministic scaling limit
is obtained, while not being in the preceding degenerate setting. We largely detail
this situation in the next subsection.

2.3. Nondegenerate scaling limit for nearly unstable Hawkes processes. We
give in this section our main result: a nondegenerate scaling limit for a sequence of
properly renormalized nearly unstable Hawkes processes. Before giving this theo-
rem, we wish to provide intuitions on how it is derived. Let MT be the martingale
process associated to N T thatis, forr > 0,

t
M,T=N,T—/0 Al ds.

We also set /! the function defined on Rt by

o0

v =Y ")),

k=1
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where (¢7)*! = ¢7 and for k > 2, (¢7)** denotes the convolution product of
(¢T)*(k_1) with the function ¢ . Note that ¥ 7 (¢) is well defined since ||¢7 ||; < 1.
In the sequel, it will be convenient to work with another form for the intensity. We
have the following result, whose proof is given in Section 4.

PROPOSITION 2.1. Forallt >0, we have

t t
A,T:,H/O wT(t—s),uds—i—/(; Yyl —syam!?.

Now recall that we observe the process (N,T) on [0, T']. In order to be able to
give a proper limit theorem, where the processes live on the same time interval, we
rescale our processes so that they are defined on [0, 1]. To do so, we consider for
t €0, 1]

tT tT
xtTTqur[O v (Tt —s)uds + A Y (Tt —s)yam/.

For the scaling in space, a natural multiplicative factor is (1 — ar). Indeed, in
the stationary case, the expectation of ktT is /(1 — ||¢T|l1). Thus the order of
magnitude of the intensity is (1 — az)~!. This is why we define

(1) cl =1 —ar).

Understanding the asymptotic behavior of C tT will be the key to the derivation
of a suitable scaling limit for our sequence of renormalized processes. We will see
that this behavior is closely connected to that of the function 7. About 7, one
can first remark that the function defined for x > 0 by

T v’
2 pr(x)=T (T'x)
T
is the density of the random variable
1
xT=-Y"x,
T ; ’

where the (X;) are i.i.d. random variables with density ¢ and I7 is a geometric
random variable with parameter 1 — a7y (Vk > 0, PIIT =kl =1 —ap)(ap)* .
Now let z € R. The characteristic function of the random variable X, denoted
by p7, satisfies

o0
0 i E : —lmr,i kx,
,OT(Z) = E[e ZXT] — (1 _ aT)(aT)k I]E[e (/T) iy X,]
k=1

00 k n
e =12 2)) = ¢(Z/T)A ’
Ll menen (4(7)) =1 @r/(—ar)@E/T)— )
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where ¢A5 denotes the characteristic function of X . Since
+o00
/ sp(s)ds =m < 00,
0

the function ¢ is continuously differentiable with first derivative at point zero equal
to im. Therefore, using that ar and ¢() both tend to one as T goes to infinity,

o7 (z) is equivalent to
1
1 —izm/(T(1 —ar))
Thus, we precisely see here that the suitable regime so that we get a nontrivial
limiting law for X7 is that there exists A > 0 such that

3) T(l—aT) = A
—+00

When (3) holds, we write dp = m/A. In fact we have just proved the following
result.

PROPOSITION 2.2.  Assume that (3) holds. Under Assumption 1, the sequence
of random variable XT converges in law toward an exponential random variable
with parameter 1/dy.

This simple result is of course not new. For example these types of geometric
sums of random variables are studied in detail in [32]. Note also that when X is
exponentially distributed, X7 is also exponentially distributed, even for a fixed 7.

Assume from now on that (3) holds and set ur = T(1 —ar)/A (so that ur goes
to one). Proposition 2.2 is particularly important since it gives us the asymptotic
behavior of 7 in this setting. Indeed, it tells us that

Yy (0 = pT (2L~ 2 pmrom L _ L st
Aur  m A m
Let us now come back to the process C', which can be written

@ cr=q —aT),u+,u/0tuTM//T(Ts)ds+/; \/XwT(T(t—s))\/cTTdBST,

with

(T dMT
5) B = /

By studying its quadratic variation, we will show that B represents a sequence
of martingales which converges to a Brownian motion. So, heuristically replacing
BT by a Brownian motion B and /7 (Tx) by %e*“/m in (4), we get

A t
C® =p(l —e"*/m)y 4 %/O e~ UmIG/m) [Cooqp.
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Applying Itd’s formula, this gives

t
C[OO:/O(M—COO ds—i——/‘/ < 4B,

which precisely corresponds to the stochastic differential equation (SDE) satisfied
by a CIR process.

Before stating the theorem which makes the preceding heuristic derivation rig-
orous, we consider an additional assumption.

ASSUMPTION 2. There exists K, > 0 such that forall x > 0 and T > 0,

lpT ()| < K,.

Note that Assumption 2 is in fact not really restrictive. Indeed, if ¢ is decreas-
ing, then any ol is decreasing. Thus, since | o1 (0)] is bounded, Assumption 2
holds in this case. Also, from [38] (page 214, point 5), we get that if ||@|co < 00
and f0+°° |s|3¢>(s) ds < 400, then Assumption 2 follows. From [32] (Chapter 5,
Lemma 4.1), another sufficient condition to get Assumption 2 is that the random
variable X with density ¢ can be written (in law) under the form X; = F + Y,
where E follows an exponential law with parameter y > 0 and Y is independent
of E. We now give our main theorem.

