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Introduction

Hawkes processes were introduced by Alan Hawkes in 1971 (see [13| [14] and [15]) in
order to model earthquakes and their aftershoks. Nowadays they are frequently used in
finance. This is due to the observation of financial time series, where a long memory be-
haviour is registered; Hawkes processes naturally play the role of an autoregressive process.
Moreover the branching structure of a Hawkes process allows to easily encode some well
reported properties of high frequency trading markets, such as the high endogeneity of the
buy and sell orders.

We can consider a one dimensional Hawkes process as a self exciting process (IV¢)¢>o0,
whose intensity at time ¢ is given by

t
)\t:u+/ o(t — s)dNg,
0

where 4 is a positive real number and ¢ is a regression kernel. This simple process is used
in [4] to build a model for a single asset price. In view of the interpretation of NV; as a
branching process given in [15], the norm ||¢l|1 represent the degree of endogeneity of the
market. As a matter of fact one may see i as the number of orders due to a real economic
reason and interpret ||¢||1 as the average number of orders triggered by each order. Under
the assumption ||| < 1, the average number of orders triggered by a single order is
S st lell® = llell1/(1=1l¢ll1), hence the proportion of triggered orders in the hole market
is l9ll/(1 — ll¢lh) divided by 1+ [|glls /(1 — |p]}1), that is equal to [¢].

The condition ||¢|[1 < 1 is crucial, not only to give this branching interpretation of the
process, but also to provide other important features. In [3], for example, Bacry, Delattre
and Hoffmann show that this is necessary to obtain some ergodic results on a large scale
observation.

Unfortunately, the condition ||¢]|1 < 1 seems to be too restrictive. As a matter of
fact empirical measurings (see for example [2]) shows that, trying to calibrate this kind of
models on the financial time series, one usually gets values for ||¢||; close to unity.

This is the starting point of our study: we are interested in the behaviour of Hawkes
processes when the parameter ||¢|| is close to one. In order to do that we will introduce an
asymptotic framework and we will study a sequence of Hawkes processes N/, indexed by
T, each observed on the interval [0, 7] and such that the norm ||o”||; of the autoregressive
kernel of the intensity tends to 1 as T" goes to infinity. We call these processes a sequence
of nearly unstable Hawkes processes.

We will tackle both the one dimensional and the multidimensional problem and we
will make different assumptions that will lead us to different scaling results. Finally we
will come back to our motivation showing a financial application. Our conclusion finds a
strong validation in the latest empirical observations of the rough nature of volatility in
high frequency trading markets.

We briefly present the material contained in this thesis. In Chapter 1 the reader can
find the basic notions about point processes and the results concerning Hawkes processes
satisfying the “stability condition” [|¢||; < 1. These results come from [3| and show that,

iii



iv INTRODUCTION

in the case of a fixed kernel (not depending on T') with norm strictly smaller than one, it
is possible to obtain a deterministic limit for the properly normalized sequence of Hawkes
processes.

In Chapter 2 we start to study a sequence of nearly unstable Hawkes processes. It will
be assumed that the kernel function ¢ exibits a light tails behaviour through the condition
fooo sp(s)ds < oo. First of all it will be shown that there is only one temporal scaling that
allows to find a nondegenerate limit. It will be shown that, choosing a proper rescaling,
it is possible to obtain in the limit a Cox-Ingersoll-Ross dynamics. In this chapter we will
work on the sequence of intensity functions to obtain a limit intensity and we will use some
theorems for stochastic differential equation to get the behaviour of the limit process.

In Chapter 3 we will drop the light tails assumption. A different rescaling in time will
be necessary in order to obtain a nondegenerate limit. The most interesting fact will be
that the heavy tails condition, that can be interpreted as a persistence of the memory of
the process, is the basis to obtain a rough fractional diffusion in the limit behaviour. The
approach to study this case will be different from the previous chapter, since we will work
directly on the process itself rather than on its intensity.

In Chapter 4 we generalize the preceding results to the multidimensional case, where
we have a sequence of multivariate nearly unstable Hawkes processes. The proofs are quite
similar to those contained in Chapters 2 and 3. As a matter of fact, using some hypothesis
on the matrix kernel of the intensity, it will be possible to project the processes along
proper directions in a way that the nondegenerate part concentrate along one direction
and thus we come back to tackle a known problem.

In Chapter 5 we use the preceding result in order to investigate a financial model for a
single asset price. This model, based on a two dimensional Hawkes process, was introduced
in [4] and leads to a stochastic dynamics for the volatility of the price. All the hypothesis
made during the preceding chapters will get a financial meaning and the light or heavy
tails assumption will get the biggest relevance. Under the light tails assumption a Heston
model with leverage effect (negative correlation between the Brownian motion driving the
asset and the one driving the volatility) will arise, while the heavy tails condition will lead
to a rough Heston dynamics for the asset price.

Ringrazio il Professor Paolo Dai Pra per la guida attenta e disponibile. Ho imparato
molto dalla semplicita e chiarezza con cui affronta ogni problema. Ringrazio anche il Pro-
fessor David Barbato, il quale per primo ha risvegliato in me l’interesse per la probabilita.



CHAPTER 1

Hawkes processes and stationary limits

We start giving some notions about point processes and Hawkes processes in particular.
It will be a brief presentation based on the book by Pierre Brémaud [7| and we redirect to
that source for more details. We assume that the reader is already acquainted with basic
theory of stochastic processes.

1. Point processes

A point process over the half line [0, 00) can be viewed in different ways. Here we look
at it through its associated counting process.

1.1. Simple univariate point process. A realization of a point porcess over [0, 00)
can be described by a sequence T, in [0, co] such that

Ty =0,
Tp < 00 = Ty < Tpy1 .

This realization is, by definition nonexplosive if and only if

Tow = lim T, = .
n—oo

To each realization corresponds a counting function N; defined by

N =" ifte [T, Tht1), n>0,
b 4+oo ift > Ty .

Ny is therefore a right-continuous step function such that Ny = 0 and its jumps are upward
jumps of magnitde 1.

If the above T,, are random variables, defined on some probability space (2, F,P),
one then calls the sequence T), a point process. Since the random variables (7},), and the
counting process (Ny); carry the same information, with abuse of notation, we call also IV,
a point process. Notice that, using the second point of view, nonexplosivity corresponds
to have N; < oo for any ¢t > 0.

1.2. Multivariate point processes. Let T;, be a point process defined on (9, F,P)
and let (Z,,n > 1) be a sequence of {1,..., k}-valued random variables, also defined on
(Q, F,P). Define for all 4, 1 <i <k and all ¢t > 0:

Ni(i) = Z Lir, <o Lz} -
n>1

Both the k-vector process Ny = (Ni(1), ..., N¢(k)) and the double sequence (T},, Z,,n > 1)
are called k-variate point processes. The limit To, = lim,,_,oo T}, is the explosion point of
N;. Note that the N;(i) have no common jumps.

1



2 1. HAWKES PROCESSES AND STATIONARY LIMITS

1.3. Stochastic intensity and integration theorem.

DEFINITION 1.1. Let N; be a point process adapted to some history F; and let A; be
a nonnegative JFy-progressive process such that for all t > 0

t
/)\sds<oo P-a.s.
0

If for al nonnegative Fi-predictable process Cy, the equality

/CdN /C)\ds

is verified, then we say that N; admits the (P, F;)-intensity A;.

REMARK 1.2. Integrating with respect to dIN5 has the following meaning:

/ CydN, =Y Cr, 17, <y

n>1
and

/ CedNy = Cr, 11, o0}

n>1

REMARK 1.3. Note that we didn’t speak about uniqueness of the intensity process.
As a matter of fact one may find different intensity processes, but if “the” intensity is
constrained to be predictable, it is essentially unique. Moreover one can always find such a
predictable version of the intensity. This fact is well detailed in [7, II-4]. For our purpose
it will be enough to know that speaking about “the intensity process” is harmless.

Moreover this fact allows us to characterize a point process through its intensity func-
tion.

We now state, without proof, an integration theorem that is widely used in the next
chapters.

THEOREM 1.4 (Integration Theorem). If a point process Ny admits the Fy-intensity A
(where fg Asds < 00 P-a.s., t > 0), then Ny is P-nonexplosive and
(i) My = Ny — fot As ds is an Fi-local martingale;
(ii) of Xt is an Fy-predictable process such that E[fot\XSP\S ds] < oo, t > 0, then
fot X dMy is an Fi-martingale;
(iii) if Xy s an Fi-predictable process such that fot | Xs|Asds < 00 P-a.s., t > 0, then
fot XsdMsy is an Fi-local martingale.

1.4. A wuseful isometry. We report here a very important result that will be fre-
quently used in next chapters. It can be found in |7, I11-4].

THEOREM 1.5 (Fundamental isometry for square-integrable point process martingales).
Let (N¢(1),...,N¢(m)) be an m-variate point process defined on (Q, F,P), with the (P, G;)-
intensity (M\e(1), ..., \e(m)), where Gy is the internal history of the point process. Let M2
be the Hilbert space of zero-mean square-integrable (P, G¢)-martingales over [0, T| with the
scalar product

(M, M’>M(2) = E[MrMy].

Let H be the Hilbert space of Gi-predictable processes Cy = (C(1),...,Ci(m)) such that

ZE[/ (D)2 Xs(i) ds| < oo
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with the scalar product
m T
€.Ch=3 8| [ cunesim s
i=1 0
Then ME and H are isometric with respect to the mapping H 5 M3Z defined by

PCh =Y /0 Co() (N () — Ao(i) ds)

2. Hawkes processes and stable limits

2.1. Definition of Hawkes process. As we already saw, the intensity process char-
acterizes a point process. We use this fact to give the following definition.

DEFINITION 1.6 (Hawkes process). A linear Hawkes process on a probability space
(Q, F,P) is a multivariate point process N = (N(1),..., N(d)) with intensity process

t
At:utJr/ B(t—s)-dN,,
0

where p: Ry — Ri and @ = (¢; ;)i j=1,..a With ¢; ; positive locally integrable functions
on R;.

Such a construction can be done according to Jacod (see[17]). Note that, if we use
Jn (1) to indicate the n-th jump time of the process N (i), we can rewrite the intensity
process as

Ati = e + Ed: ( Yo wilt- Jn(i))) -

Jj=1 0<Jn(j)<t
We have a non-esxplosion criterion which is proved in [3].

LEMMA 1.7 (Non-explosion criterion). Let (Jy,), be the sequence of jump times for the
Hawkes process (Nt)i>0. Set Joo = liMy—yo0 Jr. Assume that the following holds:

t
/ @ij(s)ds < 400 Vi, j and ¥t > 0.
0

Then Jso = 00 almost surely.

2.2. Stability condition and scaling limits. We now report some results borrowed
from [3]. We are not going to prove them, we just want to use them as a motivation for
our study.

Consider a multivariate Hawkes process as in Definition 1.6 specified by the constant
vector

n= (/’Ll‘)"'?ud) ER-F
and the d x d-matrix valued function

® = (pij)i<ij<d-
Furthermore, consider the following assumption.

AssUMPTION 1.1. For all 4, j we have [ ¢;;(t) dt < oo and the spectral radius S(K)
of the matrix K = [ ®(t) dt satisfies S(K) < 1.

First we have a law of large numbers in the following sense:



4 1. HAWKES PROCESSES AND STATIONARY LIMITS

THEOREM 1.8 (A law of large numbers). Under Assumption 1.1, Ny € L? for all t > 0
and

sup Nro _ v(Id — K) 1y

vel0,1]

‘%O as T — +oo

almost surely and in L?.

Next we have a functional central-limit theorem.
Introduce the functions ®** defined on R, and with values in the set of d x d-matrices
with entries in [0, 00| by

t
=9, ¢t = / O(t—5)®"(s)ds, n>1.
0
Under Assumption 1.1 we have [;° ®*"(t)dt = K", hence the series > n>1 B converges
in LY(R). We set
T=> &

k>1

THEOREM 1.9 (A central limit theorem). Under Assumption 1.1,

t
E[N¢] = tu+ (/ W(t — s)sds) L
0
Moreover, the process
1
VT

converges in law for the Skorokhod topology to

(Nro —E[Npy)), v e[0,1]

(Id - K)™'S"2W,, as T — oo,
where
Zii = ((Id—K)illJ,)i, 22']' =0 VZ?éj
and W is a d-dimensional Brownian motion on [0, 1].

Consider now the following restriction on ®:

ASSUMPTION 1.2.

o0
/ cp(t)t% dt < oo componentwise.
0

Using Theorem 1.8 and Assumption 1.2, we can replace T 'E[Np,] by its limit in
theorem 1.9 and obtain the following corollary.

COROLLARY 1.10. Under Assumptions 1.1 and 1.2, the process
1
VT (TNTU — o(Id — K)_lu) , vel0,1]
converges in law, for the Skorokhod topology, toward
(Id — K) 'Sz W,

as T — oo, where W is a d-dimensional Brownian motion on [0, 1].
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Assumption 1.1 is very often called stability condition because it allows to obtain these
nice properties for a sequence of properly rescaled Hawkes processes. Note that, if we
focus on Theorem 1.8, we are observing a Hawkes process defined on the interval [0, 7]
and rescaled by the length of the interval; the result tells us that, when the length of the
interval approaches intinity, the rescaled process has a deterministic behaviour. At the
same way, in Theorem 1.9 we read that, if we observe this Hawkes process on a large time
scale, after a proper rescaling, it looks like a Brownian diffusion.

In next chapters we will try to get similar results for a Hawkes process that tends to
violate the stability condition, i.e. with spectral radius of the kernel matrix that is almost
one. We will do it introducing an asymptotic framework in which we study a sequence of
Hawkes processes with spectral radius of the kernel matrix tending to one.






CHAPTER 2

Light tailed nearly unstable Hakwes processes

Here we start to study the limit behaviour of a sequence of nearly unstable Hawkes
processes. We will do it in a constructive way, most of our assumptions will be given when
they will be needed.

First of all we need to specify the meaning of nearly unstable Hawkes process and to
define the asymptotic setting.

1. Asymptotic framework

We consider a sequence of Hawkes processes (N/)¢>o indexed by T, where T' goes to
infinity. When it will be needed by the context, for example using convergence theorems,
we will actually consider an increasing sequence of times T, with T' — oo for n — oo; we
will not need to make this procedure explicit, it will be clear what T' — oo means. For a
given T, (N]') satisfies NI = 0 and the process is observed on the time interval [0,7]. We
give a process (A!);>o defined as follows:

t
AT—/H/ o (t—s)dN],
0

where 1 € R, ;1 > 0 and ¢! is a nonegative measurable function on Rt which satisfies
loT|l1 < oo. For a given T the process (N') is defined on a probabilty space (QT, FT' PT)
equipped with the filtration (F; )telo,r], Where FI' is the o-algebra generated by (NI)s<;.
Moreover we assume that for any 0 < a <b < T and A € faT

E[(Ny —Ng)1a] =E [/ab A4 dS} :

which sets AT as the intensity of N7. This construction can be done as it is explained in
chapter 1 and we also know that, if we denote by (JI),>1 the jump times of (N]), the
process

. tAJT .
Nt/\.]}; —/ )\S dS
0

is a martingale and the law of N7 is characterized by AT.
Since it will be widely used in the following, we define the process

t
Ml = NtT—/ A ds.
0

We now give more specific assumptions on the function ¢?. We denote by || - ||oo the
L*> norm on R*.

ASSUMPTION 2.1. For t € R,

o’ (t) = arp(t),
7



8 2. LIGHT TAILED NEARLY UNSTABLE HAKWES PROCESSES

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

+o0o +oo
/ p(s)ds =1 and / sp(s)ds =m < oo.
0 0
Moreover, ¢ is differentiable with derivative ¢’ such that [|¢'||o < 00 and ||¢’||1 < oo.
REMARK 2.1. Note that, under Assumption 2.1, ||¢||c is finite, since V¢ > 0
p(t) < 9(0) + [l¢'ll1-

In chapter 1 we used to have ||¢||1 < 1 and this allowed some results on the limit
behaviour of the process N. Here for a given T, ||p”||1 = ar < 1, therefore the stability
condition of chapter 1 is in force. Moreover, as remarked in that case, we have almost
surely no explosions (see 1.7).

Since ||¢T]|1 = ar tends to one, this framework is a way to get close to instability.
Hence we call our sequence of processes nearly unstable Hawkes processes. Note that the
form of the function ¢! depends on T so that its shape is fixed, but its L' norm increases
to 1 with T'— co. There are of course other ways to make the L' norm of ¢ converge to
one that the multiplicative manner used here. Finally note that we call our processes light
tailed because of the condition f0+oo sp(s)ds < oo.

REMARK 2.2. Under Assumption 2.1 we have the integrability of N7 thanks to theorem
1.9. This ensures that the process M7T is a martingale, since we can take the limit for
n — oo in the equality

tAJT sAJT
E[N7 r —/ XL du| ] = NZ —/ AT du
" 0 " 0
Moreover we have that M7 is a square integrable martingale with quadratic variation

process the process NT. As a matter of fact, using the isometry given by theorem 1.5 we
have

E[(MF_ME)Z‘fS} :]E[(/:dMgﬂfs] :E[/:A{du]fs] = E[NT - NT| 7).

2. Observation scales

In our framework, two parameters degenerate to infinity, they are 7" and (1 — ap)~!.

The relationship between these two sequences will determine the scaling behaviour of the
sequence of Hawkes processes. Keeping in mind the results of chapter 1, we would expect
that, if 1 —ap tends slowly to zero, the process reaches the asymptotic regime for a T" such
that ap is sufficiently far from unity and hence we get the same limit behaviour. This is
exactly what happens, as it is stated in the next theorem.

THEOREM 2.3. Assume T(1 —ar) — +oo. Then, under Assumption 2.1, the sequence
of Hawkes processes defined in section 1 is asymptotically deterministic, in the sense that
the following convergence holds:

1-— ar
sup

——|Nf, —E[Nf,]| =0 in L2.
vel0,1] T

Before giving the proof, we recall a result that we borrow from [3]. In order to un-
derstand this result we introduce a quantity that will play a fundamental role in the
convergence of our processes.
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Let define inductively, for n € N, the functions (o)*" as follows:

(@Y =T, () (t) = / St - 5)(67)™(s) ds.

0
We then set 1T to be the function defined on Rt by
(o)
() = (") ().
n=1
It will be easily shown that
[
2.1 Y Pp— L
=y W= T

Now we can state the lemma that we borrow from [3]:

LEMMA 2.4. For allv € [0,1] and all T > 0 we have
Tv
E[NL ] = puTv+ p Y (Tv — s)sds
0

and
Tv

Np, — E[N}] = MF, + i YT (Tv — s)MY! ds.

