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Abstract

Rough Hawkes processes have been extensively studied in recent years for modeling Pois-
son intensities. These processes introduce memory effects through self-exciting jumps,
making them theoretically particularly suitable for capturing clustering phenomena ob-
served in financial markets.

This thesis provides an overview of methods for handling non-Markovian yet affine
processes, of which rough Hawkes models arise as a specific instance through the appro-
priate choice of rough kernel.

First, self-exciting jumps are incorporated into the classical diffusive dynamics of
asset prices. We focus on unidimensional memory processes and compare them with the
two-dimensional rough Hawkes process studied by Hainaut,[T].

Second, the empirical observation of volatility clustering motivates the introduction
of self-exciting jumps into the Cox—Ingersoll-Ross (CIR) process governing the volatility
in a Heston-type model. Market evidence suggests that jumps in volatility are associ-
ated with simultaneous jumps in the underlying asset, typically of opposite sign and
smaller magnitude. We provide a mathematical analysis of this framework and derive
expressions for the moment-generating function of the asset price in both settings.

Overall, the proposed modeling approach shows potential to reproduce the volatility
smile after appropriate calibration.

Keywords Affine Volterra processes - Rough Hawkes Jumps - Heston model
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The choice of a model for pricing equities is a critical step in finance. Each proposed
dynamic relies on specific assumptions whose validity must be assessed by comparing
the model with observed market returns.

Historically, financial models have steadily increased in complexity.

The dynamics of asset returns are typically decomposed into a drift component and
a diffusion component:

ds
22t — Mean term + Diffusion term.
t

The elementary model is the Geometric Brownian Motion (GBM), defined by

DSt + o aw,.
St

This specification assumes that returns are lognormal, or equivalently, that log-returns
follow a normal distribution. This follows directly from It6’s lemma applied to log S;:

o? S o?
dlog S; = b= dt + o dW; = log 5 =\r-5 t+oW;. (1)
———

log-return X,

The latter expression is expressed relatively to time zero. This can be extended to
every nonzero time u because Brownian motion has stationary increments by definition:

St 0'2
log|l =) =(p——=)t—uw)+o(W,—W,).
Su 2 —_——
M Wi

log-return X;_,,
Consequently, the distribution of the log-returns is driven by the normally-distributed
Brownian part Wy, whose mean is shifted by the drift of X; :

2
Wy ~N(0,t) = XtNN((u—(;) t, 02t>.

The normality of log-returns is surely a limitation of this model. Empirical observa-
tions of heavy tails, skewness and abrupt movements in financial returns have motivated
the introduction of jump-diffusion models (JD) [2], where an additional jump component
(Lt)t>0 is added:

dS;

< = (n=C)dt+odW, +dLy,
t

with
Ny
L= Y,
k=1
and where C' is the compensator which ensures that jumps do not contribute to the
mean value of the dynamic. Under the assumption that jump sizes are i.i.d.,

Y, ~Y,

and independent from the jump arrival process (Ni)¢>0, modeled as an homogeneous
Poisson process with intensity A, i.e.

N, ~ Poi()),
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the compensator takes the following expression:

Ny
C=E(L,)=E (; Yk> = E(N,) E(Y).

A

Similarly to GBM analysis, using the generalized Itd lemma, one obtains the dynamic of
the log-returns , whose distribution is not gaussian anymore but influenced by jumps.
This is the insight of the well-known theory of Levy processes [2].

2
dlog S; = (u — % — )\E(Y)) dt + o dWy + dLy,

(2)

] St - 0'2

The purpose of this thesis is to explore more sophisticated processes, while relying
on analytical tools similar to those used above. I will investigate, in particular:

e a generalization of the jump-arrival frequency via non-homogeneous Poisson pro-
cesses,

N; ~ Poi()\y), (3)

with a focus on intensities exhibiting self-exciting jumps, modeled by (rough)
Hawkes processes:

t
A=+ ¢ [ glt = s)an. (4)
0
where g(—) is a memory kernel, i.e. a decreasing function such that

1. limy 00 g(t) = 05
2. g(0) = 1.

I will introduce the general framework of memory kernels, and then define and
consider more specifically the rough Hawkes kernel.

e a generalization of stochastic volatility models, such as the Heston model, extended
to incorporate a rough Hawkes-type volatility dynamics :

dXy = (p— %)dt + Vi dWX

dVy = k(0 — Vy)dt + o/ Ve dWY +dL; — ME(Y)dt
At = Xo +C [ gt — s)dN;

(WX, dW)) = pdt

In both directions, this thesis will address in detail rough Hawkes processes and their
comparison with classical Hawkes processes, exhibiting exponentially decreasing kernels.
Memory is introduced either in the jump intensity A; or in the stochastic volatility V.

The first chapter reviews the necessary theoretical background. In particular, intro-
ducing memory in the intensity or volatility renders the system ()¢, L;) non-Markovian.
This creates challenges for tractability, as the moment generating function of the system
cannot be computed directly. To retrieve Markov property, we rely on the approach de-
veloped by Hainaut [I], which aggregates all temporal dependence for times s < t into
auxiliary state variables, thereby embedding the system into an infinite-dimensional
Markov process.

Chapter 2 develops this methodology for the first research direction: modeling the
jump intensity with a rough Hawkes process.
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Chapter 3 illustrates the implementation of these techniques in option pricing. We
perform calibration of model parameters under the real-world probability measure IP and
compare pricing results obtained under rough Hawkes dynamics versus other kernels.
We will compare the results obtained with the one-dimensional rough Hawkes process
studied in Chapter 2 and those from the mutually excited bidimensional rough Hawkes
process studied in [IJ.

Chapter 4 addresses the second research direction: the rough Hawkes—Heston volatil-
ity model and its mathematical development. We apply the same methodology than in
Chapter 2.

Finally, Chapter 5 draws big lines of the methodology that could be adopt for cali-
bration of the rough Hawkes-Heston volatility model. Namely, the most natural method
is based on the replication of market implied volatilities by the model. The large number
of parameters the rough Hawkes-Heston model introduces may bring indeterminacy and
instabilities in the minimization. Therefore, I present a pseudo-calibration framework
under P based on the conditional chi-squared distribution of the CIR process modeling
volatility.
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Chapter 1

Introduction to affine Volterra
framework

In order to perform the computations in this Chapter, we define a market model M
embedded with

e a risk-free rate, assumed flat;
e asset log-returns X, a bank account numeraire By := exp(—rt);

e a jump process L; defined by the frequency process Ng and random severity
drawn from a specific distribution J;

e a filtered probability space
(Q, F,F,P) where

— 2 is the universe, the set of all scenarios;

a tribe F, also known as a o-algebra;

a natural filtration F; embedding all information in the system up to time t;

— F describes the increasing set of filtrations (F;)7_, such that F; C Fyyq;

P is the probability measure in the real-world.

An option with maturity T can be mathematically priced through the expectation of the
discounted payoff under some risk neutral measure. In general, computing expectations
requires the expression of the probability density function (pdf). It can be obtained as
the Fourier transform of the characteristic function, up to a constant factoﬂ

Mx(z) = E(exp(izXy) | Fo) = /Rexp(izx)f(x) dz,

1

1 (1.1)
& flz) = %}'(Mx(z)) =5 /Rexp(—izx)/\/lx(z) dz.

If the system (L, Ny, A) is Markovian, it is possible to compute the moment generating
function of log-returns X;. In this thesis, I focus on this mgf for pricing purpose.

1The factor 27 arises from the normalization convention used for the Fourier basis in the frequency
domain. Depending on the author and the chosen convention, different definitions of the Fourier trans-
form can be found in the literature. In particular, some formulations split the scaling symmetrically
by introducing a factor 1% in both the forward and inverse Fourier transforms. Also: notice that

E(exp(—i2X¢) | Fo) can directly be expressed as the Fourier transform of f(z) without any discussion
about this scaling parameter.

11



12 CHAPTER 1. INTRODUCTION TO AFFINE VOLTERRA FRAMEWORK

However, it is possible to retrieve the moment generating function of any state in the
Makovian system.The mgf relates to the characteristic function via

E(exp(wX) | Fo)| = E(exp(wXy) | Xo)|

w=1z w=1z

At inception, Fo = {Xo}. Moreover, because the system is Markovian, the moment
generating function admits a closed-form expression:

E(exp(wXy) | Xo)‘ = exp(F(w, 1, XO))’

w=1iz w=1iz

The Lévy processes presented in the introduction are a particular Markovian case,
for which the closed-form expression of the exponent is given by the Lévy—Khintchine
representation:

F(w7t7X0) = w(w> t?
where

Y(w) = pw + %02102 +/ (exp(wz) — 1 — wal|y 1) v(dz).
R

In the non-Markovian case, the moment generating function does not admit a closed-
form expression. One way to recover these Markovian properties is to introduce an
infinite number of auxiliary states in the state representation of the system, thereby
defining an infinite-dimensional Markovian system, following the procedure developed
by Hainaut in [3].

The mathematical developments in this thesis rely on a common theoretical frame-
work to compute this exponent F(w,t, Xy) for the infinite-dimensional Markovian pro-
cess. The formal tools used are those of affine Volterra processes. We emphasize intuition
alongside this formalism. The steps used to ”Markovianize” the system are:

1. Express the kernel involved in the memory process via its spectral representation,
in order to define the auxiliary states (Y;)v: that yield the infinite-dimensional
Markovian representation of the system (X, Ny, A, (Yi)ve)-

2. Approximate the infinite-dimensional Markovian system by an n-dimensional dis-
crete model. This allows working in a finite-dimensional space using classical
Markov theory results. The discretization is performed so that the infinite-dimensional
model is recovered in the limit.

3. Observe that the generator of the Markov process preserves the class of affine
exponential functions. This allows us to determine a priori the general form of
the moment generating function.

4. Solve the Kolmogorov equation induced by this generator, which reduces to a
system of ”generalized” Ricatti equations.

1.1 Step 1 : Spectral representation of the kernel

We endow our computations with a measurable space equipped by the Borelian measure
(RT, B(RT)), a filtration F; = o((Xs, Ns, As); s < t) and a positive measure

w: BRT) — [0, 00].

For the latter of this thesis from now, we consider that the measure y is differentiable so
that there exists a density f(—) such that u(dz) = f(x)dx for all increments dx. This
is the case for all following kernels g(—) considered in literature by Hainaut [4]:
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1. Laplace distribution :

flu) = % (avexp(—au) §,>0 + avexp(au) dy<o) (1.2)
o2
g(h)“'zgszjgg (1.3)

2. Gaussian spectral measure :

) =/ exp(—au?) (1.4
ot = exp (1) (15)

3. Logistic distribution :

(1.6)
a(l+exp(~2))°
1, h =0,
g(h) = wah (1.7)
sinh(rah)’ >0
4. Cauchy distribution (exponential kernel) :
1 «
= 1.
fluy =2 (1)
g(h) = exp(—alhl) (1.9)
5. Rough Hawkes kernel :
ufoz
= 1.1
1) = Frmt = (1.10)
he—t 1
g(h) = T(a)’ o€ (2, 1) (1.11)

When considering a kernel function g(—), in most case, it admits the following spec-
tral representation :

g(h) :/Rexp(ihu)u(du) z/ReXp(ihu)f(u)du. (1.12)

Actually, this representation exists if and only if i g(h) has a Fourier transform,
noted f(u). In fact, the previous integral corresponds to the inverse Fourier transform
of g up to a constant 2w. This factor corresponds to the scaling applied to the Fourier
basis functions:

o) = 5= [ explit) mf(u)du = 267 (F(w) & fu) = =), (113)
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Since the Fourier transform is a linear operator, % g(h) has a transform if and only if

g(h) has one. This is the case if g € L*(R) :

/ lg(h)[dh < oo.
R

We incorporate this representation in the intensity dynamic A;:
t
N =2 ¢ [ glt = s)aN.
0
t
=X+ C/ / exp(iu(t — s))p(du)dN;
o Jr
ot
=X+ C/ / exp(iu(t — s))dNgpu(du) (Fubini’s theorem)
R JO

:%+<Anwmuw

We introduce a continuous variable Y;(u) Vu € R, corresponding to an infinite number
of states {Y;(u)}yer in the system. Therefore, the system

(L, Ny, A, Yi(u)) YueR
is an infinite Markovian system where

A = ¢ [ dYi(u)p(du)
dY; = iuYydt + dNy

We have embedded all the memory in the intensity of the Poisson process into an
infinite number of new states to recover the ”Markovianity” of the system. Consider-
ing these states, we have in some sense recovered the Markov properties, and we can
compute the moment generating function using usual techniques after a n-dimensional
discretization.

However, even when g(—) does not have a Fourier transform, its Laplace transform
L(—) can be considered :

g(h) :/Rexp(zh)ﬂ(dZ) :/Rexp(zh)f(Z)dZZﬁfl(f(Z)) (1.14)

where z = v +iu, z € C, v € R. In other words, a spectral representation can be
retrieve even when g ¢ L'(R), if the dampened version of the kernel exp(—vh)g(h) €
LY(R).

exp(—vh)g(h) € L'(R) < /R | exp(—vh)g(h)|dh < oo

& exp(—vh)g(h) has a Fourier transform
< g(h) has a Laplace transform.

The remaining computations are exactly similar to the previous case :
t

At =X+ ¢ [ g(t—s)dN;
0
t
=X+ C/O /Rexp(z(t — 5))u(dz)dN,
t
=X+ C/ / exp(z(t — s))dNgsu(dz) (Fubini’s theorem)
R /0

=M+CAE@MM@
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The system
(Lttha)\t;m(z)) VZG (C

is an infinite Markovian system described by the dynamics:

0N = C f, dY;(u)p(du)
dY: = (v+iuw)Yidt + dNy

In case of rough Hawkes kernel (|1.11)), we can adopt another point of view for finding
the infinite number of additional states. Either we can consider :

e As previously, as g(—) has no Fourier transform, its dampened version k(—) has

got one:
hafl
k(h) = exp(—vh)g(h) = exp(—vh)m.
This is the insight of the Laplace transform. However, for o € (%, 1), the kernel has
one singularity at A = 0, which makes the bilateral Laplace transform considered
in previous developments not well-defined. In that case, we simply consider the
unilateral Laplace transform defined on Ry instead of R.

e Otherwise, the reader can observe that k(—) is a Sonine function (1.15). Using this
property, I show how we can recover a Markovian representation of (L;, Ny, A¢).

A function k(—) is a Sonine function if there exists a function /(—) such that

(Ixk)(h)=1 Vh (1.15)

Sonine functions are mainly useful because the pair (k(—),(—)) is the convolutional
kernel of Sonine operators (|1.22)).

Sonine operators

Sonine operators for ¢ € L'(R") are defined as

such that ;
K~ 'o(t) = = (Lo)(?) (1.16)

Proof. We take the Laplace transform £(—) of both sides in Equation (1.15), and we
define L(s) := L(I(t)) and K(s) := L(k(¢)). This results in
1

L(s) x K(s) = -. (1.17)

~— —~— S

L3®) LK)
Especially, if we define 9(t) = %(L(b(t)), O(s) := L(¢(t)) and K(s) := L(k(t)), the
Laplace transform of the first Sonine operator can be computed as

L(ED(t)) = L((E *)1)

= L(E®)L((1)) (1.18)
= K(s)U(s).



16 CHAPTER 1. INTRODUCTION TO AFFINE VOLTERRA FRAMEWORK

Using the derivative properties of ¢ (t) = %(qu(t)), we compute the Laplace transform

of ¢
U(s) = sL(s)P(s)

=K~'®(s) in view of (L.17). (1.19)
Combining Equations (1.18)) and ( -7
LIKY(t) = K(s)K™'®(s) = ®(s) = L((1)). (1.20)

By uniqueness of Laplace transform in a certain region of convergence, K (t) = ¢(t).
We insert the definition of ¢ (¢), and we conclude :

Ko(t) = K9 (Lo(t)) = o(t) = K~ o(t) = - (Lo(1)). (1.21)
O

In the specific rough Hawkes case 7 closed-form expressions can be computed
for I(—). It is well-known that K(s) = Tsoy= from basic Laplace transform tables. By

Equation (1.17):

K(9)L(s) = & = 1(s) = 20" .
% oxn( —s 1.22
= I(h) = L7Y(L(s)) = v™ + ma_ a)/h El(m ) gs.

The resulting Markovian system is recovered after embedding all memory present in the
first Sonine operator K, applied to a measure ¢:

(t—s)t
I(«)

By the convolution definition, K¢(t) can be viewed as a dampened version of the

Riemann-Liouville integral
t -1
(t—s)"
I“¢ = / @(s)ds,
0 I'(a)

exactly the same way we defined the unilateral Laplace transform as a dampened Fourier
transform.