THEOREM 2.2. Assume that (3) holds. Under Assumptions 1 and 2, the se-
quence of renormalized Hawkes intensities (C,T ) defined in (1) converges in law,
for the Skorohod topology, toward the law of the unique strong solution of the
following Cox—Ingersoll-Ross stochastic differential equation on [0, 1]:

t
X, :/0 (,u—Xs)—ds—I——/ VX, dB,.
Furthermore, the sequence of renormalized Hawkes process
T —ar T
Vi =—F—Nir
converges in law, for the Skorohod topology, toward the process

t
/ X ds, te[0,1].
0

2.4. Discussion.

e Theorem 2.2 implies that when ||¢||; is close to 1, if the observation time T
is suitably chosen [that is of order 1/(1 — ||¢]l1)], @ nondegenerate behavior
(neither explosive, nor deterministic) can be obtained for a rescaled Hawkes
process.
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e This can, for example, be useful for the statistical estimation of the parameters of
a Hawkes process. Indeed, designing an estimating procedure based on the fine
scale properties of a Hawkes process is a very hard task: Nonparametric meth-
ods are difficult to use and present various instabilities (see [4, 20]), whereas
parametric approaches are of course very sensitive to model specifications; see
[20, 21]. Considering an intermediate scale, where the process behaves like a
CIR model, one can use statistical methods specifically developed in order to
estimate CIR parameters; see [3] for a survey. Of course, only the parameters A,
m and p can be recovered this way. Therefore, there is clearly an information
loss in this approach. However, it still gives us access to quantities which are
important in practice; see Section 1. In some sense, it can be compared to the
extreme value theory based method for extreme quantile estimation, where one
assumes that the random variables of an i.i.d. sample belong to some max sta-
ble attraction domain. Indeed, these two methods lie between a fully parametric
one, where a parametric form is assumed (for the law of the random variables or
the function ¢), and a fully nonparametric one, where a functional estimator (of
the repartition function or of ¢) is used in order to reach the quantity of interest
(the quantile or the L! norm of ¢).

e CIR processes are a very classical way to model stochastic (squared) volatilities
in finance; see the celebrated Heston model [25]. Also, it is widely acknowl-
edged that there exists a linear relationship between the cumulated order flow
and the integrated squared volatility; see, for example, [41]. Therefore, our set-
ting where ||@|; is close to one and the limiting behavior obtained in Theo-
rem 2.2 seem in good agreement with market data.

e For the stationary version of a Hawkes process, one can show that the variance of
NIis of order T (1 — [|¢7 ||1)~3; see, for example, [13]. Therefore, if 7 (1 — ar)

tends to zero, that is, ||¢7 ||; goes rapidly to one, then the variance of @NYT
blows up as T goes to infinity. This situation is therefore very different from the
one studied here and is therefore out of the scope of this paper.

e The assumption f0+°° s¢(s)ds < 400 is crucial in order to approximate !
by an exponential function using Proposition 2.2. Let us now consider the fat
tail case where the preceding integral is infinite. More precisely, let us take a
function ¢ which is of order xlﬁ’ 0 <« <1, as x goes to infinity. In this case,
following the proof of Proposition 2.2, we can show the following result, where

we borrow the notation of Proposition 2.2.

PROPOSITION 2.3. Let Eg be a random variable whose characteristic
function satisfies

- I
Bl )= e

Assume (ﬁ(z) —1~g0(iz)* forsomeo >0,0<a <land (1 —ar)T* - A >
0. Then XT converges in law toward the random variable EZ,.
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Thus, when the shape of the kernel is of order x~ 40 the “right” observa-
tion scale is no longer T ~ 1/(1 — ||¢||1), but T ~ 1/(1 — ||¢|l1)!/%. Remark
also that if we denote by Ey g the (a, ) Mittag—Leffler function, that is,

00 P
Fer @ = 2 Sy

(see, e.g., [40]), then the density ¢¢ of E¢. is linked to this function since

P (x) = x* " Eq o (—x7).

Now let us consider the asymptotic setting where u” = u7% !, ¢7 = ar¢
with a7 =1 — % and ¢ as in Proposition 2.3. If we apply the same heuristic
arguments as those used in Section 2 to the renormalized intensity

(L —arp)

T
CT Ta—1

’

we get the following type of limiting law for our sequence of Hawkes intensities:

! o ! o 1
Xo=p [ 50 —sds+ [ 95,0 ~9) /K. dB,

These heuristic arguments are, however, far from a proof. Indeed, in this case,
we probably have to deal with a non semi-martingale limit. Furthermore, tight-
ness properties which are important in the proofs of this paper are much harder
to show (in particular the function ¢¢ is not bounded). We leave this case for
further research.

e In the classical time series setting, let us mention the paper [8] where the au-
thors study the asymptotic behavior of unstable integer-valued autoregressive
model (INAR processes). In this case, CIR processes also appear in the limit.
This is, in fact, not so surprising since INAR processes share some similarities
with Hawkes processes. In particular, they can somehow be viewed as Hawkes
processes for which the kernel would be a sum of Dirac functions.

