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Summary

This thesis investigates approximations and regularity results pertaining to Heston’s stochastic
volatility model. It comprises three papers organized across chapters 2, 3, and 4.

The first one tackles the challenge of developing high-order weak approximations for the Cox-
Ingersoll-Ross (CIR) process, which is crucial in financial modelling. The standard Euler-Maruyama
scheme fails due to the square root in the diffusion term, potentially leading to negative values.
Additionally, theoretical frameworks that produce high-order approximations, like the Multistep
Richardson Romberg approach (Pages 2007), do not directly apply due to the CIR process’s spe-
cific structure. This work employs the random grid technique by Alfonsi and Bally (2021), which
leverages an elementary scheme on random time grids to boost convergence order. We use Alfonsi’s
(2010) second-order CIR scheme as the elementary building block. Rigorous proofs establish that
weak approximations of any order can be achieved for smooth test functions with polynomial growth
derivatives, given the condition o2 < 4a that is less restrictive than the well-known “Feller Condi-
tion” (02 < 2a). Numerical experiments validate these findings, showcasing convergence for both
CIR and Heston models, with significant computational time improvements compared to lower-order
schemes. The limitation lies in the theoretical results being proven only under the less restrictive
condition cited above. Numerical tests hint at effectiveness beyond this, but rigorous proof remains
an open question.

The second work serves as a continuation of our first project. In this iteration, we apply our
technique, which is based on random grids, to the log-Heston process. This process represents the
logarithm of an asset price within the Heston model and the associated volatility process. The log
transformation helps ensure that the moments of both variables remain bounded, thereby simplifying
the mathematical analysis. We start by proposing two second order schemes, built using splitting
techniques. The first one uses an exact simulation for the volatility process; the other one uses
the Ninomiya-Victoir splitting scheme for the log-Heston process (this one is valid only under the
above-cited condition on parameters o? < 4a). Rigorous proofs demonstrate convergence to any
desired order. Numerical experiments validate the theoretical results, showcasing the effectiveness of
the high-order schemes for pricing European and arithmetic Asian options. The impact of different
coupling choices on estimator variance is also investigated. Additionally, promising results are
presented for the multifactor/rough Heston model, suggesting the potential of the random grid
technique in this extended context.

The last work delves into the partial differential equation (PDE) associated with the log-Heston
model, exploring classical and viscosity solutions. Key contributions include extending classical
solution results by incorporating linear and source terms in the PDE. In this work, we also prove
the existence and uniqueness of viscosity solutions without relying on Feller’s condition, a common
assumption in the literature. Uniqueness is established even for initial data with specific discontinu-
ities, which is relevant for financial applications like digital option pricing. Furthermore, the chapter
demonstrates the convergence of a hybrid numerical scheme (finite differences/tree scheme) to ap-
proximate the viscosity solution under relaxed regularity assumptions (continuity) on the initial
data. These results offer a more comprehensive understanding of the log-Heston PDE, particularly
in scenarios where Feller’s condition doesn’t hold or the initial data is discontinuous. In the end,
we prove a convergence result for a hybrid scheme provided that the initial data is just continuous.

In Appendix B, we collect other results for the CIR process that did not find space in these
three articles: new regularity results, “High order approximation in high volatility regime”, a new
proof of the CIR moment formula and “polynomial schemes”.
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Chapter 1

Introduction

Stochastic processes, such as solutions of stochastic differential equations (SDEs), play a crucial
role in modelling various random phenomena in fields such as finance, physics, biology, and engi-
neering. Most of the time, exact simulation schemes for stochastic processes are often unachievable
or have high computational costs, necessitating the use of approximation methods, possibly fast.
We are interested in weak approximations of SDEs. Unlike strong approximation, which focuses
on approximating sample paths closely, weak approximation aims to approximate the distribution
of the process at specific time points. Here, we present a basic review of the literature on weak
approximation of SDEs and acceleration techniques to boost the order of the approximation, given
one.

1.1 Weak approximation of solutions of SDEs

We begin by providing a rigorous definition of Stochastic Differential Equation. Let 7" > 0 and
d,dw € N*. A Stochastic Differential Equation (hereafter SDE) is an equation of the form:

dXE = b(XE)dt + o(XF)dW;, X =z eRY, (1.1)
where:
e (XZ,t€[0,T)) is the stochastic process in R? that we want to simulate,

o b:R% — R?is the drift coefficient, which represents the deterministic “trend” and is a function
of the current state X[,

o 0:RY— M(d,dw,R), where M(d,dy,R) are the real matrix with d lines and dy columns,
is the diffusion coefficient which represents the intensity of the random fluctuations and is also
a function of the current state X},

o (W;,t >0) is a dy-dimensional standard Wiener process (or Brownian motion), representing
the source of randomness.

We say that (1.1) has strong solutions if for every filtered probability space (92, %, (%), P) and
Wiener process (W;); over it, there exists a process (X[): that verifies with probability 1 the
following equality

t t
Xf:x—i—/ b(X;"’)der/ o(XT) dW,, (1.2)
0 0

where the second integral is an It6 integral.
The global existence and uniqueness of strong solutions (X7); to the SDE (1.1) are guaranteed
under certain conditions, often referred to as the locally Lipschitz and linear growth conditions:

e For every compact set K C R? exists a constant Cx > 0 such that for all z,y € K,

b(z) = b(y)| + |o(z) —o(y)| < Cklz —yl.
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e There exists a constant C' > 0 such that for all z € R?,
b(z)] + |o(x)] < C(1 + |2]).

We are interested in giving a notion of weak convergence for solutions of SDEs. If we consider a
standard setting, given an R%valued random variable Z defined on a probability space (Q,.%7,P)
and a sequence (7, )nen defined over spaces (€, %, P,,) we say that Z,, converges weakly to Z if

lim E"(f(Z,)] - E[f(2)), for all f € Cy(RY), (1.3)

where E" and E denote the expected values under the probabilities P* and P, and Cb(Rd) is the
space of real, continuous and bounded functions over R?. So, fixed z € R? one could be interested
to approximate the solution X7 of (1.1) in the sense of (1.3), by constructing a sequence of random
variables (X;f’x)neN over spaces (2, Zn,Pp,). In the meantime, one could be interested in using a
different vector space of “test” functions F (to be specified) for which it is possible to give a rate of
convergence or to use a more general definition that involves semigroups. Given F and the linear
semigroup operator P defined over it by Prf = E[f(X})], we say that a sequence of linear operators
P defined over F is an approximation of Pr if

li_)rn |P"f(x) — Ppf(z)] =0, for every f € F and = € RY, (1.4)
n—oo
or given a norm || - || over F, if
lim |P"f — Prf|| =0, for every f € F. (1.5)
n—oo

Weak approximation methods typically involve discretizing the continuous-time stochastic process
into a sequence of random variables that are easier to handle computationally. The goal is to
construct an approximation whose distribution closely matches that of the original process. Common
techniques include Euler-Maruyama, Milstein, and higher-order schemes, which vary in complexity
and accuracy. We now describe how to construct some approximations discretizing the SDE.

1.1.1 Weak approximations schemes

The most simple way of obtaining weak approximations is via weak approximation schemes. The
general idea of an approximation scheme is to create good approximations in law of X for small ¢
such that composing these approximation schemes, the final law obtained is not so distant from the
target one X7. The most famous and used approximation scheme is the Euler-Maruyama scheme.

The Euler-Maruyama scheme

Let T > 0, n € N* = N\ {0} and consider the uniform grid II" = {t} = kT/n | k = 0,...,n} of
step T'/n. The idea, like for the Euler scheme in the deterministic framework (ODEs), is to freeze
the solution of the SDE between the regularly spaced discretization instants ¢}. The discrete-time
Euler-Maruyama scheme Xne starting from z is defined by

N, T -1, T -, T T -, T N, T T
Xy =z, Xy = Xy +Eb(XtZ )—1—0(th )\/ﬁ(Wtﬁﬂ_Wt?Q)’ k=0,...,n—1. (1.6)

k+1
In [42], the following rate of convergence Theorem has been proved.

Theorem 1.1.1. Let b, o be four times continuously differentiable on R% with bounded partial deriva-
tives. Assume f : R* — R is four times differentiable such that f and its derivatives have polynomial
growth. Then there exists C > 0 such that for every x € R, and n € N* large enough

. C
E[f(X7)] - E[f(XP)] =
What is shown in the previous Theorem guarantees under regularity of b,o and f that the
. . M. T . . .
approximation E[f(X;)] is a weak approximation of order one.
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Weak error analysis and splitting operator techniques

The Euler scheme, presented above, represents the simplest and most famous weak approximation
scheme, and has order one. In practice, weak approximations converging with an order greater
than one can be useful. One interesting way to get higher-order approximations is to build schemes
with a higher order of convergence. Alfonsi in [2] introduced a general framework to get, rigorously,
approximation schemes of order 2. We consider the autonomous case (1.1) in which the solution
(X{)tepo,m) of the SDE is confined in a subset D C RY, ie.

P(X? € D,Vt € [0,T]) = 1. (1.7)

Given a multi index o = (ov, ..., ) and 9, = 97" - -- 93¢ the differential operator that differenti-
ates ; times in the i-th coordinates, we define the functional space

pol(D) = {f € C*(D,R),Va € N% 3C, > 0,eq € N*, Vo € D, |00 f(z)| < Ca(l + |z]|°)}

where | -| is the standard Euclidean norm. This is the space of smooth functions whose derivatives
have a polynomial growth.

Definition 1.1.2. Let f € CS%I(]D), We say that (Cq, €q)qend 1S @ good sequence for f if for any

a € N? and x € D one has |0 f(z)| < Coll + |z|).
Alfonsi [2] makes further assumption over the coefficient of the SDE (1.1): b : D — R? and
o:D — M(d,dw,R) are such that

Vi<i<d1<j<dw, z€D=bi(z),zeD (o(z)0 (2))i; € Coy(D), (1.8)

for instance, this assumption is fulfilled in the case of affine diffusion. The infinitesimal generator
L associated to the SDE is given by

d 1 d

fecD), Lf(x)=> bi(z)df(x)+ 3 Y (o(@)o " (2))i;0:0;f (). (1.9)
i=1 ij=1

Definition 1.1.3. We say that L, defined (1.9), satisfies the required assumptions over D if its SDE

have coefficients b and o that satisfies (1.8), sub-linearity and has strong solutions that satisfy (1.7).