From the fundamental Gamma function identity, we further expand the integral
(1.23)):

Ko(t) = (k* o)1) = / Kt — 5)(s)ds = / exp(—v(t — 5)) o(s)ds (1.23)

(t—s)* ! = /00C exp(—¢&(t — s))%d{. (1.24)

Finally, memory in (1.23]) is embedded the same way we did using the spectral trans-
forms:

=[] ewt-et - on i s ae =D osya (1.25)
é‘ «
/ / exp(~ (0 +€)(t = 9) s — e (s)ds (1.26)
:/0 /0 exp(—(t — s)(v+&))p(s)ds d¢ (Fubini’s theorem)
' (1.27)
- [ v (1.28)
0 ——

w(d§)
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In our setting, we observe that ¢(s)ds = dNs. Hence, the system has the following
infinite Markovian formulation :

A\ = C(k + dN)(t)

—g)a— 1
_Q/ exp(— t—s))(t F(o)z) dN;

—@/ av;i (¢

dY, = —(v+ g)Y;dt +dN,

At the end of this section, we are able to embed all the memories of the process into an
infinite number of state variables, leading to an infinite dimensional Markov process. The
main ideas are summed up in the decision tree presented in Figure[I.I] However, all the
necessary Markovian tools have been developed in a finite dimensional setting : that’s
why we introduce a finite-dimensional approximation of the system in the next section.
This is very important that we model our approximation in a n-dimensional space for
which the limit recovers the infinite dimensional Markovian model. Such convergence
results are essential to ensure we will recover the moment generating function of initial
system as a limit of the discretization’s one.
We conclude this section with a consideration about the long-run intensity.

Long-term mean value

The long-term mean jump intensity defined with a memory kernel, driven by process @),
is
Ao

k0 (1.29)

Proof. The spectral transforms we have introduced allow us to find a closed-form ex-
pression for the mean process
u(t) :=E(A\ | Fo) (1.30)

In this expression, replace \; with its process definition @, and apply Laplace transform:
u(t) = Xo + CE((k *dN); | Fo)
=X+ C(k * E(dN | fo))t
(t)

=U(s) = ? + CK(s)U(s) (1.31)
= U(s)[1 - CK(s)] = 2

A
= U6 = = R

Therefore, we have the following asymptotical result:

-1 . )\
u(t) = £7HU(s)), Jim u(t) = lim sU(s) = ﬁi{() (1.32)
[

This limit actually exists only if 1 — (K (s) is invertible and w(t) has a limit. The
first condition is satisfied if det(1 — (K (s)) # 0. The second requires that W is
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an accumulation point. Actually, this is the case because we can expand the expression
into a converging serie:

C dow i Ao Ao 2
lim —;(CK(O)) :m:?(HCK(OH(CK(O)) + ...

K—oco 8§

This is a well-known result from basis mathematical classes. The convergence is therefore
ensured if ((K(0))* tends to 0, or differently said if the spectral radius of (K (0) is lower
than 1 :

p(CK(0)) = max [N[CK(0)]] < 1,

where {\;[CK(0)] | ¢ € [n]} is the set of all eigenvalues of (K(0).
Taking both conditions together, since K (0) is scalar in our case, this simply results
in the condition

CK(0) < 1.

This can be directly generalized to higher dimensions systems. Intuitively, we can
see the memory in the jump process as an expanding tree. When one jump occurs at
rate (K (0), it will expand up to the generation k. If ((K(0))* converges to zero for
relatively small k, then the memory process is stable. It requires to have less than one
children per parent node, meaning a reproduction rate lower than one.

In the specific case of dampened Hawkes kernel, the long-term mean is

(1.33)

1 . )\o’Ua
K(s) = Groe = tlg(rjou(t) e

and the convergence condition becomes v* > (.
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1.2 Step 2 : Discretization of the infinite Markovian
system

The discretization essentially depends on the choice of unilateral or bilateral transform
in the previous section. We have the continuous state variable {Y;(u)}, for © € R in
the bilateral case and v € Ry in the unilateral case. The discretization is detailled by
Procedurdl.2l

We reduces this infinite dimensional model to a finite-dimensional model with n
(resp. 2n in the bilateral case) state variables.

Procedure for state space discretization in the unilateral case

We approximate the integral piecewise using an increasing partition of n points:
+1
EM = (g™, e} c g0 = [Pt ey,

in such a way that the integral is recovered in the limit:

(n)
&

/ Yidw) ) = Jim 3 /5 o Vi) (). (1.34)

We approximate Y;(u) on the interval | l(n)’fz(:)l] by its value at the midpoint, denoted

Y;(b;), where
(n) (n)
+
b = % (1.35)

Therefore, the approximation can be rewritten as

n-1 553:)1
Z Yi(by) wy, where w; = /( ) p(du). (1.36)
=0 gzn

Proof. This corresponds to the Galerkin procedure in the Hilbert space L?(u), defined
as set of functions squared-integrable according to the measure p(—)

L) ={f: | | f(w)|* p(du) < oo}.

R

This space is endowed with the following inner product :
(fr9)e> = 3 f(u)g(uw)p(du).
+

Results in this setting are already well-known, but I remind some intuition in the fol-
lowing. The proof mainly consists in 3 parts :

1. Showing why taking the central value b; of each interval is relevant;

2. Showing that Y; can be recovered in the limit of its finite dimensional approxima-
tion YQ(”);

3. Hence, showing the convergence result for the quadrature.
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(1) The quadrature in question is equivalent to the approximation of the measure p(—)
and the state variable Y;(—) in the basis functions {¢;)}7 "

n—1

me: Zwm Vi) » V(1) =Y i),
1=0
The linear combination {¢;};"";' and {w;}}'")' are determined in the following discus-
sions. Galerkin methods are used to approximate solutions of differential equations by
projecting onto a finite-dimensional subspace spanned by chosen basis functions. We
choose the approximated finite space

VI = span(o = Siggm ¢y, -+ Pnm1 = Gigm o) € (1),

where the partitions £(™) are chosen such that :

e lim, oo 5(()”) =0,lim,, o0 én W — 0. (the initial domain R is recovered in the limit)

e lim, maxl‘gl+1 fl.(")‘ =0 (the partition becomes finer when n grows).

In consequence, lim,, o V™ = L2 (1). The Hilbert space ensures that there exists an
unique orthogonal projection onto each subspace V(™) :

fft(n) (1) = Projym Yy = argmin,cpe) (Y2 — v, Y —0) 2 = ||Y; — v||%2.

By the orthogonal projection definition, the residual is orthogonal to the basis functions,
ie. VE=0,...,n—1:

n—1

(Y — ch¢z,¢k>m =0
- (1.37)

1=0
n—1

& (Y, dr)re — > cildr, dr)r> =
=0

This expression is generally called the Galerkin condition. In order to develop
this integral and isolate the factors {%}Z;S, we observe that the basis functions are
orthogonal in L?(j1):

(b1, Pr)r> = . b1 (w) . (w) p(du) = {’lUk, =k,

0, £k,
where
E}(Cn)
Wk = p(du).
&™)
Moreover, since ¢, = (5[5(n) gmyy we have
k—1°Sk
£
Voo = [ Vilwn(du)
&

Therefore, the Galerkin condition implies

(n)

(Y, ¢r) — ckwr, = 0 and, finally ¢, = — /{ ) (u)p(du).
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The mathematical expression of these ¢ corresponds to the average value of Y; on the
interval [§k 1 ,(C”)] This mean value is taken at the centre of each interval, whose
image is the actual mean if considering a composite trapezoidal or piecewise constant
approximation:
&)+

2

Hence, Y; is approximated on each interval | ,(Cn)l, k")] by Y;(be_1)-

bp—1 =

(2) The discretization is constructed from partitions {fgn) n) satisfying
mlax| 1(-71:)1 - ffn)| — 0.

Functions that are piecewise constant on these partitions generate finite-dimensional
spaces V(™ whose union is dense in L?(u):

v =r2

n>1

Indeed, piecewise constant functions are simple functions, and simple functions are
dense in L%(u). Moreover, as the mesh size tends to zero, the cell averages defining
the Galerkin projection converge to the original function in L?(), which may also be
justified using the Lebesgue differentiation theorem.

Therefore, for every Y; € L2(u),

lim inf [|Y; —v| 2 = 0.
n—00 yeP(n)

Since f@(") denotes the orthogonal projection of ¥; onto V(™) it realizes this infimum,
hence )
Jim [V = Y[ 2 = 0.

Consequently, for m,n sufficiently large,

1Y, = V™| 2 < 1Y = Villnzgu + 1Y = Yallz2) — 0.

Thus, (f’t(n))nzl is a Cauchy sequence in L?(y). Since L?(u) is complete, the se-
quence converges in L?(u) to Y;.

(3) Notice that

n—1
Y (u) p(d) SV ) n (@) p(du)| = |(Vi,1) ZW) b)n(2), 1) e

R+ R+ =0 1=0

(Ve — ZY (b1) i (), 1) 12|

n—1

< 1Y = YV o) en (@) 2112

=0
=Y = Y, O)lz= — 0

where the last inequality holds thanks to Cauchy-Schwartz inequality. O
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In the specific case of Hawkes kernels, if we remind the expression for the measure

density function f(—) (1.11)), we can compute

™ Flu)du = 1-a)T(l—a)

(n) n —« n —o
_ /5 i) — g™
w; = .
¢

Procedure for state space discretization in the bilateral case

Essentially, the technique is similar to two one-sided procedures applied to the subsets
le A" ={-n,...,—1} and l € B" ={0,...,n — 1} such that

wog=—wy, boy=—b, €7 =—¢"

We approximate the integral piecewise using an increasing partition of n points:

£ = {fl }leAnUBn c gt — {f(m_l Hean+1upnit,

in such a way that the integral is recovered in the limit:

(n)

/Yt( } e das) nlggo Z /()+ du). (1.38)

(n)

) +1] by its value at the midpoint, denoted

We approximate Y;(u) on the interval | l(”)7 ¢
Y, (br), where
(n)
+

Therefore, the approximation can be rewritten as

ol 65
Z Yi(b)) w;, where w; = /( : w(du). (1.40)
l=—n 'Eln

Proof. Similar to the proof of [[.2} O

In conclusion to this step, we have a finite dimensional Markov system Zy = ()~( ts S\t, f@(l))
In the unilateral case :

dA; = Z?;ol CwydYy (1)
{d?t(l) = Yi(l) + dN, (1.41)

In the bilateral case :

= X7, CundVa(0)
{df’t(l)—lazYt(l) N, (1.42)

In each case,
e «; = ib; if the kernel has a Fourier transform,
e «; = v + ib; if the kernel has a Laplace transform,

o oy = —(v +by) if the kernel is a Sonine function.
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1.3 Step 3 : Invariance of the Markovian generator
of affine processes

For affine processes, it is possible to guess the generic expression of the moment gener-
ating function because the space of affine exponential is stable through the Markovian

dynamic. We will show this intuition in this section. For this part of the thesis, we
assume a generic finite-dimensional model

(X0 .. Xk Yo,y ().

This setting has exactly the structure of an approximated model similar to the one we
obtained in the previous section, after applying the discretization procedure to continu-
ous variables {Y;?(u),...,Y;™(u)}. We make the arbitrary choice that the reader wants
to compute the moment generating function of X?,

u(t, X}) = E(exp(-~wX?p) | 1) = E(exp(~wX7p) | Xy).

In this thesis, our goal is to recover a closed-form expression for the moment generating
function for the asset log-return X;. We highlight here the fact that the procedure we
present in this chapter is much more general. It allows recovering the moment generating
function of any of the states in the Markovian system. For instance, in literature [3],
Hainaut applied this technique to recover the mgf of ;.

We define the transition operator of the Markov setting :

(Ppu)(t,x) = E(u(t + h, X[\p) | X7 = 2). (1.43)
The family of operator {Pj,},>0 is a semigroup, which means that :
o (Pyu)(t,x) = E(u(t, X?) | X{ = ) = u(t,z) ;
o (Phyou)(t,z) =E(u(t+h+v, X0, )| X) =x) = (P,Puu)(t, ).
The generator of the Markov system is then defined as

(Pru)(t, ) — u(t, x)

st g
_ g E(u(t + h, X7, },) | X = x) — u(t, z)
T a0 h ’

We obtain the backward equations using martingale property and first-order expansion
of the right-hand in Equation :

u(t + h,z) = u(t,x) + hosu(t, x).
Hence, Equation [[.43] becomes
(Pau)(t,2) = E(ult, X0y) | X0 = 2) + hE@u(t, X0 | X0 =a);  (144)
The dynamic programming principle states that

sup{(Pyu)(t, 2) + f(t, )} = u(t, ).

When no control is applied on the system, the reward function f(¢, z) is identically zero,
and this principle reduces to the martingale property :

(Pru)(t, z) = u(t, z).
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The expected value of the function at time ¢ + h is equal to its current value at ¢. This
property inevitably recalls the martingale requirement. The definition of martingale
"no reward on average” takes all its sense considering the null reward function in the
dynamic programming approach. Applying this principle, it follows that [[.44] gives the
Backward Kolmogorov equation :

(Pou)(t, @) = u(t, z) = B(u(t, X{\) | X{ = @) + hE(Du(t, X)) | X} = )
= E(u(t,X{,,) | X? =) —u(t,z) + hE(Qpu(t, X)) | X =2) =0
E(u(thz?—i-h) ‘ Xto = (E) - u(ta (E)
=
h
Taking the limit for h — 0,

(1.45)

+E(Owu(t, X¢yp) | X =) =0

The Backward Kolmogorov equation is:

Au(t, z) + Opu(t,z) =0

We can easily check that the family of affine exponential is invariant through the
operator A:
u(t, ) = exp(®(¢, 7))

where
k . m o ~
j=1 i=0 |
= Au(t,x) = —Owu(t,x) = —0:P(t, T)u(t, x). (1.46)

The sum over [ corresponds to the index discussed in the previous section. This mean
that { € {0,...,n — 1} for unilateral case and | € {—n,...,0,...,n — 1} otherwise.
Through Equation we observe that at each time step, the affine functions u (¢, x)
acts as the instantaneous eigenvectors of the generator A with corresponding instan-
taneous eigenvalues A(t) = —0;®(¢,T). The backward Kolmogorov equation induces a
time-inhomogeneous eigenvalue problem for the infinitesimal generator A. Hence, the
affine exponential family is invariant under the action of A and behaves as an instan-
taneous eigenbasis of the generator. This structure is analogous to Sturm-Liouville
spectral theory, where differential operators admit eigenfunctions forming a basis. Here,
the role of the Sturm—Liouville eigenfunctions is played by time-dependent exponential-
affine modes.

1.4 Step 4 : System of Ricatti-Volterra equations

The last step is the resolution of a system of ”generalized” Ricatti equations in order to
compute a closed form expression given our parametrization of the moment generating
function qo(t,T), qxi(t,T), qyi (¢, T).

Here is the classical framework. Consider f(t,{X]}f_,,{¥/(1)}{%,Vl) a function
depending on all state variables :

1. Apply the generalized It6’s lemma to the function, in order to compute df

2. Compute the infinitesimal generator

d
e 7).
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3. Based on the infinitesimal generator, we can compute the generator A.

4. Finally, we compare the expressions for d;u(t,z) and Au(t,z). Since
Au(t, z) + Owu(t,z) =0,

we group the coefficients multiplying each state variable before zeroing them. This
is the only way to retrieve the solution since the only way to reach the null vector
is using the zero combination of the basis vectors in the Markovian space. This
gives birth to k + 1 ODE, in addition to the m equations resulting for each I.

The last general remark of this section is about the resolution of these ODE’s. In fact,
the Backward Komolgorov system cannot be solved in case of dampened rough kernel
as we will see in the next chapter. In that case, we must consider forward Kolmogorov
equations. Let p(—, —) designate the probability density of u. Since we have endowed
our computations in an Hilbert space L?(u), we can obtain the forward equations from
the backward ones using the density:

The Forward Kolmogorov equation is:

atp(tv 17) - A*p(t7 1‘) =0.