3. Extension of Theorem 2.2 to a price model. In the previous section, we
have studied one-dimensional nearly unstable Hawkes processes. For financial ap-
plications, they can, for example, be used to model the arrival of orders when the
number of endogenous orders is much larger than the number of exogenous orders,
which seems to be the case in practice; see [19, 21]. In this section, we consider
the high-frequency price model introduced in [6], which is essentially defined as a
difference of two Hawkes processes. Using the same approach as in Theorem 2.2,
we investigate the limiting behavior of this model when the stability condition is
close to saturation.
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3.1. A Hawkes-based price model. 1In [6], tick-by-tick moves of the midprice
(Py):=0 are modeled thanks to a two-dimensional Hawkes process in the following
way: For t > 0,

P,=Nt—-N,

where (N, N7) is a two-dimensional Hawkes process with intensity

(Af) _ (u) N / <¢1<z —5) $alt —s>> <st+)

Ar Iz 0 \pa(t —s) ¢1(t—s)) \dN7 )’

with ¢1 and ¢», two nonnegative measurable functions such that the stability con-
dition

+o00 +00
/ o1(s)ds +f r(s)ds < 1
0 0

is satisfied.

This model takes into account the discreteness and the negative autocorrelation
of prices at the microstructure level. Moreover, it is shown in [5] that when one
considers this price at large time scales, the stability condition implies that after
suitable renormalization, it converges toward a Brownian motion (with a given
volatility).

3.2. Scaling limit. In the same spirit as in Section 2, we consider the scaling
limit of the Hawkes-based price process when the stability condition becomes al-
most violated. More precisely, following the construction of multivariate Hawkes
processes of [5], for every observation interval [0, T'], we define the Hawkes pro-
cess (NT+, NT—) with intensity

)=+ 0 Gy ) (i)
M) \u) o \gle—s) ¢l —5)) \aNS=)"
with ¢1T and ¢2T , two nonnegative measurable functions. Note that in this construc-

tion, N* and N7~ do not have common jumps; see [5] for details. We consider
the following assumption.

ASSUMPTION 3. Fori=1,2andt e RT,

T

¢; (t) =ar¢i(1),
where (ar)7>0 18 a sequence of positive numbers converging to one such that for
all T, ar < 1 and ¢; and ¢, are two non negative measurable functions such that

+00 +00
d1(5) +¢o(s)ds =1 and /0 s(1(5) + ¢p2(s))ds =m < oo.

Moreover, the support of ¢ has non zero Lebesgue measure and fori =1, 2, ¢; is
differentiable with derivative ¢ such that ||¢! |l < 400 and [|¢][1 < +o00.
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We will also make the following technical assumption.

ASSUMPTION 4. Let

YT =3 (ar(¢1 +¢))* and pT(0)=T it (Tx).

k=1 (W24
There exists K, > 0 such that forall x >0 and T > 0,

lp" ()] < K.

We work with the renormalized price process

1 T T—
?(N i — N7y )

The following theorem states that if we consider the rescaled price process over
the right time interval, that is, if we take T of order 1/(1 — ||¢11l1 — ll¢2l1), it

asymptotically behaves like a Heston model; see [25].

(6) Pl =

THEOREM 3.1. Let ¢ = ¢ — ¢p2. Assume that (3) holds. Under Assumptions 3
and 4, the sequence of Hawkes-based price models (PtT) converges in law, for the
Skorohod topology, toward a Heston-type process P on [0, 1] defined by

2 A 1
dQ:(%‘—Ct) dt—{——\/adBl, Co=0,

dP,=———\/C/dB?, Py =0,
a 1—||¢||1

with (BY, B?) a bidimensional Brownian motion.

4. Proofs. We gather in this section the proofs of Theorem 2.1, Proposi-
tion 2.1, Theorems 2.2 and 3.1. In the following, ¢ denotes a constant that may
vary from line to line.

4.1. Proof of Theorem 2.1. Let v € [0, 1]. From Lemma 4 in [5], we get

Tv
E[NI,]=nTv+p A v (Tv—s)sds

and
T T T v r T
NTU_E[NTU]=MTU+A w (TU—S)MS dS.

Thus, using that

llp" 11

T —
Vo= e
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we deduce
1—[lo7 |l 1— g7 Iy
————— (N7, —E[Nf,]) < ————(1+[¥"],) sup [M]]
T T 1€[0,T]
1
<— sup [M]].
1€l0,T]

Now recall that M7 is a square integrable martingale with quadratic variation pro-
cess NT. Thus we can apply Doob’s inequality which gives

2 5 T
E[( sup MT) | <4 sup E[(MI)] <4E[NI]<4p———.
[<te[0,T] ! ) ] 1€[0,7] ()] V7] -7
Therefore, we finally obtain
L—llo" I 7 ) A
E[sup(iN —E|N )]S—,
S VE) 71—

which gives the result since 7(1 — [|¢”||1) tends to infinity.