To study the weak error, we need to focus on the asymptotic behaviour of

E[f(X{)] - E[f(X{)]  for =07, f e Coo(D).

Definition 1.1.4. A function C5g,(D) x (0,00) XD 3 (f,t,2) = Rf(t,x) € R is called a remainder

of order v € N if for any function f € C;’,%I(D) with a good sequence (Cy,€q)qocnd, there exist

C, E,n > 0 depending only on the good sequence such that
Vi€ (0,m), Ve € D, [Rf(L,a)] < C/(1 + o).

We say that Xf is a potential weak v-th-order scheme for the operator L if (f,t,x) — E[f(f(f)] -
E[f(X])] is a remainder of order v + 1.

It is important to remark that every exact simulation scheme is a potential weak v-th-order
scheme for all v € N. It is relatively straightforward to show the following result using It6’s
formula.

Proposition 1.1.5. Let f € CS?JI(ID)) and L that satisfies the required assumptions. Then for all
veNandt >0

v

l t — s
B = Y e+ [ e o (1.10)
=0

and (f,t,z) — fg %E[L”Hf(X;‘)]ds is a remainder of order v + 1.
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This last result implies one key equivalence that will be crucial in the weak error analysis in
Chapter 2 and 3.

Remark 1.1.6. Xf is a potential weak v-th order scheme for L if, and only if
. LA
(f t,z) = E[f(X})] — Z l—‘L'lf(:c) is a remainder of order v + 1.

Alfonsi [2] proved the following result that is of key importance to build high order weak schemes.

Proposition 1.1.7. Let L1 and Lo be two operators that satisfy the required assumptions on D,
and X' and X? be respectively potential weak second order discretization schemes on D for L1 and

Lo. Then, for \i, A3 >0 and f € Cg%l(]D)) one has

2,X," Al A2
EpmmMﬂ= > méhmﬁWW@+RWm) (1.11)
l1+12<2

where Rf(t,x) is a remainder of order 3.

We define the ordered composition of k + 1 functions { fo, f1 ..., fx} as follows

k
OfikaOfk—1O"'Ofo-
=0

It is possible to prove the following result using the expansion (1.11).

Corollary 1.1.8. Suppose the same hypotheses as in Proposition 1.1.7 and let B be an independent
Bernoulli random variable of parameter 1/2. Then, the two following schemes are potential second-
order schemes for L1+ Lo

1,x

2.X,05

1,X% - 1,X,

1,z “
NI )b G G

xXPr = BX}

More generally, let k € N*, {Lo, L1,...,L} be operators that satisfy the required assumptions on
D, and {X° X1, ... ,Xk} be respectively potential weak second order discretization schemes on D

for them. Then
0 . k .
:B< MH>®+O—E<.XK0u% (1.12)

XF = <Q e >0Xt (OXZ/Q ) (1.13)

are second order schemes for the operator L = Zfzo L;. We call the first one the randomized leapfrog
splitting scheme and the second one the Strang splitting scheme.

The Ninomiya-Victoir scheme

The theoretical tools introduced above allow us to demonstrate the convergence (and rate of speed)
of the scheme proposed by Ninomiya and Victoir in [38]. The strength of this scheme is that it
reduces the problem to the numerical approximation of Ordinary Differential Equations (ODEs).



1.1. Weak approximation of solutions of SDEs

We consider an operator £ that satisfies the required assumptions on D, so it is defined by the

formula (1.9) for smooth coefficients b and oo ". We define the following operators

dw

d d
Vof(z) = bi(x)df(x) — %Z > 0i0ink ()0 k()0 f ()
=1

k=11,7=1
d
Vif(x) =Y oin(@)0if(z), for k=1,... dw.
=1

Then, one has the following identity

dw
L= Lk,
k=0
where
1 d
Ly =5V =Y 0ju(®)(050ik(x)0if (z) + 014(2)90:f (z))  for k=1,....dw,
i,j=1
LO = ‘/bv
are well-defined and satisfy the required assumptions on . For all k& € {0,...,dw}, we call vy the

vector field that verifies
Vif(x) = vp(2).V f ().
We then consider the following ODEs:

0 Xo(t,z) = vo(Xo(t,z)), t>0, Xo(0,2) =z €D,

O Xy(t,x) = vp(Xk(t, @), teR,  Xp(0,2)=z€D.

One has the following result.

Theorem 1.1.9. Let X[(z) = Xk(\/f{\f,x), N ~ N(0,1) for all k € {1,...,dw} and X0(z) =
Xo(t,z). Under the above framework, Xf’x in (1.12) and X} in (1.13) are potential second-order

scheme for the operator L = szz"o Ly.

Here, we give a remarkable example of the CIR model, for which the standard Euler scheme is

not defined.

Example 1.1.10. Consider the process

Y/ =(a—bY)dt + o/ Y/dW;, Y{ =y>0,

whose infinitesimal generator is given by

1
L= 502y8§ +(a—by)d,, feC?y>0.

Following the Ninomiya- Victoir splitting, one has £ = Vy + %Vf with
2

Vof () = (a =% = by) '(v) and Vif(y) = o /if (),

so, the two following ODEs have to be solved
OYo(t,y) = (a—bYo(t,y)), t=>0, Yo(0,9) =y =0,

aYi(t,y) = o\/Yi(t,y), teR, Yi(0,y)=y>0.

(1.14)

(1.15)
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The solutions are

1— €_bt

Yo(t,y) = e "y +dp(t)(a — 0% /4),  y(t) = 3
Yit,y) = (Vy +to/2)4)°
but one can prove that substituting Y, with
Yi(ty) = (Vi +1t0/2)%, (1.16)

gives the same development of the functional f E[f(l}l(\/f]\f, )] in terms of the operator %Vf
So one get using formulas (1.12) and (1.13)

R )

2
—i—(l—B) <\/@—bty+¢b(t)(a— 042)4-0-275.7\72) , (1.17)

Yty _ o bt/2 (\/e bt/2y 4 %(t/?)(ll _ Z) + U\[N> + by (t/2) (a — 042), (1.18)

where we have exchanged the role of Yy and Yy in the Strang splitting to reduce the number of

standard Gaussian random variables from 2 to 1. We remark that these schemes are defined only if
2

o° < 4a.

1.1.2 Boosting techniques

In the previous subsection, we saw how it is possible to construct weak approximations using
schemes. Here, we show how it is possible to construct higher-order approximations using multiple
times the same schemes calculated on different grids, either deterministic or random. We describe
two similar but different approaches: Richardson-Romberg extrapolation and random grids tech-
niques.

Richardson-Romberg extrapolation

Richardson-Romberg extrapolation, originally developed to improve the accuracy of numerical inte-
gration, can be adapted to enhance the convergence of approximation schemes. The application to
weak order schemes has been introduced in the seminal paper [42]. The technique consists of mixing
schemes that evolve on different time-step grids. Let T > 0, a,n € N*, and X™% be a weak a-th
order scheme that runs on the grid II" = {t} = kT'/n | k = 0,...,n} of step T'/n. This approach
relies on the existence of a development for the error E[f (X;x)] — E[f(X7%)]. If one can prove the
following development

IR - B ()] = 55 +0 (i (1.19)

then there exist weights wy(a) =1 —2%/(2% — 1) and wa(a) =2%/(2* — 1), ¢ € 1,2 and one has
N, T -2N,T x 1
Blun (@) (£37) + wala) S5 = B3] = O (7).

so Elwy (@) f(X5") + wa(a) f(X2)] is a weak approximation of order at least o + 1. Under
regularity of the drift and diffusion coefficients of the SDE, Talay and Tubaro proved in [42] the
following expansion results for the Euler scheme (1.6).



1.1. Weak approximation of solutions of SDEs 7

Theorem 1.1.11. Let b,o € C°(R?) and f € Cg‘c’)l(Rd) Let n € N* and X™* be the Euler-

Maruyama scheme starting from x € R, then for every integer greater than v € N* one has the
following development

nt
i=1

-1, T T - & 1
B - BLC] = Y 2%+ 0 (i ) (1.20)
Under the hypotheses of the Theorem 1.1.11, it is also possible to build weak approximations of

order v for every v € N* by systematically combining approximations computed with different step
sizes of the Euler Scheme. In [40], Pagés has proven that if an expansion such (1.20) exists, then

S CUT e

£ il(v —1)!

=E[f(X})] + (—11/)'% Y +0 < V1+1> (1.21)

i=1
(1.21) proves that the linear operator f — E [ZZ 1 (Z|1,,V l;lyf( iy )} is a weak approximation of
order v of Pr = E[f(X})]. Furthermore, Pageés has shown that if the Brownian increments for the
Euler schemes are consistent, i.e. they are constructed using the same trajectories of the Wiener
process, then one has

n—00 il(v —1)!

lim Var (Z (.‘””Tﬂf(}“)) = Var(F(XF)).

i=1
Random grids techniques

Recently, Alfonsi and Bally [5] introduced a new technique to approximate general semigroups of
linear operators (FP;,t > 0) that works under a large framework. This technique permits building
high order approximations by an intricate combination of elementary schemes running on random
grids. In general, they consider a vector space F with a semigroup of linear operators (P, ¢t > 0)
P, : F — F, and they equip the space with a family of seminorms (|| - ||x)ken such that [|f]|x <
| fllk+1, for all f € F. Fixed a time horizon 7' > 0, for all n € N* and | € N they fix the time steps
h; = % They consider a family of linear operators @; : F — F, | € N, and denote, for j € N*

Ej - Ql[] _1}Ql as the operator obtained by composition (Q[O] = Id). They suppose two conditions

are met

there exists @ > 0 and S8 € N such that for any [,k € N, there exists C > 0, such that —
1(Pr, — Q1) fllk < Cl flliyshy t for all f e F,

for all [, k € N, there exists C' > 0 such that —
maxoej < Q) Fllk + supyer | Peflli < Clfllg for all f € F.