Proof. We consider the following expectation:

Taking the temporal derivative,

O (u(t, ), p(t,-)) = (Oult, ), p(t,-)) + (ult,-), Oip(t, ).
By the backward Kolmogorov equation, we obtain:

A (u(t, ), p(t,-)) = =(Au(t, ), p(t,)) + (u(t,-), dp(t, ).
Furthermore, by definition of the adjoint operator A*,(Au,p) = (u, A*p):

O (u(t, ), p(t, ) = (ult,-),, dp(t, ) = A"p(t, ).
Remind that u(t, X?) is a martingale:
Elu(t, X7) | Fo] = u(0, X7),
which is constant in t. Therefore,
OiElu(t,-)] = O {u(t,-), p(t,)) = 0.

We thus obtain:
<U(t7 ')a atp(tv ) - A*p(ta )> =0.

Since this holds for all functions u, we conclude:

8tp(tv J?) = A*p(tv 33)



Chapter 2

Rough Hawkes Process

For this first application, we consider the following jump-diffusion process, where mem-
ory is introduced in the jump frequency:

d
% = pdt + o dWy + dL;"™P, (2.1)
t
where
Ny
Li=> Jw Jx~J, and N, ~Poi()),
k=1

with intensity
t
A :)\04—(/ k(t — s) dN..
0

At depends on the number of past jumps, whatever their severity. Another models could
be consider, in which jumps are self-exciting through dL, instead of dNy. In that case,
intensity is self-excited not only through past jump occurence but also magnitude of
past jumps.

The compensated jump process is designed such as it has no contribution to the
mean value of the process. In other words, to ensure zero mean of L;°"? :

dL;"™ = dL; — E(dLy).
Since the jump process is a compounded process,
E(dL:) = E(J) x E(dNy) = E(J) x Adt.
Therefore, the Equation can be written as

ds,
t

The reader should recognize the contribution of the compensator C' = E(J)\; in the
drift of the dynamic, as argue in the introduction.
Alternatively, using the convolution representation, we can express the intensity as

At = Ao + C(k*xdN);.
All things considered, the system that we will study throughout next two chapters is

{dXt = (- % — NE(J))dt + 0dW; + dL, (2.2)

At =X+ C(E®dAN);

27
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where k(—) is specifically chosen as the dampened rough Hawkes kernel :

k(h) = exp(—vh)% for € (1/2,1),v € R.

2.1 Procedural computation

The aim of this first section is to compute the theoretical closed-form expression for the
moment generating function of the asset log-returns X; = log g—; The reader is referred
to all the considerations introduced in the first chapter. All the section provides the
complete proof for the following result :

Moment generating function of the log-return in the dynamic (2.2)

o? o?w?

E(exp(-wX) | Fo) = exp(—sfw(p — =) = —

where gy (s) is solution of the following differential equation :

|+ ax(s) Ao — wXo)

95qx(s) = wE(J) + E(exp(-w.J)) eXP(C(K%)(S)) -1 (2.3)

and K is the Sonine operator defined in Chapter 1 (1.22):

dq dg s dq
U(s) = (K—2)(s) = (kx —2)(s) = / (s —u) > (u)du

i (24)
(s —w" doy

:/0 exp(—v(s — u)) X “T() du (w)du, veR

Proof. The closed-form formula is obtained via the procedure presented in Chapter 1.

2.1.1 Step1
k(—) is the dampened version of the rough Hawkes kernel g(—) (1.11)) :

B hafl
- T(a)

This function g(—) has a spectral representation via Laplace transform, corresponding to
the Fourier transform of its dampened version k(—), then we can embed all the memory
of the system in an infinite number of new state variables, as argued in the first chapter.
This memory is represented by the continuous process {Y;(u)}uecr, . However, because
the kernel has a pole at h = 0, we consider the unilateral transform. This is why Y;(u)
is defined on R.

g(h) for a € (1/2,1).

2.1.2 Step 2

After the unilateral finite-dimensional approximation procedure (See the procedure in
previous chapter [1.2), we obtain the following n-dimensional Markovian system :

dX; = (u— % — ME(J)) + 0dW; + dL,
dh = ¢ 3515y widY (1) ) : (2.5)
dYy(l) = —(v + b)Yy (1)dt + dNy
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2.1.3 Step 3
We apply the generalized It6’s lemma to a function f(¢, Zt) defined in the finite-dimensional

Markovian system :

df (t, Z4) = 0, f(t, Zy) dt + Oz f(t, Z4) dX, + 05 f(t, Z4) dN

n—1
+ Y Oy [t Z) dYi(1)
- (2.6)

. .~
?aXXf(t, Z,) dt

+ [f(t,zt +AZ) - f(tjt)} N,

where

o Z; = (X1, M, Yi(1)) is the vector of states in the system;

o AZ = (AX,, AN, AY; (1) = (+2,+C Zlnz_ol wy, +1) is a vector of shocks following
a jump.

The infinitesimal generator can be directly obtained via

dXt d)\t

B | F) = 0. 2) + 050 )RS | F) + 037, 2B | )

n—1
+Y Oy f(t, Z)E(dYt( )
l:O

| Ft)

?8;Xf(t,2t)
+ e /R+ [f(t,Zt +AZ) - f(t,Zt)] 7(dz).

p(—) is the density of the jump severity distribution in the approximated finite-dimensional
basis. The expectations are given by the dynamics :

L. (dX' | Fo) = — % — ME(J);
2. ((Mt | Fo) = —C 3000 wi(v + b)) Ye(0);

3. ]E(dYt“ | ) = —(v+ b)Yy (D).

Now we have obtained the infinitesimal general, remind that the generator is Af (¢, Z;) =
E(% | Ft) — 01 f(t, Z¢). We postulate an affine exponential structure of the form

n—1

ult, &) = exp (qo(t, T)+ (6T M+ > at, T) Vi(l) —w x) (2.8)
=0

The resolution of the backward Kolmogorov equation amounts to zeroing the infinitesi-
mal generator:

E(% | F2) = Au(t, x) + dwu(t,z) = 0. (2.9)
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This is carried out by identifying terms and cancelling coefficients term by term. We
first replace the affine parametrization (2.8]) in the Kolmogorov equation (2.9). For the
temporal derivative part, we obtain:

n—1

Opu(t,x) = [@qo(t,T) + 0q5(t, T) e + Z Orq(t,T) Z(l)}u(t, x). (2.10)
=0

For the generator, we have:

Au(t,z) = [~wul(t, z)] [u Ay WFL(J)}

2
n—1 _
+ax(t T ult, @) = ¢ w0 )]
=0
n—1 B
STt ) (0 b ult, ) Ye(l) (2.11)
=0

2
+ %w2 u(t, x)

—|—Xt/ {u(/.Z | AZ\T) (/(:/‘Z\T:) v(dz).

Firstly, we identify the constant terms (in blue) :

o2 o2,
Aeqo(t,T) — w(p — 7) + 5w =0 (2.12)
2 2
= Qao(t, T) = w(p - %) = T’ (2.13)
Then, we identify the coefficients of A; (in green):
0vq5(t,T) + wE(J) +/ [u(t, AZ;) — 1]5(du) = 0
R
n—1
=0,q5(t, T) + wE(J) + exp(Z((wlq;\(t,T) +q(t,T))) x / exp(—wz)v(du)—1=0
1=0 Ry
E(exp(—wJ))
(2.14)

n—1

=0

= 04q;(t, T) = —wE(J) — exp(Z((wlq;\(t,T) +q(t,T))E(exp(—wJ)) + 1 (2.15)

Thirdly, we identify the coefficient of each Y;(1):

Ot T) — (v+b)a(t.T) — Cwi(v+bi)gs, (t.T) =0 (2.16)

= Oqu(t, T) = (v+b)[a(t, T) + Cuigs, (¢, T))]

(2.17)
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We have now derived a system of ODEs that characterizes each of the parametrization
functions defining the mgf of the returns. Finally, we substitute [¢,(¢,7') + Cwigs, (¢, 7))

in ([2.15)) using the relation (2.17)
8t‘]l (tv T)

v+ b
and we integrate this last Equation (2.17). This gives the following system of equations:

q(t,T) = f exp((v + b)) (u — t))Cwigs, (u, T)du
Orgs 1, T) WE(7) — exp(Siy 22D exp(—w ) +
Aqo(t,T) = ( - %) - Sw?

In conclusion, the backward Kolmogorov equation lead to a system of Ricatti equa-
tions. However, this is not possible to compute the limit of the partition in the rough
Hawkes setting because of the singularity at the origin. In consequence,

n—1
lim E w; = 00
n—oo

1=0

Fortunately, forward equations solve that problem. The singularity does not introduce
any problem in term of density.
2.1.4 Step 4
Hainaut [3] has already proved that
1. parametrization functions are stationary : q.(t,s) = ¢«(s — t);
2. 05q«(t,s) = —0vqu(t, s).

Especially, the second relationship is essential to invert the Kolmogorov equation into
its forward form :

(1) Equation becomes:

o o
Osqo(t,s) = —w(p — —) + —-w.
2 2
After integration, we have
o? o?
qo(t,s) = (s—1) [ —w(p— 7) + ?wﬂ.

(2) Equation becomes:

2 9,qu(t, 5)
sqi\l,
asQS\t (tv S) = WE(J) + eXp(* Z v+ bl

=0

JE(exp(—w.J)) —

(3) Equation becomes:
Duqult,s) = — / (v + b) exp(— (v + bi)(u — £))Cundigs, (5 — u)du
t

s—t
= —/ (v + b)) exp(—(v + bi)(s — r — t))Cwi0rq5, (r)dr with variable change r = s — u.
0
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This second equation can be put in the first one :

0543, (1, 5) = wE(J)+exp(D /0 _/exp(—(v + ) (s —r — 1)) Cwidrgs, (r)dr)E(exp(—w.J))—

A
(2.18)

All things done, we can recover the mgf of the return in the initial Markovian setting of
infinite dimension by taking the limit :

s—t
lim A= A
n—00 0 dr
s—t
_ / quk(r) dr  (2.19)
0 dr
S exp(—v(s —r —t)) dgx(r) dq>\
= [ D = (kR s - ).
This gives the result reminded in the following box:
o2 o?w?
E(exp(—wXs) | Fo) = exp(—s[w(u — ?) -3 ]+ ax(0, 8)Ao — wXo)

where ¢, (0, s) is solution of the following differential equation :

2,0(0, 5) = wE(J) + E(exp(~w])) exp(¢ (K 2 )(5)) ~ 1

and K is the Sonine operator defined in Chapter 1 :

W) = (K20 = (b 20 = [ (s =) (i
(2.20)

(S—Ua ! dgy

:/0 exp(—v(s —u)) X “T(a) du (u)du

O

There is still some remarks about this main results. Notably, if we deﬁneﬁs) =

(K %)(s), we can take advantage of the relation induced by Sonine operators

dax
ds

_dax d

W(s) = (K D (s) =

)(s) & K~10(s) —-(LW)(s),

where

o @ * exp(—wor)
5 + / a4

o)/ . U (u)du.

Equation can then be written in term of Sonine operator :
K~19(s) = wE(J) + E(exp(~wJ)) exp(CU(s)) -

= [t | ST e = wB() + Elexp(-uw)) exp(c () -
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Now we have obtained a closed-form expression for the mgf, the remaining work
includes:

1. calibration of the parameters under P;
2. apply a change of measure towards Q;

3. solve numerically (K da%)(s)7 and apply DFFT algorithm in order to compute the
Fourier transform.

Each of these remaining steps will be considered in the following sections, and calibration
will be further developed through results presented in Chapter 3.

2.2 Calibration under real-world measure

We need to make a choice of distribution for the severity of the jumps, J and calibrate
the parameters of the system via Maximum Likelihood Estimation (MLE).

e We consider the rough Hawkes intensity
t~ -1
(g (= 8)®
A :A0+g/ e vt= 1 gN,,
' 0 [(a)

or equivalently,

M=o+ ¢ Z o=y (= 7)*7T
7 <t (a)
The log-likelihood associated with the observed jump times {71, ..., 7y, } over the

interval [0,T7] is given by

T
log f(T Z log(A_—) — / Asds.

The intensity evaluated immediately before the jump times satisfies

k—1 (Tk . )a—l
_ —v(TK—Tj) 1
A =X+ (Y e T(a)
j=1

For the second term, we obtain

Audu = XoT + ¢ ] Gt e dN du
/0 / / I'(a)

_)\OT+C// e—vtu—s) (1 (>) du dN.

Using the change of variable + = u — s, and the Gamma function identity, we
finally obtain

T Nt T—7; a—1
/ Aadu = AT + cZ/ e*“iﬂ(a) da.
0 . 0
= (2.21)
WS <1 [a Fﬁ) m))
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where we used the following Gamma relation:
a
/ ety = v (T'(a) — I'(a,va)),
0

Therefore, the ready-to-code log-likelihood is

a—1

N~ k—1
N T — T4
log f(T'| 6n) = log | Ao +<Ze‘”“’“‘”)(kr<i>)
k=1 j=1

~ T — (o™ % (1 - F(O"”F((Ta) Tj))) .

Jj=1

The optimal parameters Oy = {f),d,é} are computed via log-likelihood maxi-
mization:

Oy = argn;axlog(f(r | On)).

e For the severity processes J*¥ ~ J, several choices are possible. We first consider
the exponential distribution:
J o~ Exp(p)a

whose density is given by
vi(z) = pe P*1,50.

Hence,
log vy (x) = log(p) — px.
e Since the exponential distribution only produces positive jumps, it is not suitable
for modelling the negative jumps observed in log-returns. A natural extension is
the double exponential distribution:

J ~ DoubleExp(p, n+,n-).

This model generates positive jumps with probability p, and negative jumps with
probability 1 — p. Its density is given by

va(x) = pne” " laso + (1 = p)n—e" " Laco.
Consequently, the log-density satisfies

log vo(x) = (logp + logny — nyx) 1oso
+ (log(1 — p) +logn— + n-2) 1,<o.

The optimal parameters are obtained through maximum likelihood estimation:

©; = arg max Zlog(yg(x”mr,n_)).

tpmem-} =

e Finally, we consider a double exponential distribution observed with Gaussian
noise:

J =X +e¢, e~ N(0,0?%), X ~ DoubleExp(p, n4,7-).
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This setting is suitable for future calibration with peak-over-threshold method
discussed in the next Chapter 4. In this case, the jump density is obtained through
convolution:

va() = / va(y)d(z — y) dy,

where ¢ denotes the Gaussian density function.

After explicit computation, one obtains

1 x —nyo?
vs(x) = pny exp <2n302 - 77+517> P <O_+)

1 _ 2
+(1—p)n_exp <217302 + 77_:1:> [1 - <W)] ,

g

where ®(-) denotes the cumulative distribution function of the standard Gaussian
distribution.

To compare the exponential and double exponential models, we use a likelihood ratio
test:
A=2 (log LDoublcExp - log LExp)

Under the null hypothesis that the exponential model is sufficient, the statistic follows
asymptotically a central chi-squared distribution of dimension corresponding to the dif-
ference of parameters between the more complex double exponential model and the
exponential one. Hence,

A~ x3(1), (2.22)

since the double exponential model introduces one additional n_. If A exceeds the 5
% quantile of the x2(1) distribution, the exponential model is rejected in favour of the
double exponential model. This kind of test for model comparison will be extensively
used in the next Chapter 3 for model selection.

2.3 Change of measure

This section has the objective to detect how parameters calibrated under real-measure P
should be modified under the risk-neutral measure. In particular, the concluding result
is:

Dynamics under Q

There is a family of risk-neutral measures Q7 equivalent to P, for v € R (in practice, the
domain of 7 is restricted by values for which the mgf of J? exists), such that

E(exp((y —w)J))
E(exp(J7))

E2(exp(—wJ?)) = , AL = E(exp(J7)) A\

\.

Proof. Again, the whole section provides the proof of this result. It mainly consists of
repeating previous computations, considering the generalized Doleans-Dale adjustment.

We fall back to the step after our approximation procedure, after which we obtained
the approximated (’tilde’ version) dynamic:

X, = (u— %)t+ oW, + Ly — IE(J)/ Aods.
0
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The generalized Doleans-Dale exponential is

dQ 1t t R t
m="| el [ 6ePds— [ o)) xexprLi+(1-Elexp(r) [ Ads)
d]P) t 2 0 0 0

(2.23)
where
7 is a local martingale : E(dn;) = 0
v € R such that E(exp(Jy)) < oo
¢(s) is a Fi-adapted process : fot | ¢(s) |? ds <
In consequence, the differential formulation of 7; is
(2.24)

— dntBrownian + dn;g]ump

We observe that previous equations and are an extension of those ob-
tained for diffusion. In fact, the reader has recognized the diffusion term and the
part in the DD exponential . We take advantage of the separability of the change
of measure. On one hand, it is well-known that the diffusion part leads to a risk-neutral
Brownian motion

dAWE' = dW; + ¢B(t)dt.
The diffusion part of dX; becomes then

0.2

[N—?