4.2. Proof of Proposition 2.1. From the definition of AT, using the fact that ¢
is bounded on [0, ¢], we can write

t t
3T =t fo o7t —s)yamT + fo o7 (t — AT ds.
We now recall the following classical lemma; see, for example, [5] for a proof.

LEMMA 4.1. If f(t) =h(t) + fot dT (t — ) f(s)ds with h a measurable lo-
cally bounded function, then

t
J(@) =h() +f0 YT (t = s)h(s)ds.
We apply this lemma to the function / defined by

t
h(t) =u,+/0 T (t —s)ydm? .
Thus, we obtain

t
xf:;urfo o7 (t —s)dm!

t N
+ / vl — s)(u + / o (s — r)erT) ds.
0 0
Now remark that using Fubini theorem and the fact that

yhxgl =yl g,

(7N
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we get

t s t t
T T T ;o _ T, oT(e T
/(;w (t—s)/o ¢ (s—r)dM, ds—/(; /0 Lr<s¥' (t —5)¢" (s —r)dsdM,
:/t/t_rtl/T(t—r—s)¢T(s)ddeT
0 Jo g
:/(;tlpT*(l)T(t—r)dM,T

t t
= ] vl —rydm! — / o7 (t —ryam?.
0 0
We conclude the proof rewriting (7) using this last equality.

4.3. Proof of Theorem 2.2. Before starting the proof of Theorem 2.2, we give
some preliminary lemmas.

4.3.1. Preliminary lemmas. We start with some lemmas on ¢ and its Fourier
transform ¢ (the associated characteristic function).

LEMMA 4.2. Let § > 0. There exists ¢ > 0 such that for any real number z
with |z| > 6,
1-¢@)|=e.

PROOF. Since ¢ is bounded, $(z) tends to zero as z tends to infinity. Conse-
quently, there exists b > § such that for all z such that |z| > b,

$(2)| < 4

Now, let M denote the supremum of the real part of <;3 on [—b, 8] U [6, b],
since qs is continuous this supremum is attained at some point zg. We have
M= Re(q%(zo)) = [E[cos(zoX)], with X a random variable with density ¢. Since
¢ is continuous, almost surely, X does not belong to 2w /zpZ. Thus M =
E[cos(zoX)] < 1. Therefore, taking ¢ = min(%, 1 — M) we have the lemma. [

Using that ||¢’||; < +00, integrating by parts, we immediately get the following
lemma.

LEMMA 4.3. Let z € R. We have |q§(z)| <c/l|z|.
We now turn to the function p” defined in (2). We have the following result.

LEMMA 4.4. There exist ¢ > 0 such that for all real z and T > 1,

57 (2)] §c<l NE )

Z
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PROOF. First note that as the Fourier transform of a random variable,
|pT | < 1. Furthermore, using Lemma 4.2 together with the fact that

+00
/ x¢p(x)dx =m < +o00,
0
we get that there exist § > 0 and ¢ > O such that if |x| <,
N m
[Im(¢) (x)| > EIXI
and if |x| > 4,
[1—p(0)|>e.

Therefore, we deduce that if |z/T| < §,

1 —ar)¢@/T)| _ (—ar) _2(l—apT
1 —ard(z/T) |~ ar|Im@)(z/T)| ~ armlz
and, thanks to Lemma 4.3, if |7/ T| > §

| —an)léG/T)| el —anT _
1=¢@/D —  lele T N

157 ()| = ( <c/lzl

15T (2)] < (

The next lemma gives us the L? convergence of p” .

LEMMA 4.5. Let p(x) = %e_“/ " be the density of the exponential random
variable with parameter )./m. We have the following convergence, where | - |»
denotes the L*> norm on R

" — pl, 0.

PROOF. Using the Fourier isometry, we get
o — ol = 510"~ 7l
2 2 2°
From Proposition 2.2, for given z, we have (p! (z) — p(z)) — 0. Thanks to
Lemma 4.4, we can apply the dominated convergence theorem which gives that
this convergence also takes place in L2. [

We now give a Lipschitz type property for p” .

LEMMA 4.6. There exists ¢ > 0 such that forall x >0,y >0and T > 1,

T (x) = pT ()] <eTlx —yl.
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PROOF. We simply compute the derivative of p? on R, which is given by
T
(W

Using that ||¥7 || = ar/(1 — ar) together with the fact that 7 (1 — ar) — A, we
get

(") @) =T (T2 90T (T ).

Ty T
() O =T (cl¢ oo + 16711117 o0)- O
We now consider the function f7 defined for x > 0 by
mar —
Ty =>==—=pT ) —e /b,
Aur
We have the following obvious corollaries.
COROLLARY 4.1. We have
/]fT(x)\zdx — 0.
COROLLARY 4.2. There exists ¢ > 0 such that for any 7 > 0,
M@ <c.
COROLLARY 4.3. There exists ¢ > 0 such that for any 7 > 0,
1)
—|A1).
Z

COROLLARY 4.4. There exists ¢ > 0 such thatforallx >0,y >0and T > 1,

T = T <eTlx = yl.

177 )] < c<

We finally give a lemma on the integrated difference associated to the func-
tion f7.