The first quantifies how (); approximates P, while the second one is a uniform bound with respect
to all the seminorms. Alfonsi and Bally show how one can construct, by mixing the operators @,
a linear operator P for which there exists C' > 0 and k € N such that

|Prf —P"" fllo < C||f|lxn =" for all f € F. (1.22)

The general construction of Prn is described by trees |5, Section 3| and depends only on the value
of the constant « and the desired boost v. Being quite complex and intricate, we do not reproduce
here the construction in all its generality, but we describe only the procedure for v = 1,2. In the
case v = 1, one basically uses the same proof of Talay and Tubaro introduced in [42] for the weak
error of the Euler scheme. Using the semigroup property, one has

n—1
Prf = QU f = P f — QU =" Pl esiyym (Pry — QO 7, (1.23)
k=0
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and using twice (H5) and once (H)

n—1 n—1
1Prf — QM fllo < 3 CllPL, — Qi1 fllo < Y-l f)shlte

k=0 k=0
< C|fln(T/n) e = C|l fllgn,

that proves PLm = Q[ln} is an approximation of order o of Pr. To get the boost of order v = 2, one

use the same expansion used on Pr = Pnhl to Ply—(k+1))h,- Omne gets Pl (kr1)hy — [ln (kﬂ)}
Z,;(Okﬁ) Pln—(ktk42) 0y [Phy — Ql]Ql and then expand in (1.23):
Prf—Q'f = Z QI P, — QM s + RS, (1.24)
k=0
with R(n Z Z Pn (k+k'4+2))h1 [Phl Ql]Ql [Phl Ql] [1]'
k=0 k'=

This is not enough to produce our approximations because, in the extra terms on the rlght hand
side of (1.24), there is Py,. This is solved by using again (1.23), but this time over P, — Q2 using
the smaller time step ho. One has

n—1
Prf-qQlMy= Z QI — @M r + R(n)f, (1.25)

n—1ln—1

with R(n) = 3 3 Q=P [P, — Qa1QY QM
k=0 7=0
n—1n—(k+2)

K k
+> Z Pl (et 2m [Pry — QUQL [P, — Q1) QY.
k=0 Kk'=
As already done for v = 1, using (H>) and (H;) over the terms in R(n), one can prove Q[ln} +
;é Q[lnf(kﬂ)] [Q[Qn] — Ql]Q[lk] to be a 2« approximation of Pr. Unfortunately, simulating all the
terms in (1.25) would require a computational time in O(n?). Thus, the method would not be more

2
efficient than using directly Q[Qn J. To address this issue, Alfonsi and Bally introduce random grids
and use a random variable k that is uniformly distributed on {0,...,n — 1}. One has

PAn = QY + B[Ry - @uor. (1.26)

In [5], Alfonsi and Bally prove that the assumptions () and (H3) are valid for several types of
semigroups and approximation schemes that act over Cy(R?), being equipped with the family of
norms

Ifle =Y sup |0°f(x)].

0<a|<k “ER?

Under regularity assumptions on the drift and diffusion coefficients, the following result was obtained
for SDEs and the Euler Scheme.

Proposition 1.1.12. Consider (XF,t > 0) the solution of (1.1) where b,o; € C°(RY) and the
Euler Scheme (1.6). Define Prf(x) =E[f(X})] and Q; = E[f(X;l’x)] Then one has

for any I,k € N, there exists C > 0, such that
1(Pa, — Q) flli < Cllflli+ahf for all f € Cp°(RY),

for all I,k € N, there exists C' > 0 such that
maxgj<a |QF Fllk + super | Pf Ik < CllFllx for all f € C32(RY).

(HY)

(H3)
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Under the same hypotheses, Alfonsi and Bally also proved that the estimator linked with pron
has a finite variance.

1.2 Thesis contribution

This section summarizes the main results obtained during the thesis. These results are divided into
three chapters related to three articles with Heston’s model as a common link. This model describes
the evolution of an asset and its volatility Heston process that are the solutions respectively of Y;
in (1.28) and the couple (S, Y;) in (1.27)-(1.28)

ASEY = rSpVdt + 57UV (pdWa + V1= 2By, S3Y = 5> 0, (1.27)
dYY = (a — bYP)dt + o\ Y/dWy, Y§ =y > 0. (1.28)

In the first work (Chapter 2), we deal with the construction of high order approximations of the
volatility process (1.28). In the second one (Chapter 3), we extend the results obtained to the
couple (S,Y). Instead, in the last work (Chapter 4), we study the PDE that describes the price of
a European-type derivative under this model. Other minor results are listed in Appendix B.

1.2.1 Resume of Chapter 2

The goal is to build high order approximations of the CIR (Cox-Ingersoll-Ross) process (1.28) and to
prove rigorously a rate of convergence result. The theory developed for the Euler scheme in [42] and
[12] and used in [40] to create the multistep Richardson-Romberg approach, and the one developed
in [5] do not cover this model. In fact, even if the drift coefficient is smooth (but not bounded), the
diffusion coefficient is not even locally Lipschitz. Furthermore, because of this square root diffusion
term, the standard Euler scheme is not well-defined: the increments are Gaussian distributed, so
the positivity of the scheme is not achieved. In [3]|, Alfonsi proposed a second order scheme for the
CIR that uses the Ninomiya-Victoir scheme coupled with a moment matching auxiliary scheme in
a boundary of 0. Unfortunately, the techniques we develop cannot produce a proof for a general
scheme that works even when o2 > 4a. Roughly speaking, this is because the analysis of the
remainder in (1.26) requires to be more elaborate: we do not only need to control its norm as in
Subsection 1.1.1, but we also have to handle its space regularity. Nevertheless, the following rate
convergence Theorem has been proved.

Theorem 1.2.1. Let Y be the scheme defined by (1.18) for 0 < 4a and Quf(y) = E[f(Y})], for

Il >1. Then, for all f € Crl,il(RJr), we have P> f(y) — Prf(y) = O(1/n*) as n — oco.

Besides, for f € C° (R,), we have P*™f(y) — Prf(y) = O(1/n?).

pol

Before giving details on how this Theorem has been proved (all details can be found in Chapter
2), we mention that we later proved the same result under a slightly less demanding hypothesis on
the regularity of f. The result (Theorem B.1.4) is in Appendix B.1.

Theorem 1.2.1 is just an application of the random grids technique, so the key point is to prove
a version of (H;) and (H3). In this work, we made the pedagogical choice of proving the main
assumptions for the simpler space of polynomial functions. After that, we passed to the strictly
larger class

D(y)l
cPLR) =4 f:R. — R of class C™ : |f7y< ’
pol (R+) {f " o jel0myaz0 T+l 0

which we endowed with the following family of norms: for all m < k and L' > L

)
[fllm,zr = max supw. (1.29)
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Across the proofs of (H;) and (H,) we consider an extension of the scheme in (1.18), in which
the standard Gaussian random variable IV is replaced by a random variable Z that satisfies the
following criteria:

e 7 is symmetric,
e 7 have all finite moments,
e E[ZF] = E[N*] for j € {2,4}.

We refer to these criteria as Assumption (Hy ), and the scheme is

2

VY = ot y, ViZ) = et <\/ /2y + 4y (t/2) (a - Z) i "fz) +(t/2)(a = Z-). (1.30)

In the following, we point out when and why we must assume Z = N, N ~ N(0,1) to have the
proof-machinery works.

On the adapted version of (H,)
In Section 4 of Chapter 2, we prove this version of the assumption (H>).

Proposition 1.2.2. Let 02 < 4a and Y = o(y,t,/IN) be the scheme (1.18) with N ~ N(0,1).
Let T > 0 and m, L € N such that L > m. We define forn >1 andl € N, Q;f(x) = ]E[f(Y,Z)]with

hy = Tl Then, there exists a constant C' € R%_ such that for any f € C. L@Rry), 1eNandt e[0,71],

pol

E[f(Y;
IELF ) i, g+ mex,

QFs| < Cllfllmr. (1.31)

We split the proof into two parts. We start by the upper bound for the CIR semigroup.

Proposition 1.2.3. Let f € Cp01 (Ry), L>m, T >0 andt e (0,T]. Let YV be the CIR process

starting from y > 0. Then, E[f(Y;)] € C;lolL( +) and we have the following estimate for some
constant Coir(m, L, T) € Ry:

IELf (Y, < Ceir(m, LT flm,L- (1.32)

The proof we gave in Chapter 2 relies heavily on the knowledge of the explicit form of the density
of the CIR distribution. To fully prove Proposition 1.2.2, we demonstrated the equivalent upper
bound for the scheme.

Proposition 1.2.4. Let T > 0,02 < 4a, m, M € N, Z be a symmetric random variable with density
n € CM(R) such that for all i € {0,...,M}, |nD ()| = o(|z|~FL+D) for |z| — oo, and 1%, > 0 for
alll1 <m < M (see Lemma 1.2.5 below for the definition of n,). Let Q;f(x) = E[f(Y}Z)] with
Yty = o(t,y,VtZ), n > 1,1 € N and hy = T/n'. Then, for any L € N, there exists C € Ry such
that:

max QP fllmr < Cllfllmzr. f€Comi(Re),1EN.
0<j<nt

The key tool to prove Proposition 1.2.4 is the following regularity result.

Lemma 1.2.5. Let M,L € N. Let Y] be defined in (1.16) and Z be a symmetric random variable
with densityn € CM (R ) such that for alli € {0,..., M}, |nD(2)| = o(|z|~®L*)) for |z| — co. Then,
for all function f € Cpo1 (Ry), me{l,...,M} and t € [0,T] one has the following representation

OE[f(V1(VtZ,y))] / / w—u?)" L) (w(u, y, 2))n, (2)dudz (1.33)
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where w(u,y, 2) = y+ (2u— DovEzy/J+ 0222/, 15(2) = (~1)" 4 (S, ¢imzn (), and the

coefficients c;j ., are defined by induction, starting from c11 = —1, through the following formula
2j .
Cim = m —4 Cj,m_l]lj<m + m— lcj_l’m_l]lj>1’ J € {1, A ,m}, m {2, ey M}
In particular, cpm = —% < 0. Furthermore, if the density n is such that n},(z) > 0 for all

z€R, and allm € {1,..., M}, then there exists C € Ry such that
IELf (Vi (VEZ, W,z < (14 CO||fllm,z, t € [0,T]. (1.34)

We stress here two things that are crucial in (1.34): the same norm is used on both sides and
the sharp time dependence of the multiplicative constant (1 + Ct). These properties are used in
the proof of Proposition 1.2.4 to get (H>). We remark that the hypotheses are quite restrictive
and do not allow using discrete random variables to continue our weak error analysis. Instead, we
need a random variable Z with a density that is regular enough and that satisfies the differential
inequalities 1, (z) > 0 up for all M € N*, where M depends on the order of the boost one wants to
achieve with the random grids techniques. In Chapter 2, we show that N ~ A/(0,1) satisfies all the
required density hypotheses for all M € N and, furthermore, that is the unique law that does that
fixed the second and fourth moments. We proved the following characterization of the law N (0, 1).