— 0P (t))dt + cdW 2. (2.25)
Consequently, since all derivatives grows at the risk-free rate under Q :

nw—=r

b0t =r = 6P(t) = 1

On the other hand, we just consider the jump part in (2.24]):
dn ™ =] Py dLy + ] P (1 — B(exp(J7y))) Ardt (226)

We define Z; := log(n;"™"). Since we have from the jump part in (2.23):

t
n;e]ump _ eXp(’YLt + (1 — E(exp(,]’y))/ >\5d8)a
0

then the dynamic of Z; can be directly deduced from the one of 7;:

t

Zy = vLy + (1 — E(exp(J7)) / Asds = dZy = vd Ly + (1 — E(exp(J7y))Aedt.
0

Essentially, we process the same way than for classical diffusion case. We consider the

change of measure fundamental theorem :

E(exp(—wﬁs)%

aQ~
dP |t

= exp(—Zt)IE(exp(—st +Zo) | Fe);

| )

S

EQ (exp(—wXS) | Fi) =

and we will apply the generalized 1t6’s lemma to

f(t’Xtaj‘taift(l)azta Zt) = ]E(exp(inS + Z‘?) | ‘Ft)
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The following computations are the same than applying Steps 3-4 of our previous pro-
cedure. By the generalized It6’s lemma, we can compute the infinitesimal generator:

d ’ A :
E(d—]; | Fo)=0uf + (r -5 E(J)At) O + 5 0%s

+ (1= E(exp(J7)))Aedz.f

=

S (w+)Yil) Oy, f

1=0
n—1
+ 05.f [Ao =3 (v + b)wiYi(l)
1=0
+ )\t/ (f(t, M+ Y wiCE(exp(Jy)), Xi + 2, Zo + 4z, Yoll) + 1) — f(-))D(dz).
R 1=0
(2.27)
We introduce the exponential affine parametrization:
n—1
F(t X0, A, Ya(), Ly, Z4) = exp(qo(t, )45 (1 ) ME(exp(J7)+ Y wigi(t, 5)Yi () —wXi+qz(t, 8)Z).
1=0

In particular, the last integral in (2.27)) can be further simplified, using the distribu-
tion property [; (dz) = 1:

/]R (f(t, A+ i wiCE(exp(JY)), Xi + 2, Z + 7z, Yi(1) + 1) — f())D(dz)

=0

-/ £ (3 w1 CE(exp(9))ay () + (k. 9)] - w2 +12a(t,5)) — 1)(d)
=0

= f() l/Rexp(i: w;[CE(exp(J7))a5(t, s) + ai(t, s)) — wz +vzqz (¢, s))v(dz) — 1] :

1=0
(2.28)
The closed-form affine exponential provides expression for each derivative:
Oxf = —wf
2 — a2
Oxxf=w't

oy f=wq(t,s)f

O5f = ax(t, s)E(exp(J7)) f

Ozf = QZ(t> S)f

Orf = fl0vao(t, 5) + eqs (t, ) ME(exp(J7)) + Zi0paz(t, s) + iy widrai(t, 5)Yi(1)]-

We put all together and we identify the coefficients of each variable to the coefficients
of the zero polynomial. This gives the following system of Fokker-Planck equations:

e For the variable Z;:
Orqz(t,s8) = 0= qz(t,s) = 1. (2.29)

e For the variable S\t:

9rq5(t, s)E(exp(v])) + wE(J) + (1 — E(exp(J7)))qz(t; s)+
n—1

exp(z wiCE(exp(J7Y))g5(t, s) + ai(t, s))/R exp(—wz + vzqz(t, s))v(dz) — 1 = 0.
1=0 +
(2.30)
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We substitute gz (¢, s) by 1 in Equationm:
n—1

= 0445 (t, )E(exp(yJ)) + wE(J) — E(exp(J7)) + exp(D_ wiCE(exp(JC))gs (1, 5) + ai(t, s))
=0

/ exp(—wz + vz)v(dz) = 0.
Ry

E(exp(J(y—w)) (2:31)
= 01q5(t, s)E(exp(vJ)) = —wE(J) + E(exp(J7)) — eXp(i wiCE(exp(J7v))q5(t, s) + ailt, s))
=0
x E(exp(J(y — w))
(2.32)
~ E(J) ) E(exp(J (v — w))
= 8tQ5\(ta S) - _wm + 1-—- exp(lz:g wl<E(eXp(J’Y))Q)\(t7 S) + ql(t7 S)) E(exp('yJ))
(2.33)

e for each variable Y;(1) :

wi§

Mql(t, s) — q5(t, s)E(exp(Jv))(v + bl)@ =0 (2.34)

IN{))]
= Orqu(t, s) = (v +bi)[q(t, ) + (g5 (4, s)E(exp(J7))] (2.35)

wy
m&tQ[ (t, S) —

e Finally, for the constants terms:

(2.36)

Oqo(t,s) =w(r — —) —

Comparing the system of equations (2.36)), (2.35) and (2.33)) we have under risk-neutral
measure Q7

2 2, 2
Osqo(t,s) = w(r — %) — ="

Oraqu(t,s) = (v +bi)lai(t, s) + Cq5(t, s)E(exp(J))]
n—1 ex —w
a5 (t,5) = ~wgei s + 1 — exp()2y wiCE(exp(J7))g5 (t, 8) + ai(t, 5)) ZRTzw)

with the one we obtained earlier under P, we can conclude the new dynamics of our
system :

1. under Q7, all assets grow at risk-free rate : p < r;
2. the distribution of the jump severity is changed :

E(exp((y —w)J))
E(exp(Jy)) '

E%(exp(~wJ?")) =

3. Finally, )\(tQ7 = E(exp(J7))As-
O

In consequence, if J ~ Exp(p), we have a closed-form mgf E(exp(Jw)) = £ under
P, hence under Q7, we have
E(exp((w +1)J)) PP _ P17

Q" (exn( T w)) — _ - .
E™ (e (J% w)) E(exp(J7)) p—w—7v p p—7—w
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This means that J2' ~ Exp(pQw = p—7). To ensure existence of the mgf, the constraint
v € [=p, o0) must be fulfilled, as shown in [I].

Similarly, if J ~ DoubleExp(n.,n—,p), the moment generating function under P is
given by

E(en)) = P (1—p)n-

. wE [-n_,ny].
P [=n—,m+]
Under the change of measure @, we obtain
(A—p)n—
EQ (ew.JW) _ E (e(w+7)J) _ ot —(w-w) + T
E (e7/) Pt (=p)u-
n+— n—+v

Each negative and positive exponential structures are preserved, while the relative
weighting between upward and downward jumps is modified by parameter v € [—n_, 74 ].

We observe well than, in both cases, the interval of definition of v includes v = 0.
In the family of risk-neutral measure Q7, we could make the choice to use Q°, so that
change of measure only impacts diffusive part of the dynamic.

Finally, it has already been proven by Hainaut in [I] that the family of change of
measure is characterized by

—r 1
610) = LT 4 L[ Elexplm) Bl (1) ~ 1] - BW) [ Al
Proof. According to previous considerations, the dynamic of the stock price under Q7
is ) .
dX, = (u— % —op(t))dt + cdWZ +dLT —EY (J) / Xods.
0

We replace the expression of ¢(t) in the previous equation, and observe that we obtain

dSt

EQW( |]:0)—7’dt

2.4 DFFT algorithm

In this last section, we present how the Fourier transform is handled to recover the
expression of the pdf. We remind the relation between the mgf and the pdf that I have

already highlighted in (1.1)):

Mx(z) = /Rexp(izx)f(x)dx =F'2rf) o f(z) = L /Rexp(—izx)./\/lx(z)dz -

o= F (Mx(2)),

2T 2T

where M x (u) = E(exp(iuX;) | Fo). Actually, the link can also be viewed on the other
way,

1

flx) = %/RMX(—Z) exp(izz)dz = F 1 (4(i2)) & Mx(— / f(x)exp(—izz)dz = F(f).

In other words, in order to recover the pdf f(—), we can either:

e apply a Fourier transform to the moment generating function, with w = iz, and
scale it by a factor %;

e apply an inverse Fourier transform to the moment generating function, with w =
—iz.
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The following explanations and summary map highlight the dual links between
the space in which f(—) is defined and the one of Mx(—). Numerically, we cannot
handle a continuous integral, then a meaningful approximation of the Fourier transform,
using finite storage in memory, must be used. Intuitively, this is done by sampling the
pdf, that is : we apply a train of Dirac impulse to the function, in order to isolate the
values at constant interval, corresponding to the sampling period 7.

In the dual space, the sampling has a periodization effect. This can be observed
because :

1. the Fourier transform is a linear operator, then

F(felx)) = F(Q_ f(@)b(z —nT.)) = Y F(f()d(x - nT.))

neZ nez

2. By duality, the multiplication in z-axis gives a convolution in z-space : this prop-
erty has already been used when considering Sonine operators

3. the Dirac delta is actually the neutral element of the convolution. Think about
what the convolution consists : we infinitely sum the product between the first
function and all translations of the other one. In case we translate a Dirac delta,
this is equivalent to continuously sampling the first function, which has no effect
but recovering the function itself.

Consequently, sampling of f(—) amounts to a convolution of M x(—) with a train
of Dirac impulse, which make the signal periodic. After sampling/periodization dual
operation, a simple change of domain scale must be applied : from the continuously
Fourier transform, we obtain this way the discrete Fourier transform.

However, this one still implies a infinite sum over integer values. Therefore, a trunca-
ture of the sum to ,M terms is applied. Actually, this step may seems not consistent but
this is the motivation behind the DFT transform. Since M x (z) have been periodized
by the sampling of f(x), the approximation may still be exact in case of the period corre-
sponds to M. If the reader has some notion in spectral transform, he could understand
the DFT as the Discrete Tranform Fourier Serie (DTFS) applied to f[n] truncated to M
samples and M-periodized, up to a factor M. Remind that, for a function f[n] periodic
of period M,

1 ) = 2kmjn
Mprrslk] = yYi Z fln]exp(—jiQonk), Mprrlk] = Z fn]exp(— 7 ).
n=0 n=0

Therefore, for a non-periodic f[n], applying DFT corresponds to DTF'S on its version
periodized of period M and truncated to one period.
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flx) = % / Mx(z) exp(iza)dz Mx(2) = / f(x) exp(—izx)dx
R R
T Mx(2))
ﬂsampling ﬂperiodization
x) =Y f(z)d(x —nT.) Mx o(2) = Mx(2) % = Z §(w — 27”“’)
neZ € ke Te
H‘T =nT. ﬂQ =wT,
fln] = % " Mx(exp(G) exp(jOn)d9 M (exp(Q) = f[n]exp(—jQn)
- nez
ﬂtruncature ﬂtruncature
M-1
[Tl] ~ Z MX,DFT[k] exp(ijOn) MX,DFT Z f —27T]k )
k=0

Overall, we have

M-—1 27Tj]i' M-1
Mx (exp(jQ)) ~ Mx prr[k] = ) fn]exp( Z fln
n=0

This is exactly a polynomial approximation problem on C, where w = exp(—izy), and
xy, are the equispaced points at which we take the approximation:

2rk
T = W.
This gives a linear system W f =& :
2 M- f10] Mx 0]
oo 0 711 M 1]
: : . = ) (2.37)
Lo v o/ o)\ 1)

Vandermonde matrix W

One can easily prove that ﬁW*W is an unitary matrix, and then the pdf samples f
can be computed without matrix inversion, but using the Hermitian matrix W*:

M-—1
WWf=Wd Mf=W*ds f= %W*(I) = f[k] = % Z M x[n] exp(

n=0

2rkjin

).

At this stage, I have shown that the samples of the pdf can be retrieve by inverting
a system, at a cost of O(n?). Because the Vandermonde matrix defining the system is
unitary, no inversion is needed. That makes the cost drop to O(n?). However, FFT
divide-and-conqueer algorithm reaches same result with a complexity of O(n logn), using
a wise split between even and odd interpolation points zap and xop4+1. Actually, this
algorithm is the one used in Python scipy.fft function. The divide-and-conqueer use
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the following recurrence :

M2+ 2mk e 2mik
Mflk] = Z Mx prr(2h](exp(—— M Z Mx, prr[2h + 1](exp(—— M )2
h=0 h=0
M/2+1 3 M/2+1 .
2mik 2 k k
= hzo Mx DFT[Zh](exp(M/Q))h +exp(—— i z_: Mx prr[2h + 1](exp(]\j;;2))h~
even part E[k] odd part O[k]
(2.38)
[0] o——
D[2] o——
M /2-point
B4] o] DFT
D[6] o——
D[1] o—>—
D[3] o——
M /2-point
o o]  DFT
®[7] o—>—]| f17]

of3] W

Figure 2.1: Explanation of the recurrence used by the Divide-and-Conqueer algorithm
Fast Fourier Transform. Inspired by the graph shown in Wikipedia.

Now, we take a step back: before applying FFT, we need to find a way to solve
the Volterra differential equation in : the last unclosed formula necessary for the
computation of the MGF. We use an exphc1t approximation of (K dq*) We subdivide
the interval [0, s] into n subintervals [s, sk+1] of length A:

dgn,  [° (s —u)*~tdgy 1 a—
(KE)S —/0 exp(—h(s—u))ww(u)dufv @uzz:oexp(—h(sk—su))(sk—su) 1g(u)A

(2.39)
where g(u) = dqjhgu) is solved iteratively. The implicit equation (2.3)) is computed from
the initial condition

g9(0) = wE(J) + E(exp(—wJ)) — 1; (2.40)

and then through the following forward recurrence

9(k) = wE(J) + E(exp(~wJ)) exp(F7~ Z exp(— su))(sk — su)*g(w)A) — 1.

(2.41)
At the end of the loop, ¢x(s) is computed using the sum approximation:

a(s) —/0 dg:(u) Zg
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Therefore, we are able to compute numerically the mgf

2 2,,2

E(exp(iwXy) | Fo) = exp(—s[—iw(u — %) + g 2w

] + q,\(S))\o + inQ).

One assumes Xy = 0, and retrieve the pdf either

1. using built-in £ft function. This applies the previous divide-and-conqueer strat-
egy;

2. applying manually the approximation, as presented by Hainaut in [IJ.

Approximated Fourier Transform using insight of FET ([I])

w]:(j—ml)Aw
zp =N +(k-1A, k=1,...,.M

- ‘ L oifj=1
5 = (B +1( # 1) = {; oo oh

Proof. This last proof makes the link between both computations, and stress the con-
sistency of a manual approximation with spectral analysis did previously. First-of-all,
since f(z) is real, its Fourier transform is Hermitian symmetric Mx(—z) = M% (),

and
1

fa@)= 5

5 Rexp(—izx)/\/lx(z)dz = %R(/ exp(—izx)Mx (z) dz).

R
" =g(2)

First of all, we truncate the infinite integral at a specific frequency wy,q.. Secondly, we
approximate the integral by a sum , using trapezoidal composite approximation. The
interval [0, Wmax] is splitted in M parts, at w; = (j — 1)Aw, with Aw = @

M-1

/]R exp(—izx)p(z) dz z/ exp(—izz)p(z) dz =~ Au} )+ Z g(w;) + g (war))
! i=g(2) =g(2) j=2
M
= AwZéjg(wj),
j=1

sifj=lorj=M

where §,; =
/ 1 otherwise

Moreover, the pdf must be sampled at x; = —Zmax + (kK — 1)Ax. Then,

exp(—iw;xy) = exp(—i(j — 1) Aw(—max + (k — 1)Az))
=exp(i(j — 1) Awzmax) exp(—i(j — 1)Aw(k — 1)Ax)
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In order to find back exact DFT basis function, we constraint the two exponential
factors:

exp(—i(j — D)Aw(k — 1)Az) = exp(— =Dk AwAz = 21
exp(i(j — 1) Awemax) = exp(i(j — 1)m) = (=1)77} Tmax = M8L

Aw M . 2m
fla) ~ SER[Y 50(w)(<1Y " exp(=ilk = (G -1 )]

All this computations are equivocal to previous spectral analysis. The z-scale must
be sampled, and then approximated through the DFT. The DFT is a truncature in
the frequency space (as here we truncate at wmax), after discrete approximation of
the Fourier transform (through the trapezoidal approximation here, and going from
continuous Fourier transform to Discrete Fourier Transform DTFT previously). O



Chapter 3

Calibration and illustration:
BTC returns

In this chapter, the calibration of the parameters in the Markovian system (2.2)) is
detailed. This can be summarize in three steps:

e Peak-over-threshold method to distinguish between the diffusive and the jump
part of the returns;

e Maximum Likelihood Estimation for parameters of the distribution of J, v(—);

e and, finally, Maximum Likelihood Estimation for parameters of the intensity pro-
cess .