LEMMA 4.7. Forany 0 < ¢ < 1, there exists c. such that for all t,s > 0,

fR(fT(t—u)—fT(s—u))zdu§cg|t—s|1‘5-

PROOF. Defining gZS w=fre—u)— fT(s—u), we easily get

|§t7:s(w)| — ‘e—zwt - e—iws||]’€7‘(w)|‘
Thus, from Corollary 4.3 together with the fact that

—lwt __ e—lws

w(t —s)

e
=<1,
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we get

A;(fT(t —u)— fIGs —u))Zdu

~ 2
SC/R|g,T,s(w)| dw
: : 1
Scf et —e_””s|2( —2‘ A 1>dw

R w

—iwt —iws (1—e
C/ 2l+8 (
R

e — €
<celt —s|' 7% O

1
—) A 1>w1_sdw|t —s|le
w(t —s) w?

4.3.2. Proof of the first part of Theorem 2.2. We now begin with the proof of
the first assertion in Theorem 2.2. We split this proof into several steps.

Step 1: Convenient rewriting of CT. In this step, our goal is to obtain a suitable
expression for CtT . Let dy = m /. Inspired by the limiting behavior of ¥ given
in Proposition 2.2, we write equation (4) under the form

A t
cr =Rl + (1 _e—f/40)+§/0 e~ =9/ JcT BT,

where R! is obviously defined. Using integration by parts (for finite variation
processes), we get

c,TthTerﬂ/O _”/dodv+—/ JCIdB!
0

_ A t(/ve—(”—”/do CSTdBST>dv.
0

md() 0
Then remarking that
N
~N e~ (W=9)/do CT dBT CT _ RT 1 — ¢~ V/do
x| / 1 = eV,
we finally derive

1 t
®) ctTZUtTer—O/O (u—cl ds+—f JCIran’,

with
T 1 /tRTd
— s.
doJo °

Form (8) will be quite convenient in order to study the asymptotic behavior of CtT .
Indeed, we will show that UtT vanishes so that (8) almost represents a stochastic
differential equation.
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Step 2: Preliminaries for the convergence of UT. We now want to prove that
the sequence of processes (UtT),e[o,l] converges to zero in law, for the Skorohod
topology, and therefore uniformly on compact sets on [0, 1] (u.c.p.). We show
here that to do so, it is enough to study a (slightly) simpler process than U7 .
First, it is clear that showing the convergence of (RtT )ref0,1] to zero gives also the
convergence of U . Now recall that

t T

R/ =na —“T)_”<(1 _e_t/do)_/o aTTIIlIﬁ//Tlll

+ «/X/(:@T(T(z —5)) — %eUWO)\/CTTdBST.

Since ar tends to one, the first term tends to zero. For ¢ € [0, 1], Proposition 2.2
gives us the convergence of

(Ts) ds)

t Til/fT Ts)d
e T, s

toward 1 — e~/%_ Using Dini’s theorem, we get that this convergence is in fact
uniform over [0, 1]. Thus, using equation (5), we see that it remains to show that
(Y,;T)ze[O,l] goes to zero, with

Yy = /Ot (my T (T(t —u)) — e~ C—/40) g

where MZT = MtTT/T.

Step 3: Finite dimensional convergence of YT. We now show the finite dimen-
sional convergence of (YtT),e[(), 1]

LEMMA 4.8. Forany (t1,...,t,) € [0, 11", we have the following convergence
in law:

(¥

tpoe Iy,

PROOF. First note that the quadratic variation of M~ at time ¢ is given by
NZTT /T2, whose predicable compensator process at time 7 is simply equal to

1 tT
72 Jo

Using this together with the fact that

Al ds.

ar

t
E[Kf]=u+/xf0 wT(t—S)dS§M+M1 <cT,

_aT
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we get

t
E[(YT)]<c / (my T (Tt — ) — e~ @=9/d0Y? g,
0
Now remark that
myT (Tt —s5)) —e 9o = fT(r —),
where f7 is defined by f7(x) =0 for x <0 and

mar -
fl =2 p ) =/

for x > 0, with ,OT the function introduced in equation (2). From Corollary 4.1,
E[(YzT)z] — 0,

which gives the result. [J

Step 4: A Kolmogorov-type inequality for YT . To prove the convergence of YT
toward 0, it remains to show its tightness. We have the following Kolmogorov-type
inequality on the moments of the increments of Y7, which is a first step in order
to get the tightness.

LEMMA 4.9. For any € > 0, there exists c. > 0 such that forall T > 1,0 <
t,s <1,

_ 1 _
9) E[(v] —v])*] §ce(lt—s|3/2 8+ﬁ|t—s|1 8).

PROOF. Let /,LE[MZLT I denote the fourth moment measure of MT; see the Ap-
pendix in [30] for definition and properties. We have

E[(r] - ¥])"]
4

_ T li T t EMT]
= Ff[ojy‘ (lljl[f (l - ?) —f (S - ?)])M 41(dn, dny, dt3, diy).