PROOF OF THEOREM 2.3. Using equation (2.1) and the second equation in lemma 2.4
we deduce

1—[le"[h
T

T
e

1
(VE, —ENAD) < S0 My s (a7 < X sup (047
t€[0,7] ]

tel0,T

Now recall that M7 is a square integrable martingale with quadratic variation process N7 .
Thus we can apply Doob’s LP-inequality to get

T

2
EK sup MtT) ] <4 sup E[(MtT)?] < 4E [Nf] S T

t€[0,7] t€[0,7)

Therefore we finally obtain

1 [|7| ?
E[sup (;f ! (N;g_E[N;v])>
ve0,1]

ap
< 1 T\
T T le™h)

which gives the result since T(1 — ||oT||1) = T(1 — ar) tends to infinity. O

We have an opposite situation, when 1 — ar tends too rapidly to zero. In this case we
expect that, for a given T', the Hawkes process NT may already be very close to instability
whereas T is not large enough to reach the asymptotic regime. We will see that it will
be quite natural to require that T(1 — ar) tends to a finite real number in order to get a
nondegenerate scaling limit.

3. Result

In this section we introduce the last quantity that we need in order to state the main
theorem of this chapter and we finally state this theorem. We also start the proof and
give some heuristics about the derivation of this result before we tackle the complete and
formal proof in the next section.
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DEFINITION 2.5. Let ¢! be the function defined for > 0 by

l—aT

(2.2) o' () =T ! (T'z)

ar
We need to set a uniform bound on o’ this is our second assumption:
ASSUMPTION 2.2. There exists K, > 0 such that for all z > 0
0" ()] < K,

We should think if this assumption is too restrictive. Note that, if the function ¢ is
decreasing, then any o’ is decreasing and since |o (0)| is bounded we get a uniform bound.
We now have all the ingredients to state the main theorem of this chapter:

THEOREM 2.6 (Convergence of light tailed Hawkes processes). Assume there exists
A > 0 such that T(1 —ap) — X\ for T — oo. Under Assumptions 2.1 and 2.2, the sequence
of renormalized Hawkes intensities (CF), defined as

(2.3) cl .= \L(1 —ap),

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]:

th/ot(u—X d+/\ﬁdB

Furthermore, the sequence of renormalized Hawkes processes

s
N

converges in law, for the Skorohod topology, toward the process

t
/ Xsds, te]0,1].
0

REMARK 2.7. We see in the formulation of the theorem that we actually study the
convergence of the process Ag}(l —ar). The temporal scaling is quite natural: we want all
the intensities to be defined on the same interval and we renormalize it to [0, 1]. For the
scaling in space note that in the stationary case, the expectation of A} is /(1 — ar), thus
the order of magnitude of intensity is (1 — az)~!. Thus a multiplcative factor (1 — ar) is
natural and we end up studying

VT =

CT = AtTT(l — aT).

We will see that the asymptotic behaviour of Cf is closely connected to that of the
function o”. About o”, one can remark that this function is the density of the random
variable

(2.4) T =1 > H,

where the (H;); are i.i.d random variable with density ¢ and I” is a geometric random
variable with parameter 1 — ar, indipendent of H; for any ¢ € N. As a matter of fact recall
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that if H has density f then H/T has density T'f(Tx). Now

P(ém € da:) = P(Ql{IT = kiH € da:})

= Z(l - aT)a’% Lok (2) r Z
k=1 k=1
1—ar

= v (@)

ar

Hence HT has density
—ar
T2y T(T) = o7 (a).
ar

As a corollary from this computation we also get that, since [ QT(x) dr =1 (QT is a
density),

ar
47 = -

We now state a proposition that gives the asymptotic behaviour of the sequence of
random variables (HT)r>.

PROPOSITION 2.8. Assume there exists A\ > 0 such that T(1 — ap) — X for T — .
Under Assumption 2.1, the sequence of random variables HT , defined in (2.4), converges
in law toward an exponential random variable with parameter \/m.

PROOF. Let z € R. The characteristic function of the random variable H”, denoted
by 67, satisfies

0" (2) = E[eiZHT] = E[i eiZHT]l{IT:k}} = iP(IT = k)E[ei% Zﬁ:lHi}
k=1

_ iu ~ap)a (B [ﬁHDk N i(l ~ar)(ar) (5 <%>>k

Il
=
|
S
-
>
—
N
P
(e
—
=)
S
>
—
N
P
~—
>
L
Il
=
|
S
2
>
—~
S|

1

1—ar (%)
¢ (%) _ ¢ (%)

S (=) 1 (6 (5) 1)

1—
l—arp a

where ¢ denotes the characteristic function of Hy. Since
+o00
E[H,] = / sp(s)ds =m > oo,
0

the function ¢ is continuously differentiable with ¢'(0) = im. Therefore using taylor
expansions we have

P\T) =¥ T "°\1)~ T To\71

1 A/m
T—+00 B 1—zn — (Am) —i2’
that is the characteristic function of an exponential with parameter \/m. t

and hence
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REMARK 2.9. Notice that the light tails property was crucial in order to prove the
previous proposition, together with the observation scale
(2.5) T(1—ar) — A for T — +o0.
This gives a more rigorous motivation to our assumptions.

Assume from now on that condition (2.5) holds. Set
T(l — aT)

)\ )
so that up — 1 as T — oo. Proposition 2.8 gives us the asymptotic behaviour of 47 in
this setting. Indeed we have

(2.6) V! (Tx) = o' ()

Ut 1=

a A Al 1 A
T —e ¥m— = —e ¥Fm,

AU m Aom

In the sequel it will be convenient to work with another form of the intensity process
(AT);. The following result holds:

PRroprosITION 2.10. For all t > 0, we have
t t
A= u—i—/ YTt — s)uds—i—/ YTt —s)dM?T .
0 0

PROOF. From the definition of A7, using the fact that ¢ is bounded on [0,t], we can
write

t ¢
(2.7) N o=p+ / ol (t —s)dMT +/ ol (t — s)\ ds
0 0
We now recall a classical lemma, that is a version of the renewal equation.

LEMMA 2.11. Let h be a Borel and locally bounded function from R to R. Then there
exists a unique locally bounded function f: RT — R, solution to

(2.8) £(#) = h(t) + / STt —8)f(s)ds V>0,
0
given by t
f(t) = h(t) +/ YT (t — s)h(s) ds.
0

PROOF. Since ¢ € L'(R*) and h is locally bounded, the function f is locally bounded.
Let’s show that f satisfies the equation (2.8):

[ ete-seras= [ G-+ [ G- ([0 =iy ar) as
:/OtcpT(t—s)h(s)ds—i-/Oth(r) </rtg0T(t—s)z/1T(s—r)ds> dr
:/OtcpT(t—s)h(s) ds—ir/oth(r) </0t Tt —r —u)T (u) du> dr

t

= tT—S S)das tT'T—T' r — T’T—TT’
= [ o=@+ [ hwute-rdr— [ b=

0

- / W7 (¢ — r)R(r) dr,
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where we used the following equation

oo

/Ot Tt — sy ds_Z/ (t—s)(")*F(s)ds =Y (7))

k=1
=P (t) — ' (1)

Now let f; and f> be both solutions of our equation. We have

t
ﬁ@ﬁ@zé@WtSXM$h®Ms

Thus, if g(t) = |f1(t) — f2(¢)| , one has

gwgé¢%—m@w,

00 . t
Ag@agwmégww

Since ||oT||1 < 1 for all T > 0, it follows that f; = fo almost everywhere. Therefore

which yields

t t
/ ot — 5)fi(s) ds = / ol (t — 5) fos) ds for all t
0 0
and thus f; = fo, since both the functions satisfies the equation (2.8). (|

We apply this lemma to the equation (2.7) taking as function h the function

h(t):,u—k/otgaT(t—s)dM;[.

We thus obtain

t t s
(2.9) A = +/ ol (t —s)dMT + / YTt —s) (u +/ ol (s —7) dMqT) ds.
0 0 0
Now, using Fubini and the fact that
Phxpl =yl — o,

we get
/Ot¢T(ts)/OscpT(sr)dMTds—/ / It —s)pl (s —r)dsdMT
t—r
/ It —r — 5)oT(s)dsdMT
=/ T T (t —r) M)
/ap rydMT — /tng(tr)dMTT.
0

Now we just need to rewrite (2.9) using the last equality. O

We now propose a heuristic proof of the theorem, working on the process CT. Note
that, using proposition 2.10, we can rewrite C’;‘F in the following way
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' =\L(1—ar)

(1—aT),u+%)\ T (Tt—s),uds%—% 1/)T(Tt—s)dM;‘r.
0
The first integral becomes
UT)\

t t
T _ T
T /0 Ty (y) dy = upAp /0 Vv (T's)

and, after a change of variable, we rewrite the second integral as follows

/ uT)‘d;T(Tt—deT /\H/JT T(t — s))y/CT dBT,

0

where we set

(2.10) BT f\ﬁ/

Finally we can write

tT dMT

t t
@211) T =(1—an)p+ M/ wr T (Ts) ds + | VT(T(E — $))\/CT dBT.
0 0

In the next paragraph we will show that B” is a sequence of martingales converging to a
Brownian motion for 7' — oco. Hence, heuristically replacing B by a brownian motion B
and T (Tz) by (1/m)e=**/™) in (2, 11) we get for T' — oo

t t
>0 :u/ ie_(t_s)% d5—|—ﬁ/ e—(t—$>%\/CgOst.
o m m-Jo

Now note that CP° = e t/m) X, where X, is obviously defined. Applying Ito’s formula
we get:

A
dCS° = — Ze~tm Xy dt + et AXe
m

A pa A VA
:—Ee thtdt—F,uEdt—FF\/CfodBt

A

A VA
=|-——0F — t+ —+/C>®dB;.
Hence
t
Cfoz/(,u—Coo ds+/ \/C® dBs,
0

which is precisely the stochastic differential equation satisfied by a CIR process.

4. Proof of the main result

In this section we make precise the heuristic statements given at the end of the last
section. We start with some preliminary results about the function ¢ and the function o’
defined in 2.5.
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4.1. Preliminary lemmas.

LEMMA 2.12. Let § > 0. There exists € > 0 such that
1 —¢(2)] >e  for any z with |z| > 6.
Moreover there exists a constant ¢ > 0 such that

C
[6(2)] < -
2|

PROOF. Since ¢ is bounded, ¢ tends to zero as z tends to infinity, by Riemann-
Lebesgue lemma. Therefore there exists b > ¢ such that

[p(2)| < 1/2 for |z > b.

If b =6, we take ¢ = 1/2 and the proof is concluded. If b > ¢, let M denote the supremum
of the real part of ¢ on I = [—b, —§]U[d, b]; since ¢ is continuous, this supremum is achieved
at some point zg € I. We have M =Re(¢(z)) = E[cos(20X)], with X a random variable
with density . Since ¢ is continuous, X does not belong to 27 /z¢Z almost surely. Thus
M = Elcos(z0X)] < ||¢l1 = 1. Therefore we have

1= @(2)] > |1 = Re(@(2))| = 1—M forz €I
We just need to take ¢ = min{1/2;1 — M} to conclude.

In order to prove the second bound, we integrate by parts and use the Assumption 2.1,

that is [|¢/||1 < oo:
5(2) /W“Z ds = Lo(s)| /MW /(s)d
z) = e"*psds = —p(s — s)ds
4 0 ¥ ’I/ZSO s=0 0 ’LZQO

- % (cp(O) + /0+oo ¢! (s) d8> ;

l¢(2)] < L <s0(0) + /Om |<p'(s)|ds> .

which gives

0

We now want to show the L? convergence of the function o’ toward the density of an
exponential random variable

LEMMA 2.13. Let o(z) = %e‘””)‘/m be the density of the exponential random variable
with parameter A\/m. We have the following convergence:

QT—Q—>O in L.

PRrROOF. We first prove that there exists ¢>0 such that Vz € R and VT > 1,

(2.12) 167 (2)| < c(l/\l).

||

Note that |7| < 1 because it is the characteristic function of a random variable. Using
the fact that

+oo
/ xp(z)dr =m < +oo,
0

given in Assumption 2.1, we get, for z — 0,

Im(p)(x) _ /+°° sin(sz)
0

X x

+o0
o(s)ds — / sp(s)ds =m,
0
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where we used dominated convergence. This implies that there exists a § > 0 such that

Tm(é
MO > ™ vy with Ja] < 6.
|z| 2
Remember that from lemma 2.12 we also have that there exists € > 0 such that
|1 —¢(x)] > e Va with |z| > 0.
Therefore, using the explicit computation that we gave during the proof of proposition 2.8,
we deduce that, if |z/T| < 4§, then

|@T<Z)| _ ‘(1—GT2@(Z/T) 1_AaT < 2(1_aT)T
1—apg™(z/T) |~ ar|lm(@)(z/T)| = armlz|

The last quantity tends to 2)\/(apm|z|) for T' — oo, hence there exists a positive constant

¢, such that

67 (2)] < ¢/l2l.
Moreover, thanks to the second assertion of lemma 2.12, if |z/T| > 4,
|@T(Z)| < (1 — aTA)|¢(Z/T)| < C(l — aT)T.

[1—@(=/T))| |2le
With the same argment used before we get, also for |z/T| > 4, that |67 (2)| < ¢/|z|. Thus
the inequality (2.12) is proved.

Now we can focus on the L?-convergence claimed in the statement. Using Fourier
isometry we get

1
T AT ~
le" = ollo = 5_llg" ~ .

Thanks to proposition 2.8, we have that, for z fixed, (47 (2) — 6(z)) — 0. Now, using in-
equality (2.12), we can apply dominated convergence theorem, which gives the convergence
in L2. ]

We now show that, for all T > 0, ¢! is a lipschitz function, with lipschitz constant
dependending proportionally on 7.
LEMMA 2.14. There exists ¢ > 0 such that for all x >0, y >0 and T > 1,
0" (2) = 0" ()| < Tl —y|.
PRrROOF. We simply compute the derivative of o7 on RT. We have

W1 (@) = (") (@) + ) (")) (2)

k>2
(Y (@) + (T (Z(ﬂ)*“f—”(x))
E>2
— (7Y (@) + (7Y % (@),

Hence

() (@) = T-— LT (7Y () + (1) % 97 (T))

= T(T(l —ar)' (z) + ¢ * QT(:E)).
Since T'(1 — ar) — A, there exists ¢ > 0 such that
(") @) < Tl lloo + ¢ 10" lloc)

and we can conclude because our assumptions make all the quantities in the last inequality
bounded. O
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Let’s give a definition that will make simplier the future computations.

DEFINITION 2.15. For every T' > 0, we define the function f7 as

1) = (3207w - % ) sy

A ur
The next corollary follows directly from the preceding lemmas.

COROLLARY 2.16. (i) For any T > 1
/fT(:c)|2dx — 0 for T — o0}

(ii) There exists ¢ > 0 such that, for any T > 1 and any x > 0,
(@) < e

(iii) There exists ¢ > 0 such that, for any T > 1 and any w > 0,

- 1
Pz )
w
(iv) There exists ¢ > 0 such that, for any T > 1 and all x,y > 0,
(@) = 1Y)l < eTla —yl.
We can also give a lemma on the integrated difference associated to the function f7.

LEMMA 2.17. For any 0 < € < 1, there exists c. such that, for all t,s > 0,
[T = 7~ w)Pdu < et — st
R

PROOF. Let’s define gf (u) := fT(t —u) — fT(s — u). We can write the Fourier
transform of gtr"; 5 as

|97 (w)] = [ — ™| fT (~w)| .

Using Fourier isometry and corollary 2.16(iii) we get

L= == wPdu= 5 [ gl ) du
R
= o /R e — e | 7T () do

2

< 1/ ‘eiwt_eiws’1+e’eiwt_eiws’1—80<‘1 /\1) dw

™ JR w

iwt _ iws |1—¢€ 1 2

§C/21+5 e -¢ |w(t—s)|176 —| Al)dw

2 Jr w(t—S) w

21+6 1 1+e
<c t—S\ls/ ( — /\\w]15> dw

27 R \|W

eLt

= c.|t —s|'7c.

O

4.2. Core of the proof. We now begin with the proof of the first assertion in The-
orem 2.6. We split this proof into several step.
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4.2.1. Convenient rewriting of the process CT. Our first goal is to obtain a suitable
expression for the process C*. From now on, set

dozx.

Recall equation (2.11):
t t
CF = —anptp [ urn(@s)ds + [ VR (T(e - 9)\ /ol ap?.
0 0

Keeping in mind the limiting behaviour of the function 7, given by Proposition 2.8, we
rewrite the last equation as

T T —t/d VA [ —(t—s)/d T
(2.13) C; =R, +p(l—e 0)—1—? e °\/CTdB; ,
0
where the process R} is simply defined as
¢
R — T _ p(l — e—t/do) _ ﬁ/ e~ (t=9)/do [T qBT .
t t m Jo s s

Now consider the process X/ defined as
VA d
xp =2 [ for st

so that the third summand in equation (2.13) can be written as et/ do XTI Applying Ito’s
formula to this quantity we get

1
d(e H P xT) = —d—e*t/dOXtT dt + et/ ax]
0

t
:—ﬁ< / e~(t=9)/do CSTdBST> dt+ cTdBT .
0

mdg

Thus we can write

t hY t
ol =RT + “/ e~u/ 0 gy, + g/ CT dBT
0

VA < / e~ (u=s)/do CSTdB;”> du.
0

mdo
Note that from equation (2.13) we have

2 )/do T 1T 1 T T
(u—s B, = — — — (1 — e~ W/doy
ds CT dB; 7 (Cy — R, —p(l—e )

Hence, if we set
1
Ul .= R + / RT ds,
do

we finally derive

1 t
cf RT+d% —"/dOd +/ CT BT — do/(cg’—R{—u+ue—“/do)du,
that is
1 t
(2.14) cf =ur + o ( —c? ds—i—/ CcrdBT .
0

We will therefore aim to show that the process Ul converges to zero so that expression
(2.14) at the limit almost represents a stochastic differential equation.
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4.2.2. Convergence of the process UT. We want to show that the process (UtT)te[O,l]
converges to zero in law, for the Skorohod topology. It is clear that showing the convergence
of (R} )ie[p,1] gives also the convergence of U”. Let us tackle RT:

B = —ar)+p [ T (= ar) wT@o)ds 4 VA [T - 9),/CT B!
0 SN—— 0

=ar/[¥Th
t

— (1 — e Moy — \f/\/ e~ (t=s)/do [T qBT

m 0 S S

t T
=u(l—ap)—p (1 —e Mo _qp Tu} (TTS) ds)
o Il
t —(t=s)/do
+ \FA/ (wT(T(t— s)) — em> cTdBT .
0

Now recalling the definition of BT given by (2.10), we get

t T
R = (1 —ap) — (1 - 7% - /0 aTTWTTH? ds)
' M7
+ %T(l_aT) /0 (mwT(T(t—s)) —e—<t—s>/do) =L

Note that, since ar tends to one, the first term tends to zero. Moreover, for ¢t € [0, 1],
Proposition 2.8 gives the following convergence:

e t/d
ap | T—=—(Ts)ds — e /%,
/0 147l

Since this convergence is monotone on a compact set and the limit is a continuous function,
Dini’s lemma gives that this convergence is in fact uniform on the interval [0, 1].

Thus, in order to prove the convergence of the process U’ to zero, it is enough to show
the convergence of the process

t
vl = / (mwT(T(t —35)) — e_(t_s)/d(]) dﬁz,
0
where we set MST = MZL./T. Note that, using definition 2.15, we can rewrite the process
YT as
¢ T
YT [ (e s)anty
0

As usual, we will first look for the convergence of the finite dimensional laws for the
sequence of processes (YT)Tzl and then for its tightness.