Theorem 1.2.6. Let Z be a symmetric random variable with a C*° probability density function n
such that E[Z%] = 1, E[Z%] = 3 and n}, > 0 for allm > 1. Then, Z ~ N(0,1).

On the adapted version of ()

In Section 4 of Chapter 2, we prove this version of the assumption (H).

Proposition 1.2.7. Let Z that satisfies (Hy) and Y} be the scheme (1.30). Let m,L € N such
that L+3 <m and f € Cf)(orlwg)’L(RJr). Then, there exists a constant C > 0 such that fort € [0,T],

IELf (VD)) = ELF V) lm,z43 < CE| fll2gmra). 1

To prove this result, we compare E[f(Y;)] and E[f(Y;)] with the expansion of order two f +
tLf + %E f, as in the weak error analysis explained in [2] and resumed here. We start by proving
our framework’s equivalent of Proposition 1.1.5. We need something more than show (f,¢,y) —
Elf(Y")] — fly) +tLf(y) + %Cf(y) is a remainder of order three as in Definition 1.1.4, we need to
prove also a norm estimate as specified in the next result, proved in Chapter 2.

Proposition 1.2.8. Let m,v,L € N such that L+v+1>m, T >0 and f € C;nOT2(V+1)’L(R+).

Let YV be the CIR process and L its infinitesimal generator. Then, for t € [0,T], we have

Vo 1 — s\
Bl =3 Ger et [ ESpe s
>3 .

0 v!
estimate for all t € [0,T],

where the function y — fl ME[ﬁ”“f(K%MS belongs to C;no’lL(RJr), and we have the following

< C”f”m+2(1/+1),L7 (1.35)
m,L+v+1

[0 e o
0 vl

for some constant C € Ry depending on (a,b,o,v,m,L,T).
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The norm estimate, given (1.32), is just a trivial application of It6’s formula and the boundedness
of the moments of YV.
. : o . : . - 2
As one can imagine, the trickiest part is to give the norm estimate for E[f(Y;)]|—f+tLf+ %52 f.
We proved the following result.

Proposition 1.2.9. Let Z that satisfies (Hy), 02 < 4a and Y be the scheme (1.30). Let m €

N,LeN*and f € C§£)7+3)’L(R+). Then, we have for t € [0,T],

BV = £0) +1££) + S £20) + RI (1),

with | Rf(t,)llm.+3 < CE| fllams),z-

The result is proved by composition of linear operators P : f + f(Yo(t,-)) and P} : f —
E[f(Y1(VtZ,-))] using the expansions proved in Lemma 2.4.7 in Chapter 2. The first thing that
jumps out is that to bound from above the (M, L + 3)-norm of the remainder Rf(t,-) requires
2m + 6 derivatives, which is more than the m + 6 derivatives needed for the CIR semigroup in
Proposition 1.2.8, when v = 2. The reason lies in the choice of the random variable Z. In Propo-
sition 1.2.9, we consider variables Z that only satisfies assumption (Hy ), so even discrete random
variable (e.g. Z such that P(Z = —/3) = 1 = P(Z = V/3), and P(Z = 0) = 2) can be considered.
So, to prove that Rf(t,-) is regular enough, we cannot use regularization techniques that use the
existence of a regular density for the law of Z. In Chapter 2, then, we prove the results Lemma 2.4.5
and Corollary 2.4.6 that exploit only the symmetry of Z to prove the regularity of the remainder.
We want to remark that in a later stage, we proved a regularity result, Lemma B.1.1 that is an
extension of Lemma 2.4.13, that permits using Z = N or (fixed an order of desired boost v € N¥)
possibly more general absolutely continuous random variables, to reduce the regularity demanded
by f (Proposition B.1.3).

Numerical experiments

In Section 5 of Chapter 2, we propose several numerical tests to validate our theoretical results and
to push a little further the analysis (62 > 4a) from an empirical point of view. First, we explain how
to implement the approximations P27 and P37, We verify in the CIR model using the Ninomiya
Victoir scheme (so o < 4a) for f smooth that one gets approximations of order 4 and 6 as expected
from the theory. When o2 > 4a, we run similar tests for the Heston model with the second order
scheme (exp(XNV*¥ Y¥)) proposed [3]

5 . 1Ly+YY
XtNV’x’y:a:—f—(r—Ba)t+§(Yty—y)+(Bb—f)yTt

t B(1 - p2)(Y;¥ — y)tN, (L.
- Py~ £+ BO =)%Y gV, (130)

where B ~ B(1/2) is Bernoulli random variable independent of N ~ A/(0,1). We price put options

and get results similar to those obtained with the CIR. We ran simulations even in the case 0 > 4a

using for the CIR the general scheme proposed by Alfonsi in [3]. Empirically, we observe that

this kind of scheme that uses an auxiliary scheme in a neighbourhood of 0 is not well suited to

be coupled with the random grids: the variance explodes in n. Finally, we propose a second order
Ex7x’y y

scheme (exp(X; YY)

p p, 1ly+v/’
(VY =y + (b - o)t
o o 2 2

Xy o o= Lag 4 t+Jy+ B(L—p)(%;¥ = y)tN, (137)

in which we simulate exactly the volatility Y¥. We show for this new scheme that the boost of order
2 works well and that the variance of the correction does not explode.
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1.2.2 Resume of Chapter 3

The material in Chapter 3 is an extension and refinement of what we proved in Chapter 2. This
time we build high order weak approximations for the logHeston process (X;*¥,Y}?), solution of

AXTY = (T—fdeH—\/ (pdW; + /1 p*dBy), X5¥ =z €R, (1.38)
dYY = (a — bY}Y)dt + a\/}?th, Yy =y >0.

for which we rigorously prove a rate of convergence result. We passed from equation (1.27) to (1.38),
applying the transformation X;*¥ = log(S*¥), to have a couple of SDEs with bounded moments,
since, now, their coeflicients have at most linear growth. As already done in the previous work, we
want to approximate the semigroup Pr : f(z,y) — E[f(X;"Y,Y}Y)]. Once again, our primary tools
are splitting techniques and the random grids approach.

The second order schemes and the main Theorem

In Section 5 of Chapter 2, we did several numerical tests over the Heston process (exp(X;*Y),Y}Y)
using schemes (1.36) and (1.37) in which we used the respectively Ninomiya-Victoir scheme and
exact simulation for the CIR process. Here, two different schemes that do not use the Bernoulli
random variables have been proposed. We split the infinitesimal generator

L= g(ag +2000,0, + 020,) + (r — g)ax + (a — by)dy,
of the log-Heston SDE as £ = L + Ly, where p = /1 — p? and

ﬁB:((r—%H(%b ;) )0s + 27°02,

5
Lw = g(p28§ + 2p0 0,0y + 0282) + (

a—by)(£o, +9,),

that are infinitesimal generators of
dX; = ((r—"2)+ (2 - Yi)dt + py/YidB, and dX; = (2 — 2Yy)dt + py/Y,dW;,
dy; =0, dY; = (a—bY})dt + o/ YedWy,

respectively. We emphasize that we have made (and will make again later) an abuse of notation by
using the variables (X, Y") in both systems; in fact, our goal here is only to associate the infinitesimal
generators with the respective SDEs (not the solutions). One should remark that the splitting is
chosen to have in the second system dX; = £dY;. So if one has an exact scheme for the CIR Yy,
has also an exact scheme for Ly given by

ow(ta,y, YY) = (e + L ), v7).
Instead, an exact scheme for Lp is given by
ep(t,r,y, N) = (x + (r — pa/o)t — (1/2 — pb/a)yt + p\/tyN, y), with N ~ N(0,1),
so, for all f € Cgol(R x Ry ), the semigroups associated to the two systems have the representation

Pth($, y) - E[f((PB<t7x7y7 N))]? Pth(.%',y) = E[f(@w(t,ﬁ?,y, thy))]

Composing schemes oy and pp as in (1.13) gives us the potential weak second order scheme
(X;7Y, YY), where the first component is given by

. 1. y+Y,
Xt’y:x+(r—ga)tJrg(Yty—y)Jr(gb—Q)y2tt+\/(7(fN1+\/ N2) (1.39)
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The linear operator Pth associated to this scheme is, for all CJ (R x R})

pol(
PP f(z,y) = E[F(XTY, YY), (1.40)

This scheme is defined for all ¢ > 0, but in practice simulating exactly the CIR process takes time,
so we propose a second order scheme for the semigroup Py using the Ninomiya-Victoir splitting.
One has Ly = Lo + L1 where

2 0.2

g P Y, 242 202 po
‘CO = (a - Z - by)(gaf +8y)7 ‘Cl = 5(10 a:c + 2,0081811 +to 8y) + Zax + Zayv

are the infinitesimal generators respectively associated to

dX; = (2(a—0?/4) - 2Y,)dt G Jaxe =trdt+ PN/ YidW,
an
dY, = (a—o2/4—bY)dt dY; = Zdt + o/VidW.

Let ¢(t) = l_ifbt (convention 1(t) =t for b = 0) and define

2

o 0'2
polt 7,9) = (2= Lty + L) — D), ey + Ba - 7)),

or(tay) = (o4 2((Vi+ 5 —9), (Vi+ D).

We have for f € C (R x R}),

pol(
P f(z,y) = f(¢o(t.x,y)) and P} f(z,y) = E[f(01(VIG, z,y))], with G ~N(0,1).