Therefore, using Lemma A.17 in [30], we obtain

T T\4 c [T 1 u T u
Bl v =5 [ (= 5) =77 (5= 5)
c (T .1 u T( u)
JR— t__ — [ —
+T3./0 f( T> T
[l =3)=r(s- 7))

X —_— p— —_——
0 T ST

4

3




eI GG
<[re-5)-rG-5)f

(Nl C=7) -7 =5 o)
[l e-5)-r G- 5)

Then, using the Cauchy-Schwarz inequality together with Corollary 4.2 and
Lemma 4.7, we get

/OT fT<t—%> —fT<s— %) du SCSTW

and for p =2, 3,4,

T u u\ P B
/(; fT<t—?>—fT<s—7) du < c.T|t —s|' ¢,

which allows us to complete the proof. [J

Step 5: Tightness. Let us define Y7 the linear interpolation of Y7 with mesh
1/T4,

T _ yvT 4 4 T T

Y=Y payypa + (T = T DO sy s = Yigrs rs):
We use this interpolation since for  — s = 1/ T*, both terms on the right-hand side
of (9) have the same order of magnitude and for t —s > 1/ T* the second term
becomes negligible. We have the following lemma.

LEMMA 4.10. The sequence (YT) is tight.

PROOF. We want to apply the classical Kolmogorov tightness criterion
(see [10]) that states that if there exist y > 1 and ¢ > 0 such that for any
O0<s<t<l,

A

then Y7 is tight. Note that such inequality can of course not hold for Y7 since it is
not continuous. Let ntT = |#T*] and nYT = |sT*].Let0 < ¢, &' < 1/4and T > 1.
There are three cases:

T

o Ifn! =nT!, using Lemma 4.9, we obtain that

E[(r - ¥])"]

N
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is smaller than

|t = sI*TB[(Y 1 1y /7¢ — Y1 jr0)*] < 1% — s|*

Ce TaG3/2—0)

1
T4G—¢)"

16, _ o1+¢
=Cerqamal Il

Since 0 < ¢, ¢’ < 1/4, this leads to
E[(¥] — ¥I)*] < colt — )"
o If ntT = nsT +1,

E[(7] = ¥)) = cB[(7] = V] 1) 1+ BT o = V) ] < celt = s

n] nl /T4 — iy

o Ifn! >n! 42, using again Lemma 4.9, we get

ST ST\ =T 5 4 5 4
E[(YtT - YsT) = CE[(YtT - YnT,T/th) ]+ CE[(Y(Z[H)/T‘* - YsT) ]

5T =T 4
+ CE[(YnZ/T4 - Y(nST-H)/T“) ]

1 1+¢’
SC&‘(F) +CE T4 - T4

min(3/2—e¢,1+¢’)

n,T nST +1 ‘3/2_8

<celt —s|
Hence the Kolmogorov criterion holds, which implies the tightness of YT,

g
We now show that the difference between Y7 and Y7 tends uniformly to zero.

LEMMA 4.11. We have the following convergence in probability:

sup ¥ —vI|—o0.
lt—s|<1/T*

PROOF. RecallthatforO0<s<t<1,
T T ST T a7l Lor il
Y —v!|= /0 flfit—u—f (s—u)dMu—i—/ frae—uwdMm,|.
N
Thus, we have that | ¥,/ — Y| is smaller than

/OSTUT(I —u/T)— fT(s —u/T)|(dN] +Audu)%

+/ZT|fT(r —u/T)|(dN] + azu)l
sT “ ! T‘
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Using Corollaries 4.2 and 4.4, we obtain

T tT 1
lvf —vr| §c|t—s|<NTT+/O xfdu>+c<NtTT—NSTT+/ST xfdu>?.

Consider now

sup ¥ Y]]
lt—s|<1/T*4
This is smaller than
1 - T .
CF<NT +/0 A, du)
(10)
Livr T (G+1)/THT .
* 2Ci=0r,r.l.?)L(T4J 7<N((i+1)/T“)T - N(i/T4)T + /(i/T4)T A, du).

From Lemma A.5 in [30], we have
T
IE|:NTT +/ AT du} <cT?
0

Thus, the first term on the right-hand side of (10) tends to zero. For the second
term, we use Lemma A.15 in [30] (with t = ’;%T and s = #T) which gives that

E 1 NT NT ((i+1)/T4)T/\Td 3 _c
7 \ G+ rhHT T (i/T4>T+/(,-/T4)T u du =75

So, for any ¢ > 0, using Markov’s inequality, we get

1/ T G+D/THT ¢
P[F(N((i-kl)/T‘*)T ~Niroyr + /(i/T4)T M d“) = 8] =75

From this inequality, since the maximum is taken over a number of terms of or-
der T*, we easily deduce that the second term on the right-hand side of (10) tends
to zero in probability. [J

We end this step by the proposition stating the convergence of Y7 .
PROPOSITION 4.1. The process YT converges u.c.p. to 0 on [0, 1].

PROOF. We have
sup |Y| < sup |¥|+ sup |V —Y¥/]|.
1€[0,1] 1€[0,1] 1€[0,1]
From Lemmas 4.8 and 4.10 we get that YT tends to zero, in law for the Skorohod
topology. This implies the u.c.p. convergence. Applying Lemma 4.11 we get the
result. [
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Step 6: Limit of a sequence of SDEs. In this last step, we show the convergence
of the process (C IT )refo,1] toward a CIR process. To do so, we use the fact that C r
can almost be written under the form of a stochastic differential equation. Indeed,
recall that

1 t
Cf:UtT+d—O/()(M—C ds—l——/ CcTdB!,

with

tT T

BIT = i Uur / aM; .