Comparison between the different memory kernels presented in Chapter 1 is provided,
in terms of Log-likelihood, or Chi-squared test when the complexity of the models
differ. Results for the Bitcoins hourly returns from 2018-02-09 to 2023-02-09 are pre-
sented. Finally, using calibrated parameters, I assess the ability of the model to replicate
black implied volatility surface, and I compare the obtained results with the mutually
exciting rough diffusion dynamic presented by Hainaut in [IJ.

3.1 Peak-over-threshold method

Let (S;)i>0 denote the process of an asset price observed at discrete times with a fixed
time step A. For instance, we consider crypto-currency (BTC log-returns in this
chapter. The rough models have already shown poor results for classical equities, which
present no rough jump structure [3]. The method is presented here similarly than in
Hainaut [4]. We define the log-returns as:

a:kzlog(skﬁ), k=1,....,n, (3.1)
Stk—1)a

with observation times T' = {¢1,to,...,t,}, where t; = kKA.
The objective of the Peak-over-threshold method is to split observation times T into
three subsets:

e T'" C T: times at which positive jumps occur;

e T~ C T: times at which negative jumps occur;

45
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Figure 3.1: BTC log-returns between 2018-02-09 and 2023-02-09
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o T\ {T+,T~}: times at which no jump occurs. This means that the log-returns
occurring in T\ {T+, T~} are strictly distributed in the diffusive part of the log-
return dynamic:

{ok |t € T\{TH.T7}) ~ N1y, 0, VA).

The unbiased estimators of u, and o4 are given by:

n

1
Mg =~ > j, (3.2)

J=1t; €T\{T+, 7~}

s S o (3.3)

(n=DA i emvirsr)

Let ®(-) denote the cumulative distribution function of a standard normal distribution.
For a given confidence level o € (0,1), we define the lower and upper thresholds as:

g9(a') = pgA + Ug\/Z(I)_l(a/)v (3.4)

g(1 =) = A+ o, VAT (1 - o). (3.5)

These thresholds define a confidence interval:

l9(a’), g(1 —a')]. (3.6)

The confidence level o is selected so that the distribution of returns within the interval
[g(a/),g(1 — a')] is as close as possible to a normal distribution. Returns lying outside
the confidence interval are classified as jumps.

More precisely, we choose the a* level so that, inside the confidence interval, data
exhibit the smallest skewness and excess kurtosis:

1/2

o — axgmin (S({a | o € lg(a’),9(1 - ) + (K({an | 21 € [g(a), g1 a)) ~3°) .
(3.7)

For BTC log-returns I obtain the results represented in Figurd3.2] Thresholds are

identified at —0.00975728 and 0.01001566.

Inside (no jumps):
0.04 1 Hg = 0.00008
0y = 0.00383
Overall:
0.02 1 it it Up = 0.00002
| \‘” ‘ ‘ | | \ ), = 0.00798
I Y MY
£ Iy m l“ﬂmfwm W TR AT '”‘NM‘ g I LA LR | L [‘W\'“"\‘“‘l\ﬂ""‘lwm!
@ 0.00 A
g Ll \“h M.M h Hh\lmm.lh\[m b MJNM i |\I.H"\Mh| A T AT T H Lol .Jl\lddm.l\.
ORI | 00 M A
—0.04 1
ZOIIS 20‘19 20‘20 ZOI21 20‘22 20‘23

Figure 3.2: Peak-over-threshold method applied on BTC
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3.2 Maximum log-likelihood estimation of parame-
ters

Firstly, the jump intensity parameters are obtained by log-likelihood maximization, as
explained in 2:2] The calibration gives the parameters displayed in Table [3:3:1} The
reader can observe that the optimal « value is approximately equal to 1. Actually,
the optimal value is 1, but is not reachable because the sigmoid transform is applied
to the parameter to ensure range of value between 0 and 1, but 1 is asymptotically
never reached exactly. Then, Rough Hawkes kernel do not lead to a significant better
fit than classical Hawkes kernel with exponential decreasing memory for the time series
considered. This result is underwhelming, as it means that the introduction of a non-
Markovian dynamic is not necessary for most returns. Nevertheless, this result confirms
the same observation already drawn in Hainaut [3].

Parameter Estimated value
« 0.9999999999919802
v 267.2099

¢ 228.5692

Ao 147.1476
Log-likelihood -31653.0345

Table 3.1: Calibrated parameters of the one-dimensional rough Hawkes process.

For these values, the path of the intensity is shown in Figure |3.3| and the stationary
intensity given by formula gives

)\o’l)a
= 1017.5616.
v* —(

5000
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= 3000
(1}
o
=}
£
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Figure 3.3: Path of Intensity for Rough Hawkes model, with calibrated parameters[3.3.1}

Secondly, one performs the estimation of jump severity by log-likelihood maximiza-
tion. I refer the reader to the different distributions suggested for J in Section2.2] The
next positive and negative jump times are defined as:

th=min{t; €T |z; > g(1—a), j >k} eTT,
t, =min{t; €T |z; < g(a), j >k} eT".

—~
© oo
=



3.2. MAXIMUM LOG-LIKELIHOOD ESTIMATION OF PARAMETERS 49

The number of positive and negative jumps up to time ¢; are therefore given by:

N*t(t;) =max{k € N| ] <t;}, (3.10)
N™(t;) = max{k € N|t; <t;}, (3.11)

and the probability of positive jumps is estimated as:

N
p=m (tiv) fﬁ iy = 04930, (3.12)

We see well that log-returns exhibit positive and negative jumps (3.2)), then the expo-
nential distribution for magnitude is not suitable.The different distributions that can be
considered have already been presented in

1. J ~DoubleExpo(p,n4+,n—) : we observe than empirical proportion of positive
jumps is well recovered during optimization in the calibrated parameters displayed
in Table [I} This motivates the fact that for models exhibiting an higher number
of parameters to fit, p could be taken empirically. Intuitively, it is not surprising
that the model fitting the data the best is the one replicating the same proportion
of positive and negative jumps.

Parameter Estimated value
I 56.5378

7 55.1829

P 0.4939
Log-likelihood -11838.8304

Table 3.2: Estimated parameters of the jump magnitude distribution (double exponen-
tial model)

2. J ~Noisy DoubleExpo (p,n4,7n-) with gaussian noise: in this case, the parameter
p is not included in the optimization problem. Indeterminacy in the estimation is
observed when p is included. However, as observed in[I} the empirical estimation is
the minimizer, then it doesn’t affect results in[2] The gaussian noise has volatility
0 = o4 corresponding to the one estimated by peak-over-threshold method for
log-returns occuring at T\ {T, T~ }.

Parameter Estimated value
n 59.4126

n_ 57.8359
Log-likelihood -11953.0611

Table 3.3: Estimated parameters of the jump magnitude distribution (Gaussian—double
exponential model)
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3.3 Comparison with other kernels

Kernels with matched volatility

1.0 —— Exponential (Cauchy)
Gaussian
—— Log-sinh
—— Laplace
0.8 —— Rough (power-law)
0.6
£
=)
0.4 1
0.2 1
0.0 1
0] 1 2 3 4 5

Figure 3.4: Comparison of kernels issued from different distributions, with matching
variances (=16). The exponential case issued from Cauchy distribution is shown for
parameter o = 2.73, and the rough case with o = 0.7. Inspired by [4].

The scheme is exactly the same than in previous section. Parameters of the intensity
dynamic are estimated with log-likelihood maximization. All kernels have not a closed-
form expression for their integral, then numerical approximation methods are used. In
each case, we consider a different kernel k(—) and the intensity of the jump process is
given by

Ae=Xo+( Y k(t—T). (3.13)

T <t

3.3.1 Classical Hawkes kernel (exponential kernel from Cauchy
distribution)

Without any surprise, this model, whose kernel is given by Equation (1.9)), leads to ex-
actly the same results that the ones we obtained for rough Hawkes kernel, with estimated
a=1.

Parameter Estimated value
v 267.179

¢ 228.545

Ao 147.1198
Log-likelihood -31653.0345

Table 3.4: Calibrated parameters of the one-dimensional classical Hawkes process.

3.3.2 Laplacian measure
We consider a process with Laplacian kernel (|1.3)):

a2

a? 4+ t2°

k(1) =
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Given observed jump times {71, ..., 7N, }, the log-likelihood over [0, T] is
Nr T
log f(T' | o, ¢, \o) = Zlog()\T;) — / A ds. (3.14)
k=1 0
The intensity (3.13]) evaluated at jump times is
k—1 k—1 o2
Ao =X+ ¢ k() _/\O+CZ .
= (T — 75)

For the second term, we integrate (3.13) and apply the change of measure u =t — 7;:

T—7;

Avdt = AT (t—1)dt = AT
/o ' ’ +CZ/ ) ° +CZ/ a2+u2 du.

The integral has a closed-form

a? U
/ ——du = aarctan(—) ,
a? + u? a

T Nt T_ 7
/OAtdt:)\oT—i—CaZarctan( aj)'

j=1

then we obtain

Therefore, the log-likelihood (|3.14]) get the following closed expression:

ok - o? ais T—-1
log f(T | a, ¢, >\O) = Z log | Ao+ ¢ Z m —XT—Ca Z arctan( o J
k=1 j=1 J

Jj=1

)

This minimization problem is very sensitive to initial guess, but after some trials and

error, the algorithm finally converges to parameters in |3.3.2

Parameter Estimated value
« 0.133

¢ 4.313

Ao 148.413
Log-likelihood -30421.31

Table 3.5: Calibrated parameters for Laplace measure.
These parameters satisfy the stability condition
g/ k(t)dt = g‘? —0.9042 < 1,
0

and Ao, = = 1549.675.

1
T—cz2
3.3.3 Gaussian spectral measure
We consider a Gaussian kernel (1.5)):

k(u) = eXp(—Z) , a>0.
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The log-likelihood of the observed jump times (71,...,7n,) over the interval [0, 7] has
still the same structure than Equation (3.14). At jump times, the intensity (3.13) takes

the form ,
(7 —75)
)\Tk— )\O‘i’CZexp(m .
i<k
The integral term can be further computed:

/0 Adt = AOT—i—CZ/ exp< 7)" )dt where /T%exp(—“jlo?y> dt:\/ﬁerf(z;\_/g>.

J

All components considered, the final formulation of the log-likelihood in the gaussian
spectral case is

log f(T | a,¢, \o) = Zlog )\O—I—CZexp( _) )) NoT— g\/ﬁzerf( f)

i<k

The estimated parameters are displayed in Table The process is stationary because
the stability condition is satisfied:

g/ w)du = (/T = 0.8149 < 1.

When the stability condition holds, the stationary intensity is given by

Ao
Ao = m = 1016.776.
Parameter Estimated value
« 0.000006
¢ 188.210
Ao 188.179
Log-likelihood -31617.579

Table 3.6: Calibrated parameters for the Gaussian spectral measure.

3.3.4 Logistic measure

We consider a memory process with logistic-type kernel (|1.7)):

Tat
k(t) = —————, t>0.
®) sinh(mrat)
The computations are exactly the same than with other kernels. Given observed jump
times {71,...,7n,} on the interval [0,T], the log-likelihood of the process is given by
(3.14). At each jump time 7%, the intensity (3.13) is
k—1
75)

Ao =X +CD k(e — 1) >\0+CZ ma(m. =

o sinh(ra(r), — 75))

We decompose the second term and we apply the change of variables u =t — 7;:

T—7;

A dt = M\T (t—m7;)dt = \T du.
/0 K 0 +CZ/ 73) 0 JFCZ/ s1nh7rau) Y
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Unlike previous kernels, this integral does not admit a simple closed-form expression,
hence it is evaluated numerically in the implementation (trapezoidal quadrature on a
discretized grid). The log-likelihood is therefore given by

log f(T | @,¢, ho) = Zlog /\o+nz rolnn) ) - nZ/ du.

sinh(ma(m, — 75) blnh 7rau)

Calibrated parameters are displayed in Table [3.3.4]

Parameter Estimated value
o 27.7275

¢ 31.3257

Ao 101.7520
Log-likelihood - 31198.3011

Table 3.7: Calibrated parameters for the logistic measure.

Using the identity ¢ fo dt = %, the stability condition becomes

smh(t)
ot * rat (m

—dt = ———dt = -— =0.887 < 1.

C/O sinh(mat) C/O sinh(mat) 4o

We observe a long-run mean A, = 900.458.

The empirical results clearly show that the classical exponential kernel, correspond-
ing to the standard Hawkes process, is not the most suitable specification for the consid-
ered dataset. Indeed, after recovering the maximized log-likelihood values, the Laplace,
Logistic and Gaussian kernels all achieve larger likelihoods than the exponential speci-
fication:

ELaplace > gLogistic > gGaussian > gExp ~ KRough-

The empirical results suggest that kernels exhibiting slower decay structures provide a
better description of the observed jump dynamics than the standard exponential Hawkes
kernel. In particular, the Laplace and Logistic specifications significantly improve the
fit, indicating a more persistent excitation mechanism and a longer memory structure
than the one implied by exponential decay. The Gaussian kernel also yields an improve-
ment, although less pronounced. By contrast, the rough kernel produces likelihood
values almost identical to those of the exponential Hawkes model, and the associated
likelihood-ratio tests fail to detect any significant difference between both specifications.
Consequently, introducing roughness does not appear to provide additional explanatory
power for the present dataset. Overall, the results indicate that the standard exponential
Hawkes process is not sufficiently flexible to capture the temporal dependence structure
of the data, whereas more persistent kernels, especially the Laplace kernel, provide a
more appropriate representation of jump clustering effects.

3.4 Comparison with two-dimensional rough Hawkes
processes
In [I], Hainaut introduces a bidimensional rough-Hawkes process for the intensities.

This is an extension to my previously detailed uni-dimensional Hawkes process with
double exponential jumps. Instead of considering one unique rough structure of positive
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and negative jumps, Hainaut [I] modeled two different yet correlated memory depen-
dence structures for positive jumps at one side, and negative ones at the other. The
bidimensional jump frequency intensity takes the following form :

t
1
—v(t—s) t— a—1_~ dN(l)
A _ )\él) " Ci1 G2 /Oe (t=5) I'(a) ° (3.15)
A2 ] A\® Ca1 Ca2 i 1 '
+ 0 /C_U(t_s)(t—s)a_l—dNS(2).
0

I(a)

In consequence, the log-return process is adapted with two jump components:

2 2 ) t
Xt:<u_%>t+awt+z<L§”—uj/ Agﬂds).
0

j=1

The extension of the previous computations to multidimensional Hawkes processes is
relatively straightforward. In particular, the reader may compare the results obtained
in [I] with those presented in the first two chapters of this master’s thesis.

Such a comparison is especially relevant since conclusions similar to those obtained
by Hainaut in [I] are recovered. Although the unidimensional rough Hawkes speci-
fication does not exhibit a substantial improvement over the classical unidimensional
exponential Hawkes model for jump modelling, the introduction of mutually exciting
rough jumps in the multidimensional framework leads to significantly better perfor-
mances. This highlights the importance of cross-excitation effects between positive and
negative jumps. The calibrated parameters for dynamic are displayed in Table
: we observe well that the likelihood maximization reaches a parameter o < 1 and
that the log-likelihood is above all of those obtained with univariate models in previous
section. The two jump intensity dynamics are shown in Figure

2500
2000

1500 “'
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2018 2019 2020 2021 2022 2023

2500

2000

1500

lambda(2)

1000 i |

2018 2019 2020 2021 2022 2023

Figure 3.5: Paths of intensity for positive (\;1) and negative (A o) jumps in the mutually
exciting rough Hawkes setting.
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Parameter Value
« 0.909824454026053
v 169.5192568075053
Ao,1 91.90428071
0,2 68.59596111
M1 82.28624195
M2 4.12289411
721 25.37357272
Moz 67.17047154
log L —28031.73971409548

Table 3.8: Calibrated parameters for dynamic (3.15)).