PROPOSITION 2.18. For any (t1,...,tn) € [0,1]", the following convergence in law
holds:

Y ... YY) >0 for T— 0.

ProOF. First note that the quadratic variation of M at time ¢ is given by NtTT /T2,
whose predicable compensator process at time t is equal to

1 tT T 1 t T
— A, ds= = [ Aypds.
T2 0 s S T /(; sT S
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Hence, using the isometry given by Theorem 1.5, we get

t T ¢ T
Bl =2 | [ (- 9)* 5 as] = [ (Te- 9 P as.

Now note that we can uniformly bound E[A] by ¢T', with ¢ > 0, since

IE[/\T]—;L—HL/ th—s)ds<,u—|—,u <cT.
1—ar

Therefore we get

t

B < [ (£t )" ds.

0

that, thanks to corollary 2.16 (i), leads to
E[(Y,")?*] -0,

which gives the result. O

4.2.3. Tightness of the sequence (Y1)r>1. We now need to prove the tightness of the
sequence (Y1) We have the following inequality on the moments of the increments of
YT, which is a first step in order to prove the tightness of the sequence.

LEMMA 2.19. For any € > 0, there exists ¢ > 0 such that for all T >1,0<1¢,s <1,
3_ 1 _
(2.15) I~ ¥ < o (1t sfE 54 gl — o7
PRrROOF. Using Lemma A.3 and A.17 in [19]| we have

C u u 4
E[(v' YT”—T3/ fT(t‘f)—fT(S‘f) du

o 7))

o =)=
2

toga fT((t—f) /(5= 7)| du
2

7376 5)
<[y - (- 1)

Now using Cauchy-Schwarz inequality and Lemma 2.17, we get

[res-res)

and for p = 2,3, 4, using also Corollary 2.16(ii),

[P -re-3

Applying these inequalities allows us to conclude the proof. ]

du < c.T/|t — s|1—¢

P
du < c.T|t —s|'¢.
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We will now use a linear interpolation of YT, namely ?T, such that the difference
between Y7 and Y7 converges uniformly to zero in probability (u.c.p.). After that, we
will just need to prove the tightness of Y7 to conclude.

DEFINITION 2.20. Let Y7 the linear interpolation of Y7 with mesh 1/T47 defined by
v T
vl = YET‘* s+ (AT = LtT4J)(Y({tT4 J+1y74 = Yra) ) -
We immediately show the convergence of the difference between the process Y7 and
its linear interpolation.

LEMMA 2.21. We have the following convergence in probability:

sup Y =Y = 0.
jt—s|<1/T*

PROOF. Ho modificato questa dimostrazione, la trova corretta?
Recall that for 0 < s <t < 1, since ;I = fot fr(t —u) dﬂf,

YT YT = ‘/SfT(t—U)—fT(s—U)deJr/th(t—U)de
0 s

Thus we have

v =Yl < /ST\fT(t—U/T) — (s = u/T)|(ANT + Ay du)
0 T

tT T T 1
+/sT |f*(t—u/T)|(dN, +)\udu)f.

Using Corollary 2.16 (ii) and (iv) we get
¢T

T
1
VI — Y <t — s <N%F—|—/O )\gdu>+c<N£—NSTT+ . Afdu)T.
S

Taking now ¢ > s such that |t — s| < 1/T%, this gives
T T 1 T Tor T T Tor 1
(216) |)/t — Y; | S Cﬁ (NT +/0 )\u du) + c|t_gl§al)(/T4 <NtT — NST + /ST )\u du> f

From lemma 2.4 we easily deduce that there exists a constant k; > 0 such that
T
E [N$+/ Afdu] < kT2,
0
in fact we have
T T
E[N% +/ AT du} — 9E[NE] = Q(MT + u/ (T - s)sds>
0 0
T
< ouT + 2MT(/ ST(T - 5) ds)
0

1
< 2uT(1+ ar ) = 2HT< )
1—ar 1—ar

=2uT

T
<k T?
TA—ar) — "

where, for the last inequality, we used that T'(1 — ar) is convergent, hence bounded.
Thus, using Markov inequality, for every € > 0 we get

1 T Tor cky
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which gives the convergence in probability of the first term in the right-hand side of equation
(2.16). In the same way, note that there exists ko > 0, such that

2ko

T T
Again using Markov inequality, for every € > 0 we get

Pt NT _ NT " AT d < k2
Cfu_ﬁ?ﬁw tr — Nsp + o u)>els 5o

which gives the convergence in probability of the second term in (2.16) and completes the
proof. O

tT
E [NE} - N% +/ A du} < 2y T2t — 5) <

Applying this lemma to definition 2.20, we immediately get the following corollary:
COROLLARY 2.22. The following convergence in probability holds:

sup |V —YT| =0 for T — .
t€(0,1]

The last step in order to prove the convergence u.c.p. of YT to zero is the tightness of
the sequence YT

LEMMA 2.23. The sequence (YT) is tight.

PROOF. Our idea is to use the Kolmogorov criterion for tightness, that is to show that
there exists v > 1 and ¢ > 0 such that for any 0 < s <t <1,

E[lY;" - Y]] < et — s
Let n] = [tT*]| and n] = |sT*]. Let ¢ and &’ two constant such that 0 < £,¢’ < 1/4 and
let 7' > 1. There are three cases:
(1) nI' = nT. Using Lemma 2.19 we get

BV = VI)1) = It = s/ TSI r ) e — Y )]

2 16 4
< CEWT ’t - S’ .
Now, since
’ . ’ 1
L T e I e v
we have
~ ~ / ]. /
T T\4 16 1
E[(}/t —}/; ) ] < Cgm ‘t— ‘ +e T4(3_5’) < Cé-’t - 3’1-"—8 .

(2) nI' =nT + 1. There exists a constant ¢ > 0 such that
E((Y;" = Y)Y < BV = Vi )]+ BV ga = V)] < ceft — o7

(3) nf > nl +2. We use Lemma 2.19 again to get
EI(F - V7)) < cEI(FT - V7, /T4> |+ BTy 1) g — V)]

+ CE[(YntT/W - (nf{+1 )T4 0%
T4 T4

< C&*‘t _ S‘min(3/2 e, 14¢’) )

Therefore the Kolmogorov criterion holds. U
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Finally we can state the convergence of the sequence of processes (Y'7).
PROPOSITION 2.24. The process YT converges u.c.p. to 0 on [0,1].
ProOOF. We have

sup [V;'| < sup ||+ sup [V;" - Y]

t€(0,1] t€0,1] t€[0,1]
From Proposition 2.18 and Lemma 2.23 we have that Y7 tends to zero in law for the
Skorohod topology. This implies that the random variable sup;¢q 1) |Y,T| tends to zero in
law and hence in probability. Applying Corrollary 2.22 to the second summand in the
right-hand side of the equation we get the result. O

4.2.4. Convergence of the intensity process CT. Here we complete the proof using the
results illustrated in Appendix A. Recall that, thanks to equation (2.14), we can write the
process CT almost in the form of a SDE:

1 t
clr=ul + do/ (n—CT) ds+/ CT dBT,
where o .
1 dM
BI' = — Jur / =
VT 0 VAL

We want to apply Theorem A.1. First of all we study the convergence of BT. Note that it
is a sequence of martingales with jumps uniformly bounded by ¢/,/1, since 1/ A is trivially
bounded by 1/u for any s € [0,1]. We now study its quadratic variation. Thanks to the
isometry 1.5, for ¢t € [0, 1],

tT T tT T tT T
dNT  up dM dM.

BTy, =L / s =27 / d s ) ) = up (¢t / =)
Blhe=7 ) S =7\, \¥F57 ur\tt ) T

Now note that

(2] rhpe] o[ o] mm

Hence, thanks to Markov inequality, for any € > 0, we get for T' — 400

T aml 1 T amIN? c
P 5> < <SE 2 < .
</0 TNI —5> = e K/o TA?) ] = 7oz, 0

We then have that the quadratic variation of the process B at time t converges to t in
probability for any ¢ > 0. Therefore, applying Theorem A.3 in Appendix A we get that
BT converges in law for the Skrohod topology toward a Brownian motion.

Since UT converges to a deterministic limit, using Theorem 4.4 in Billingsley [6, pag.
27|, we get the convergence in law, for the product topology, of the couple (U], Bl') to the
couple (0, B) for any ¢ € [0, 1], where B is a Brownian motion. Now, since the components
of (0, Bt): are continuous, by Proposition VI.2.2 in [18], the convergence also takes place
for the Skorohod topology on the product space. It is easy to see that condition C1 of
Theorem A.1 is satisfied by the sequence of processes BT, as well as conditions C2 (i) and
(ii) are satisfied by the square root function. Finally, according to [8], the CIR equation

(2.17) Xt:/o (1 — Xs) ds—l—/ VX, dBs

admits a unique strong solution on [0, 1]. Therefore all the hypotesis of theorem A.1 are
satisfied and we get the convergence in law for the Skorohod topology of the process CT
toward the unique solution of the preceding CIR stochastic differential equation.
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4.3. Convergence of the process (V;');. We need to prove the second part of
Theorem 2.6, that is the convergence of the renormalized Hawkes processes

1—

We can rewrite V, in the following way:

v l—ar T T —ar.r
Vi = Nep+ | (1 —ar)\gpds — A ds.
T 0 0 T

Hence, defining the martingale

we have

Using Doob’s inequality, we obtain
-\ ~ 1—ap)?
| (sup 17 ) | < amiit =1 (F00) ml0ef

t€(0,1]
1—ar\? 7 de(l —ar)?
4( T > E[Ns] < T

Last inequality shows the convergence of MT to zero u.c.p. Now note that (C7, ) converges
in law for the Skorohod topology to (C,t), where C' is the unique strong solution of the
CIR equation (2.17). We see that the hypotesis of theorem A.5 are trivially satisfied taking
X} =t. Hence the sequence of stochastic integrals converges in law and Lemma VI.3.31
in [18] allows to conclude that

t
Vf&/ Cyds.
0

4.4. Focus on the assumptions. Let’s meditate a little bit about the importance
of our assumptions.

First of all, Assumption 2.1 gives us a very treatable way to define the nearly unstability
condition for the sequence of Hawkes processes. As we already remarked, that is not the
only possible choice, but it seems reasonable to determine a dependance on a scalar constant
rather than to change the shape of the intensity kernels ¢’ at each 7.

The very crucial part is the light tails condition [;*s¢(s)ds < co. As a matter of
fact, this was necessary to prove the covergence of the sequence ¢! to an exponential
in Proposition 2.8 (see equation (2.6)) and also to prove the boundedness of the Fourier
transform of o7 in Lemma 2.13. Hence, assuming that ¢(s) ~ s*~! with a € (0, 1), is the
basis of the main resut. In the next chapter we will see that, dropping this hypotesis and
assuming that ¢(s) ~ s~ (%) e will be forced to change approach and we will get a very
different result.

Differentiability of the function ¢ allowed us some integrations by parts and to use Tay-
lor expansion for ¢ in Proposition 2.8. The same Proposition also shows us the importance
of the limit of the real sequence T'(1 — ar), beyond the result of Theorem 2.3. As already
remarked there, Theorem 2.3 gives a motivation to the choice of a proper observation scale.

Finally, Assumption 2.2 appears to be a rather technical assumption and it was used
in proof of Lemma 2.14 to bound the derivative of p. Nevertheless, that result is crucial to
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prove the convergence to zero of the process YT, which gives the possibility to write the
rescaled intensity in the form of SDE.






CHAPTER 3

Heavy tailed nearly unstable Hawkes processes

As we remarked at the end of Chapter 2, the condition

+00
/ sp(s)ds < oo
0

was crucial in order to obtain the limiting behaviour of a CIR dynamics for the intensity
process. We now want to inspect what happens if this condition is violated. We will then
suppose that
K
@(x) m%ioo W ’
where a € (0,1) and K is a positive constant. We will address to this condition as the
heavy tailed condition.

The main result of this chapter will be that, for @ € (1/2,1), the law of a nearly
unstable heavy tailed Hawkes process, properly rescaled, converges to that of a process
which can be interpreted as an integrated fractional diffusion. We will closely follow the
approach of Jaisson and Rosenbaum [20].

1. Setting and assumptions

The setting for this chapter is very similar to what was introduced in Section 1 of
Chapter 2.

We still have a sequence of Hawkes processes (N[ )i, indexed by T and we study
its behaviour for 7' that goes to infinity. When it will be required by the context (e.g.
using convergence theorems) we will consider an increasing sequence of indeces (7,)nen
such that 7T;, — oo for n — oo.

For a given T, (NI') is defined on the interval [0,7], N = 0 and the associated
intensity process is given by

t
)\?:MT—I—/ ol (t —s)dNT, fort>0,
0

where pp is a sequence of positive real numbers and ¢’ is a non-negative measurable
function on RT which satisfies [|¢? |1 < +oc. The process (N/) again is defined on a
probability space (Q7, FT,PT), equipped by the filtration (F; )telo,r], Where Fl' is the
o-algebra generated by (NI)s<;. We will usually omit the index T in PT, writing P, unless
it is specifically required by the context.

We continue to call M the compensated process, that is

t
MtT:NtT—/O M ds.

Recall that M is a local martingale since, if the process (JI),>1 represents the jump

times of (NZ), then
tAJT
NL - — / M ds
0

INIT
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is a martingale for every n.
This was the general setting, we now start giving some more specific assumptions.

ASSUMPTION 3.1. For t € RT,

o (t) = arp(t),

where (ar)7r>0 is a sequence of positive real numbers converging to 1 such that for all T,
ar < 1 and ¢ is a non-negative measurable function such that ||¢|l; = 1. Moreover we
assume there exist a € (0,1) and K > 0 such that

lim az®(1-G(z)) =K,

T—r+00
where G(z) = [ ¢(s)ds.

REMARK 3.1. Note that Assumption 3.1 is a way to violate the condition

—+00
/ sp(s)ds < +o0
0

given in Assumption 2.1. As a matter of fact, dividing by = we get

az® (1 -G(z)) ~ K/z.
T—r00
Hence the integral of the preceding function above over [0, +00) diverges. Integrating by
parts we get

+oo +o00 400 =400 +oo
/ amo‘_l/ p(s)dsdx = [:Ba/ ©o(s) ds] —I—/ z%p(z) dx
0 T T 0

=0
K oo
== x%p(z) dx = 0o
Q@ 0

and this implies [~ sp(s) ds = oo.

Note that we continue to have almost surely no explosion, thanks to Lemma 1.7 in
Chapter 1. Moreover Remark 2.2 holds also under Assumption 3.1, therefore the process
(M) is a square integrable martingale with quadratic variation process the process (N/[').

The second assumption is related to the observation scale:

ASSUMPTION 3.2. There are two positive constant A and p* such that

lim Ta(l — aT) =X

T—+o00
and
li Tl—cx _ *5—1
i T =
where we set
I'1—
5— g1 =2)
!
with ' the usual gamma function, I'(z) = [§~ 2 te " dx.

Finally, keeping the same notation of Chapter 2, we define ¥/ : RT — R as

[e.o]

YT =D ("))

k=1
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2. Heuristics

In this section we prepare the main results giving some heuristic computation. We
follow the ideas given in Section 3 of Chapter 2.

As it was proven in Proposition 2.10, we can write the intensity process in the following
alternative way:

t t
A =i+ [ 0T syurds+ [ 0T 5 au]
0 0

Hence we get the same rescaled intensity on the interval [0, 1], that is

T T
Moo= pup+ | QT (Tt—s)upds+ | T (Tt —s)dMT .
0 0
For the rescaling in space, recall from Theorem 1.9 that in the stationary case the expec-
tation of A/ is ur/(1 — ||¢? 1), hence a natural rescaling factor is (1 —ar)/uz. Therefore
we define the sequence of rescaled intensity

1—a
T T\T
wr

From the preceding alternative form of the intensity, after a change of variable, we get

(3.1) of = (1—aT)+/tT(1—CLT)1/}T(TS) ds+ [ —— 1_aT / 1T CT dBT
0

with
1 [Tam?

VT Jo T

The process (B}') is chosen in such a way that its quadratic variation tends to ¢ as T tends
to infinity; we will see this in detail in the following.

As we already remarked in Chapter 2, the asymptotic behaviour of (C}) is closely
related to that of function ¢ (7). We then study the rescaling

T . wT(T:v)
¢ @ =T

Borrowing the computations from Chapter 2 we note that ¢! is the density of the random
variable

Bl =

1 &
=72
i=1
where the (H;); are i.i.d. random variable with density ¢ and I” is a geometric random

variable with success probability 1 — a7, independent from H; for every i. The Laplace
transform of the random variable H” is then the Laplace transform of function o’ that is

0" (z) = E[e_ZHT} B i(l —ar)(ar)"'E [6_% = Hl}

k=1

e

(1 —ar)(ar)" M (p(z/T)" = (1 = ar)p(z/T) Y _(ard(z/T))*
k=1

1 $(z/T)
T=arg(z/T)  1- 12 (p(z/T)~ 1)’

i

1

— (1 ar)p(z/T)
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where ¢ is the Laplace transform of function . In Chapter 2 we used a Taylor expansion
for ¢ thanks to the differentiability condition given by Assumption 2.1. Here we cannot
use the same argument. However, integrating by parts, we can rewrite ¢.

$(2) = /0 T () dr = [e—w /0 " o(s) ds]I:JrOO +z /0 T e /0 " o(s) ds da

=0

+o0
= z/ e **G(z)dx.
0

Now, note that z f0+°° e **dxr = 1. Hence we get

p(z) =1— z/0+oo e (11— Gla))do =1— Z/O+°O e /:OO o(s) ds dx

+o0 +oo +oo U\« +o0
=1- / e_“/ o(s)dsdu=1— zo‘/ (—) / o(s)dsu%e “du.
0 u/z 0 z u/z

Using Assumption 3.1, taking the limit for z — 0, we get

+o0
o(z) ~ 1—zaK/ u*ae*“du:l—zo‘KM,
z—0 a Jo o
where the passage to the limit under the integral was justified by dominated convergence
theorem and the fact that ||¢|; = 1. Finally, using the notation in Assumption 3.1, we get
for |z| small enough
P(z) =1—2% +o0(2).

Setting vp = 6 'T%(1 — ar), we get for T that goes to infinity

o 1-0(F)"to(F)  _1-wvp'(l-ar)®+o(F)
0 (Z) - ar z\& z - —1_q« ar z
L e (=0 ()" +0(F)) l+arvp'ze - T—ar ? (%)
1 (%

~ =

l+vpla  vp+z*

From [12, equation (19.4) page 32| we see that the function whose Laplace transform is
vr/(vr + 2%) is

UT:Ea_lEa7a(—UT.TIa) ,
with F, g the Mittlag-Leffler function, with parameter o and 3, given by

o0 n

Fag(z) = Zm.

n=0
We then know that, taking the limit for 7" that goes to infinity, we get
ol (z) = vz Eq o (—vpa®),
hence

wT(Ts) — sta_lEa,a(—sto‘) .