Then we aim at applying Theorem 5.4 in [33] to CT. This result essentially says

that for a sequence of SDEs where the functions and processes defining the equa-

tions satisfy some convergence properties, the laws of the solutions of the SDEs

converge to the law of the solution of the limiting SDE. We now check these con-

vergence properties.

The sequence of processes (B”) is a sequence of martingales with jumps uni-

formly bounded by c/,/u. Furthermore, for ¢ € [0, 1], the quadratic variation of
(BT) at point ¢ is equal to

1T dNT ( T dMsT)
_— = MT .
T Jo AT o TAl

Now, remark that

1T dMI'\? T o1
E[( 0 TAST) :IEE[/O 2T ds}fc/(T“)'

Therefore, we get that for any ¢ € [0, 1], the quadratic variation of (B”) at point
t converges in probability to ¢. Thus, we can apply Theorem VIIL.3.11 in [28]
to deduce that (BtT),e[o,l] converges in law for the Skorohod topology toward a
Brownian motion.

Since UT converges to a deterministic limit, we get the convergence in law,
for the product topology, of the couple (UIT, B,T)e[o,l] to (0, B)¢o,1], with B a
Brownian motion. The components of (0, B;) being continuous, the last conver-
gence also takes place for the Skorohod topology on the product space.

Finally, recall that the (CIR) stochastic differential equation

X, = /(M X)—ds—l——f VX, dB;

admits a unique strong solution on [0, 1]. This, together with the preceding ele-
ments enables us to readily apply Theorem 5.4 in [33] to the sequence CT, which
gives the result.
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4.3.3. Proof of the second part of Theorem 2.2. We now give the proof of
the second part of Theorem 2.2 which deals with the sequence of Hawkes pro-
cesses N7 . Let

(I—ar)

vI =
d T

N
We write

VT :/0’c}ds+zr4f,
where

~r _ (l—ar) T [TT
Mt=T<NtT_,/o Asds

is a martingale. Using Doob’s inequality, we obtain

_ 2
]E[(supze[o,l] MIT)z] < 4IE[(M1T)2] < 4(QTQT))

Moreover, (CT, t) converges in law over [0, 1] to (C, t) for the Skorokod topology.
This last remark and Theorem 2.6 in [31] on the limit of sequences of stochastic
integrals give the result.

4p(l —ar)
—_ >

E[N7] < ——

0.

4.4. Proof of Theorem 3.1. 'We first introduce some notation. In this proof, we
write
+0o0

o7 =gl —¢7 and y7 =) (7).
k=1
Moreover, we set
T+ T—
cT — Mr A
=101
T
and define
(Bl)T_/’T dM{* +dM - (BZ)T_/IT dMIt —am!-
t ’ t ’
O VTS O VTS
with

N N
MST+=NST+—f AItds,  MIT=NI— —/ A= ds.
0 0
Finally, we set

T+ T—
—r+ My —7r—- My
Mt == Tt ) Ml‘ == Tt

We split the proof of Theorem 3.1 into several steps.
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Step 1: Convenient rewriting. In this first step, we rewrite the price, intensity
and martingale processes under more convenient forms. We have

t t
At =l =/0 o't —s)(A T =AY ds +/0 o"(t —s) @Mt —am!).
Therefore, in the same way as in the proof of Proposition 2.1, we get
t
At AT = /0 vl —s)(dMIt —dm!I™).
From this last expression, we easily obtain
t
(11) N,T+—NIT_=/0 (14+9T ¢t —w)(dMIt —dmI),
with
X
vl (x) = / vl (s)ds.
0
Finally, note that
—T+ 5T- 1 T T— ! NT
(12) M, —M, :?(MT;__MTz ):/0 CsTd(B )s'
Step 2: Preliminary result. For s € [0, 1], we define
T T—
XT _ )“s; B )‘sT
s .
T

We have the following important result.
LEMMA 4.12.  The process X! converges u.c.p. to 0 on [0, 1].
PROOF. We write
x7 :/Ot fla—syddl* =3,
with flT (x) = ¢ T(Tx). Note that Corollaries 4.1, 4.2, 4.3 and 4.4 are valid if in

their statement, f7 is replaced by flT. In the proof of Theorem 2.2, we have shown
the convergence to zero of the process

T —T
YTT=/ ffae—s)am, .
0

Therefore, applying the same strategy but replacing f7 by flT and M by M-
HT_, it is clear that we get the result. [
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Step 3: Convergence of (B!, B?). In this step, we prove the convergence of
(B!, B?) toward a two-dimensional Brownian motion. To do so, we study the
quadratlc (co- )Varlatlons of the processes. Let i € {1,2}, j € {1,2}. We denote
by [(B’ T (BT, the quadratic co-variation of B! and B/ at time 7.

LEMMA 4.13.  We have the following convergence in probability:
[(B)". (B))'], — t1i—.