When considering multidimensional rough Hawkes processes, the step asking for
more caution is the computation of stability requirements. In fact, if we take back the
extension we made in the first chapter (|1.32)), mainly instead of a scalar, the long-run
mean

u(t) =+ ((k*xu), & U(s) = % + CK(s)U(s), (3.16)

behaves like a linear time-invariant (LTI) system with feedback kernel This char-
acterization is exploited in the proof of the theorem [3.4]

Feedback system representation of the Hawkes mean dynamics

exogenous input
(baseline intensity)

o

output

> ((k*u)(t)

u(t) System (kernel) (k *u)(t) d Gain
k(t) (convolution) & '

4 (mean intensity)

Feedback
(excitation from
past events)

A

Figure 3.6: system representation of the rough Hawkes long-run mean dynamic

Stability of the mean process 3.6 in the mutually excited jumps dynamic (3.15)

The mutually exciting rough Hawkes system is stable if and only if

C11 < v,
22 < v,
Ci2€21 < (v = (1) (V™ = (22)

Proof. This system is BIBO (bounded-input bounded-output) stable only if the spectral
radius of (K (0) is below unity:

p(CK(0)) <1 p(¢) < K(0)~".

In the unidimensional scalar case, this condition was equivalent to ¢ < K(0)~! = v®.

In this two-dimensional case:
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On the one hand we have the individual stability condition for each intensity process,
taken independently, each being an unidimensional rough process:

Ci1 < v, Qa2 <0

On the other hand, the dependence between both processes induces an additional
constraint for stability. We need to compute the maximum eigenvalue of ¢, p(¢) which
zeroes the characteristic polynomial:

det( (/\ —n )) = (A= Ci1)(A—=Ca2) = (21¢12 =0

—Ca1 A —(22 (3.17)
& A — (G + G2)A + (CGiGo2 — C1Gi2) = 0.

Among the two roots of this polynomial, the maximum eigenvalue is computed in the
next Equation Consequently, the condition Ayax = p(¢) < v* becomes

Amax = %(Cn + Co2 + \/(Cn + (22)? — 4(¢11C22 — C12€21)) < v°

<~ %(Cn + o2 + \/(Cn — (22)% +4¢12¢1) < v

& V(1 — (2)? +4Ci26a1 < 20* — (11 — (a2

= (G — Ca2)® + 4¢12Ga1 < (20% = (11 — (22)?

& (1 + 3y — 2011802 + 4C12Go1 < 40** + (F) + (5 + 2C11Co2 — W™ (G114 C22)
& C26o1 < 0¥ 4 C1lon — v (Cur + Co2) = (v* — C11) (v — (22)

(3.18)
These conditions are the same that the ones obtained in [I], but taking the intuitive
point of view allow for lighter computations here. Instead, Hainaut in [I] inverted the
full two-dimensional system [3.16| in the Laplace domain, the same way we did in the
unidimensional case [[.32} This results is heavy computations. O

The calibration of the rough Hawkes mutually exciting intensities gives parameters
fulfilling previous BIBO stability conditions [3.4] Consequently, the system reaches the
following long-run intensities:

Aoos = 485.405, Ao = 496.644. (3.19)

Even though we encounter poor results for modeling memory structure in jumps with
one-dimensional rough Hawkes process, in two-dimensions, when we separate the mem-
ory structure of positive and negative jumps, rough Hawkes kernel is well preferable
than exponential kernel. This is an encouraging result about the use of rough kernels,
obtained by the chi-squared statistic (with one degree of freedom):

2(Loglik, g, — Loglik,,,,) = 19.3.

The calibrated parameters for the exponential kernel are displayed in Table ?7.



3.5. CALL PRICING o7

Table 3.9: Calibrated parameters for the two-dimensional exponential Hawkes model.

Parameter Value
v 230.27

Ao,1 60.0147
0,2 113.658997
M1 98.922
M2 101.0919
121 2.1854
22 177
Aoo,1 499.0734
Aoo,2 511.7533

3.5 Call pricing

In this last section, the European call surfaces induced by each of the previous uni-
dimensional and bidimensional rough models are compared (without drift and Brownian
diffusion : o =r =0). Sp is assumed equal to 100, and K € [45,145], T € [1, 6] months,
all other variables are equal to their estimation performed in previous sections. Only
the rough parameter « for the uni-dimensional model is set to 0.9098, the optimal value
obtained for the bidimensional model. I remind the reader that the a call option is said
to be

o in-the-money (ITM) if Sy > K, meaning it has positive intrinsic value.
e out-of-the-money (OTM) if Sy < K, meaning it has no intrinsic value.
e at-the-money (ATM) if Sy = K, meaning the spot price equals the strike price.

In consequence, in the surface, low relative strikes are in-the-money and large ones
out-the-money.

The implied volatility surface for European call options is obtained by inverting
Black-Scholes call formula. We process via the following steps:

1. First of all, we compute the pdf f(z) of log-returns by DFFT, using technique
previously described in Chapter 2;

2. Then, we price the call option in the rough model :
Callypun (K, T) = exp(—rT)EQ((Sr — K)4 | Fo) = / (So exp(x) — K) 4 f(z)da;
0

3. Finally, the implied volatility is recover by matching the previously obtained value
of the call option Call,ougn (K, T) with the Black-Scholes’one:

Callyougn (K, T) = So ®(d;) — Ke " ®(dy), where

_ 1n(i0)+(r+laz)T
dy = =
dy =dy — 6T

By inverting the Black-Scholes formula, we obtain the implied volatility of the
rough call option & for a range of strikes K and maturities T observed.
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Days Expectation Std. deviation 5% 95%

30 0.005 0.191 -0.318 0.318
60 0.005 0.272 -0.455 0.445
90 0.005 0.322 -0.533 0.533
120 0.005 0.357 -0.592  0.592
150 0.005 0.384 -0.641 0.631
180 0.005 0.406 -0.670  0.670

Table 3.10: pdf statistics after DFFT for the 1D-rough model, with truncature xpy.x =
2.5, M = 29 components, and ¢ = r = 0.

Days Expectation Std. deviation 5% 95%

30 0.005 0.169 -0.308  0.250
60 0.005 0.244 -0.435 0.367
90 0.005 0.294 -0.514  0.455
120 0.005 0.331 -0.582 0.514
150 0.005 0.361 -0.621 0.563
180 0.005 0.386 -0.670 0.612

Table 3.11: pdf statistics after DFFT for the 2D-rough model, with truncature xp,x =
2.5, M = 2% components, and ¢ = r = 0.

This inverse-engineering algorithm gives the European call surfaces in Figure [3.7]

Implied Volatility Surface Implied Volatility Surface

Figure 3.7: On the left : implied volatility surface of 1D rough Hawkes model (2.2]), and
on the right : implied volatility surface of 2D mutually exciting rough Hawkes model
(13.16)).

We check the properties of the pdf in Tables and The 90% interval grows
up to [—67,67]% for the 1D rough Hawkes model and up to [—67,61.2]% for the mutual
2D rough Hawkes model. This highlights the non-symmetric structure introduced by
the mutually exciting model compared to the one-dimensional case.
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Figure 3.8: Sensitive analysis of the European call curve for T = 3 months. On the
left, sensitiveness for the 1D rough Hawkes model, and on the right for the 2D mutually
exciting rough jumps (in order to match with the definitions in [I], here we have Alpha
= o, v =v and zeta = (.)

In Figure after stressing each parameter of the intensity with shocks of +2%, we
observe that

e decreasing « promotes the roughness of the model, and increase the implied volatil-
ity. This shock is stronger in the univariate model.

e increasing v makes the damping of the rough Hawkes kernel stronger, which makes
memory be shorter in the process, and decrease the implied volatilities. Again,
slightly stronger effect are observed in the unidimensional case.

e Finally, increasing/decreasing the parameter(s) ¢ has a direct proportional impact
on the implied volatility, as this factor directly drives the proportion of the memory
part in the intensity.
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Chapter 4

Rough Hawkes-Heston models

In this chapter, the rough Hawkes-Heston model is introduced in two different but
complementary settings. The first one introduces jumps in the volatility dynamic. The
second one arises from market observation: a single jump is modeled for impacting both
the volatility and the underlying.

Firstly, I present a small state-of-the art of literature using rough processes in Heston
models. Secondly, the moment generating functions of the log-returns X; are computing
in both settings.

In [B], Hainaut introduces the rough-diffusive Heston model. Instead of rough jumps,
rough diffusion is studied. I recall the definition of a classical Brownian motion [4] to the
reader.

Brownian Motion

A Brownian motion (By):>0 is a process such that
e By =0;
e B; — By L F; (independent increments)
e B, — Bs ~ N(0,1/t — s) (stationary increments)

e its trajectory is continuous with V(B;) = t.

Generalization of this definition naturally arises in literature. For instance, Levy
processes can be introduced as an extension of the Brownian motion for which the
continuity of its trajectory is only ensured continuously in probability [2].

A fractional Brownian motion generalizes the (By):>0 by introducing dependency in
increments through the Hurst index H € (0, 1).

Fractional Brownian Motion

A fractional Brownian motion (Bff);>¢ is a process such that
e increments are dependent with
- C(BE,-Bf!,BE, —BE)y«c H2H —1) |t — s |22
~ E(BFBH) = }( + 57— |t — 5 [2F)

o V(BE) =t*" and E(Bf) =0

61
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Similarly to our rough jump setting, the fractional diffusion can be expressed using
a Sonine operator :

B = (ExdW)(t) = /t k(t — s)dWs,
0

where k(—) is a chosen kernel. The parameter H measures the dependence degree, and
relates to our previous a:

1
=H+ .
o + 5
For a choice H = % (i.e. @ =1), we recover the classical Brownian Motio For H < %

(i.e. @ € (3,1)), we observe a negative covariance between increments. Hainaut[5] has
introduced the rough Hawkes-Heston model using the fractional Brownian motion in the
volatility process:

t t
Vi=Vo+ / g(t — s)k(0 — Vy)ds + / g(t — 8)o\/VedWi. (4.1)
0 0
Observing the large jumps in the VIX dynamic I got inspired by this model for
introducing rough jumps in volatility.

I present in this chapter two different rough jumps Hawkes-Heston models. Indeed,
the literature and our previous results have already shown that the usefulness of rough
jumps in stock price dynamics is limited. They are generally better suited to cryptocur-
rencies or to stock volatility, where more jumps and irregularities tend to occur. Notice
that the model cannot be considered because it is not an affine model (because of
the factor v/Vi\;):

{dXt =(n— %)dt + VVidW

42
dVi = k(0 — Vy)dt + o/Vi(dW)Y + dL, — NE(J)dt) (4.2)

The framework we introduced in the first chapter is only applicable to the affine
Volterra processes. Without this property, we cannot postulate an affine exponential
parametrization of the mgf. Following the expression of Hainaut adding rough
jumps to the rough diffusion would introduce the following dynamic for volatility :

¢ ¢ ¢
Vi=W+ / g(t — s)r(0 — Vy)ds + / g(t — 8)o/VsdWs + / g(t — s)dLs
0 0 0
¢ ¢ ¢ ¢
=W+ K;H/ g(t —s)ds — K/ g(t — s)oVsds + O'/ g(t — s)\/VsdW; + / g(t —s)dLs
0 0 0 0

= f(t) + /Ot g(t — 8) [—KVids + o1/ VedW, + dL,)

dYs

= f(t) + (g = dY)..
(4.3)
The rough diffusion won'’t be treated in this thesis, but coupling rough diffusion and
jump dynamic could definitely be an interesting framework for further research.
In particular, I will consider two distinct dynamics in this chapter.The rough Hawkes-
Heston model:

dXy = (p— %)dt + Vi dW

dVy = k(0 — Vi)dt + o/V;dW}Y + dL, — \E(J)dt
dhe = C fy, dYi(z)pu(dz) ’
dY;(z) = —(v + b)Y (2)dt + dN,

1Observe that H = % is the root of the covariance term in



4.1. ROUGH HAWKES-HESTON VOLATILITY MODEL 63

and its extension, namely the mutually roughly excited stock-volatility model:

dXy = (p— %)dt + VVidWX — 5(dLy — ME(J)dt)
dVy = k(0 — Vi)dt + o/VedWY 4 dL; — \E(J)dt
A = fi, dYi(2)n(d2)

dYi(z) = —(v + b)Y (2)dt + dNy

(4.5)

where WX and W) are two correlated brownian motions with correlation p. In other
words, we can simulate them using two independent and normally distributed variables
et and €7 so that :

dWX = ¢}

dWY = pel + /1 — p2é?
The first model directly extends the Hawkes-Heston model with volatility in a fractional
diffusive market of Hainaut [B]. The objective of the second one is to introduce a
parameter in the model to encounter from an empirical observation : stock price tends
to present shocks following jumps in the volatility structure, in opposite sign. I illustrate

this in 4.1

SPX vs VIX
6000
W ka5
5500
F 40
5000 - M35
< 30 x
5 S
4500
k25
4000 4 20
k15
3500 ,”M
I 10
2022 2023 2024 2025 2026

Figure 4.1: Historical S&P and VIX from June 2021 up to end March 2026. One observes
that S&P tends to decrease when VIX jumps. This observation is the incentive to
introduce a contribution of the VIX jumps into the stock dynamic, through a parameter
0. This parameter should be calibrated to capture the impact of shocks in volatility
on the stock dynamic. In fact, increase (resp. decrease) in VIX is generally followed
by decrease (resp. increase) in stock, but shocks in volatility are higher than in stocks.
Parameter ¢ can be view as the scaling parameter which translates shocks in volatility
into shocks in stock. Therefore, we expect § < 1.

4.1 Rough Hawkes-Heston volatility model

In this section, we follow the steps of the procedure for obtaining the mgf of the affine
Volterra system [1.4] (rough Hawkes-Heston), as described in Chapter 1. The final result
is presented in
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Log-returns mgf of the rough Hawkes-Heston model 4.4

E(exp(—wX5) | Fo) = exp([—wuT + kb /0S qv (w)du] + gx ()Xo + qv (s)Vo — wXp)

where
900 (5) = ~E(T)av () + exp(C(K 22) JBexplay (s)) ~ 1
Bsqv (8) = —qv (8)[pow + K — u;)"2] n %(1 +w)

Proof. 4.1.1 Step 1

The dampened version of k(—) has a spectral representation via Fourier transform, then
we can embed all the memory of the system in an infinity of new state variables. This
is represented by the continuous process {Y;(u)}uer, . However, because the kernel has
a pole at h = 0, we consider the unilateral transform. This is why Y;(u) is defined on
RJ’_.

4.1.2 Step 2

After the unilateral finite-dimensional approximation procedure (See the procedure in
first chapter [1.2]), we obtain the following system :

dX, = (u— ?)dt + \/‘ZthX
AV, = (0 — Vi) dt + o/ V,dWY + dL, — ME(J)dt

- 1 . (4.6)
dAr = (3 21—g widYi(l)
dYi(l) = —(v + b)Y (1)dt + dNy
4.1.3 Step 3
As before, we aim computing the backward Kolmogorov equation :
Af+0,f=0 (4.7)

where
f = f(thtv‘N/hS\tvi/t(l%Nt)'

The computation of the infinitesimal generator is done through the generalized 1t&’s
lemma applied to f :

n—1
df = Oy fdt + Og fdX, + Oy fdVy + 5 fdhe + Y Oy fdYa(l)
=0
1 ~ 1 ~ 1 ~ .
+ 50k S ARy #5080 f AV)y 45050 AN, +0%p fd(X V), (48)
=V,dt =02V, dt =0 poVydt

+(f(Xta‘Zf_ +Z75\t+<7}/t+17Nt+1)_f)dNt
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The infinitesimal generator directly follows via

d/\t

) i
e Ry = o vog S R+ VfE( V| F+ o (R | 7

2

V
+ Z Oy f aXxf + 5= 0pyf + poVidgi f (4.9)
1=0

t
+5\t/ [f(Xta‘z +Zaj‘t+<7yi(l)+17Nt+l)ff I;(dZ)
0

The drift terms are obtained from the dynamic of our Heston model [{.4}

(S | F)=n-%
E(%% | ) = k(0= Vi) = ME(J)

(d([’\ff | 1) = —C Zl:o wy (v + b)Y (1)

Then,
df ‘/L - B n—1
B | F1) = 0uf + 05 f |1 =5 | +0pf|w(0 = Vi) = ME(J) | - 05 f ¢ wi(v+b)Yi(l)
=0
V -
= Ovwf ax;zf + T 0 f + po Vg f

t
+L/ [f()?hf/t_ +z,5\t+C7Yt(l)+1,Nt+1)—f1 7(dz) = 0.
0

Af(-)
(4.10)
The solution of the backward Kolmogorov equation

Af(=)+0:f(—) =

is exactly the one that zeroes the infinitesimal generator
df
E(— | F) =0
(E17)

As before, we observe that the mgf of affine Volterra processes can take an affine
exponential parametrization such that

ult, 2) = Blexp(—wXr) | 7o) = explao(t T)+a5 (6, TV -bap (6, T) Vi arlt, Yol —wKy).
=0

4.1.4 Step 4

For this last step, we take the formula of the infinitesimal generator developed in previous
step, and we apply it to u(t,x):

du

E
(dt

(t,z) | F1) = 0.
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We can compute the derivatives of u(¢,z) via its parametrization :

Ogu(t,x) = —wu(t, z);
Opu(t,z) = qp(t, T)u(t, )
Osu(t,x) = q5(t, T)u(t, x)

o )
07 pu(t, ) = qi (¢, Tul(t, x);
szvu(t, x) = —wqy (t, T)u(t, x).