[
T

Substituting heuristically this limit in equation (3.1), recalling that |71 = 22—, we get

1—&’1"7

¢ ¢
CtT ~ UT/ so‘_lEma(—sto‘) ds + 'yTvT/ (t — s)o‘_lEma(—vT(t —5)%)y/CT dBST ,
0 0

where we put

1

T T —ar)
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Using the fact that the maximum jump of the process BT tends to zero and its quadratic
variation tends to ¢, it will be shown that the process B” converges in law toward a
brownian motion B. Now note that, thanks to Assumption 3.2, we have for T' — oo

[ A
vp = A and ypup — E

Hence, substituting in a non rigorous way we get

Cye N)\/ s By 0(—Xs%) dsﬂ/ / 8)* By a(—A(t — 5)*)\/C> dBs.

We got a non deterministic behaviour for the limiting law of the rescaled intensity.
This form of the intensity reminds us of the fractional Brownian motion (B}?), with Hurst
parameter H, that is the process

1 ¢ _ 0 _ _
Bff = NCESYE) </0 (t—s)H 1/2dW8+/_OO(ts)H V2 () 1/2dWs> :

where (W;), is a standard Brownian motion. This is why we say that the limiting intensity
process has the form of an integrated fractional diffusion.

REMARK 3.2. We could have derived the preceding heuristic computation without
stating Assumption 3.2. In that case we would have obtained the following limit for C7*:

¢ t
CP ~ Uoo/ so‘_lEma(—Uoosa) ds + %ovoo/ (t— s)o‘_lEa,a( Voo (t — 8)*)y/C® dBs .
0 0

Then it is clear that we want both vy, and v to be strictly positive constant in order to
get a non deterministic limiting behaviour. This is the reason for choosing the observation
scale given by Assumption 3.2.

3. Convergence

We now tackle the problem of convergence for our sequence of heavy tailed nearly un-
stable Hawkes process. Let us start giving some notations. We will study the renormalized

Hawkes process
1—

T
Xt Ta *6 1

NL, telo,1]

and its integrated intensity
1—a tT
AtT:T/O Alds, telo,1].

We already remarked that this normalization is chosen in a way that the process has
expectation of order one. We define also the following martingale:

To *571
7l =\ == (xl =], tefo].
1—ar

Next result is essential in order to obtain a representation of the limiting Hawkes process
and it concernes the convergence in distribution of the sequence of processes (Z7, XT).

PROPOSITION 3.3. Under Assumptions 3.1 and 3.2, the sequence (Z7,XT) is tight.
Furthermore, if (Z, X) is a limit point of (Z*,X™T), then Z is a continous martingale with
quadratic variation process the process X.
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PrROOF. We will use many convergence results borrowed from [18] to prove the propo-
sition. As firts step in this proof, we prove that the two sequences X* and AT are C-tight,
that means that they are tight and every limit point is a continuous process. Thanks to
Lemma 2.4 we have

E(NT] = prt + pr / WT(t - s)sds < tur(1+ [07])r).

Therefore, since ||¥7||1 = ar/(1 —ar), we get that there exists a constant ¢ > 0, such that
uniformly in 7" we have

1-— l—ar Tur Tl_aMT
NT = = —
Ta *5 1 Ta *5—11 — ar ,U/*(S 1

E[AIT]:E[X{]:E{ <ec.
Since both X7 and AT are increasing processes, their total variation on [0,1] is simply
given by XI and AT respectively, whose expected value is uniformly bounded. Hence,
applying Corollary 9 in [23], both the processes are tight.

Moreover, since (1—ar)/T® tends to zero, the maximum jump size of X7 tends to zero
as T goes to infinity, while the process AT is already continuous. Thanks to Proposition
VI.3.26 in [18], this implies the C-tightness of the sequences X7 and A7

Let us now study the sequence (Z7, XT). Notice that

1—a 1-a
E((Z0)"] = ey TEIME)] = o5 EING .
Hence (ZT) = XT. We can then apply Theorem VI1.4.13 in [18] and use that the sequence
of quadratic variation of the process Z7 is C-tight to deduce that Z7 is tight. Finally,
using corollary VI.3.33 in [18], we get the joint tightness of the sequence (Z7, XT).

We now focus on the second part of the proposition. Consider a convergent subsequence
(Z™, XTn) with limit the process (Z, X). Proposition VI.6.26 in [18], together with the
fact that the quadratic variation of the process Z1n is X gives us that (Z) = X.
Now we just need to know that Z is a continuous martingale. It is continuous because
V(1 —ar)/T* tends to zero as T tends to infinity and this implies that the maximum
jump size of Z™ tends to zero; therefore the sequence Z7» is C-tight and the limit Z is
continuous. Now, since the maximum jump size of Z7» is bounded uniformly in n, because
it converges to zero, Corollary IX.1.19 in [18] gives us that Z is a local martingale. Moreover
its quadratic variation, that is X, has finite expected value, hence Z is a martingale. [

Having the tightness of the sequence of processes (ZT, X T), we can now take a pair of
processes (Z, X ), defined on some probability space (€2, A,P), with law being one of the
possible limit points of the sequence of distributions associated to the sequence (Z7, XT).
We have the following results, giving an explicit expression for the pair (Z, X):

THEOREM 3.4. There exists a Brownian motion B on (2, A,P), such that fort € [0, 1],
Zy = By, and for any e > 0, X is Hélder continuous with Hélder exponent (1A 2a) —e on
[0,1] and it can be written as

(3.2) Xy :/0 sfONt — s) \/7/ 9Nt — s)Bx, ds,

FoOMx) = Az® LBy o (—Az®) .

where we define
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3.1. Proof of theorem 3.4. We devote this section to prove the preceding theorem.
We will need many step to reach the result.

We start with some preliminaries about the function f®* and its fractional integrals
and derivatives (see Appendix B for the basic definitions). We do not provide any proof
of the next Proposition, we just recall that all the results are easily obtained applying the
results of [12, Section 11] to the function f®*.

PROPOSITION 3.5. The function f** is C* on (0,1] and

A

a,\ ~ a—1
F7@) e Ty ®
AMa—1)

0t T()

)

(1N (@)
Furthermore, f(x)x'=® has Hélder reqularity a on (0,1].
For v < a, f®* is v fractionally differentiable and
DY f*MNx) = Ax® "V Eg au(—A2%) .
Therefore we have
A 1
v—0t D(a — v) gl—atv’
Ma—1-v) 1
0+ F(a _ I/) 1‘2—&-‘1-1/ .

D f*(x)

(D" ) (x)

For v/ >0, f®* is v fractionally integrable and
/ 1
1Y F*2@) = A B (A2
Therefore we have

/ A 1
)i a,\ ~
f (:C) 20+ F(Oz + I/’) rl—a—v

and, fora+v' #1,

/ Ma—1+7V) 1
b a,\\/ ~ .
( f ) ('T) 20+ F(Oé 4 I//) p2—a—v

Finally, the following relation holds:
I fer () = A1 - Fa”\(x)) .

3.1.1. Proof of equation (3.2). We now start to investigate the limiting expression of
the process X7. Next Lemma tells us that we can actually study the behaviour of the
process AT rather than the behaviour of the process X7 .

LEMMA 3.6. The sequence of martingales XT — AT tends to zero in probability, uni-
formly on [0,1].

Proor. We have )
T T _ —ar T
Xy — A = Toprg—1 it -

Applying Doob’s inequality to the martingale M7 we get

T T\2 l—ar ? T\2
E til[(l)l,)l}{(Xt —A;) }] §C< Ta ) E[(MT) ]7
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where c is a positive constant. Now, since the quadratic variation of the martingale M7 is
given by the process N7 and

BINF) < Thr(1-+ 17 0) = Tr (=)

1
we deduce
1—ar)? 1—ar\?,, ur
E X'~ A2 < E[NE] < T
| (7 AR <o (S ) BV <o (St ) T
_ol—ar
_ Tl «@
Cur Ta
4)#*6—1

Hence, using Markov inequality, for any € > 0,

/ J—
P(( sup (7~ A1) > <) < B[ sup (07 - ATy < S1T
t€[0,1] € Ltefo,) e T«

The last quantity goes to zero for T' that goes to infinity, giving the convergence u.c.p of

the sequence of martingales X7 — AT, O

We now state a Lemma whose proof is already contained in Section 2. In particular
it was showed there that the Laplace transform of the measure with density o () con-
verges towards the Laplace transform of the measure with density Az 1E, o(—Az®). As
a consequence we get the following:

LEMMA 3.7. Let o defined as in Section 2, that is
! (T)
19T

Then the sequence of measures with density o' converges weakly towards the measure with
density \x® LE, o(=Ax®). In particular, for t € [0,1], the function

o (x)=T

FT(t) = /Ot o (z)dx

converges uniformly towards

a, A _ ta,)\x .
F (t)—/of (2)d

We focus now on equation (3.2). Let us consider a converging subsequence (Zn, X7n)
and write (Z, X) for its limit. By abuse of notation we continue to write (Z7, X7 instead
of (ZT“,X T”). Thanks to Skorohod’s representation theorem, there exists a probability
space on which one can define copies in law of the couple (Z7, XT') converging almost surely
for the Skorohod topology to a random variable with the same law as (Z, X). We now
work with this sequence of variables converging almost surely and their limit. Recall that
the process Z and X are continuous and that the Skorohod topology, relativized to C' (the
space of continuous functions on [0, 1]), coincides with the uniform topology. Therefore we
have

(3.3) sup | X! — X;| =0, sup |Z] —Z]—0.
te0,1] t€[0,1]
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We work on a more suitable expression for the cumulated intensity.

t t s
/)\zds:/ ,LLT—G—/ @T(s—u)(dMg—i—)\Zdu)}ds
0

t,uT—{—// dMTds+// s—u)\ duds

For the first integral, applying Fubini theorem, we get

// s—udMTds_// (s —u) ds dM,
:/0/ugoT(t—z)dszEZ/ot</OZdME>SDT(t_Z)dZ

t
:/ MIOT(t - 2)dz.
0

For the second one we get

// s—u)\Tduds—/ot</ut<pT(s—u)ds>)\5du
:/Ot</ut<pT(t—z)dz>A5du

t z
:/ (/ AZdu)goT(t—z)dz.
0 0
Hence we have the following expression:

t t t s
/A;”ds:tuT+/<pT(t—s)MsTds+/¢T(t—s) (/ Afdu> ds .
0 0 0 0

Now using Lemma 2.11 we get
t ¢ t s
/ M ds = tur + / ol (t — s)MT ds +/ YTt —s) (s,u,T + / ol (s —u)MT du) ds
0 0 0 0
t t
=tur + / ol (t — s) M, ds +/ st (t — s)ds

/th—s/ ©l'(s —u)MT duds

We can rewrite the last summand using the fact that ¢7 x o7 =T — pT:
t s t ot
/ DT (t — s)/ ol (s —u)MI duds = / / YLt —s)pT (s — u) dsM? du
0 0 0 Ju
t prt—u
= / Y1t —u—s)pT(s)dsM! du
0 JO
t
= / T s ot (t —w)MT du
t
/ DL (t —uw)MT du — / ol (t —u)MT du
0

Hence, using this in the previous equation for the cumulated intensity, we get

t t t
(3.4) / Mds = tup + / YT (t — s)sup ds + / YTt —s)M! ds.
0 0 0
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In order to get AT we just need to replace ¢ by ¢7' and multiply by (1 — ar)/(Tu*5~1).
Moreover we define the quantity

Hur

UP = ———,
T /1,*5_1Ta_1

that goes to 1 as T' goes to infinity and will make our expression simplier. We then have

Al = (1 —ap)tur + T(1 — ar)ur /t YI(T(t — s5))sds

Ll | *56“1[’/ W7 ( $) 2L ds.

Since ur goes to one, the first summand converges to zero as T' goes to infinity. For the
second summand we can rewrite and integrate by parts, getting

(3.5)

T(1 —ar)ur /Ot VI(T(t — 5))sds = arur /Ot ol (t — s)sds = arur /Ot o (u)(t — u) du
= apur [tFT(t) - /Ot ol (u)u du]
= apur [tFT(t) —tFT(t) + /0 t FT(u) du]
= apuy /Ot FT(t —s)ds

Now, thanks Lemma 3.7, the last quantity tends uniformly to

aTuT/ FO‘)‘ ds—aTuT<[F°‘”\(t / f”‘)‘ sds)
t
= aTuT/ Nt —s)sds.
0

We now turn to the last summand in (3.5), that can be rewritten as

t
ar T T
t—s8)Z: ds.
VT(1 — ar)p*o—t /o A 125

We would like to show that for any ¢ € [0, 1]

t t
/ ol (t—s)Z  ds — / fOANt —8)Zsds.
0 0

Using integration by parts for Lebesgue-Stiltjes integrals, we have

/OtQT(t—S)ZSTdS—[</SQ (t—U)du)ZTL 0 // T(t — ) dudZT

/ Ht —u) du ZF — //t 2)dzdZT
Fr(tyzl' — /(FT(t)—FT(t—s))dZST
f e

Tt —s)dzl .
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With the same computations we get also

t
/f“ ZTds—/ FoMt —s)dzT .
0

Then we have

‘/ $)ZT ds — /f‘“‘t—s)Z ds| =

—i—/o foMNt—s)zT ds — /0 Nt — $)Zg ds

+/f°“ s)|2T — Z,| ds.

s)dzT — / fOMNt— )21 ds

< ‘ /Ot (FT(t —s) — F*t —s)) dZT

The first integral goes to zero since

E [(/Ot (F Mt —s) — FT(t - s)) dzfﬂ = /Ot (FOANt —5) — FT(t — 5))*E[X]] ds
< c/ot (FOA(t— s) — FT(t - 5)) ds

and the last quantity tends to zero thanks to Lemma 3.7. For the second integral, use
equation (3.3) and again we have convergence to zero. Hence we finally obtain that the
third summand in equation (3.5) converges, for any t € [0, 1], to

WAt — §)Zyds .
F f
In order to conclude the proof of equation (3.2) in Theorem 3.4, we need to show that
Z; = Bx, with B a Brownian motion on (£,.4,P). This is given by Dambis-Dubin-
Schwarz theorem (Theorem A.6), noticing that Z is a continuous martingale with quadratic
variation the process X. See |25, V.1.6] for details on this theorem.

Putting all together the previous computations, we got the pointwise limit for the

process AT, that is exactly what we were looking for:

t
Mo [ s =) ﬁ/ FoNE -

Now we conclude using Lemma 3.6 and writing the process X7 as

BXS ds.

X¢ =A +xt AT

3.1.2. Proof of the Hélder property for X. After proving equation (3.2), we now de-
vote our attention to prove the Holder property for X in Theorem 3.4. We will use a
contradiction argument based on the following technical Lemma.

LEMMA 3.8. Let B be a Brownian motion and X a solution of (3.2) associated to B.
Let H € [0,1]. If X has Holder regularity H on [0,1], then for any e > 0, X has also
Hélder regularity (( + H/2) A1) — e on [0,1].

Before giving the proof of this Lemma, we need a technical result about the smoothness
of the convolution of a power type function with a continuous function. This result will be
widely used in the following.
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PROPOSITION 3.9. Let f be a differentiable function on (0, 1] such that, for some K > 0,
0< B <1 and any x in (0,1],

K K
@I < 25 and |f@) <

and g a continuous function [0,1]. Then the convolution

fg(t) = /O f(t— 5)g(s) ds

1s Hélder reqular with exponent 1 — (.

PROOF. Let G = sup,¢(o1) [9(z)|. We can split f* g(t +h) — f x g(t) as follows:

t+h t
f*g(t+h)—f*g(t)=/0 f(t+h—s)g(8)ds—/0 f(t— 5)g(s) ds
t—h

(f(t—i—h— s)— f(t— s))g(s) ds

0

+/tt (ft+h—s)—f(t—s))g(s)ds

—h

t+h
—i—/t f(t+h—s)g(s)ds.

We bound the three terms separately. For the first one we have

t—h t—h
/ (f(t+h—s)—f(t—s))g(s)ds</ F(t+h—s)— f(t - 5)|Cds
0 0

t—h s=t—h
K h 1
<G ————hds < GK— | ————
B /0 (t—sp =705 {(t—S)BH}
_GK (i_i> < GE s
g o\nf )= B
For the second one we use the bound on the modulus of f:

/t (f(t—f—h—s)—f(t—s))g(s)dsgG |f(t+h—s)— f(t—s)|ds

s=0

—n —h
t K t K
< - -
N G</t—h (t+h—s)P d8+/t—h (t—s)f ds)
1 -8 31-8 , pl-betay _ OB 1_5,1-5
GK—l_B[((%) R e L

Finally we easily bound the third term:

t+h

t+h
f(t—l—h—s)g(s)dsS/ |f(t+h—s)|Gds
t t

< GK /Hh S ] [(t +h o syA] T
- . (t+h—s)P " 1-5 s=t
GK
= T plh.
1-p

Therefore we have

-8
frglt+h)—fxg(t) < GKmaX{le;;}hlﬁ,
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that gives the Holder exponent for f x* g.

Proor OF LEMMA 3.8. Let € > 0 and Z; = By,. Since the function

¢
t |—>/ sfONt — s)ds
0

is C'!, it is enough to show that the function

t
t— / fOMNt — 8)Zg ds
0

has the required Holder regularity. Recalling that the Brownian motion has Hoélder regu-
larity 1/2 — &’ for every &' > 0, we easily get that, for any ¢’ > 0, Z has Holder regularity
(H/2 — €'). Therefore, by Proposition B.7, it is fractionally differentiable and D/2-¢7 is
continuous. Since f** is in L'([0,1]), it is fractionally integrable and, by Corollary B.9,
we get

t t
/ fONt — 8)Zs ds :/ [H72=e pad _ \DHI2=2 7 _ds |
0 0
Finally, since Proposition 3.5 gives us that
IH/2_6fa’>\(.T) ~ K/I‘l_a_H/2+6

and
(IH/Q—efa,A)/(x) ~ K/$2—a—H/2+€
we have that, if « + H/2 — e < 1, we can apply Proposition 3.9 and get the result. O

Now let B be a Brownian motion and X a solution of (3.2) associated to B. We show
that for any e > 0, almost surely, the process X has Holder regularity (1 A2a)—¢ on [0, 1].

Let M be the supremum of Holder exponents of X. The estimates on f®* given by
Proposition 3.5, together with the continuity of the Brownian motion, allow us to apply
Proposition 3.9 to the second integral in the definition of X and conclude that M > a.

Let us now assume that M < (1A2«). Then we can find some H < M and some £ > 0
such that

M < ((a+H/2)A1) —€.

But, since H < M, X has Hélder regularity with exponent H and hence, by Lemma 3.8,
has also Hélder regularity with exponent ((ov 4+ H/2) A1) — ¢, which is a contradiction.
Therefore we must have M > (1 A 2a).

4. Derivative of process X

In this section we will find, under suitable conditions, an explicit expression for the
derivative of the process X defined by (3.2). This expression, already obtained with the
heuristic computations of section 2, gives us an interpretation of the process X as an
integrated fractional diffusion.