The Ninomiya-Victoir scheme for Ly is then Pt0/2Pt P9, and is well-defined only for 02 < 4a. We

t/2
define the linear operator
0 B
BNV = P, P, P P, P, (1.41)

that is associated to the scheme (XY, YY) where the first component is

. N 1.y+Y,
vay:ﬁ(r—ga)t+§(ny—y)+(§b—2)yQtt+\/(7<\fN1+\er) (1.42)

and the second one is the Ninomiya-Victoir scheme for the CIR (1.18). We call C*(R x R,) the
space of continuous functions f : R x Ry — R such that the partial derivatives 85‘85 f(x,y) exist
and are continuous with respect to (z,y) for all (o, 3) € N? such that a + 23 < k. We define for
every L € N

CPER x Ry) = {f € C*(R x Ry) | 3C > 0 such that ¥(a, 8) € N?, o + 28 < k,

1020; f (. y)| < Cfr(z,y)}, (1.43)

pol

where f7(z,y) = (1 4+ 2% 4+ ¢?L), for all = € R, y € R,. Furthermore, we set

Cpol(R X R+) - ULENC R x R-l—)

pol(
The main result we proved is the following
Theorem 1.2.10. Let P, be either PE* defined by (1.40) or PNV by (1.41). Let T > 0, n € N*

and hy = T/nt. Let pln — 15}[:14, P pe defined by (1.26) and PUn the further approximations

developed in [5]. Let v > 1. For any f € Cé%’{(]R xRy) z €R andy > 0, we have

ﬁy’nf(xJ/) - PTf(‘T’y) = O(l/n2y)
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On the adapted version of (/) and (/)

As in Chapter 2, to prove the required assumptions (/1) and (H>), we need to fix a family of norms.

We endow Cﬁ’oLl(R x Ry) with the following norm:

a 9B
Floz= S sup 1ZHI@O] "
a+28<k (@Y)ERXR4 fr(z,y)

In Chapter 3, we do not repeat the analysis that allows the use of discrete random variables to
get assumption (1); our second order schemes are obtained by composing exact schemes. This
simplifies the analysis to get the regularity of our approximations and permits us to prove it all by
studying the Cauchy problem of a slightly general log Heston SDE. The next proposition has been
proved by Briani et al. in [17], the only additional result is the norm estimate (1.47).

k,L

Proposition 1.2.11. Let k, L € N and suppose that f € Cpol

(XY YBY) be the solution to the SDE, for s > t,

Xe™ = a ot [e+dY)dr+ [7AYY (pdW, + /1 p2dB,)
YV =yt [ a0+ o [ /YW,

(RxRy). Let A >0, ¢,d € R. Let

(1.45)

and set
u(t,z,y) = B[f(X3™Y, Y)] = Proif(x,y).

Then, u(t,-,-) € Cf)’(ﬁ(R x Ry) and the following stochastic representation holds for o + 25 < k,

8;‘85u(t, x,y) =E [eﬁb(Tt)a;cagf(Xéjvt»ﬂﬁyy7 Yf’t’y)
T 22
+ ﬁ/ e—Bb(s—1) (?8?+28571u—|— da;c+18571u> (S7Xb@7t,x,y’ysﬁ,t,y)d8 . (1.46)
t

where agayﬁ—lu =0 when B =0 and (XPH®Y YBLY) 3 > 0, denotes the solution starting from (z,y) at
time t to the SDE (1.45) with parameters
o2
P =P, agza—l—B?, bg=0b, cg=r+pBpo), dg=d, og=o0.

Moreover, one has the following norm estimation for the semigroup

Vk,L € N,T >0, 3C,¥f € CEER x Ry),t € [0,T), ||Pflle.e < | Fllk.e. (1.47)

pol

The (Hs) assumption can be obtained through the norm estimate (1.47), just considering these
sets of parameters

To get the (H1), given the regularity results just shown, we prove a variant of Proposition 1.1.7
that roughly tells the composition of schemes works as a composition of operators.
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Lemma 1.2.12. (Scheme composition) Let v € N and T > 0. Let V;, i € {1,...,1}, be infinitesimal
generators such that there exists k;, L; € N such that

Vk e N,3C € Ry, Vf € CEHF R x Ry), Vif € CELP (R x Ry) and ||Vif ez, < Clflkrks.o-

pol pol

Let k* = maxj<j<rk; and L* = maxi<i<r L;. We assume that for any i, ]51 COL(R xRy) —

pol
CSOLI(R x Ry) is such that

¥k, L €N,0<g<v+1,3C, Vf e ChHM R xRy, vt € [0, 71,

q—1

z t q
]P Z o —V Ik r+qr, < thHfHkJquz,L
q=0

Then, we have for \1,...,A\; € [0,1],

Wk, L E€N,0<g<v+1, 30,V € CEI MR x Ry), Vt € 0, ]

DA g

Vit Vi < CtY)| fllk+qr+ L

k,L+gL*

Pl pl
N N D T
g+t <g-1 o

Numerical experiments

In Section 3 of Chapter 3, we remark the first component of second order schemes (1.39) and (1.42)
are normally distributed given respectively ¥, and Y}”, so we can save one Gaussian random variable
and simulate instead

N 1.y+YY +YY
XPXoY = g 4 (r — ga)t + g(Y;’ —y)+ (gb - 5)3/ St \/(1 - pQ)yTttN, (1.48)

Y
XNV — gy (e Paye g L0y — gy + (Lo HYE L \/(1 2NN (1ag)
o o o 2 2 2
that produce respectively the same laws of (1.39) and (1.42). We run several tests (Put and Asian
options), both in low volatility regime (02 < 4a) and in high volatility regime (02 > 4a), that prove
the effectiveness of the standard second order scheme P-™ and of the boosted approximation P":
the empirical evidence confirm what proved in the theory giving approximation of order 2 and 4
respectively. We run numerical experiments to study the variance of the estimators depending on n,
testing two different couplings. Besides the choice of coupling, we also consider the schemes for the
first component studied in Chapter 2 (1.36) and (1.37) that use the Bernoulli random variable. We
show the new schemes (1.39) and (1.42) are better suited to being used with random grids (besides,
they require simulating less random variables) independently to the coupling chosen. Furthermore,
the coupling studied in Cheng [44] produce less variance.

In the end, we apply the random grids techniques to a modification of second order weak scheme
proposed by Alfonsi [8] for the multifactor Heston model (known to be an excellent proxy of rough
Heston Model see, for example, |1, 6, 13]). Unlike the Heston case, the approximation P2n s only
defined when the parameters belong to a low volatility regime set. Nevertheless, we achieved good
results showing the boost of random grids works.

1.2.3 Resume of Chapter 4

Examining the PDE linked to the infinitesimal generator of an SDE offers a valuable method for
demonstrating the regularity (smoothness) of the corresponding semigroup P, and Proposition
1.2.11 serves as a notable illustration of this principle.
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Briani et al. [17] obtained the formula (1.46) for the derivatives of the semigroup associated
with the logHeston process studying this slightly general PDE

Ou(t, x,y) + Lu(t,z,y) + ou(t,z,y) = h(t,z,y), t€[0,T), zeR,yeRy, (1.50)
U(T,$,y):f($,y>, fL’ER,yGR.H .
where L is the following differential operator
L= %(A%ﬁ + 2,0)\0395@, + 0’285) + (C + dy)am + (a — by)ay’ (151)

and b,c,d € R, a,\,0 >0 p € (—1,1), o € R. In this chapter, we want to delve deeper into the
analysis of this PDE. In particular, we want to find minimal regularity hypotheses under which the
function (produced via Feynman-Kac)

T
u(t,x,y) = B|efT= f(XE™Y yhY) - / e (s, Xb™Y YY) ds|, (1.52)
t

is the unique classical or viscosity solution of (1.50).

Classical solutions results

The first result concerns the resolution of (1.50). In [17, Proposition 5.3] Briani, Caramellino
and Terenzi proved that if h = 0, o = 0 and, for all m + 2n < 4, f has partial derivatives
07'0y f € C(R x R4) that have polynomial growth, then, for all m + 2n + 41 < 4, the function u in
(1.52) has partial derivatives 8%8;185u € C([0,T] x R x R;) that have polynomial growth in z and
y uniformly in ¢. In particular u € C12([0,T] x (R x Ry)) and solves the reference PDE (1.50). In
Section 4.1, we give two refinements regarding classical solutions.

The first result concerns a verification result in which we prove that v (as in (1.52)) is a solution
of the reference PDE (1.50) for more general h and less regular f. We prove, in fact, the following
result.

Proposition 1.2.13. Let u be defined as in (1.52). Let f and h be such that, for all m + 2n < 2,
[ has partial derivatives 03'0; f € C (R x Ry) with polynomial growth and h has partial derivatives
7 oyh € C([0,T) x R x Ry). Furthermore, suppose h and dyh be such that |h|%,, 10,h|5, < oo
for all K compact set contained in [0,T) x R x Ry. Then w has partial derivatives Oyu, 03" Oyu €
C([0,T) xR xR4) with m+2n < 2 with polynomial growth in x and y uniformly in time, and solves

dpult,z,y) + Lu(t, z,y) + ou(t,z,y) = h(t,z,y), t€[0,T), (z,y) € R xRy,
U(T7x7y):f(may)7 (IL’,y) ERXR+.

\h|§ 95 |8yh]§7 5 in Proposition (1.2.13) denote weighted Holder seminorms that roughly measure
the holderianity of h and dyh with a precise power of the weight. For a precise definition, we refer
to (4.19) and (4.20). Furthermore, we observe that Proposition 1.2.13 eases the requirements on
the function f, demanding the condition m + 2n < 2 be satisfied rather than the stricter condition
m + 2n < 4.

The second contribution states sufficient conditions to ensure the uniqueness of classic solutions.

Proposition 1.2.14. There is at most one classical solutionu € C1?([0,T)x (RxR%))NCHH1([0,T) x
RxRy)NC([0,T] x R x Ry) to PDE (1.50) such that the solution has polynomial growth in (z,vy)
uniformly in t. So, in particular, under the hypothesis of Proposition 1.2.13, u defined as in (1.52)
1s the unique solution.

(1.53)

The importance of this proposition is particularly relevant when the Feller condition is not
satisfied (cf. page 74). Requiring u to belong to C([0, 7] x R x R, ) means giving conditions on the
whole boundary, and for uniformly elliptic operators, it is quite natural. Here, the degeneracy and
the fact that the associated diffusion can reach the boundary (where the log-Heston operator L is
degenerate) impose an additional condition on the first-order derivatives to obtain uniqueness.
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Viscosity solutions results

To get the regularity of u necessary to satisfy in a classical sense the PDE (1.50), we asked f to
be smooth enough. In order to drop this regularity hypothesis, in Section 4.2 of Chapter 4, we
study the problem from the more general point of view of viscosity solutions. Being (1.50) a linear
PDE, we used a standard smoothing argument (truncation and mollification) to prove the following
viscosity verification theorem in which we consider the final data to be just continuous.