Moreover, we can simplify the integral term as in Chapter 2 :

t n—1
0

=0

t n—1
= u(t,z) / exp(qy (t,T)z 4 ¢ Z wigs (6, T) + qi(t,T))v(dz) — 11

7 . =0 t (4.11)
= u(t,z) | exp(¢ Y wigs(t,T) + qz(tyT))/O exp(qy (t,T)z)v(dz) — 1]
L =0

n—1
= ult,z) | exp(¢ Y wigs (. T) + ault, T)E(exp(ay (1, 7)) - 1]
L =0

Consequently, all things gathered in Equation (4.10), we have :

n—1

d ~ -
=0
I G

n—1 o o’
Vi o2V, ~
- alt,T) + o’ + g (4, T) — way (4, T)poV,
=0

n—1
+ q‘*/(t, T)

R(0 - Vi) — ME()| — a5(8.T)

=0

2 2

+ M

n—1
exp(¢ Y wigs (t,T) + ai(t, T))E(exp(qy (t,T)T) — 1D =0.
1=0
(4.12)
We identify the coefficients of the different variables and equal them to zero :

e for the constant terms :

6tq0 (ta T) —wp+ ay (tv T)He =0

¢ wi(v+b)Yi(l)

|

[ = 0iqo(t, T) = wp — qy (t, T) k0

e for coefficients of \;:

g5 (6, T)=E(J)qy (t, T) +exp( ) _ q5(t, T)Cwi+aq(t, T))E(exp(qy (¢, 7)) =1 =0
l

I
<
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n—1

= 0ar(t,T) = E(N)qy (t, T) — exp(Y_ a5(t, T)Gwi + au(t, T))E(exp(ap (¢, 7)) + 1
=0

o for coefficients of V; :

w w? q2~ (taT)UQ
S kg (6T + -+

5 — poqy (t, T)w + Opqy (t,T) =0

qi (t, T)O‘Q] W

= Ouqy (t,T) = g3 (t, T)[pow + Kk — > > (1+w)

e for coefficients of Y;(1) :

Orq(t,T) — q5(t, T)Cwi (v +by) — (v +bi)q(t, T) =0

= 8th(t7 T) = (U + bl)(QA@) T)Cwl + ql(tv T))

T
_ _/t (v + by) exp(— (v + Br)(u — £))CrrBeas (¢, w)du

When considering the rough Hawkes kernel, Galerkin approximation makes the solution
of Backward equation diverge. Then, for the same considerations than in Chapter 1, we
consider the forward Kolmogorov equations. We invert the equations using the property
proved in Hainaut [3] :

6SQ*(t7 S) = _atQ*(ta 8)7 Q*(t7 S) = Q*(S - t)
e For the constant terms :

0sqo(t, 8) = —wp + qy (t, s)K0;

e For the coefficients V; :

qi(t,s)o

, w
2 (

0sqy (t,8) = —qp(t, s)[pow + Kk — ]+ 5 14 w);

e For the coefficients Y;(1):

0sqi(t,s) = — /:(U + by) exp(a(u — t)) w0y qs (u, s)du

After a change of variable r = s — u,
s—t
Osqi(t,s) = 7/ (v+by)exp(—(v + b)) (s —r —t))Cwi0pq5(r)dr;
0

e For the coefficients \ :

n—1

Ouqa(s —t) = —E(J)qp (t,5) + exp(D_ ax(t, s)Cwi + qu(t, ) Eexp(qp (£, 5)T)) — 1;
=0
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We notice that the argument of the exponentiaLZ{Zol g5 (t, s)Cwy + qi(t, s), is equal to
?:01 a‘glf(z’s) = ?:01 Z%:att:5) \When n tends to o0, we recover the same convergence
= f = v+b

result proved in Chapter 2 (2.1)):

Finally, the mgf can be computed as

E(exp(—wX5) | Fo) = exp([—wpus + 6 /OS qv (w)du] + gx(s) Ao + qv (8)Vo)

where
9u0(5) = ~E(J)av () + exp(C(K 22), )E(exp(ay (5))) ~ 1
.av(5) = ~av (@)pow + - LT 1y )

4.2 Mutual rough Hawkes jump in Heston volatility
model

When applying the framework, the computations in this section are exactly the same
than those in previous section for the rough Hawkes-Heston volatility model Only
the dynamic of the log-returns has been changed with one additional jump term
In consequence, I only highlight the changes in the formula instead of repeating all
equations in the proof. The final result is presented in

Log-return mgf with the mutual rough Hawkes jump in Heston volatility model

E(exp(—wXs) | Fo) = exp([—wpus + 0 /0S qv (w)du] + gx(s)Ao + qv (s)Vo — wXo)

where
0.03(s) = —(wb + gy ())E() + exp(C(K 42, )E(exp( (g (5) — wd)) — 1
.av(s) = ~av (@)pow + - LT 1y )

Proof. 4.2.1 Step 1

The dampened version of k(—) has a spectral representation via Fourier transform, then
we can embed all the memory of the system in an infinity of new state variables. This
is represented by the continuous process {Y;(u)}uer, . However, because the kernel has
a pole at h = 0, we consider the unilateral transform. This is why Y;(u) is defined on
RJ'_.
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4.2.2 Step 2

After the unilateral finite-dimensional approximation procedure (See the procedure in
previous chapter [1.2)), we obtain the following system :

dX, = (u— YE)dt + /VedW — 5(dL, — ME(J)dt)
AV, = k(0 — Vi)dt + o/ VedWY + dL, — ME(J)dt
dAr = (30150 widYi(l)

dY;(1) = —(v 4 b)Yi(l)dt + dN;

(4.13)

4.2.3 Step 3

We apply the same Itd’s calculus as in the previous case, except that the drift of X, is
modified by the jump compensator:
E(L | F) = u— % + NE()
E(4i | ) = n(0 — Vt) ME(J)
E(Ly | F) = ¢y wai(D)

In consequence, the formula for the infinitesimal generator becomes:

E(% | Ft) = 0sf + 03 f [M - % + SNE(T)

ot W V- AEG)

n—1
N [C Z wy (v + b)Y (1)
1=0

n—1
a2V, ~
=Y v f aXXf+ 5 Ovvf +poVidxy
1=0
~ t ~ ~ ~ n_l ~
+At/ [f(Xt — 62,%7 + zZ, At + CZIU[,Y;(Z) + 1,Nt + 1) — f] D(dz) =
0 1=0
Af(=)

: (4.14)
We observe that both the drift of dX; and the jump integral have been influenced by
the mutual jump dynamic. Therefore, it also has consequence on the simplification of
the integral term. In consequence,
t n—1
/ [f(Xt —0z,Vi- + 2, A + CZwl,Yt(l) +1L,N+1)— f] v(dz)
0

=0

= u(t, ) l/o exp((qy (6, T) —wd)z + ¢ 2_: wigs (6, T) + q(t,T))v(dz) — 11

=0 (4.15)

n—1 t
f [exp« > wias(t.7) +altT) [ expllap (6.T) - wd)2)i(dz) - 1]
1=0 0

— f [cxp« S wias (6 T) + a(t, T))Elexpl(ag (1, T) — w6).7) - 1]

=0

4.2.4 Step 4

When identifying coefficients of each variable, we observe that only the jump parameter
g5 has been changed, without any surprise since the additional jump term in X; dynamic
depends on \; :
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n—1

0:05(t, T) = (wi+qv (¢, T))E(J)+1-exp(Y  au(t, T)+Cwngs (¢, T)E(exp(J (v (¢, T)—ws)))
=0

For the same convergence constraint than before when considering the rough Hawkes
kernel, we invert the system into its forward form :

n—1

0545 (t, 5) = —(wd+aqv (¢, T)E(S)—14exp(D _ qi(t, s)+Cwigs (¢, 8))E(exp(J (qv (¢, s)—wd)))
=0

Finally, all things kept identical to the previous case except the differential equation
for A\¢ , mgf can be directly computed:

E(exp(—wXs) | Fo) = exp([—wus + kb /OS qv (u)du] + gx(s) o + qv (s)Vo)

where

0,05 (5) = ~(wd -+ ay (5)JE(T) + exp(C( 2, JE(exp( T ay (s) — w8) 1

qv(s)o?

Ouav () = —av (s)lpow + K - |+ 51+ w)

O

We will only consider this last mutual rough Hawkes-Heston volatility model in the
following, as the previously presented rough Hawkes-Heston volatility model is a specific
case corresponding to § = 0.

4.3 Change of measure

In this section, change of measure from market real measure P to a chosen equivalent
measure from the family of risk-neutral measure Q is performed the same way we did in
chapter 2. Only Heston model with leverage effect on stock price ¢ is considered, hence
the first model is a specific case for § = 0. The main result remains the same than
in the uni-dimensional space.

In addition to the parameter ~y that determines the family of risk-neutral measures for
the jumps, a second parameter 0¥V appears in|4.3| representing the virtual risk premium
for the volatility process. This parameter introduces a second degree of liberty, but is
generally set to zero as volatility is mostly not directly tradable. Consequently, the
choice #VV = 0 is reasonable for selecting a single risk measure Q”evv.

For exponential or double-exponential distribution of jump magnitude J under P,
the choice v = 0 remains valid.

Hence, the simplest change of measure from P is towards Q%°, denoted Q for conve-
nience. The change of measure only impacts the drift of the asset dynamic, which grows
at risk-free rate under any measure in the family QW’VV.



4.3. CHANGE OF MEASURE 71

rough Hawkes-Heston model under risk-neutral measure

For rough Hawkes jumps incorporated in Heston volatility model [£.5] Brownian and jump
parts can be analyze separately:

e Brownian motions are shifted according to Girsanov’s theorem, the shifts represent-
ing the risk premium according to the measure P:

x M= oV vV A k0
0; = v K =rk+ao0"", 6 _—H+09VV,

where 7 is the risk-free rate and 8" is a risk premium parameter in volatility.

e jump component undergoes the following transform (Esscher transform, more infor-
mation in [6]):

LoVYV voVV o E(exp((y —w)J)) vV
EC (exp(—wJ@ ) = B(exp(d7)) A¢ = E(exp(J7)) e

\.

Proof. We split the analysis between the diffusive and the jump parts.

Brownian part In this part, the application of the Girsanov’s theorem is less trivial
than in the unidimensaional case because the model is driven by two correlated brownian
motions. Introducing the vector of market prices of risk:

the Radon—Nikodym derivative is defined by the Doléans-Dade exponential:

t 1 t
= exp (—/ A dwE — f/ ||/\S||2ds> .
Fi 0 2 0

By Girsanov’s theorem, the processes

vv
7,0
Brownian __ dQ

Mt - dP

\a% vV
dWSC T —awX X dt = dwX = aw Y —gXat,
vV vV | gV v o_ v, v

AW, = dW) +0Y dt = dWY = dW, — oYt

. . vv . . L
are Brownian motions under Q"% . We incorporate the first Brownian motion is the

stock model: vv
v,0
dS; = (11 — \/V,6X) S,dt + S/ VedW 2 (4.16)

Under the risk-neutral measure, discounted asset prices must be martingales. Therefore,
the drift in (4.16) must equal the risk-free rate r:

—-Tr

Ve =X =
K tY t NATA

We process similarly for the volatility process:

v, = [5(9 —V,) - a\/xZatV} dt + o/ Vidw @
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vv . . . .
Parameters under Q"¢ for the CIR process are obtained by observing, given a choice
0 = V60"V, how a similar mean-reverting structure can be recovered:

0
~————— KT O
VY S——~—
K gam0VV

Jump part For the jump part, the counterpart of the Doleans-Dale exponential is
J = bs
" = exp(yLe + (1 - E(exp(Jv))/ Asds).
0

Applying step 3 and 4 of the affine Volterra procedure on

E(exp(—wX, +log(n] ")) | F),

S

we recover the same dynamics up to an Esscher transform of the jump magnitude dis-
tribution J (following exactly the same procedure than in [2.3]). O



Chapter 5

Illustrations : VIX

In this chapter, I present the classical mean to calibrate the variables of System
under risk-neutral measure, using European call volatility surface. This method has not
been implemented, but I explored an approximated calibration under P.

Based on these calibrated parameters, I demonstrate through the VIX example that
the rough Hawkes-Heston has the potential to replicate a volatility smile in the European
call surface.

5.1 Calibration under risk-neutral measure

The calibration of the rough Hawkes-Heston models should intuitively be performed the
same way than for the classical Heston model. As a reminder, the Heston model takes
the following Markovian form under the risk-neutral measure:

dXy = (r— %) dt + VV; dW,
dVy = k(0 — V;) dt + o/V; dWY
Corr(dWX,dW}Y) = p.
Since this model is affine and Markovian, it directly admits a closed-form expression
for its moment generating function (mgf), characterized by classical Riccati equations.

Similarly to what was presented in the first chapter, we obtain the mgf by imposing
an exponentially affine structure:

o(w,t,T) =E (exp(wXr) | Ft) = exp (A(w,t,T) + B(w,t,T)V; + wXy) .

In this setting, the function ¢(w,t,T) satisfies the forward and backward Kolmogorov
equations (also known as the Feynman-Kac PDE):

e Backward equation:
d
B2 | 7 = Aow,t,7) + 06w, 1,7) = 0

e Forward equation:
Ap(w,t,T) — Opp(w, t,T) =0

Using the same Markovian procedure we used massively in this master’s thesis, we obtain
the following Ricatti backward equations, and their closed-form expression :
78A(7§£t’T) = —wr — kOB(w,t,T)
IBnLT) — w | B(w,t,T)[k — pow] — % B(w,t,T) (5.1)
A(w, T,T) = B(w,T,T) =0

73
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Alw,t,s) =rw(s —1) + 33 [(" —pow+d)(s—1t) —2In (qu#)]
< d(s—t) g (5.2)
B(w,t,s) = == powtd 1—e

o2 1— qed(e t)

where

K— pow +d
d= — )2 2( — 2 _hmpowrTa
N
In previously developed calibration tool for the Heston model, as in [7], parameters
O ={k,0,0,V,y} are generally obtained via Heston raw prices RMSE, that is

N 2

A . 1 mode
© = argmin ¥ Z lCalli del(K; Ty, ©) — Call; (K, T))

i=1

(5.3)

However, in practice, this criterion is often reformulated in terms of implied volatil-
ity errors. Given that option prices are nonlinear functions of volatility through the
Black—Scholes mapping, calibration in price space may overweight deep in-the-money or
high-premium options and underrepresent the shape of the volatility surface.

As a result, a more stable approach consists in minimizing the discrepancy between
model-implied and market-implied volatilities is generally:

| X
@:argmem NZ

i=1

model(K“ T“ @) _ O.mmarket(K” T )

imp

: (5-4)

market model

where o is obtained from implied volatility surface, and o]/2%* is computed by
Black- Scholes Call price inversion. Pragmatically, the procedure has already been de-
scribed in Chapter 3 After DFFT on ¢(.,.,.), we compute the value of a call in the
Heston setting for different strikes K; and maturities T;. The couples (K;,T;) should
correspond to the ones available for the volatility surface, but additional points may be
introduced by interpolation to stabilize the calibration. Then, the value of the Heston
call options are equalized to the Black-Scholes theoretical call formula, with Black im-
plied volatility as unique parameter. Inverting these formula for each couple gives the
model induced Black volatility surface.