The key point is that if the tail of the function ¢ is not too heavy, X is differentiable.
The following resut indeed holds. We keep all the notations introduced during this chapter.

THEOREM 3.10. Let (Xi)ieo,1) @ process satisfying equation (3.2) and assume that
a € (1/2,1). Then the process X is differentiable on [0, 1] and its derivative Y satisfies

— A 1 ! Ny 1
(3.6) Yi=F (t)+m/of (t - 5)\/Y, dBL,
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where B! is a Brownian motion. Furthermore, for any € > 0, Y has Hélder reqularity
a—1/2—c¢.

PRrROOF. We start with a simple Lemma, giving us the Holder regularity of process Z.

LEMMA 3.11. Let B be a Brownian motion, X a solution of (3.2) associated to B
and Zy = Bx,. Then, for any € > 0, almost surely, the process Z has Holder reqularity
(1/2Na) —e on [0,1].

ProoOF. Using the Holder regularity of the Brownian motion and that of the process
X we get almost surely, for any ,¢’ > 0,

‘Zt . Zs| — |BXt _ BXS| < kl‘Xt . XS|1/275 < kg(‘t o 8‘(1/\2&)75/)1/2—67
where k1, ko are positive constant. O

Now let o > 1/2, therefore let Z be Holder continuous with exponent 1/2 — e, for
any ¢ > 0. From Proposition 3.5 we have that the functon x — f®*(z)2z!'~® is Hélder
continuous with Hélder exponent «. Then Corollary B.10 implies that DY f®* exists for
any v € (0, ) and we can rewrite the second integral in equation (3.2) to get

t 1 t
= [ sferMt—s) ds+/ DY fONt — $)IV Zyds .
/0 VIFEA Jo ’
Note that, integrating by parts in the first integral, we get

Xt_/otFa”\(s) F/ DY oAt — 8) " Zyds .

Now, taking v > 1/2, since Z is 1 — v Holder continuous, Z is also 1 — v fractionally
differentiable and we have

Zs=I'""D'""Z,,

that gives, using the semigroup property of the fractional integral operator,
S
I"Zs=ID""Z, = / DY""Z, du.
0

We use this expression in the formula for X and apply Fubini’s theorem:

t
/Dyfa’)‘( s)I" Z ds—/ / D'jfa)‘ —s)DY™Z, duds
0

//DVf@M — 5)D'"Z, ds du

:/ / DY fNs —u)D'"" Z, ds du
0 Ju

t s
:/ / DY o s —u)D'"V Z, duds .
0 JO

t
Xt /YdS

foMNs —u)DY Z, du.

Hence we got

where

Y Fa)\

Applying again Proposition 3.9 together w1th the properties of D¥ f* given by Proposition
3.5, we get that Y has Holder regularity with exponent (a—v). Thus, taking v close enough
to 1/2 (we can do that), we get that for any € > 0, Y has Holder regularity (o« —1/2 —¢).
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Since a > 1/2, this implies that Y is continuous and hence the derivative of X is defined
for any t € [0, 1].

We now need to find the right expression for Y. Since Z is a continuous martingale
with bracket X, the condition to apply stochastic Fubini theorem are easily verified (see
[27]). Hence we can obtain

1 d [° Z
D'z, = : dZ, d
I'(v)d / s—v)1 dv = ds// s—le v

_ 1 // Lz, st/o(s_u) Z,

Therefore we can write

v a)\ 1 d ° v

Now note that, for any two differentiable fuctions f and g on RT,

+oo “+o0o
(Feaf =g [ at=oseds= [ ga—ss)ds

so that f* (¢') = (f * g)’. Using this fact together with Fubini’s theorem we get

Y Fa)\

d
Y; = FOMt) + }dt/ u+1 /D”fcM s)(s — )" dsdZ,

1
Vi X dt

t—u
:Fa’)‘(t)+ // I”D”fa”\(s)dstu
VM*Adt o Jo
A 1 d [ A
= F\(t — IV DY f* —u)dvdZ,
O+ Zxi ), J, PN

1 d t rv
= Fo? — I"DY {0 — ) dZy
(t)+\/Tdt// fNv —u)dZ, dv
:FQ,A(

Q.

= PNt +

/ IV+1D1/fa )\( U) dZ,

(¢ dZ, .
F f —u)

Using the representation result given by Theorem A.7, since d(Z, Z); = Y; dt, we have that
there exists a Brownian motion B! such that

t
Zy = / VY, dB!.
0
Let’s consider the process (Y;); defined by

}/t Fa)\

—u)y/Y.dBy.

going backward in the previous computations, substituting /Yy, dB. to dZ,, we get that

Nt — )7d / (s —u)’\/Y, dBL ds

I'(v+1)ds

Y Foa)\
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and
1 d [? y 1 d [?(s—uw)”
F(u+1)ds/0(8_u) \/Yudelb:F(V)ds/o fo—w)? V) VY. dB),
“rp, (o) v,
1 d ° B v—1 1
:F(V)dS/O (/u (s —v) dv>\/}7udBu
1 d ° v—1 ! 1
:F(V)ds/o (s —wv) (/0 \/EdBu> dv
SRRV S
T(v)ds Jy (s—wv)l7¥
=Dz,

This implies

Y, = FONt) +

and we can conclude that

Y, = F 1) +

N fONt —u)\/YsdBL,

which is the desired result. OJ

We eventually provide here an alternative form for equation (3.6), that shows that
the process Y solves a Volterra-type stochastic differential equation, a sort of rough CIR
equation. This result connects with the light tails case, where the limiting intensity process
was solution of a CIR stochastic differential equation, showing that the heavy tails condition
is the basis of the rough behaviour in our limiting process.

We state a general proposition, that will be useful in the following too.

PROPOSITION 3.12. Let \,v, ¥ be positive constants, a € (1/2,1) and B a Brownian
motion. The process V' is solution of the rough stochastic differential equation

(3.7) Vi = OFMNt) + v / t FOAt — )7/ Vs dB,
0

if and only if it is solution of

1 t 1 v [t 1
(3.8) V;_F(a)/o( )1—a/\(19_vs)d8+1“(a)/0( Vs dB;.

t—s t—s)l-a
Furthermore, both equation admit a unique strong solution.

PROOF. We already proved the existence of a solution for (3.7) deriving equation (3.6).
Let V be a solution to (3.7) and write

K=1"°v.

Using stochastic Fubini theorem we get

t t
K = 19/ = e () du + u/ I oAt —u)\/V, dB,.
0 0
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Moreover, we know from Proposition 3.5 that I'=®f®A = )\(1 - FO")‘(t)). Hence, using
stochastic Fubini theorem again, we obtain

Ktzﬂ/ot)\(l—Fa’A(u))du%—y)\/ot\/VudBu—)\u/OtFO"A(t—u)\/VudBu
ﬂ/ot)\(l—Fa’)‘(u))du+y)\/()t\/VudBu—)\u/Ot /Otufw(s) ds\/Vy, dB,
ﬂ/ot)\(l—Fa’)‘(u))du%—u)\/ot\/VudBu—)\u/Ot /tfa’)‘(s—u) ds\/V, dB,
ﬂ/ot)\(l—Fa)‘(u))du%—u)\/ot\/VUdBu—)\/Oty/osfa”\(s—u)\/ﬁdBuds
zﬂ/ot)\(l—Fa”\(u))du%—u)\/Ot\/VudBu—)\/Ot (Vs — 9F*(s)) ds
:A/(]t(ﬂ—vu)du+Av/0t\/VudBu.

Recalling that we have V; = DK}, we get

WzlAd/tl/s(ﬁ—V)duds
[(a) dt Jo (t—=s)'" Jo b
-l-ld/t /\/ VudB, ds.
(«) dt t—sl a

We study each summand separately. For the first one we get

/Otm/os(ﬁ—vu)duds:/ot/ut(t_;l_aw_vu)dsdu
:/Ot/ut(s_i)l_a(ﬁ—vu)dsdu
:/Ot/os(s_i)la(ﬁvu)duds.

With the same method we get for the second one

/Ot_s /deds // 1a\/»dsdB
:/0 /u 7(S_u)17a\/17udsd3u

t s 1
N
0 Jo (s—w)
Therefore we got

1 d [t (¢ 1
Vi= ——— A —— (9= V,)dud
¢ F(a)dt/o / s—ul—o‘( ) du ds

+/ / oy V/VedBuds,

which gives

1 t 1 1 t 1
V;—F(a)/\/o ( — (9 — V) du + )\y/o (7\/17”3”.

t—u)t—@ I'(«a) t—u)t-o
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Hence V is solution of (3.8). The uniqueness of such a solution is given by Theorem 2.5
in |24]. O

Now, a straightforward application of the last proposition gives us the following corol-
lary:

COROLLARY 3.13. The derivative Y of a process (Xt);c(o] Satisfying equation (3.2),
when it exists, satisfies the following rough CIR stochastic differential equation:

1 ¢ 1 1 \ )
Yt_F(a)/O (t_s)1a>\(1—Ys)ds+F(a)\/;/0 m\/?sdws,

where W is a Brownian motion on [0, 1].




CHAPTER 4

Multidimensional limit theorems

In this chapter we aim to extend the limit theorems obtained in the previous chapters
to the multidimensional case. We will still have a separate approach for the light tails case
and the heavy tails case.

1. General setting

We study the convergence of a sequence of nearly unstable d-dimensional Hawkes pro-
cesses defined on [0, 7], with T tending to infinity. We need to define what nearly unstable
means in a multidimensional context.

We keep the notation N7 for our d-dimensional Hawkes process whose intensity process
AT is defined by

t

)\tT:,uT1+/ &7 (t —5)-dNT,
0

where ur > 0 and ®7 = a7®, with ar an increasing sequence of positive numbers con-

verging to 1, and the matrix ®: R, — M%(R,) has positive and integrable components.

We use ¢; ; for the components of the matrix ®. If S is the spectral radius operator, we

impose
S </0°o<1>(s)ds> =1.

Hence the nearly unstability condition is given by the limit S ( fooo &7 (s) ds) —lasT —
0o. We assume that for any ¢ > 0, ®(t) is diagonalizable on R. We write A;(¢) > -+ > A\y(¢)
for the eigenvalues of ®* and v1,..., vy for the corresponding eigenvectors.! We assume
that these eigenvectors do not depend on ¢. Note that, from Perron-Frobenius theorem, for
i > 2, [N(1)] < Mi(t) = S(®(t)) and vy can be taken in RY (that is with positive entries).

Moreover we choose an orthonormal basis (e1,...,eq) of R? such that el -v1 >0 and
span(eg, ..., eq) = span(vy,...,vq)
and set
, 1
vV =€ — - V1.
€11
Note that v" € span(va,...,v4) since ef - v/ = 0.

As usual we write M7 for the martingale process associated to N7:

t
MtT:NtT—/O M ds.

Here the symbol * represents the transpose operator. Moreover the dot - represents the usual matrix
product.

45
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2. Light tails case

We now make more specific assumptions, focusing on the light tails case. It is clear
the connection with the assumptions of Chapter 2.

ASSUMPTION 4.1. There exist positive parameters A and p such that
T(l1—ar) — A, wr =
T—00
and
oo
/ xpij(x)de <oo foranyi,je{l,...,d}.
0
We set m := [ xAi(x) da.
Now, as in the previous chapter, but with an obvious multidimensional meaning, let
‘I’T — Z((I,T)*k 7
k>1
where (®7)*! = &7 and for k > 1,

@) = [ @) (@) s
0

We then need the following technical assumption:

ASSUMPTION 4.2. The function ¥7 is uniformly bounded and @ is differentiable such
that each component ¢;; satisfies ||¢};[lc < 00 and [[¢};[[1 < oco.

REMARK 4.1. Assumption 4.2 in particular implies that, for any i € {1,...,d},
lim A\;(z) =0.
T—r 00
2.1. Heuristics and theorem. We can provide some intuitions and heuristic com-
putations to understand the general behaviour of a sequence of nearly unstable light tailed
Hawkes processes. The ideas are very similar to the heuristics of chapter 2, but it is inter-

esting to observe how the multidimensional case reduces to the one dimensional approach.
First of all, note that as we did in Chapter 2 we can rewrite the intensity process as

t t
Af_uT1+/ @T(t—s)-thT—&-/ &1 (t—5) - Alds.
0 0

Now, using a straightforward multidimensional generalization of Lemma 2.11 and repro-
ducing the proof of Proposition 2.10, we get

(4.1) )\tT:uT1+uT/t\IIT(t—s)ds-1+/t\IlT(t—s)-dMsT.
Therefore 0 . O
BI) =l +ur | 970 )ds -1,
which gives '
E\] = prl + pr /Ot OT(T(t—5)Tds-1.

Since the function ¥ is uniformly bounded and pupr = i, we get that )\tTT is of order T
Thus, it is natural to consider the following rescaling for ¢ € [0, 1]:

1
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From equation (4.1) we get for Cf

t t
cl = ;1—1—#/ \IIT(T(t—s))ds-l—l—/ WT(T(t—s))-de,
0 0

where M = ML./T. Note that

t
(MT, M7, = diag (/ AT ds) .
0
Hence we get that

E[( )] = %E [diag < /O " AT ds)] = diag < /0 tE[CsT] ds>

is bounded. By an easy induction we can show that, for any k£ > 1, v} - Ok = N (.
Consequently, defining

%.T:Zal})\;‘k, fori e {1,...,d},
k>1

we have

T T*
.7 vr

This allows us to rewrite the dynamlcs of v - CI' in the following way

s 0T — Fipr. ot - LT — ) ds LT — (ot - dMEY
(42) o CT = 5D+ utf 1) [ WT (T =s)ds+ [T (T =) (07 -}

We can observe that the functions v; play here the role that the function v played in chapter
2. We need to study these functions in order to understand the asymptotic behaviour of
vf - CT as T goes to infinity. As we already did before, we compute the Fourier transform

of 1/J]T(T) for each j € {1,...,d}. Since A = (\;)¥, it is
arA;(z/T)
(1= ardy(2/T))

ST (z) = / | i ane i = o =Sk (/)"

k:>1
Thanks to dominated convergence theorem we have that
lim A;(z/T) = ||\
Tim 3(=/T) = Il

and, since ||A;][; < 1 for j > 2, this tells us that 1/)T( -) vanishes asymptotically. This
implies that also U - OT vanishes asymptoticaly for j > 2.
For j = 1 we get, using Taylor expansion for )\1(2 /T) and Assumption 4.1,

T—o00

lim T(A\(z/T) —1) = zz/ zA1(x)de =izm.
0
Therefore we have

ST () — arhi(z/T) b
wl (T )( ) - T(l o CLT) _ (ITT(;\l(Z/T) _ 1) Tjoo A —izm’

which is (in analogy to Chapter 2) the Fourier transform of

T
r— —e m¥ xeRy.
m

This gives us the covergence of ¥ (Tz) to %6_%36.
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We use this information to deduce the dynamics of v} - CT. From (4.2) we get that

(43) vj-Cf = L@i-1)+n0i-1) /0 i (T(t—s)) ds+ /O v (T(t=9))y/(v})*- CTdBy,

where v? = (U%,i)lﬁiﬁd and
tT * T
vy - dM,
1 s

o VT AT
It is clear at this stage that the sequence of processes BT has been chosen in a way that

the associated sequence of quadratic variations converges to identity. Thus the limit of BT
is a Brownian motion. We will make this statement precise in the following.

Bl =

Now, decomposing v in the basis (e1,...,eq), we get
* 2
2 T ¢V T 2 T 2 T
(1) G = (o Cp) + (ef - o) () - CF) + D (ef -vi)(ef - CF).
1Y 2<i<d
Thus, using that v* - C converges to zero for any v € span(vs,...,v4), we deduce that
(v2)* - O behaves asymptotically as
er . U2
(o))" - Cf = (v - CY).
61 - U1

Therefore, letting T' go to infinity in (4.3), we heuristically deduce that v} - Cf is solution
of the following stochastic differential equation:

t .2 gt
_ Bk — 2 (t—s) 1 €11 — 2 (t—s)
X, = — -1 m d — m v X,dBs .

t m(v1 )/06 S+m el -1 € s

Now, note that we can write
A
Xt = Wt G_Et 5

where

t * 2 t
Hoox A 1 e1‘”1/ 2s
W, — 1) [ encd me\/ X, dB; .
t m(v1 )/06 S+m 6%{"[)1 06 s s

Hence, applying Ito’s formula, we get

A
dXt = thE_%t — %Wte_%t dt

A 1 Je*-v? A
=(vf-1)dt+ — | L+—L/X,dB, — =X, dt
m(v1 ) +m e tdBy — — X

A 1 Jet-v?
— 2 (B —X>dt =8 X aB, .
m()\(vl ) t +m ey - v EE

Thus the process X; satisfies a Cox-Ingersoll-Ross dynamics.
We now decompone C/ in the basis (e, ..., eq)

1
(0 - Cher + (W) el Jer + Y (ef - Cl)es

T _
Ct -
- U1 -

2<i<d

*
€

and recall that v} - CI' asymptoticaly vanishes for i > 2, to get the asymptotical behaviour
of CT.
Next theorem is the result of the heuristical computations provided in this section:
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THEOREM 4.2. In the setting described by Section 1, under the Assumptions 4.1 and
4.2, the multidimensional process (C BtT)te[o,l] converges in law for the Skorohod topol-

ogy to (e o Xel,B), where B is a Brownian motion and X satisfies the following Cox-
Ingersoll- Ross dynamics:
1 Jer-v?

Ap, /N _
dXt—E(X(Ull)—Xt> dt‘i‘% . XtdBt7 XO_O

61 °
2.2. Proof of Theorem 4.2. As it is suggested by the heuristic computations in last
section, the proof of the theorem will be quite similar to the one dimensional case proof.

The key point will be showing that v} - CF actually converges to zero for any i > 2. Then
we will reproduce the arguments used in the one dimensional setting.

2.2.1. A basic Lemma. We start with a basic Lemma, that was crucial in Chapter 2
and we extend it to the multidimensional case.

LEMMA 4.3. Let fT : Ry — R be a sequence of measurable functions such that for
some ¢ > 0

(a) fT e LY(Ry)NL2(Ry) and Jr, |fT(z)|? dx o 0;
(b) 17 (@)] < ¢ for any & > 0;
(c) \fT( )| < c(l A \wl) for any x € R;

() [f(z) = fT ()| < Tl —y| for any x,y > 0.
Then, under Assumptions 4.1 and 4.2, the process

( / (- s) dMZ)
0 t€(0,1]

converges to zero in probability as T goes to infinity, uniformly over compact sets.

PrOOF. This result has already been proved in dimension one in Chapter 2. The
tightness of the process
t
= / L — s)dMT
0

holds in the same way that in chapter 2, working componentwise. Hence we just need to
show the finite dimensional convergence of Y7 to zero.