Proposition 1.2.15. Let f € C(R x Ry) and h € C((0,T] x R x Ry) be such that for all compact
set Kp C [0,T] x R x Ry there exists p > 1 such that

sup [ F0Xg", v

T
sup [ (s X, YI0) gy < oc. (1.54)
(t,x,y)EICT t

) HLP(Q) ’ (tay)ekr

Then,

T
u(t7 x, y) =E €Q(T_t)f<X§lx’y, Yzé’y) _ / e.Q(s—t)h<3’ X;,oc,y’ Y9t7y)d8
t

belongs to C([0,T] x R x Ry) and is a viscosity solution to the PDE (1.50).

Another key tool is a comparison principle (stated in Proposition 4.2.15). Roughly speaking, it
says that a sub-solution w and super-solution v that starts ordered (w < v) stay ordered for any
time. This is a key tool to prove the uniqueness of the viscosity solution. We call D7f the closure of
the set of discontinuities of a function f and state the main result.

Theorem 1.2.16. Let f : R x Ry — R be a function with polynomial growth, such that Dy has
zero Lebesgue measure. Let h € C([0,T) x R x Ry.) be with polynomial growth in (z,y) uniformly in
t. Then u in (1.52) belongs to C(([0,T] x R x Ry) \ ({T} x Dy)), has polynomial growth in (z,y)
uniformly in t and, in this class of functions, is the unique viscosity solution to the problem (1.50).

Let us sketch the main ideas of the proof. Taken a general solution v of the PDE (1.50) (with
f and h as in the hypotheses), we sandwiched it between two sequences, (u;),en of continuous
super-solutions and (u,, )nen of continuous super-solutions that satisfy two hypotheses:

uy (T,,-) < 0(T,-,-) <o¥(T,-,-) < uf (T, (1.55)
for any compact set K C [0,7) x R x R, one has li_>rn = wl|oo iy (1.56)
n—oo

The first property guarantees u,, < v, < v* <l thanks to the comparison principle (Proposition
4.2.15), then the second one guarantees v, = u =v* in [0,7) X R x R;..

Prior research has established existence and uniqueness results for the Heston PDE and even
more general jump-diffusion processes (as demonstrated in Costantini et al. [23]). However, the
assumptions used in these studies, when applied to the Heston model, necessitate the adoption of
the Feller condition. The significance of this last result lies in its validity even when the Feller
condition 0 < 2a is not satisfied. As far as we know, this is an original contribution to the existing
literature on the Heston model.

The techniques we developed to deal with viscosity solution for the logHeston PDE (1.50) had
been fruitfully used to study the convergence of numerical schemes. In the closure of Chapter 4,
we apply this approach to prove the convergence of the hybrid scheme from [17]. In [17], a rate of
function has been proved under strong regularity assumptions on the test functions. In Section 4.3,
we relax this request, and we prove (see Theorem 4.3.4) the convergence for functions that have just
suitable continuity properties. This result is confirmed empirically by the numerical experiment
carried out in [19], which computes the price of a European put option in the Heston model. Other
numerical experiments that use the hybrid algorithm for the Bates and for the Heston-Hull-White
models have been carried out in [18] and [20] respectively.
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Chapter 2

High order approximations for the CIR
process using random grids

The material for this chapter has been released in [7].

We present new high order approximations schemes for the Cox-Ingersoll-Ross (CIR) process
that are obtained by using a recent technique developed by Alfonsi and Bally (2021) for the
approximation of semigroups. The idea consists in using a suitable combination of discretiza-
tion schemes calculated on different random grids to increase the order of convergence. This
technique coupled with the second order scheme proposed by Alfonsi (2010) for the CIR leads
to weak approximations of order 2k, for all k£ € N*. Despite the singularity of the square-root
volatility coefficient, we show rigorously this order of convergence under some restrictions on
the volatility parameters. We illustrate numerically the convergence of these approximations
for the CIR process and for the Heston stochastic volatility model and show the computational
time gain they give.

Introduction

The present paper develops approximations, of any order, of the semigroup P, f(z) := E[f(X})]
associated to the following Stochastic Differential Equation (SDE) known as the Cox-Ingersoll-Ross
(CIR) process

t t
X[ = ZE+/ (a — kaf)ds—F/ o/ XEdWs, t2>0, (2.1)
0 0

where W is a Brownian motion, z,a > 0, kK € R and o > 0. Let us recall that the process (2.1)
is nonnegative and the semigroup (P;)¢>0 is well-defined on the space of functions f : R — R with
polynomial growth. The diffusion (2.1) is widely used in financial mathematics, in particular because
of its simple parametrization and the affine property that enables to use numerical methods based
on Fourier techniques. We mention here the Cox-Ingersoll-Ross model [24] for the short interest
rate and the Heston stochastic volatility model [34], that have been followed by many other ones.
Developing efficient numerical methods for the process (2.1) is thus of practical importance.

To deal with the approximation of SDE’s semigroups, a common approach is to consider stochas-
tic approximations and the most standard one is the Euler-Maruyama scheme. The error between
the approximated semigroup and the exact one is called the weak error, as opposed to the strong
error that quantifies the error "omega by omega" on the probability space. The seminal work of
Talay and Tubaro [42] shows, under regularity assumptions on the SDE coefficients, that the weak
error given by the Euler-Maruyama scheme is of order one, i.e. is proportional to the time step.
They also obtain an error expansion that enables to use Richardson-Romberg extrapolations as
developed by Pages [40]. Higher order schemes for SDEs and related extrapolations have been
proposed by Kusuoka [35], Ninomiya and Victoir [38], Ninomiya and Ninomiya [37] and Oshima et
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al. [39] to mention a few. Recently, Alfonsi and Bally [5] have given a method to construct weak
approximation of general semigroups of any order by using random time grids.

These general results on weak approximation of SDEs do not apply to the CIR (2.1) process.
This is due to the diffusion coefficient, namely the singularity of the square-root at the origin.
Besides this, classical schemes such as the Euler-Maruyama scheme are not well-defined for (2.1),
and one has to work with dedicated schemes. Under some restrictions on the parameters, the weak
convergence of order one for some discretization schemes of the CIR process has been obtained
by Alfonsi [4], Bossy and Diop [14], and more recently by Briani et al. [17] who also study the
weak convergence of a semigroup approximation for the Heston model. We also mention the earlier
work by Altmayer and Neuenkirch [10] that precisely studies the weak error for the Heston model.
Adapting ideas from Ninomiya and Victoir [38] who developed a second order scheme for general
SDEs, Alfonsi [3] has introduced second order and third order schemes for the CIR and proved their
weak order of convergence, without any restriction on the parameters.

The goal of the present paper is to boost the second order scheme developed in [3] and get
approximations of any order. To do so, we rely on the method developed recently by Alfonsi and
Bally [5] to construct approximation of semigroups of any order. Roughly speaking, this method
allows to get, from an elementary weak approximation scheme of order o > 0, approximation
schemes of any order by computing the elementary scheme on appropriate random grids. The
method is illustrated in [5] on the case of the Euler-Maruyama scheme for SDEs, under regularity
assumptions on the coefficients that do not hold for the CIR process (2.1). This method is presented
briefly in Section 2.1. It relies on an appropriate choice of a function space endowed with a family
of seminorms. Section 2.2 then presents the second order scheme that is used as an elementary
scheme to get higher order approximation. It states in Theorem 2.2.2 the main result of this paper:
we prove, when o2 < 4a, that we get weak approximations of any orders for smooth test functions f
with derivatives having at most a polynomial growth. Section 2.3 illustrates the boosting method
when considering the space of polynomials function with their usual norm. In this simple case, proofs
are quite elementary so that the method can be followed easily. Section 2.4 is more involved: it first
defines the appropriate family of seminorms on the space of smooth functions with derivative of
polynomial growth and then proves Theorem 2.2.2. Last, we illustrate in Section 2.5 the convergence
of the high order approximations for different parameter sets. It validates our theoretical results and
shows important computational gains given by the new approximations. We also test the method
on the Heston model and obtain similar convincing results.

2.1 High order schemes with random grids: the method in a nut-
shell

In this paragraph, we recall briefly the method developed by Alfonsi and Bally in [5] to construct
approximations of any order from a family of approximation schemes. We consider F' a vector space
endowed with a family of seminorms (||||x)xen such that || f||x < || f|lk+1. We consider a time horizon

T > 0 and set, for n € N* and [ € N,
T

_nl'

hi (2.2)

To achieve this goal, we consider a family of linear operators (Q;);en on F. For [ € N, we note Ql[o] =

I the identity operator and, for j € N*, Ej - Ql[j _I}Ql the operator obtained by composition. We
suppose that the two following conditions are satisfied. The first quantifies how Q); approximates Py, :

there exists a > 0 such that for any [,k € N, there exists C' > 0, such that ()
1(Ph, = Q) flle < Cllfllpouyhy T for all f € F, !
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where ¥g : N — N is a function'.

seminorms:

The second one is a uniform bound with respect to all the

for all [, k € N, there exists C' > 0 such that
maxoe; <t Q7 fllk + supper | Pflli < C| £ for all f € F.

Then, for any v € N*, Alfonsi and Bally [5] show how one can construct, by mixing the operators
Qq, a linear operator P;" for which there exists C' > 0 and k € N such that

(Hz)

| Prf — 751/’”f||0 < C|f|lgn~"% for all f € F. (2.3)

Let us explain how it works for ¥ = 1 and v = 2. For v = 1, we mainly repeat the proof of Talay
and Tubaro [42] for the weak error of the Euler scheme. From the semigroup property, we have

Prf—QVf =P, f— Qs Z ki [Pr — QUQY . (2.4)

We get by using (Hs), then (H;) and then again (H>)

n—1 n—1
1Prf — Q" fllo < S CllPw, — Q@ fllo < S ClQW fllygophi+e

k=0 k=0
< Cllfllygn(T/n) ™ = Cll f lygo T 0" (2.5)

Here, and through the paper, C' denotes a positive constant that may change from one line to
another. So, P1" = Q[ln] satisfies (2.3) with v =1, k = 1(0). The approximation scheme simply
consists in using n times the scheme @)1, which can be seen as a scheme on the regular time grid
with time step hj.