Nevertheless, the extension to the rough Hawkes-Heston model is not straight-
forward. In comparison, we have a larger set of parameters to calibrate:

©={ k0,0,Vy |, ¢, Ao, ,0} U set of parameters for jump J distribution
————— ——
CIR vol dynamic rough parameters
Calibration of such a large number of parameters may become very unstable.
Further research should be dedicated to this calibration. The extension of known
algorithms for Heston calibration, such as Neural Networks [§] and Heston raw prices

RMSE [7] could be studied following this master’s thesis. In the specific case of the SPX
analysis, since VIX options prices are available, and

1 T
VIX %100, | 2B / Vids), (5.5)
0

one could imagine a double objective function, minimizing the gap with both stock
implied volatilities and VIX implied volatilities. The loss function becomes then:

N
Z(O_model SPX (K“ T,“ @) market, SPX K“ T model VIX K“ Tz, @) market,VIX (K,, T. ))

imp zmp zmp zmp
i=1

Ideally, all these optimization statement should be led under the constraint that 2x6 >
o2 for ensuring positivity of volatility. I would be pleased to be informed if such research
on that subject is once led.
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5.2 Alternative calibration under P

I suggest a pragmatic calibration under P in this section. The main inconsistency in
this modeling is that the VIX is constructed on risk-neutral expectation (cfr Equation
(5.5)), and I include it in my real-world measure P. Nevertheless, this remark could be
outweigh when the risk-premium for volatility ¥V is zero, as discussed in application
of Theorenf4.3] Mainly, the technique splits the calibration, in order to ensure stability:

1. First of all, we estimate the latent variance V;. This can be performed in different
settings:

e We can consider the realized variance V; ~ (AX;)?, where

St
Si-1

AXt = IOg( )

e Estimation through Kalman or particle filter based on the observed AX;
could also be led;

e In the specific case of SPX, I consider V; ~ (Vllo)éf )2 in view of Relation

T opt for the last case by simplicity, since the VI X is directly observed on Bloomberg.

2. Then, we estimate the CIR parameters via MLE. The idea of this second step
arises during search for applying a similar method than peak-over-threshold on V.
However, CIR processes are not normally distributed like GBM. CIR processes are
conditionally distributed as a non-centered chi-squared [9]. Only conditional ex-
pectation and variance can be computed, then the peak-over-threshold is killed for
this application. More detailed about this distribution are shown in the Appendix
Nevertheless, CIR parameters can conditionally be calibrated through the
non-centered Chi-squared log-likelihood maximization on the estimated volatility
time series Vt:

(7,0,6) = argmax 3 log(f (Vi1 | V2)). (5.6)

Therefore, in this calibration procedure, we initially assume that there are no
jumps in the volatility dynamics, since the residuals of the mean-reverting model
will subsequently be explained by jumps in a second stage, during the third step.
This first calibration step gives the CIR parameters, Table [5.1]

Parameter Estimated value
K 0.7012
0 0.3784
o 0.5142
Log-likelihood —4864.0587

Table 5.1: Estimated Heston parameters obtained by maximum likelihood calibration.

3. Thirdly, we estimate the jumps in the volatility, so that they explain large resid-
uals between time series V; and CIR model predictions. We make the distinction
between the process V, estimated in first step, and the simulated paths ‘A/;c" from
the model calibrated in the second step. We cannot apply a similar technique
than the peak over threshold here because CIR processes are not stationary : they
only have a closed-form for their conditional expectation and variance (cfr the
Appendix for their expressions).
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Detected volatility jumps
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Figure 5.1: Detected jump by the calibration.

We define : R R L
_ Vvt+1 _ E(vmod | V;C”)

cir
t )

V(VER | Ve)

so that jumps explain large deviance from the model :

AL, — Vipr —B(VES | VEm) if [e] > ¢

t = .
0 otherwise

The best value for ¢ is chosen by cross-validation, such that the sample of residuals

within the threshold interval & = {e; | |e:| < ¢} is normally distributed. We obtain

¢ = 1.2857, for which residuals presents a reduced skewness and excess kurtosis:

K(€) = 2.9864, S(&) = 0.4845.

This already provides an improvement towards normality of residuals, since the
initial skewness and kurtosis of residuals ¢; are :

K(et) = 31.8685, S(e) = 2.5965.
The detected jumps in volatility are shown in Figure [5.1

4. Finally, the correlation p between the residuals is computed empirically:

s AX, AV S Ee

€

TV TR R o

= —0.62142.
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The negative value corresponds well to the intuition.

5. In case we consider the mutually exciting rough Hawkes-Heston statement (4.5)),
the damping parameter § can be calibrated via the least square minimization
between observed log-returns and model:

6= argméin Z(log(St) — X4(8))?, where (5.7)

Vi_ -
Xt(d):Xt_1(5)+<u— t21>At+ Vi1 ZWAt— §AL, |
N————— N

diffusion jump effect

drift

where Z is distributed as a standard normal. This first minimization problem is
a simple OLS, for which we have a closed-form solution:

N N 1
.11 s Zt(AXt*(ﬂfgvt)At)ALt_
R }tﬂ: AX, b=- =Gl — 0.785

Otherwise, similarly to the peak-over-threshold method, we could consider the )
such that log(S;) + dAL, is the most normally distributed, that is:

6 = arg m(Sin(K({log(St) +06AL:}) — 3)% + S*({log(Sy) + 6AL,}). (5.8)

This second method gives 6 =0.781.

6. Now that jumps have been isolated, one can perform calibration of jump severity
and estimate the parameters of J exactly the same way we did in Chapter 3 and
presented in using Log-Likelihood Maximization. The calibrated parameters
are presented in Table

Parameter Value

« 0.99745
¢ 0.05787
v 0.14498
Ao 0.06929
Moo 0.11495
n 60.8861
n_ 62.9143
P 0.5223

Log-likelihood  -381.9036

Table 5.2: Calibration results for the double exponential jump model.

5.3 Call pricing

We apply the same methodology as in Chapter 3 . In Figuresand we display
the implied volatility surfaces for both the rough Hawkes—Heston model (6 = 0) (4.4))
and the mutually exciting rough stock—volatility model within the rough Hawkes—Heston
framework .

We observe that both models are able to reproduce the volatility smile, with the
minimum implied volatility attained approximately at-the-money for the call option.
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The implied volatility surface ranges between 10% and 50%. The smile effect appears
to be more pronounced in the second setting (4.5)).

We also verify the properties of the probability density function recovered through the
DFFT algorithm; see Table[5.3] The 90% confidence interval widens up to [—29.8,25]%.

Implied Volatility Surface Implied Volatility Surface

Figure 5.2: European Call Volatility surfaces obtained from Heston [4.4] (on the left) and
Heston (on the right), for M = 29, x-max = 2.5, Vo =r = 0 = 0, Sy = 100 and
other parameters values taken from the calibration.

implied Volatility Surface implied Volatility Surface

Figure 5.3: European Call Volatility surfaces obtained from Heston [4.4] (on the left) and
Heston (on the right), for M = 2%, z_max = 2.5, Vj = 0.01,7 = 0 = 0, Sy = 100 and
other parameters values taken from the calibration.
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Days Expectation Std. deviation 5% 95%

30 0.005 0.030 -0.064 0.044
60 0.007 0.059 -0.113  0.093
90 0.009 0.087 -0.161 0.132
120 0.012 0.115 -0.210 0.171
150 0.015 0.142 -0.250 0.210
180 0.020 0.168 -0.298 0.250

Table 5.3: PDF statistics after DFFT for the mutual rough Hawkes Heston model
with truncature zm,ax—2.5, M = 22 components, and o =r = 0, Vg = 0, Sy = 100.

The numerical sensitivity analysis shown in Figures [5.4] and [5.5] highlights a econom-
ically consistent impact of the model parameters on the shape of the implied volatility
surface. Each parameter influences a distinct feature of the surface, either by shifting
its level or by modifying its curvature:

e First, an increase in the mean-reversion speed k leads to an upward shift of the
implied volatility surface across all strikes in our numerical results. A higher value
of k forces the variance process V; to revert more rapidly toward its long-run mean

6.

In the case where the initial variance satisfies Vj < 6, increasing k accelerates
the adjustment of volatility toward the higher long-run level, which results in an
increase in implied volatility, particularly at short maturities.

This behavior is not fully aligned with the standard intuition. The influence of the
initial variance level Vj is progressively dampened over time, and a larger mean-
reversion speed k is typically associated with a lower persistence of volatility shocks
in a stationary regime, which generally tends to reduce implied volatility.

e Second, the volatility-of-volatility parameter o has a heterogeneous impact across
strikes. It mainly increases implied volatilities for out-of-the-money options, while
having a much weaker or slightly negative effect on in-of-the-money options.

e Third, the long-run variance parameter 6 induces an almost parallel upward shift
of the entire implied volatility surface. Since 6 defines the equilibrium level toward
which the variance process mean-reverts, increasing 6 raises the expected variance
at all maturities. The effect is therefore essentially uniform across strikes, affecting
the level of the surface rather than its shape.

e Finally, the correlation parameter p primarily affects the curvature and skew of
the implied volatility surface.

money option values; however, the second specification (4.5) tends to generate higher
in-the-money values. Consequently, the volatility smile appears more pronounced under
this second setting.

We observe in Figure that both models (4.4) and (4.5)) produce similar out-of-the-
4.5

For a three-month horizon, the implied volatility surface is shifted upward when
increasing the initial variance V. However, the influence of V) is progressively dampened
as the maturity increases, consistent with the mean-reverting nature of the variance
process.
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Kappa sensitivity (3M)
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Figure 5.4: Sensitivity of the implied volatility (7" = 3 months) to different parameters,

for the Heston model [1.4] (on the left) and Heston model

(on the right). We observed

nearly no sensitivity to rough process parameters («, v, ¢), so here we show only signifi-
cant impacts of parameters (k, o, 6, p), with initial V5 = 0.
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Figure 5.5: Sensitivity of the implied volatility (7" = 3 months) to different parameters,
for the Heston model [£.4] (on the left) and Heston model [4.5] (on the right). We observed
nearly no sensitivity to rough process parameters («, v, (), so here we show only signifi-
cant impacts of parameters (k, o, 6, p), with initial V5 = 0.01.
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Sensitivity of implied volatility to Vo Sensitivity of implied volatility to Vo
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Figure 5.6: Sensitivity of the implied volatility (T" = 3 months) to the parameter Vj, for
the rough Hawkes-Heston model (on the left) and mutually excited stock-volatility
rough Hawkes-Heston model (on the right).

5.4 Further considerations

In case these rough Hawkes-Heston models are too limited to capture the interaction
between jumps in the volatility and the underlying, several extensions could be consid-
ered.

First of all, following empirical observations of links between jumps in volatility
and underlying, one could still model a single intensity occurrence for both dynamics.
However, the link in magnitude of jumps in both dynamics may differ more than through
a single scaling parameter 0. Instead, one could consider different jump distributions
for J, in the following model:

dX, = (p — L)dt + ViAWY — S0 s
AVi = k(0 = Vi) dt + o/ VidWY + S0, o
A = C [, dYi(2)u(dz)

dYi(z) = aYi(z)dt + dN;

Nt ~ Poi(/\t), Jk71 ~ Jl, Jk,g ~ JQ
(dWY ,dWX) = pdt

Secondly, motivated by the performance of the mutually exciting rough Hawkes
jumps [I] in Chapter 3 in comparison to the uni-dimensional rough Hawkes model, one
could introduce mutual jumps between the volatility process and its underlying, through

a similar system than (3.16)).



Chapter 6

Conclusion

Rough Hawkes models have already been presented in different paper in literature,
notably by my supervisor Donatien Hainaut, in which its link with the affine Volterra
analysis have been studied.

This thesis has confirmed that rough kernels may be less useful than expected for
modeling equities. Hainaut [I] has drawn a promising conclusion for cryptocurrency
log-returns. Nevertheless, I outweigh his conclusion, adding that rough kernels may be
suitable if they are sufficiently flexible to capture the different memory patterns and de-
pendencies of the process. I highlight the fact that modeling separate memory structure
for positive and negative jumps is necessary for BTC log-returns, since unidimensional
rough model fails providing better results than Markovian models.

I have provided a clear framework applicable to all rough kernels problems, covering
the most cases I envisaged. We have argued that the affine Volterra setting has strong
intuitive patterns.

Finally, I presented a meaningful pattern to include roughness in Heston model. This
counterparty is the introduction of a lot of parameters we need to calibrate.

Calibration under the real-measure P has been investigated, and gives consistent
values of parameters.

The mutually excited stock-volatility rough Hawkes-Heston model has shown
the potential to replicate the volatility smile.

Further research on the calibration based on implied volatilities in this setting should
be led for SPX/SP500 at first, and for different underlying, for which the volatility is
not observed.

Use of AI In this work, I occasionally used artificial intelligence tools (notably Chat-
GPT and GitHub Copilot) to rephrase non-scientific sentences, translate technical texts,
and improve code formatting or translation. These tools were used solely as linguistic
and technical assistance, without influencing methodological choices or scientific analy-
sis.
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Chapter 7

Appendix

7.1 Dynamic of the volatility under CIR process

This section is based on results presented in [9].

Two first conditional moments of variables modeled with CIR dynamic

Using the squared Bessel representation of the CIR process,
dyy = k(0 — y)dt + o/yedWy,

it can be shown that the exact transition distribution is a scaled non-central
chi-squared distribution:

Yigat | Yye =z ~c- X’z(d, h),

where
4K0
d=42,
h— 4H67NAtyt

Cg(l_e—nzt)7
2
c= g—ﬂ(l — eHAY),
In this setting,

E(yerae | ye) = e "2yl + 60 (1- B_Km) and

V(yerat | ) =2 % (e_”At = G_QKAt) + o (1 _ e—HAt)Q

In consequence, the stationary (long-term) first two centered moments are con-

stant :
E(yoo) =0,
_ ¢

Proof. Define the standardized variable

Yt+At 2
241 = B = Zt41 ™~ X/ (d, ]’L)
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The exact likelihood function of the observed {y¥,...,y%} is given by

n—1
L(k,0,¢) = H fy (it 1 9i),

i=0
and the corresponding log-likelihood is
n—1
0(k,60,¢) = _log fy (yit1 | vi)-
=0

Using the change of variable formula, the conditional density is

1 Yit1
fy(y%l’llyl)_gfx’z( c 7d7h)7

where f,.2(-) denotes the density of the non-central chi-squared distribution.
Hence, the log-likelihood becomes

n—1

00,0 =3 [— log ¢ + log f,»2 (yi;rl;d, hﬂ .

=0

Finally, the maximum likelihood estimator is defined as

(%,0,¢) = arg max {(r, 0, C)-

This estimator is exact, since it relies on the true transition density of the CIR
process.

In comparison to OU/G1++ model which implies a normal distribution, CIR has
a Chi-squared distribution (that is, essentially a normal squared distribution). In con-
sequence, we are able to define a conditional mean and variance. In opposition to a
normal distribution, the initial guess choice influences mean and variance in short-term.
We would like to compute an exact expression for y; and derive the two first conditional
centered moments. Firstly, take

d(exp(st)yr) = exp(st)yudt + exp(it)dy
= kexp(kt)y:dt + exp(kt) lfi(@ — yp)dt + /Yy dW;

= Kl exp(kt)dt + (\/y; exp(kt)dWy.
Then, we take the integral on both sides between ¢ and ¢t + At. This gives :

N
Yernr = exp(—kA)y; + 0(1 — exp(—rAL)) + C/ exp(—£(t + At — 5))/ysdWs.
¢

E(yerae | ye) = e "Ayf + 60 (1 — e "4

t+At 2
V(ytJrAt | yt) =K </ e_K(HAt_S)\/?Tdes Yt
t

y:;|
t+ At
= / e ARy, yi] ds

e /t+ o~ 2n(t+AL—s) {ytefm(sft) 1o (1 _ efn(sft))} ds

t+AL
Consequently : ) Cz/ 672n(t+At75)y ds
- S




7.1. DYNAMIC OF THE VOLATILITY UNDER CIR PROCESS 87

We split the integral defining the conditional variance in two parts I; and I5 :

V(yerae | ye) = G+ I).

The first one gives :

t+At
I, = / 672n(t+At75)yt67N(57t)d8
t

At
— yte—QmAt / e U du
0

Yt (e—fsAt _ e—ZK,At) )
K

The second one is :

[ rAt At
I = 0 / 6—2N(At—u)du _ / 6—2K(At—u)e—ﬁudu‘|
0 0

i At At
-0 67211At/ e2/{udu_672nAt\/ e"du

0 0

-0 672/$At .
2K K

2k AL KA
€ _1_672NAt.e _1:|

1— 672nAt eant o 67214At
— 03‘

2K K

% (1 _ 2€7ﬁAt 4 e*2l-€At)

All results gathered, we finally obtain :

2 & —kAt _ —2kAL ¢
(e e )+

7 _ —kKAt 2
o (1 e )

V(yt-'rAt | yt) =(
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