Using that
t
(MT, MY, = diag (/ AT ds>
0

together with isometry 1.5, we get
d

=E|) ()}

=1

E [[I¥;"]2]

TQE[/t (f7(t—s/T)) Z)\T ds}
1 tT

d
= — Tt —s 2 T1ds.
=72 ), (f'(t—s/T)) ;E[Aw]d

We look for an upper bound for IE[)\T’Z] Using equation (4.1) and the fact that v} - ¥7 =

Tv¥, we obtain for any i € {1,...,d}

Bl M =t 1) (14 [l du)
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Thus
Efor - \T]] < ulog -1 (1 =3 [Tt du)
0

k>1
T

< plvj - UW

< *—_—
<cT

for some ¢ > 0. Hence, decomposing the i-th vector of the canonical basis in the basis
(v1,...,va), we get E]A;] < ¢T, for any i € {1,...,d} and a constant ¢ > 0. Therefore

tT t [e%s)
B[V 1) < 7 / (F7(t — s/T))*¢Tds = ¢ / (F7(t—s)?ds < ¢ / (F7(s))?

0 0

and last quantity tends to zero as T' goes to infinity thanks to property (a). Now, applying
Markov inequality, we get that Y, tends to zero in probability, giving the finite dimensional

convergence of the process. O
2.2.2. Convergence of v - CT fori € {2,...,d}. We now come to the convergence of
the process CT on the vector space span(ve, ..., vq).

PROPOSITION 4.4. Let 2 < i < d. Under Assumptions 4.1 and 4.2, the process v} - cT
converges u.c.p. to zero as T goes to infinity.

PROOF. Recall equation (4.2):

Ol = B 1)+ 1) [T =) dst [l (0= s) (0t -]

and note that it can be rewritten as

vf - CF = Z(vf 1) 4 p(vf 1) =

tT .
T 5|t sase [T s -dirl).

Since ||9p1]|1 < oo, we have that the first and the second summand goes to zero as T' goes
to infinity. For the third one it is enough to show that the family of functons (dJZT (T-))T>O

satisfies the hypotesis of Lemma 4.3. Point (b) easily comes from the fact that v} - ¥7 =
I - vf and the uniform boundedness of W7 in fact

[l (Tt)] = [ (Tt)(v] - vi)| = [vf - CH(T) - v| < €T ppage,) < e

Now, as we saw in Remark 4.1, )\;(z) tends to zero as z goes to infinity. Then using
integration by parts on the Fourier transform of \; together with Assumption 4.2, we get

j\i(w):/o Ai(2)e™? da

_ 1 TWT Y, | =0 l > / W
——[e )\Z(x)]xzo w/o ;i (z)e"™ dx

1w

— % <Ai(0) + /0 b No(x)e™v® dx)

il < (3 (nOl+ [T @lde) ) Al

and hence
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—

We have |\ (w)| = |A;(w)[* < [Ai(w)|. Point (c) then follows since

~ 0o 4 1 0o e y
WZT(T)(W)‘ = ‘/ IDZ-T(T.Z')eW‘T dx| = 7 / ZaT)\;gk(x)esz da
0 0 k>1

1 - 1 .
< = D ak [N w/T) < 5 dbli(w/T)
k>1 E>1

jardalw/T) _ JarhiCw/T)| _ o1
70— arwyT)] S T = T = (0 fap)-

This inequality also gives us that Q/A)lT (T-) is square integrable and thus ] (T-) is square
integrable too. Moreover by Fourier isometry we have

1 p [Ai(w/T)|”
wZTTx 2dx:/ ¢;FT w 2deC/ s dW
/R+ ’ ( >‘ 2m weR’ ( )( >‘ weR T2<1_ H)‘ZHl)Q
c . 9
<= : :
7). |Xi(2)]° d= i 0

Thus (a) is obtained. Finally, in order to show (d), we use the relation

OF =3k =ark + > dh At

E>1 k>2
=ar\; + Z a§+1)\;§<(k+1) =ar\; +ar; * (Z al%)\fk)
k>1 E>1
=arA; + ar; * wiT .
In fact, noticing that

0@ = 2 ( [Taewle-2a) = (M) @ -

L OLACER] N /0 N (@ - 2) dz
= = i(0)y] (2) + A x ] (@),

we can write
(1) (Tx)| = TarNy(Tz) — arXi(0)] (Tx) + N « ¢ (Tx)|
< T(| X lloo + [ (O)[[¢F Nloo + X112 T1s0) -

Thanks to Assumption 4.2 all the quantities in the last inequality are bounded and we can
conclude, getting (d). O

2.2.3. Convergence of the process v} - Cr. We now treat the term v} - Cr. We observe
that a different behaviour will arise because of the fact that ||A\1]|; = 1, while the condition
INi]]; < 1fori € {2,...,d} was essential to get convergence in the last Proposition, because
it allowed the convergence of power series.

PROPOSITION 4.5. Under Assumptions 4.1 and 4.2, the process (vi - CL, Bl )i
converges in law for the Skorohod topology to (X, B), where B is a Brownian motion and
X satisfies the following Cox-Ingersoll-Ross dynamic:

axe= 2 (G011 - Xo)dt+ [T /XdBy, Xo=0.

m m\ ej v
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PRrROOF. We start rewriting the process v% - CT in a more suitable way. Recalling that

v =e; — For V15 let ST the process defined by
d
SE="(ei-C)(ef - o]) + ()" - CF ) (€] - 01) -
=2

From Proposition 4.4 we get that S{ tends u.c.p. to zero. Decomposing v? in the basis
(e:)i we get

d * 02
(@) -CF = ()" ) (et o) + 3 (60 O e o) + G0 CF)
=2

T GT'U% T
=87+ L
t eT'Ul(l t)’

which, together with (4.3) gives
T _ H Lo
0 CT = (i 1) + i 1) [0 (1) ds

v [l t—SMST GV oy om) asl

We then focus on the convergence of the function I (T-). Let’s define, for x > 0, the
function

F7@) = 9 (To) — —emn.

In Section 2.1 we have studied the Fourier transform of ¢ (T-) and as a result we get that
fT converges to zero as T goes to infinity. Moreover, with the same arguments used in

Chapter 2, Section 4, we can prove the following proposition:

PROPOSITION 4.6. Under Assumptions 4.1 and 4.2, the function fT satisfies all the
hypotesis of Lemma 4.3.

We can hence rewrite the dynamics of v} - CT as

(4.4) UT'C?:R?‘F%(UT' )/ e deS—I— [€ Zl/ (t s) CTdBT
1

where the process R is defined by

Ni=

t
(v - 1) + plof 1) / F(s)ds+ [ f7(t = )(ot - dBTY)
0
t * 02 * 002
+ L[ <\/ST + A 0Ty - \/ei%f ch)) st
0 . .

(4.5)
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Now, using integration by parts for Lebesgue-Stieltjes integrals, we get

t
m(t s) *_CTdBT:
e v 3 s
/ e
/\/ .CT dBT — /(/ \ v CTdBT>)\em(t s) ds

From (4.4), we can rewrite last quantity as

T T 61 U1 *. T_i *‘ _ —%S
/«/ .CT dB! ,/e1 vl/ — R =L y(i-e )}ds.

Therefore we get

t * 2 t
* AT T Moo -2 L Jer-w /. % T
vl'Ct :Rt —|—Tn(1}11)/0v e deS_}—E 6%’1)1/0 Ul'C,STdBS

A K * * o, —2g
(46) —E o { 1‘0 RT—X( 1‘1)+X(U1'1)6 m }dS
=ul + tA(”( 1) ol d L Lt [ e or apr
- Yt 0o m )\vl U1 s S m 6{"[}1 Uy s s

where we set

A t
UtT:RtT—i—/ RT ds.
mJo

We now see that, in order to conclude, it is sufficient to prove the convergence to zero
of the process UT. We will show that indeed this process converges u.c.p. to zero. This
vanishing behaviour is given by that of the funtion f7 and the process ST. We actually
just need to show the convergence to zero of the process R”.

From Proposition 4.6 and Lemma 4.3 we get the convergence to zero for the first three
summand in equation (4.5). We then tackle the last summand.

First, notice that, for any 3 € R?
< \/Is71,

/ST +pui-CF = Jpug - CT

which tends to zero as T goes to infinity, as remarked before.
Now, BT is a sequence of martingales with uniformly bounded jumps, whose quadratic
variation is given by
v oy [T @12 dNT T () (AT ds + dMT)
BT, BT}, = / - /
o T((}) - Al)  Jo T((v})* - AT)

_ [T fds | dedMy T ) dM
_/0 {T+T((v%)*-AsT)}_t+/o T((wp) - A)
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From the trivial inequality A > 1 and recalling that (M7, MT), = diag( fot A ds), we

have

@2y a1 () AT ds T (o) A ds

T ) | =F 7| <E 2, (o0 T |-

o T(vi)*- A 0 T?((v})*-AT) o T?u((v})*-Al)
Last quantity is bounded by ¢/T for some ¢ > 0 and hence tends to zero as T' goes to
infinity. Therefore, applying Markov inequality, we have that the quadratic variation of
BT converges in probability to the identity. Thus, using Theorem A.3, we get that BT
converges in law towards a Brownian motion B for the Skorohod topology. Finally from

Theorem A.5 we get the convergence to zero in law, for the Skorohod topology, of the third
summand in equation (4.5).

E

Now, looking at equation (4.6) and using that (BT, U”) converges in law for the Sko-
rohod topology to (B,0), we can apply theorem A.1 to get Proposition 4.5. O

This allows us to conclude the proof of the theorem just decomposing C7 in the basis
(e1,...,eq). As a matter of fact the following holds

d
CtT = Z (e;-k . CtT)ei + ((v’)* . CtT)el +

=2

(vik . CtT)el

ey v

and we just need to apply Propositions 4.4 and 4.5.

3. Heavy tails case

We now turn to the heavy tails case. The argument will be similar to that used in
the light tails case, we will find that the non-degenerating behaviour in the scale limit
concetrates on the direction of vy.

3.1. Assumption and theorem. Keeping the same setting introduced in Section 1,
we want to replace Assumptions 4.1 and 4.2 in order to get a sowly decreasing behaviour
for the kernel matrix ®7. This will imply a modification of the asymptotic setting in order
to get a non-degenerate scaling limit.

We then introduce a new assumption.

ASSUMPTION 4.3. There exist a € (1/2,1) and C > 0 such that

oz:vo‘/ Ai(s)ds — C.

T—00
Moreover, for some A > 0 and u > 0,
T*(1 — ar) T A>0, TV % o w2
Assumption 4.3 introduces a different temporal scaling and, as a consequence, we need

to adjust the scaling factors for our nearly unstable Hawkes processes. We will hence
consider the following renormalizations for ¢ € [0, 1]:

1—ar 1—a; Z T
xI'= = I NL - AT = / \a 7T = XTI ATy,
t T tT > t Top J, 7 s, t 1—GT( t t)

The following theorem holds.

2A comparison with Assumption 3.2 shows that A replaced A\§. This will not affect the results, but it
will require small adjustments in the asymptotic setting.
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THEOREM 4.7. Under Assumption 4.3, the process (Af, X7 ZtT) converges in law

for the Skorohod topology to (A,X, Z), where

1 t
AT = xT = — (/ sts>61
€7 - U1

1 0

tel0,1]

and for 1 <1i<d,

where (BY, ..., B%) is a d-dimensional Brownian motion and Y is the unique solution of
the following rough stochastic differential equation:

t 1 t )\ 6*"02
Vi=—— [ (t—s)*\(vF-1-Y, ds+/ t—s) 1 ——— L 1.\/Y,dB,,
‘T /o( A BT T VY 6

with

d
1 .
B = \/i2 Z \/ EI’iU%J-BZ .

el vi i
Furthermore, Y has Hélder regqularity o — % —¢ for any € > 0.

3.2. Proof of Theorem 4.7. This proof is quite similar to proof of Theorems 3.4
and 3.10.

3.2.1. Tightness. We begin showing the tightness of the sequence of renormalized
nearly unstable Hawkes processes.

PROPOSITION 4.8. Under Assumption 4.8, the sequence (AT, XT, ZT) is C-tight. Fur-
thermore, if (X, Z) is a limit point of (XT,Z7T), then Z is a continous martingale with
quadratic variation process the process X.

PROOF. Recall equation (4.1):
t t
)\?:uTl—l—,uT/ \IJT(t—S)ds-l-i-/ Ot —s)-dMT.
0 0
This allows us to write
T
E[N7] :]E[/ )\sTds]
0
T prs T prs
:]E[TMTl—i—uT/ / \IIT(s—u)du-lds+/ / OT(s —u)dMT ds
o Jo o Jo
T rs
:TMTl—i—,uT/ / OT(s —u)du-1ds
o Jo

T ps
:TuTl—l—,uT/ / UL (u) du - 1ds
0 0
s=T

S T
Tl + [MT/ \IIT(u)S] 1o NT/ o7 () ds - 1
0 0

s=0

=Tur-1 +uT(/OT(T — 5)®T(s) ds) 1

T
:TuTl—i—,uT(/ \I!T(T—s)sds> -1.
0
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Consequently,
T
1*-E[Nf| = Tprd + prl* - (/ sUT(T — s) ds) 1
0

and therefore there exists a constant ¢ > 0 such that

1*-E[N7T} SCT,MT<1+S(/ \IIT(s)dS>> gcT,uT<1—}- ar >: Tur
0

c
1—ar 1—ar
= ciTliaMT T2 < T
Ta(l — GT)
Thus we obtain ) . o
E[xT] = LT[N] < o LZ0nT”
Top %

Hence there exists ¢ > 0 such that
B[A]] = E[x]] <c.

Since each component of X7 and AT is increasing, we deduce the tightness of each com-
ponent of X7, AT using Corollary 9 in [23]. Moreover, the maximum jump size of X7 and
AT is (1 —ar)/Tu, which goes to zero as T' goes to infinity. Hence, applying Proposition
VI.3.26 in [18], we get the C-tightness of (X7, AT).

Now, for ZT we use that

1— 1-— "
E[(Z5)°) = o, BIOME)") =~ TB] /0 N ds| = AT,

to get that

(27, 27) = diag(A]),
which is C-tight. Thus, from theorem V1.4.13 in [18], we obtain the tightness of ZT. The
maximum jump size of ZT vanishes as T' goes to infinity, hence, as before, we conclude
that Z7 is C-tight.

Now, let (X, Z) be a possible limit point of (X, ZT). We know (X, Z) is continuous,
therefore Corollary IX.1.19 of [18] gives us that Z is a local martingale. Moreover, using
Theorem VI.6.26 in [18], together with the fact that

(2", 2] = diag(XT),
we get that [Z, Z] is the limit of [ZT, Z7] and [Z, Z] = diag(X). Finally, by Fatou’s lemma,
the expectation of [Z, Z] is finite and hence Z is a martingale. O

We now provide a lemma that shows that we can actually work on the sequence AT
rather than on the sequence X7

LEMMA 4.9. Under Assumption 4.3, the following convergence holds:

sup |A] — XF|| — 0 in probability,
tef0,1] T—o0

where || - || is the standard euclidean norm in RY.

PROOF. We have )
X7 - A= — g
T
Applying Doob’s LP-inequality, we get for each component

E| sup |AzﬂZ — XtTi|2} < cT*ME[(M%ﬂi)Q] )
tef0,1] ’ ’
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Since [MT, M| = diag(NT), recalling from the proof of the preceding Proposition that
E[N%l] < ¢T?*, we deduce

E| sup AT, ~ X5 < er-eB[(0rf )
te[0,1] ’ ’
= cT™"E[N};] < T
Hence, applying Markov inequality, we get the uniform convergence in probability:
1
IP’< sup |AL, — X112 > 5) < E[ sup |AL, — X112 <dT72 — 0,
tefo,1] ’ € ltefo,) ’ T—o0

for any € > 0. g

3.2.2. Convergence of the process vy - XT fori>2. Also in the heavy tails context we
observe a vanishing behaviour in the direction of the eigenvectors v; for ¢ > 2.

PROPOSITION 4.10. Under Assumption 4.3, if X is a possible limit point of X, then
for i > 2 we have v - X = 0.

ProOF. With the same method used in Chapter 3 to get equation (3.4), we can rewrite
the cumulated intensity as

t t t
/ )\STds:t,uT1+,uT/ s\IlT(t—s)ds-l—l-/ Tt —s)-MIds.
0 0 0
Therefore, for ¢ € [0, 1], we have the following decomposition:

(4.7) AL = Ai(t) + Ao (t) + As(1)

with
Ai(t) = (1 —ar)turl,

As(t) =T(1 — ap)ur /Ot sOT(T(t—s))ds-1,

— t
As(t) = T /2, [1=ar / (Tt -s)) 2! ds,
© 0

where we set ur = pur/(pT*'). Note that ur tends to one as T' goes to infinity.
Now recall that for 1 <i <d,

v =) arh®

k>1

and let ol : Ry — R be defined by

Moreover define
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We want to bound |F{'(t)|. Note that it is easy to prove by induction that [|A\*]j; < [|A;]|¥.
Hence we can write, for ¢ > 2

FE (1) < /0 (= an)T (T9)] ds < (1 - ar) /O T (s)], ds

ar || A1

< (1—ar) ) ahlNFh < (1 - Ailly = (1= ar) = “om
< ( aﬂmaTH h < aT;H It = —ar)g= o
[ Aillx
< (1—ap) 20
=7

This gives us the uniform convergence to zero of FZ-T. Thanks to this we deduce the
convergence to zero of v} - As, since

t
;- Aag(t) = (1—aT)uT/O sv;f-\IlT(T(t—s)) ds-1
t
:T(l—aT)uT/O S@ZJZ»T(T(t—s)) ds(v; - 1)
= up(v; - ts-T —5)ds
= uri 1) [ el =)

=up(v; - 1) [SFiT(t - S)] = + ur(v / FI(t

s=t

:uT(v;-1)/0 FT(s) ds

For v} - A3 we apply the same integration bt parts, this time for Lebesgue-Stieltjes
integrals:

t As(t) = 702, [ “i/ T (T(t—s)) - 27 ds
=T 0‘/2,/ aT/ vl (T(t—s))(v; - ZF) ds

vf - Z1) ds

_\/m/o oi (t—s)(v]
- ([0 Z0] o+ [ F = ot azl))

1 t
=~ [ Fl't—s)(v-dz").
eyl RUGRDICRCE
Since the quadratic variation of Z7 is AT, whose expectation is uniformly bounded, we
have .
c 2
E[(vf - A3(t)?] < —————— [ (FF ds.
(0 A4s(0)?] < = [ (T ()
Then the uniform convergence to zero of F/ gives the convergence to zero of v} - As.
Finally, Lemma 4.9 tells us that if X is a limit point of X7, then X is also a limit point
of AT. Therefore, we obtain v} - X = 0. O

3.2.3. Convergence of the process vi - XT. We use the decomposition (4.7) and the
same ideas used in Chapter 3. We start with a preliminary lemma about the convergence
of function of .
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LEMMA 4.11. Consider the function ol , defined by
of (#) = T(1 = ar)y{ (Tx).