We now present the approximation scheme (2.3) for v = 2. To do so, we use again (2.4) to get

Pln—(k+1))n Q[n_ Lany) ZZ'_:%H_Q) Pln—(ktk4+2))h [Py — Ql]Ql and then expand further (2.4):
Prf-Q"f = Z QYR — Q" f + Ry (n)f, (2.6)
n—1n—(k+2) y
with R5' (n) =) Z ~(erw 2t [P — QuIQY [Py, — Q1)QY
k=0 k'=

Using (H;) three times and (H>) twice, we obtain

n(n* ]-) 2(1+a T2(1+a) _
IR )l < Ol lqtwaton g B30 < Cllflyqtyoton—g—n
Thus, Q[ln] Zk 0 [ln_ k+1)][ Ql]Ql f is an approximation of order 2«, but it still involves

the semigroup through P, . To get an approximation that is obtained only with the operators @y,
we use again (2.4) with time step hs and final time hy = nhs:

n—1
Py, f — Q[gn]f = Z Pln—(k+1))h2 [Pry — QQ]Q[zk]f~
k=0
We have || Py, f — Q[Qn]fHo < Ol fllpoo nh2+o‘ by using again (H) and (H,). We get from (2.6)

n—1 n—1
Prf— Q=300 QN — Qs + 3 QY py, — QEQ s + R (n)f, (2.7)

k=0 k=0

!Note that in [5], it is taken g (k) = k + 8 for some 8 € N, but is can be easily generalized to any function tq.
In this paper, we will work with a doubly indexed norm and take ¥g(m, L) = (2(m + 3),L — 1).
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with || 020 Q1 "Ry, — QYO fllo < Cllfllugn®hs ™ = Cllf g T+~ 2*. Therefore,
the approx1mat1on
n—1
prof = Q3 QI — @il (2.8)
k=0

satisfies (2.3) with ¥ = 2 and is obtained only with the approximating operators @;. The first

term Q[ln] corresponds to apply the scheme Q1 on the regular time grid with time step A1, While
each term Q[lnf(kﬂ)] [Q[zn} - Q1]Q; ] is the difference between this scheme and the one where Q
used instead of @ for the (k + 1) th time step. This amounts to refine this time step and split 1t
into n time steps of size hy, and to use the scheme Q)2 on this time grid.

In practice, it is inefficient to calculate one by one the terms in p2n f. In fact, each term requires
a number of calculations that is proportional to n, and the overall computation cost would be of
the same order as n?. Since the convergence is in O(n~2%) it would not be better asymptotically
than using pin? f. To avoid this, we use randomization. We sample a uniform random variable k
on {0,...,n — 1} and calculate nE| [1n_('§+1)] [Q[Qn] — Ql]Q[f]f] Py [n (k1)) [Q[Qn} - Ql]Q[lk}f.
This amounts to consider the regular time grid with time step A1, to 5elect randomly one time step
and to refine it, and then to compute the difference between the approximations on the (random)
refined time-grid and on the regular time-grid. To be more precise, let us consider the case of an
approximation scheme defined by ¢(x, h, V') where ¢ is a measurable function, z is the starting point,
h the time step and V' a random variable. The associated operators are Q;f(z) = E[f(¢(z, h, V))],
I € N. For a time-grid Il = {0 = ¢y < --- < t, = T}, we define X{!(z) = z and X{!(z) =
o(X{ (2),t; — ti=1,V;) for 1 < i < n, where (Vj);>1 is an i.i.d. sequence. Thus, we get on the
uniform time grid I1° = {kT/n,0 < k < n} E[f(XQI}O(a:))] = Q[l"}f(x). By taking the random
grid ! = MY U {kT/n + K'T/n? 1 < k' < n — 1}, where & is an independent uniform random
variable on {0,...,n — 1}, we also get E[f(XHl( ))] [Q[n_(ﬁﬂ)] [Q[Qn] — Ql]Q[f]f(x)], and then
E[n(f(XIF () — #(XIP ()] = Sl QI QI — 9,10 £(2). When using a Monte-Carlo
estimator of this identity, one has thus to draw as many k’s as trajectories.

We have presented here how to construct Pvnfory =1and v = 2, and it is possible by repeating
the same arguments to construct by induction approximations of any order. Unfortunately, the
induction is quite involved. It is fully described in [5, Theorem 3.10|. We do not reproduce it in
this paper because it would require much more notation, and we will mainly use the scheme (2.8).
Here, we give in addition the explicit form of P3", n > 2:

753,nf =P2n 4 Z Q —(k2+1)] [ [2n]_Q1] [1k2*k1 1[ [] - Q1] [klf (2.9)

0<ki<ks<n

+ ni QU+ [Z Q=W _ Qﬂdjl]l s
k=0

By similar arguments, it satisfies (2.3) with v = 3.

2.2 Second order schemes for the CIR process and main result

In this section, we focus on the approximation of the semigroup of the CIR process P f(x) =

E[f(X7)], where
¢ ¢

Xf:x+/(a—k:X§)ds+a VXEdWs, t > 0.
0 0

Equation (2.5) shows that, necessarily, approximating operators Q; that satisfy both (/) and (H>)
lead to a weak error of order a. Therefore, we are naturally interested in approximation schemes of
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the CIR for which we know the rate of convergence a for the weak error. |4, Proposition 4.2] gives
a rate @ = 1 for a family of approximation schemes that are basically obtained as a correction of
the Euler scheme. Ninomiya and Victoir [38] have developed a generic method to construct second
order schemes (a = 2) for Stochastic Differential Equations with smooth coefficients. Applied to
the Cox-Ingersoll-Ross process, their method leads to the following approximation scheme

XF = (a1, VIN), (2.10)
where N ~ N(0,1) and ¢ : Ry X Ry x R — R is defined by

2
oz, t,w) = e F/2 <\/(a — 02 /Ay (t)2) + ekt 2p + Uw/2> + (a — 0% /4)bp(t/2) (2.11)
= Xo(t/2, X1(w, Xo(t/2,x))), with

1— e—kt

Xo(t,z) = e a4+ (t)(a — 02/4), Pi(t) = — (2
Xi(t,x) = (Vz +to/2)?, (2

with the convention that 1g(t) = t. This scheme corresponds to approximate P, f(x) by P;f(x) =
E[f(X[)] for z,t > 0, and then to set Q; = F},. Its construction comes from the splitting of the
infinitesimal generator of the CIR process

12)
13)

L&) = (a— ka)f (@) + go*f"(x), f € CPa>0, (2.14)
as L =Vy+ £V with
o2
Wof(z) = <a —q " k:):) f(z) and Vi f(z) = ov/zf (). (2.15)

The function ¢ — Xo(¢,x) is the solution of the ODE X{(t,z) = a — %2 — kXo(t,z) such that
Xo(0,2) = x, while X1(W;, ) solves the SDE associated to the infinitesimal generator V/2.

The scheme (2.10) is well-defined for 02 < 4a. Instead, for 02 > 4a, it is not well-defined for
any x > 0 since the argument in the square-root is negative when x is close to zero. To correct this,
Alfonsi [3] has proposed the following scheme

. o rd
Xy = (]lmng’(t)gp(%tv \/EY) + ]la:<K§/(t)Xtm ) (2.16)

where Y is a random variable with compact support on [—Ay, Ay]| for some Ay > 0 such that
E[Y*] = E[N*] for k < 5, and th’d is a nonnegative random variable such that ]E[(Xf’d)z] = E[(X¥)"]
for i € {1,2} and KJ (t) is a nonnegative threshold defined by

kt kt g 2
KY (1) = 1y, [ <<a2/4 — a)dn(t/2) + W e (02/4 — a)y(t/2) + QAM) )] L (2a)

Note that when o2 < 4a, we have K3 (t) = 0 and thus X7 = o(z,t,v/tY). In [3], it is taken
Y such that P(Y = v/3) = P(Y = —/3) = 1/6 and P(Y = 0) = 2/3, and a discrete random

variable X% such that P(X7? = ﬁ) = n(t,z), PXP4 = m) = 1— 7(t,z) where
(b, ) = =Y TECHPEIT] ¢ (1 o).

We now restate [3, Theorem 2.8] that analyzes the weak error. We introduce Cgol(RJr), the set

of C* functions f : R — R, such that all its derivatives have polynomial growth. More precisely,
this means that for all ¥" € {0, ..., k}, there exists Cy/, Exy € Ry such that

1F*¥)(2)] < C (14 25), 2 > 0.

We also set Cpg)(R+) = mkeNCsol(R+).
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Theorem 2.2.1. Let Xf be the scheme defined by (2.10) for o < 4a or by (2.16) for any o > 0.
Then, for all f € C2,(Ry), we have Q[ln]f(x) — Prf(x) = O(1/n?) where Q1f(z) = E[f(f(,’fl)]

pol

The goal of this paper is to extend this result and prove the estimates (H;) and (H>) for a
suitable space of functions and a suitable family of seminorms. We are able to prove such results
only in the case 02 < 4a: the indicator function in (2.16) creates a singularity that is difficult to
handle in the analysis. In Section 2.3, we first prove (/) and (Hs) for polynomial test functions.
Then, we deal in Section 2.4 with the much technical case of smooth test functions with derivatives
of polynomial growth. We state here our main result, the proof of which is given in Section 2.4.

Theorem 2.2.2. Let X¥ be the scheme defined by (2.10) for 0% < 4a and Qf(z) = E[f(X,fl)], for

Il >1. Then, for all f € Crl)il(RJr), we have P27 f(x) — Ppf(x) = O(1/n*) as n — oo.

Besides, for f € Coo1(Ry), we have Prrf(z) — Prf(z) = O(1/n%).