PROOF. There are three cases:
e If i = j =1, using that N7 * and N7~ have no common jumps, we get
ftT ANt +dN] = - /tT dMIt +am!-
0 0

T Ty _
(B (B) ) = TOIT 207 TOIT 427

t

Furthermore,

T dMIt +dmMI—\? t
E[(/ ST+ = >i|§c——>0.
o TOIt 4+l T
Therefore we have the result fori = j = 1.
e Ifi = j =2, the proof goes similarly.
e Ifi=1andj=2,

()83, = [

1T NI+ —dNT~

TOIT +2I)
_/fT dMIT —dMI= +1T+ds — T~ ds
TOIT+2I7)

As for the case i = j = 1, we easily get
/tT dMST+ _ dMsT_
0

— 0.
Tt +1I7)

It remains to show the convergence to zero of Z ,T defined by

f s ds.

cr

xTr t

. )ds—i—/o ler o ds.

From Lemma 4.12, we have the convergence of the process X' to zero. Fur-
thermore, in Lemma 4.15 we will show that CT converge in law over [0, 1]
toward a CIR process denoted by C. Therefore, since the limiting processes are

For any ¢ > 0, we have

27 = [ (14
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continuous, we have the joint convergence of (X7, C Ty to (0, C). We now use
Skorohod representation theorem (without changing notation). Almost surely,
for T large enough, we have

sup [XT|<e%  sup [CT —Cy| =e.
s€[0,1] s€[0,1]

This implies

t xT t 1
f(l/\' : )ds—l—/ lcr<8ds§8+/ ley<2e ds.
0 € o 0

Recall that the set of zeros of a CIR process on a finite time interval has zero
Lebesgue measure. Thus, using the dominated convergence theorem, we easily
see that choosing & conveniently, the second term in the preceding inequality
can be made arbitrarily small, which completes the proof. [J

Thus for any 7', (B DT and (BT are two martingales with uniformly bounded
jumps and their quadratic (co-)variations satisfy Lemma 4.13. Consequently, The-
orem VIII.3.11 of [28] gives us the following lemma.

LEMMA 4.14. We have
(8Y).(8)") - (B, B?),
in law, for the Skorohod topology, where (B, B?) is a two-dimensional Brownian

motion.

Step 4: Convergence of (CT, (B*)T). The aim of this step is to prove that the
couple T, (BHT) converges in law toward (C, (B?)), with C a CIR process and
B? a Brownian motion, independent of C. More precisely, we have the following
lemma.

LEMMA 4.15. The couple of process (CT, (B*)T) converges in law, for the
Skorohod topology, over (0, 1], toward (C, Bz), where B? is a Brownian motion
independent of C and C is a CIR process satisfying

i A 1
ctz/ <—M—C5>—ds+—/ JC.dW,.
0 m mJo

A

with W another Brownian motion, independent of B.

PROOF. Let us consider the process N7 = N7+ 4+ N7~ It is a point process
with intensity

t
A,T=A,T++A,T_=2M+arfo (¢1 + )t —s)dN].
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Therefore, we are in the framework of Theorem 2.2: N7 is a Hawkes process
whose kernel has a norm that tends to 1 at the right speed and its renormalized
intensity CT converges toward a CIR. Note that the renormalizing factor here is
1/T and not (1 — ar), which is not an issue since (3) holds. Thus we get the
convergence of CT toward a CIR. To obtain the joint convergence, we just need
to write the same proof as for Theorem 2.2 (up to obvious changes), but using this
time Theorem 5.4 in [33] together with Lemma 4.14. [J

Step 5: Technical results. This fifth step consists in proving two technical re-
sults. The first one is the following.

LEMMA 4.16. The process
t p+oo -+ 7
Rf:/ f VT (s)ydsd(M. T M)
0 JT(t—u)
converges u.c.p. to 0 on [0, 1].
PROOF. We write
! —T+ —T—
R/ :/0 HFa—wdM, -M,”),
with
T teo T
Aw=[ "y
Tx
The result follows in the same way as in the proof of Lemma 4.12. [

We now give the last lemma of this step.

LEMMA 4.17. We have

/(.)oo'/xoqui(s)dsdx < 00.

PROOF. Using integration by parts together with Assumption 4, we get
o0 o0 o0 . o0
/0 /x ¢i(s)dsdx = /0 x¢;(x)dx + xll)ngox[C ¢i(s)ds <2m. 0

Step 6: End of the proof. We finally show Theorem 3.1 in this step. Using (11)

we write
Pl = (1 4 ol )(M,”—H,T_)
1L =1l

t +00 _ —T_
—/f v (s)dsd(MLt =M. )
0 JT(t—u)

o1l ar ol —T+ —T-—
— — M -M .
<1—|I¢||1 l—aT||¢>||1)( ! ¢ )
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Using Theorem 2.6 in [31] together with Lemma 4.15 and equation (12), we get the

convergence of the process M MT_, over [0, 1], for the Skorohod topology,
toward

t
/0 JC, dB.

Moreover, in Lemma 4.16, we have shown that the second term in the decomposi-
tion of PIT tends to zero. Finally, the third term also vanishes since ||¢|; < 1. This
completes the proof.
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