Then, under Assumption 4.3, the sequence of measures with density ol converges weakly
towards the measure with density f&* = \x® 1E, o(=Az%). In particular, for t € [0,1],
the function

FI(t) = /0 oF (z) da

converges uniformly towards
PG = [ 10w da

PRrROOF. Following the approach of Chapter 3, we show that the Laplace transform of
g{ converges pointwise to the Laplace transform of f&A.

ari(z/T)

o7 (z) = /OOO ol (x)e™* de = (1 — ap)dT (z)T) = (1 — aT)m :

Last equality is due to the fact that )\*k ()\1) . Now integrating by parts and using that
[Aill1 =1 we get

M(2) :/Ooo)q(x)emdazzl—z/ooo (/:O)\l(u)du>e”dx.
_1—za/ooo (j)a(/xj:)\l(u)du>xae”dw.

Using Assumption 4.3, together with dominated convergence theorem, we get

e )—1—9r(1—a)z + o (2)

z—0

From this, we deduce that for z > 0,
01 (2)

which is the Laplace transform of the function f®*, as it is shown in [12]. O

LA
Tooo N+ z¢

We now have all the ingredients to imitate the computations performed in Section 3.1.1
of Chapter 3. We then obtain for the terms in decomposition (4.7)

T—o0

t
vl - Ao(t) — (vfl)/ sfeAMt — s)ds
0

and

v{-Ag()Tjoor/f"‘)‘t—s(f Z.)ds.

Taking the limit for 7' — oo in decomposition (4.7) we get the following proposition.

PROPOSITION 4.12. Under Assumption 4.3, if (X, Z) is a possible limit point of (X T, Z7),
then the process v} - X satisfies the following equation:

vf-Xt—(vf‘l)/ sfONt — ds—i—/fa)‘ vy - Zg)ds.
0
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3.2.4. End of the proof. Let (X, Z) be a possible limit point of (X7, Z7). We can
apply the same method used in Theorem 3.10 to show that

t
v’f~Xt:/ Y, ds
0

* a, i ! a, - *
n:m¢wkm+¢mAfAusm1MJ

We decompone X; in the orthonormal basis (e;);:
d

* * 1 *
X = Z(ei “Xe)ei + (V) Xi)er + ﬂ(vl - Xy)eq
i=2 1

where Y satisfies

and using Proposition 4.10 we get

o, 1 ¢
X =~ (v] - Xp)er = — </ Y, ds) eg.
e -1 €1 Y1\ Jo

From Proposition 4.8 we know that
1 t
- </ Y ds) diag(eq) .

Hence we can use Theorems A.7 and A.8 to get the existence of a d-dimensional Brownian
motion (B, ..., B such that, for i € {1,...,d},

ﬁr | V.

Finally, in the same way as in the proof of Theorem 3.10, we get that Y satisfies the
stochastic differential equation

Z, 7] = diag(X) =

Zi =

(4.8) Y: = (v} v

/f“ — $)V/Y, dB,,

(el - vr)

where B is a Brownian motion defined by

B = \/E'Ulz
Vei - 12

1
and that Y has Holder regularity a — 1/2 — ¢, for any £ > 0.

Now, equation (4.8) can be transformed into the rough stochastic differential equation
written in Theorem 4.7 thanks to Proposition 3.12. This Proposition also gives the strong
uniqueness of the solution.



CHAPTER 5

A microscopic model for single asset price

In this chapter we discuss a financial model for single asset price based on the preceding
results about nearly unstable Hawkes processes. This kind of model was introduced in [4]
as a partecipants based model for high frequency trading markets. We will see that this
model, even if it is not built ad hoc, produces in the long run a leverage effect for the asset
price dynamics. Moreover, under certain assumptions, we will get a rough dynamics for
the volatility of the asset price and this fact agrees with the recent empirical results about
high frequency trading markets (see [11]).

1. The basic model

We consider a tick-by-tick price model based on a bidimensional Hawkes process N; =
(N;7, N;), with intensity A\s = (A, \;) defined by

M\ (wt +/t pi(t—s) @3(t—s)) (dNF
At no o \w2(t—5) walt—s)) \dN; )"~
where u™ and p~ are positive constant and

o= (7" )R, - MR

(7 2) R aRe)

is a kernel matrix whose components ; are positive and locally integrable.
We then consider the price process P; that is simply given by

P, =N - N/ .

We then interpret Nt+ as the number of upward jumps of one tick of the asset price in the
time interval [0,¢] and, at the same way, N, as the number of downward jumps.

The use of a self exciting point process helps modelling the fact that in modern high
frequency trading markets the number of endogenous orders is much larger than the number
of exogenous orders. We can see this interpreting the intensity process A\, (analogous
considerations hold for A;"). We can look at )\f dt as the probability at time ¢ to get a new
one-tick upward jump between times t and t 4+ dt. This quantity can be split into three
terms:

e 1 dt, which corresponds to the probability that the price goes up because of some
€X0genous reason;
o ( fg @1(t — s)dNJ) dt, which is the probability of upward jump induced by past
upward jumps;
° ( fot w3(t —s)dNg ) dt, which is the probability of upward jump induced by past
downward jumps.
This shows that, working on the shape of the functions ¢;, we can reproduce many effects.
For example the bid-ask bounce effect is given imposing a high probability of upward (resp.
downward) jump right after a downward (resp. upward) jump.
We are actually interested in encoding in the model three features, we will then add a
fourth feature in Section 3. Here are the three features we focus on at this stage:

61
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(i) Markets are highly endogenous, meaning that most of the orders are sent in reac-
tion to other orders, rather than being motivated by economical reason;
(ii) There’s a kind of absence of arbitrage opportunity at high frequency scale, that
is building strategies which are on average profitable is almost impossible.
(iii) Buying and selling are not symmetric actions: the ask side is more liquid than
the bid side.

We start providing a specific structure on the intensity process so that properties (ii)
and (iii) are satisfied. In a high frequency setting, the no arbitrage condition amounts to
say that on average there should be as many upward as downward jumps on any given
time-period. Noting that

BN = [ "E]N]ds, EIN;] = / “E\;]ds
0 0
and

B =t + | ot - )ED] ds + / ot — )ENT] ds

t t
B =w + [ alt = BN s + [ nlt - BN ds,
0 0
we choose to impose E[\] = E[)\; ] by setting
pt=pu" and 1+ p3 =2+ 4.

Property (iii) can be restated as follows: the conditional probability to observe an
upward jump right after an upward jump is smaller than the conditional probability to
observe a downward jump right after a downward jump. In our framework this corresponds
to have ¢1(z) < @a(z), that is the same of p3(z) > @2(z), when x is close to zero. We
actually make a more restrictive assumption, setting, for some 8 > 1,

w3 = Ppa.

Therefore we assume the following structure for the intensity process:
AN\ 1 ! AN
(5.1) <)\t> W <1>+/0 <I>(t—s)~<dN8 )

where
_ <801 Bpa >
w2 o1+ (B—1)p2)’
and p> 0,8 > 1.

We now come to property (i). In [15] a one dimensional Hawkes process N;, with
intensity A\, = o+ fo (t—s) dN,, is seen as a population process where we have a number
of migrants and each migrant gives birth to descendants according to an inhomogeneous
Poisson process with intensity the kernel function ¢. It is shown there that the L' norm
@1 represents the average number of children of each migrant. Hence a migrant has on

average
= 1=l

descendants and the proportion of descendant in the whole population is simply given by

|#]li. Coming back to our financial model, migrants corresponds to exogenous orders,

given by real economic reasons, while descendants can be seen as endogenous orders, given

by algorithmical reactions. Thus, in order to represent the fact that modern markets are

strongly endogenous, we want ||@||1 to be strictly smaller than but close to unity.
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In our two dimensional process, with intensity given by (5.2), at the same way as in
the one dimensional case, we can define the degree of endogeneity as the spectral radius of
the kernel matrix integral:

S( [ #)ds) = lorlh + Bl

In order to assume that this spectral radius is smaller but close to unity we introduce an
asymptotic framework and, in the spirit of the preceding chapters, we work with a sequence
of nearly unstable two dimensional Hawkes processes. Therefore we work on a sequence
of probability spaces (7, FT,PT), indexed by T > 0, where we have a Hawkes process
NT = (NT+ NT:7) defined on [0, T], with intensity

AT+ 1 t
(5.2) M= )\tT,_ = pur - <1> +/ ®T(t —5)-dNT .
t 0

We then study this sequence of processes, properly rescaled, for T that goes to infinity.
We state an assumption that translate the discussion about properies (ii) and (iii) in
the nearly unstable framework:

ASSUMPTION 5.1. We have pup > 0 and ®7 = ar®, with

_ (¥~ B2
®= (902 o1+ (B — 1)302> ’

where 8 > 1, 1 and 9 are two positive measurable functions such that

oo
S( [ #(s)ds) = lerll+ Aleall =1
and a7y is an increasing sequence of positive numbers converging to one.
From now on, we consider the microscopic price
Pl =NT - NS

Remark that, under Assumption 5.1, we are working in the nearly unstable case since

S(/Ooo'fI)T(s)ds> =ar.

We now focus on the asymptotic behaviour of PT.

2. Framework leading to leverage effect

In this section we will see the convergence of the rescaled microscopic price towards
a Heston model with leverage effect. We need to recall Assumptions 4.1 and 4.2, that
will allow us to use the convergence results we got for light tailed nearly unstable Hawkes
processes.

ASSUMPTION 5.2. There exist positive constants A, ;4 and m such that
T(l—ar) — A, pr=4p
T—o0

and

S(/()Ooxq)(x)dx> =m < 0.
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Now, defining as usual
‘I’T _ Z(@T)*k ’
E>1
where (®7)** = &7 and, for k > 1, (®7)*(t) = [} ®T(s)(®T)** V(¢ — 5) ds, we have

ASSUMPTION 5.3. The function ¥7 is uniformly bounded and @ is differentiable such
that each component ¢;; satisfies ||¢};[lcc < 00 and [[¢};[l1 < oo.

In agreement with the renormalization of Chapter 4, we will study the following rescal-
ing:
T7+ T7_
1 N, tr N, tT
T T
Moreover we keep the same notations of Chapter 4 and we have

T _
Pir =

1
and
T dMT

0o VT AT
Finally, we state an immediate corollary of Theorem 4.2 that will lead us to the long term
limit of our microscopic price model.

Bl =

COROLLARY 5.1. Under Assumption 5.1, 5.2 and 5.3, the process (C’tT’Jr, C;;r’_, BtT)te[Q”
converges in law for the Skorohod topology to (ﬁX A-X, B), where B is a Brownian

) /8“1’1
motion and X satisfies the following Cox-Ingersoll-Ross dynamics:
A/p 1 1432
5.3 ax; = = (5(8+1) - Xi) dt+ — VX dB, Xo=0.
(5.3) t m)\(ﬁ‘i‘) ¢ +m 15 taby 0

PRrROOF. Keeping the notations from last chapter, we have that the two eigenvalues of
D" are
AL =1+ B2, A2 =1 — 2
and the associated eigenvectors are

(1 (1
U1 = 5 , U2 = 1)
We then apply these data to Theorem 4.2. ]

We now state the main theorem of this section, concerning the limiting law of the
rescaled microscopic price.

THEOREM 5.2. Under Assumptions 5.1, 5.2 and 5.3, as'l" tends to infinity, the rescaled
MICTOSCOPIC PTiCE
1 T NT7+ _ NT7_
TPtT:%a telo,1],

converges in law for the Skorohod topology to the following Heston model:

1 [ 2 ¢
P = / v X dW
T 1= (lerl — lle2ll) V1I+8 Jo

A 1 [14+p52
dXt:—<§(ﬁ+1)—Xt>dt+% Jrﬁﬁ\/XtdBt Xo=0.

m 1

where
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and (W, B) is a correlated bidimensional Brownian motion with
1-p
2(1+5?)

REMARK 5.3. Notice that, putting together properties (i),(ii) and (iii) we obtain in
a natural way a stochastic volatility with leverage effect. Indeed the assumption 5 > 1,
coming from the asymmetry in the liquidity of the bid and ask side, generates a negative
correlation between the Brownian motion driving the asset price and the one driving the
volatility. Property (i), that in our model is given by the nearly unstable framework, is
essential to get a stochastic volatility and the failure of property (ii) would intuitively lead
to a drift process.

d(W, B), =

ProOOF. We now state the proof of the theorem, splitting it into several step.

Convenient rewriting of the process PT. We want write in a more suitable way the
rescaled price PL./T.

lPT _ N£l+ - th’]jii _ /tT dMSTH— o dMsT7_ z,‘i‘ + )\g,— /tT )\z,-‘r - )\g,— s
T T T 0 T+ | T, T 0 T ’
T+ A7)
Furthermore

t
AtT’+ — )\zﬂ’f = /0 aT(cpl(t —8) — pa(t — s))(dNST"*' — stT’_)

t t
= / ara(t — s)(dM]" — dM;"7) +/ Aot — s) (AT = AL7) ds.
0 0

Thus, applying Lemma 2.11 and repeating the computations we are now used to, we get

t
NPT = /0 arda(t — s)(dM]IH —dM]I™)
t s
+/ I (t — 3){ / arde(s — u) (dM T — dM{{v—)} ds
0 0
t
= / are(t — s)(dMIt —dM ™)
0
t t
+ / (/ VI (t — s)apra(s — u) ds> (dMuT’Jr - dMuT’_)
0 u
t t
— / arde(t — s)(dMIt —dMI7) +/ V3 *arhe(t — ) (dMIT —dM]7)
0 0
t t
- / are(t — s)(dMIt —dMI7) +/ Y3 (t—s)(dMIt —dMI7)
0 0
t
— / aT)\g(t — S) (dMST’+ — dMST’_)
0

t
= / Y3 (t—s)(dMIt —dml) .
0

Then, using Fubini theorem, we get

t t t—s
[or—xryas= [ [ oFa) @ - v
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Hence, the rescaled price process Pgw /T can be finally written as

/\/ oot el aw! - // du(dM, ™t —dM,")
- /0 w2<u>du<ﬁf*—ﬁf‘>,

T, T,—
W = /tT dM, " —dM;°
\/ TS+ A7)

where

and recall that MST =ML /T.
Now, note that by induction it is easy to prove that

/OO%T(U)du: ar([lells = llez2ll1)
0

1 —ar(leillt = llezll)

Moreover
T, T,— T, T,—
T4 T MtT+—MtT B /tT dM, +—dM

M, - M, =
tT T+ T,— T+ T,—
dMg’" — dMyg>’ As A5’
/ \/ + /\/ cht el aw?.
\/T AL+ 2T
Therefore
1
(5.4) TPE} /\/ chrycl—aw? - RT,

1 —ar Htlel — lle2lln)

t [e'e]
RT = / / T (u) du(dMy ™ — dMLT).
0 JT(t—s)

Convergence of the process RT. We show here that , under Assumptions 5.1, 5.2 and
5.3, the process RT tends u.c.p. to zero.
It is enough to show that the sequence of functions g’ defined by

@)= [ o) du

Tx

with

satisfies the hypotesis of Lemma 4.3. Point (b) is easy to be proven, since, recalling that
IAS* 1 < A2l

rgT<z>s/0°°\w%“<m>rdx=/ | A )] da

k>1

<3 db g \|)\2H1
k>1

Then we compute the Fourier transform of g7

"G = [ ([ ) = [T [ " e ) du

zzu/T
/ VI (u du.
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Hence point (c) is satisfied since

~T o T 2 C
9 <z>|s/0 )| 2 dus

Property (d) comes from the differentiability of g and the fact that
(g7 ()] = T3 (T)| < T

Finally, in order to show that property (b) holds, we use Fubin theorem to write

/ 97 ()| dz = / T (0l (=) dy dz do = / / WT (g0l () de dy d=
0 2>0yy,2>Tx y,2>0 J[0,20%)
1
=7 wrod o).

Hence

T/ N2 Al T T < «k
[rwra<g [ i [ pie< g3 [ sl

We now use a recursion to compute, for k > 1,

[e%S) 0 Yy _
| wstwtan = [ o] [Taa@x 0 - 9 ds|ay
0 ry
< [ [ ootV 9l dsay
:/ |Aa(s \/ ])\*(k (x —s)|dyds
0

:/ Das )|ds/ tyA*(’”()|dt+/ s]A2(5)|ds/ S () gt
0 0 0 0
< el / HAED ()] dt + Al / sha(s)] ds
0 0
& *x(k—2 _ &
< el (Il | s* @l ds + a2 [ sprago)]ds)
o0
WIS / sha(s)] ds
0
Iall? /0 SN ()] ds + 2] Al /0 s\ha(s)] ds
<< kHAQH‘f‘l/ s\ has)] ds.
0

Since, thanks to Assumption 5.2, the integral [ s|A2(s)|ds is a finite quantity, we can
bound the sum with

> [ ) \dy<</ o a(s) |ds)2k||xz||
k>17¥20 0 E>1

and conclude that it is finite using the root test. Hence

T2 ¢
x)|“dr < =
| et <
and property (a) easily follows.
Then, we can apply Lemma 4.3 to state that the process R” tends u.c.p. to zero.
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Convergence of the process (W', BT). As we did for the quadratic variation of the
process BT in the proof of Theorem 4.2, we get the following covergences in probability:

wr wt, — t, (BT, BT], — t.

T—o0 T—o00

We now show that, under Assumptions 5.1, 5.2 and 5.3,
1-p
EESIVEEND

Using the fact that [MT, MT] = diag(NT), we can write
W BT /“‘ NS — BN~
) t =
SV AT 4 gl
/ﬁ Gt~ BCs
0 \/C’ST’JF - CST’_\/CST’+ + 3200

wt, BT t in probability.

T
+¢&;,

where

o /tT dM;" — paM” '
0 /N AT D D
Now, using that (M7, MT), = diaug(f(;e AT and that AT > ul, we get
o = 1 1
E[(e; )] = E[/O OT S Af’)} < SHT T 0

This implies convergence u.c.p. of €7 to zero. Moreover, we know from Corollary 5.1
that (CT>+, CT7) converges in law for the Skorohod topology to (ﬁX, ﬁX), where X
satisfies stochastic differential equation (5.3). Since the set of zeros of a Cox-Ingersoll-Ross

process on a finite interval has Lebesgue measure zero, we deduce that
Cit — 8Os~

tends u.c.p. to
1-p
V2(1+ 5%
Thus we got the following convergence in probability
1_
wT, BT, Sl
o A B

Last step. We now consider equation (5.4). We already know that RT tends u.c.p.
to zero. Furthermore, applying Theorem VIIL.3.11 in [18] together with the results of
the preceding step, we get that the process (W7, BT) converges in law for the Skorohod
topology to a correlated bi-dimensional Brownian motion (W, B) such that

_ =B,

2(1+ 5%
From Corollary 5.1 we get that (v/CT-+ 4+ CT:—, BT) converges in law for the Skorohod
topology to (4 /ﬁX,B), where X satisfies equation (5.3). Then Theorem A.5 gives us

(W, B), =
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t
/‘VC§++Cf*de
0

converges in law for the Skorohod topology to

t]2X,
AW,
[y

and the proof is concluded. ]

that

3. Framework leading to rough volatility

As we did in our study of nearly unstable Hawkes processes, we now want to drop
the light tails assumption to tackle a more general situation. This actually encodes an
economical aspect that we want to include in our model. This is the fourth property we
spoke about in last section and can be described as follows:

(iv) Many transactions are due to large orders, called metaorders, which are not exe-
cuted at once but split in time by trading algorithms.

This fact is well explained in [1] and [22]. We translate this property in our Hawkes
framework by considering the model defined by Assumption 5.1, but under the condition
that the kernel matrix exhibits a heavy tail. This is also observed in practise with empirical
estimations, see for example [5].

Therefore, instead of Assumptions 5.2 and 5.3, we consider the next one:

ASSUMPTION 5.4. There exist a € (1/2,1) and C > 0 such that

oza:a/ Ai(s)ds — C.

T—r00

Moreover, for some A* > 0 and p > 0,

T —ap) — X, TV %ur — pu.
T—o0 T—o0
As it happened in chapter 4, we need to change the scale in the asymptotic setting in
order to get a nondegenerate scaling limit. We keep the notiations from last chapter and
recall that we studied the following processes:

l1—a 1—a [T T
T T AT T t T T o T T

From now on let A = a\*/(CT(1 — «)). Reducing Theorem 4.7 to the two dimensional
case and noticing that we have the eigenvalues and eigenvector of ® as in the proof of
Corollary 5.1, we state the following result.

COROLLARY 5.4. Under Assumptions 5.1 and 5.4, the process (A, X[, Z{)ep0,1) con-
verges in law for the Skorohod topology to (X, X, Z), with

1 dB}
Xy = —— [ Y,ds1, 5,
' 5+1/0 ’ / \/6+1 (de>

where (B, B?) is a bidimensional Brownian motion and Y is the unique solution of the
following rough stochastic differential equation:

1

L [ e Cyvass [T ety | LEB
Vim e [ =m0 =¥ s+ s [ amy [ an,
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with
V1+ 32

We can now state the main result about the convergence of the rescaled microscopic
price in the heavy tails setting.

B =

THEOREM 5.5. Under Assumptions 5.1 and 5.4, as T tends to infinity, the rescaled

MICTOSCOPIC PTiCE
1—ar
PL, teo,1
Ve P te 0]

converges in the sense of finite dimensional laws to the following rough Heston model:

1 2 t
P = / \/}/SdWsa
T (el — el VBT

with Y the unique solution of

Y; = 1/t(t—s)°‘1)\((1+6) Yy)ds+ —— ! /t(t—s)O‘l)\ 1+5° ———\/Y,dB
" L) Jo I'(a) Jy N u(l+ B) v
where (W, B) is a correlated bidimensional Brownian motion with
aw,B), =20 4y
2(1+ %)

Furthermore, the process Yy has Hélder reqularity o — 1/2 — e for any e > 0.

PROOF. As we did in the proof of Theorem 5.2 to get equation (5.4) we can get a more
suitabe expression for the rescaled price. As a matter of fact, recalling that

t t t—s
/0 (A =D ) ds = /0 < i OI (u) du) (aMI+ —dml)

e ar(|le1llr — llw2ll1)
I (u) du = ;
IR = ar(leilh — lipal)

and

we can compute
1-— ar T 1-— ar T+ T —
\| = Pir =\ = (N — Nyp
T&M tr Taﬂ ( tT tT )
_ 1—ar (MT,+ oMb /tT (/\T;&- _ )\T,—) ds)
Taﬂ tT tT 0 s s
l—ar /., 1+ T,— o Ttes T+ T,—
=\ e (M = M+ 9F (u) du(dMT+ — aMP))
Top 0 0
T T t T (t—s)
=zt —Z 7+ / / V3 (u) du(dzl+ — dzl)
0 Jo
T T t e8]
=z, -z, "+ / / Wy (u) du) (dzlt —dzl)

/ / VI (u) du(dz+ — dzl)
ts
(ZT+ z;7) - R{,

T l-ar leHl — lI¥llh)
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where
t o]
RT = / / VI (u) du(dz+ — azl™).
0 JT(t—s)

Using Corollary 5.4 we have that

1 T4 T —
ZI+ — 70
T ar(il = el 2t~ %)

converges in law for the Skorohod topology to P, where P is defined by the rough Heston
dynamics stated in the theorem.

We now prove the convergence of R” to zero in the sense of finite dimensional laws.
Recalling from the proof of Proposition 4.8 that (Z7,ZT), = diag(A}) and that there
exists a ¢ > 0 such that E[A]] < ¢ for any ¢ € [0, 1], we have

t

E[(R)?] < c/ ( Ooq/)g(u) du)st.

0 Ts
Let G be the function defined by

G(t) =l (t) — pa(t)|™*

k>1

Note that G is integrable since [~ [p1 — 2| < 1. Hence

E[(RI)?] gc/Ot( TZOG(u)du>2ds§ ;/OT</SOOG(u)du>2ds
- ;[T%(/Ome(u)du)2+ (Tr-1%)( OIOG(u)du)T

([ (L)

which vanishes as T tends to infinity. This gives us the result. ]

REMARK 5.6. (a) Last theorem only proved the convergence of the microscopic
price in the sense of finite dimensional laws. We notice that if we had ¢ = 9,
that is if we give up to property (iii) of our model, we would have R} = 0 and
hence we would have the convergence in law for the Skorohod topology of the
rescaled price to the process P.

(b) Note that, as we did in the end of the proof of Theorem 5.5, we get

t o)
/ ¥d (u) duds
0

Ts

sup
te€(0,1]

Sc(T‘é/ Gu)du+ [ | G(u) du),
0 T2

which vanishes as T' goes to infinity. Then, using Fubini theorem, we get that

t t s [ee)
/ RSTds:/ / (/ ¢2T>(d23’+—ng")ds
0 0 JO T(s—u)
t t /o0
~[ [ uf)astazi - azi)
0 Ju \T(s—u)
t t—u o)
:/ / (/ w;) ds(dZI" —dzl)
0 JO Ts
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converges to zero u.c.p. Therefore the integrated rescaled price converges in law

for the Skorohod topology to
t
/ P ds.
0



APPENDIX A

Technical results

1. Some useful limit theorems

In this appendix we report some limit theorems that are used in the proofs contained
in Chapters 2 and 4.

1.1. Limit of a sequence of SDEs. We start with a result by Kurtz and Protter (see
[21]) about the convergence of a sequence of SDEs. The meaning of this theorem is that
if the functions and the processes defining the SDEs satisfy some convergence properties,
then the laws of the solutions of the SDEs converge to the law of the solution of the limiting
SDE. Let’s state the setting for this theorem.

Let’s (X/")t>0 be adapted to the filtration (F}*);>0 and suppose it satisfies

t
(A1) Xr=Up+ / FM (X™)dY)
0

where F™: Dgi[0,00) = Djmm[0,00) and
U™ e DRk [07 OO) y YY" e DRm [0, OO) y

both adapted to (F}*). Suppose Y™ is a semimartingale and F™ is non anticipating, that
is F)'(z) = F*(2!) for all t > 0 and z € Dgx[0,00), where we set z!(-) := z(- A ).

We now give a condition on Y. Define, for § > 0, the function hs: [0,00) =— [0, 00),
such that hs(r) = (1 —6/r)". Then we can define the functional J; in the following way:

Js(@)(t) =Y hs(lz(s) — a(s=))(a(s) — z(s—)).

s<t

The functional J5 measures the sum jumps of the function x up to time ¢ giving a weight
depending on the amplitude of each jump. Since Y is a semimartingale, we know that
it can be decomposed as Y" = M"™ + A", where M"™ is a local martingale and A™ is a
process with bounded variation on bounded intervals. It can be proved that also (Y")° :=
Y™ — Js(Y™) is a semimartingale, with decomposition (Y™)° = (M™)? 4+ (A™)°. The next
condition on Y™ is expressed in term of the decomposition of (Y™)?).

C1 For each o > 0, there exist a sequence of stopping times (7) such that

P(r* < a) <1/« and sup, E (M")f/wg + Vo,t/\TTch((A”)‘S)] < 0.

Recall that V,,(f) is the total variation of the function f in the interval [a,b], that is
Vap =sup Y |f(tiv1) — f(t:)|, where the supremum is taken over all the subdivision a =
ti,ta,...,tp = b of the interval [a, b].

Call F': Dg,[0,00) = Djrm[0, 00) the function that will play the role of F™ in the lim-
iting SDE and that is non anticipating itself. We then need assumptions on the properties
of the functions F™ and F under transformations of the time scale. Let T3]0, 00) denote
the collection of nondecreasing mappings A: [0, 00) — [0, 00) (in particular, A(0) = 0) such
that A(t+h) — A(h) < h for all £, h > 0. Let id denote the identity map id(s) = s. We will
assume that there exist mappings G, G: Dgx[0, 00) X T1[0,00) — Dyprm [0, 00) such that

73
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F'(x)oA=G"(xo A \) and F(z)o A = G(z o) for (z,\) € Di[0,00) x T1[0,00). The
second condition is then
C2(i) For each compact subset 1 C Dgx[0,00) x T1[0,00) and ¢t > 0,
SUD 5\ en SUPs<t |G (2, A) = Gs(2, A)] = 0.
C2(ii) For {(xn, An)} € Drr]0,00)xT1[0,00), supg<; |Tn(s)—z(s)| = 0 and supy«; [An(s)—
A(s)| — 0 for each t > 0 implies supy; |Gs(7n, \n) — Gs(z,A)] = 0.

For our purpose we can simply note that any Fy(z) = g(x(t),t) with g : R¥ x [0, 00) — MF™
continuous, has a representation in therm of a G satisfying C2(ii).
We now state a simplified version of Theorem 5.4 in [21], suitable for our purposes.

THEOREM A.1l. Suppose that (U™, X™,Y™) satisfies (A.1), (U™, Y"™) = (U,Y) in the
Skorohod topology and that Y™ satisfies C1 for some 0 < § < oo. Assume that (F™) and F

have representations in term of (G™) and G satisfying C2. If there exists a global solution
X of

t
(A.2) Xy =U + / F,_(X)dY,
0

and weak local uniqueness holds, then (U™, X", Y") = (U, X,Y).

REMARK A.2. What does weak local uniqueness mean? We say that (X, 7) is a local
solution of SDE (A.2) if there exists a filtration (F;); to which X,U and Y are adapted,
Y is an (F;)-semimartingale, 7 is an (F;)-stopping time and

tAT
(A.3) Xinr = Uppr + / Fy_(X)dY,.
0

We say that strong local uniqueness holds for (A.2) if any two local solutions (X(l), T(l)),
(X(z), 7'(2)) satisfy Xt(l) = Xt(z),t < 7MW A7@ as. To define a notion of weak local unique-
ness, that is uniqueness in distributions, we need to require the stopping time associated
with the solution to be a meaurable function of the solution. We say that (U Y, X, 7)
is a weak local solution of (A.2) if (U,Y) is a version of (U,Y) and (A.3) holds with
(U,Y, X,7) replaced by (U,Y, X, 7). We say that weak local uniqueness holds for (A.2)
if for any two weak local solutions (U(l),Y(l),X(l),T(l)) and (U(2),Y(2),X(2),T(2)) with
7 = BW(XD) and 7@ = A (X?) for measurable functions h(Y, h(? on Dy [0, o),
(XD, M AR (XD)) and (X@, R A b2 (X)) have the same distribution.

1.2. A condition for the convergence to a Brownian motion. We state a result
that is an immediate corollary of Theorem VIII.3.11 in [18].

THEOREM A.3. Assume B" is a sequence of local martingales with |AB™| < K iden-
tically (i.e. with jumps uniformly bounded) and B is a one dimensional Brownian motion.
If D is a dense subset of Ry the following are equivalent:

(i) B" B B;
(ii) The quadratic variation of B™ at point t converges in probability to t for each
teD: (B"), 5t

1.3. Convergence of a sequence of stochastic integrals. We state a result bor-
rowed from [16] that gives sufficient condition for the convergence in law, for the Skorohod
topology, of a sequence of stochastic integrals.
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Recall that, given a filtered probabilty space B" = (Q", F", (F{")+,P"), we denote by
H™ the set of all predictable processes H™ on B™ having the form
k
H" = Yon]l() —+ Z Y;nﬂ(si7si+1](t) s
i=1
where k € N, 0 =59 < ..., < 841, and V" is Fl-measurable with |Y;"| < 1.
If X" is any 1-dimensional process on B" and if H" € H" is as above, we define the
elementary stochastic integral process H™ ¢ X™ by

k
Hn hd th = Z }/in(XgLASi+1 - Xt’n}\sl) .
i=1
We need the following definition.

DEFINITION A.4 (UT processes). A sequence (X™) of adapted cadlag processes, each
X™ on B", is said UT (for Uniformly Tight) if for every ¢ > 0 the family of random
variables {H" @ X[": n € N, H" € H"} is tight in R, that is

lim sup P'(|H"eX[|>a)=0.
a—=0 fneHn neN

Finally we have the theorem by Jakubowski, Mémin, Pages:

THEOREM A.5. For any n, let X™ be a semimartingale on the space (", F™, (F{*)¢, P™)
and K™ be a cadlag process on the same filtered space, both real valued, with (X™) satisfying
the UT condition.

Then the convergence (K™, X™) LA (K, X) implies the following convergences in law,
for the Skorohod topology:

KleX" > KeX" — KeX and

(K" o X", K™, X") — (K o X, K, X)

2. Brownian motion and continuous martingales

In this section we gather some results about Brownian motion and continuous martin-
gales. They represent a very important amount of background material that is hidden in
the proofs of chapter 3, but that is essential in order to work on nearly unstable Hawkes
processes in the heavy tails case. All these results come from [25], where they are proven
in detail.

We always work on a filtered probability space (2, F, (F)¢, P).

THEOREM A.6 (Dambis, Dubin-Schwarz). Let M be a (F:)-continuous local martingale
vanishing at 0 and such that (M, M)o = co. If we set

Ti = inf{s: (M, M) > t},
then By = My, is a (F)¢-Brownian motion and My = B<M’M>t.

Next theorem partially answer the question “which martingales can be written as a
stochastic integral with respect to a Brownian motion?”.

THEOREM A.7. If M is a continuous local martingale such that the measure d{M, M),
s a.s. equivalent to the Lebesgue measure, there exists an (]—'t)M-predictable process fi
which is strictly positive dt ® dP-a.s. and an (FM)-Brownian motion B such that

t
d(M,M); = fydt and M, :Mo+/ fi2aB,.
0
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PROOF. By Lebesgue’s derivation theorem, the process
ft = nh—>n;on(<M7 M)y — (M, M>t—1/n)

satisfies the requirements in the statement. Moreover, (f;)~1/? is clearly in L2 (M) and

loc
the process
t
Bt:/ £ dm,
0

is a continuous local martingale with increasing process ¢, hence a Brownian motion. [J
We finally state a multidimensional version of the preceding result.

THEOREM A.8. Let M = (M?',..., M%) be a continuous vector local martingale such
that d(M?, M%), < dt for every i. Then there exist, possibly on an enlargement of the
probability space, a d-dimensional Brownian motion B and a dx d matriz-valued predictable
process a in L} (B) such that

t
Mt:Mo—l—/ asdBs .
0



APPENDIX B

Fractional integrals and derivatives

1. Fractional integral and differential operators

For an n-fold integral next formula, proved by induction, holds

/dt/ dt- - / nil) /I(:ct)"_lcp(t)dt.

Writing (n —1)! = I'(n) we observe that the right-hand side of the preceding equation may
have a meaning for non-integer values of n. So it is natural to define the integration of a
non-integer order as follows.

DEFINITION B.1 (Fractional integral). Let ¢ € L!(0,00). The left-sided fractional
integral of ¢ of order a > 0 is

SN R
If(x)—r(a)/o (:c—t)l—adt’ > 0.

PROPOSITION B.2 (Semigroup property). The fractional integration has the semigroup
property

(B.1) I°TPo=1"Pp, a>0,8>0.

ProoF. This property can be proved directly:

arh, 1 v dt Eoo(r)dr
okl T(a)F(ﬁ)/o <x—t>1—a/o -7

and, using Fubini theorem and setting t = 7 + s(x — 7), we have

arfB,, B(O‘aﬁ) ’ QD(T)dT
He= F(a)F(ﬁ)/o (@—r)iap’

where B(a, ) = fol 7 1(1 — )%~ dx is the usual beta function. The proof is concluded
recalling the relation

O

Now it comes natural to introduce an inverse operation to fractional integration. This
is given by fractional differentiation.

DEFINITION B.3 (Fractional derivative). For a function f given in the interval [0, 00),the
left-sided fractional derivative of f of order a, for 0 < a < 1, is

apon_ L od [T f(t)
Df(x)_r(l—oz)d:c/ Wdt, z>0.
7
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In [26] it is shown that a simple and sufficient condition for the existence a.e. of the
fractional derivative of f is that f € AC([0,00)).

We now clarify how the fractional integration and differentiation ar inverse operations.
We need a definition.

DEFINITION B.4. Let 0 < a < 1. We denote by I%(LP) the space of functions f
represented by the left-sided fractional integral of order a of a summable function: f = I%p,
p € LP(]0,00)), 1 <p < o0.

We then have

THEOREM B.5. Let 0 < a < 1. Then the equality
DI%p(z) = p(x)
1s valid for any summable function , while
19D f(x) = f(x)
is satisfied for f € I*(L').
REMARK B.6. (i) We defined fractional integrals and derivatives in a simplified
way, suitable to our applications. We could define them for functions f defined on
an interval [a, b]. Moreover the term left-sided appears in contrast with the right-

sided fractional integral and derivatives. As an example we report the definition
of right-sided fractional integral of a function f defined on the interval [a, b]:

1 b
I? f(z) = F(a)/x 0 _f;t))l_a dt, z<b.

All the properties we stated about left-sided fractional operators are valid for
right-sided fractional operators too.

(ii) We defined the fractional derivative of order a for 0 < o < 1. It is actually easy
to extend this definition to > 0. We simply consider a = |a] + {a}, then we

define N dylel o d Lo+l 4
pf=(g) PWr=(g)

(iii) Finally, it is possible to extend the former definitions to any complex order o € C
with Re(a) > 0, but this is beyond our aim.

2. Some properties for fractional operators

We now report some results borrowed from [26]. The first one gives us a relation be-
tween the Holder exponent of a function and the Holder exponent of its fractional deriva-
tives.

PROPOSITION B.7. If f € H* and f(0) = 0, then for any o < X\, f admits a fractional
derivative of order o and D®f € H ™2,

A fractional integration by parts formula follows:

PROPOSITION B.8. If p € LP and ¢ € LY with 1/p+1/q < 1+ «, then ¢ and ¢ have
a fractional integral of order o and

/ ot —s)I"Y(s) ds = / I%(t — s)(s) ds.
0 0

As corollaries one gets the followings.
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COROLLARY B.9. Let ¢ € L”, with r > 1 and v € H®. Then, for any o < B, D)
exists, belongs to H?= and

t t
/ p(t — s)p(s)ds z/ I%p(t — 8)D%Y(s) ds .
0 0

COROLLARY B.10. Let ¢ be continuous and 1) such that x*)(x) € H» for some p > 0.
Then, for any o < min{1 — p; \}, DY exists, belongs to L™ for some r > 1 and

/ ot — s)Y(s)ds = / I%p(t — s)D%Y(s) ds .
0 0
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