Let us stress here that Theorem 2.2.2 gives an asymptotic result as n — oo. It thus might

happen that for small values of n, P21 ig less accurate than P17 = Q[l"] for some f € Cl‘;‘(’)l(R+) and

x > 0. In practice, we have always noticed in our numerical experiments that P27 is more accurate
than PLm. However, the estimated rates of convergence obtained from relatively small values of n
may be different from the theoretical asymptotic ones, see Figures 2.1,2.2 and 2.3 where are given
the estimated rates for 751’”, P2 and P3n,

2.3 The case of polynomial test functions

In this section, we want to illustrate the method and consider test functions that are polynomial
test functions. We define for L € N

L

PLR)={f: Ry =R, f(z)= Zajxj for some ag,...,ar, € R},
=0

the vector space of polynomial functions over R, with degree less or equal to L. We also define
PB(R) = UrenPBr(R) the space of polynomial functions. We endow B(R) with the following norm:

L

L
1= lajl, for f(a) = aja’. (2.18)
j=0

J=0

We consider the case 02 < 4a and consider the scheme (2.16) for the CIR process with a time
step t > 0, Xf = ¢(x,t,v/tY). The approximation scheme Q; is then defined by Q;f = ]E[f(X,fl)]
The goal of this section is to prove (H) and (Hs) for the norm (2.18). We make the following
assumption on Y.

Assumption (Hy): Y : Q — R is a symmetric random variable such that E[|Y|¥] < oo for all
k € N, and E[Y*] = E[N¥] for k € {2,4} with N ~ N(0,1).

We now state two lemmas that will enable us to prove that () is satisfied by the scheme (2.16).
Lemma 2.3.1 shows that polynomials functions are preserved by the approximation scheme, and
gives short time estimate for the polynomial norm. Lemma 2.3.2 gives similar results for the CIR
diffusion. The proofs of these lemmas are quite elementary and are postponed to Appendix A.1.

Lemma 2.3.1. Let T >0, t € [0,T], f € BL(R) and assume (Hy) and o* < 4a. Then, we have
f(Xo(t, ), E[f(X1(VtY, )] € BL(R) where Xo and X1 are defined by (2.12) and (2.13), and

Lf(Xo(t, DI < @ ve )1+ CE I/,

2. |E[f (X (VIY, ) < L+ EY]CE D11,
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for some constants Cx,,Cx, depending only on (a,o,T).

Lemma 2.3.2. Let (X[F,t > 0) be the CIR process starting from x € Ry. For m € N, we define
U (t, z) = E[(X])™]. There exists C* functions @, : Ry — R that depend on (k,a, o) such that:

G (t, ) = ) Tl m(t)27 (2.19)

=0
If f € BL(R), then we have E[f(X;)] € BL(R) and fort € [0,T],

[ELf (XD < Ceir(L, T f], (2.20)

with Ceir(L,T) = maxXie(o,1],me{0,...,L} E;‘n:o |%jm ()]

We are now in position to prove the main result of this section, which is a weaker (but easier
to prove) version of our main Theorem 2.2.2; since it only applies to polynomial test functions. Let
us point however that it applies to a larger family of schemes, namely to the schemes ¢(z,t, VtY)
with YV satisfying (Hy ), while Theorem 2.2.2 requires to take ¥ ~ N(0,1).

Proposition 2.3.3. Let 0 < 4a and assume that Y satisfies (Hy). For any L € N, the proper-
ties (Hy) and (Hs) are satisfied by the scheme (2.16) XF = @(x,t,\/tY) for F = Br(R) and the
norm (2.18). Then, we have for any f € Pr(R),

IE[f (XF)] = P fI| < Cr|| fln~>,
for some constant CT,.

Proof. We first prove (H3). The property supepo ) [|P:f| is given by Lemma 2.3.2. Since X7 =
Xo(t/2, X1(VtY, Xo(t/2,))), we get by Lemma 2.3.1

IELF (XN < [(1V e ™ H2) (1 4 C%, t/2)) (1 + EY*HICE, )| f]]
We now use that 1+ x < e” to get
IELF (R < o/ EF R B8 gy (2:21)

j]fH < e((—k)*L—&-C)L{O-i-]E[YZL}C)L(I)THfH.

Since Q;f(x) = E[f(XZ, ,)], this yields to Max)<j<p! ||Ql[

T/n!
We now prove (Hi). Let m € {0,...,L} and 0 < xp < --- < xp, be fixed real numbers (one may
take for example zy = £+ 1). Lemmas 2.3.1 and 2.3.2 give that v,,(t,z) = E[(X7)™] — E[(XF)"] =
Z;’;O v;m(t)z?. By |3, Proposition 2.4], we know that there exists C,, E/, such that for all ¢ € (0,1),
lom (t, )| < C" t3(1 + |x|Pm). Therefore, there exists Cp,, € R such that for all £ € {0,...,L},
lum (t,2¢)| < Ct3. By using the invertibility of the Vandermonde matrix, we get the existence of
Cin € Ry such that
0jm ()] < Ct®, j €10,...,m}.

Therefore, we get for f € P (R)

L m
JELF(X0)] ~ B < 3 lanl 3 O’ <L max | Cul I

m=0 7=0

that gives (H;). We conclude by applying |5, Theorem 3.10]. O
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2.4 Proof of Theorem 2.2.2

In Section 2.3, we have obtained the convergence for test functions that are polynomial functions.
For these test functions, the choice of the norm is straightforward and the proofs are not very
technical and quite easy. However, one would like to obtain the convergence result for a much larger
class of test functions. This is the goal of this section.

We consider test functions that are smooth with polynomial growth, whose derivatives have a
polynomial growth. Namely, we introduce for m, L € N,

CTE(Ry) = f : Ry — R of class C™ 7O @)
pol (R) =9 f: Ry = Rof class : je«f&%fm}iggm <00, (2.22)
which we endow with the norm
1f9) ()]
L= IEAsac7il 2.23
[ fllm.z jelmax | SUp ST (2.23)

To prove Theorem 2.2.2, we need to prove the estimates (F;) and (H>) for this family of norms.
This is the goal of the two next subsections. More precisely, we will show respectively the estimates

(P, = Q) fllm,z+3 < ChJ || fllagmzy,, m < L+3,f € Cooy ™V (Ry)

in Proposition 2.4.3 and
j L
sup | Pifllm.s + max Q7 fllme < 1 llmcChY, m < L. f € Chaf (Ry)
t>T 0<j<n!

in Proposition 2.4.9 for @); as in Theorem 2.2.2. Note that L has to be large enough: this is not an

issue for our purpose since C;nc;lL (Ry) C C;nc;lLH(RJr), and we can work with L as large as needed.

We refer to the proof of Theorem 2.2.2 in Subsection 2.4.3 for further details.
Before, we summarize in the next lemma some properties of the norms defined in Equation (2.23)
that we will use later on. Its proof is postponed to Appendix A.2

Lemma 2.4.1. Let m, L € N. We have the following basic properties:
i L
L fllwr 2 = maxjeqo ey [1F Do, for f € Cpoy' (R+) and m' € {0,...,m}.

1,L L 1,L
2. CottH(Ry) € Couf(Ry) and || fllm,z < | fllmir.z for £ € CoorPH(Ry).

3 NS lmr < | fllmrir fori € N and f € CoorH(Ry).

4o Cpat Ry) C Cpo ™ (Ry) and || fllm,z41 < 20 fllm,r. for f € Cpgy’(R+).

5. Let My be the operator defined by f +— My f, Myf(x) = af(z). Then, Myf € Clor ™ (Ry)

pol
for f € Cpat (Ry) and | M f 11 < (2m+ 3)| fllm L

6. Let Lf(z) = (a — ka)f'(z) + 0%z f"(x) be the infinitesimal generator of the CIR process.

Then, we have for f € CQOJ{Z’L(RJF),

I£ £ lm,r+1 < (2a+ (2m + 3) (K] + 02/2)) | flm2.c.

We also have ||(V?/2) fllm 41 < 0*(m+ 2)[ fllmt2.r and [Vofllm,o+1 < [2la—o?/4]+ (2m +
3IE|N fllmt1,L, where Vo and Vi are defined by (2.15).

We also state the following elementary lemma that will be useful to prove both (/) and (H>).
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Lemma 2.4.2. Let T > 0, 0? < 4a and Xo be defined by (2.12). Then, there exists a constant
K > 0 such that for any function f € Cpol (Ry), we have

1F (Xo(t, N,z < € fllm,r, t €10,T].
Proof. We first prove the following inequality
14 Xo(t,z)E < (1 v e ) (1 4+ Cx, t)(1 4 21),

for some constant Cy,. To do so, we develop the term Xo(t,z)* and get

L
L Ko = 1+ ()M o = o)
j=0

L
=1+ e Pral 4oyt Z( ) L=kt g (E=Dapy ()Y (@ — 02 /4).

J=1

We remark that for £ > 0, 0 < ¢4(t) < t < 1V T for all t € [0,7]. For £k < 0, we have
Yp(t) = e Fp_p(t) and thus ¥y (t) < eF 7t for all ¢ € [0, 7] and k € R. Using 27 < 1+ 2 for all
j €{1,...,L}, we can rewrite the previous identity as

1+ Xo(t, o)l < (1 ve B + 2F)

+teR T v e IRy (1 4 2 ( ) T (v T (a — 02 /4))

y“Tﬁ
h

< (Ve M+ Cx, t)(1 + z*

where Cx, = etP" T (1 4 R T (1 v T)(a — 02/4))E.
We are now in position to prove the claim. For i < m, we have:
105 F (Xo(t, )| = e ™ fO(Xo(t,2))| < €™ | fllm,L(1 + Xo(t, 2)")
< Fllm,p (v e™™ ) (1 V e ) (1 + Cxt) (1 + 2*)
< [ f £l o AMERT (L 4 g,

This gives || f(Xo(t, ) lm.c < |f]Im, 1 elCxoH(Lam)(=k)*]t. O

2.4.1 Proof of (H,)

In this subsection, we prove the following result which is a direct consequence of Propositions 2.4.4
(with v = 2) and 2.4.8 that are stated below.

Proposition 2.4.3. Let Y satisfy (Hy), 0% < 4a and X7 = @(x,t,/tY) be the scheme (2.16). Let
m,L € N such that L +3 >m and f € CPOTJF?’)’L(RJF). Then, there exists a constant C' € RY such
that for t € [0,T], A

IELF (X)) = E[f (XD lm,z+3 < CEN fllagns) -

To prove this result, we compare each term with the expansion f(z) + tLf(x) + %.62 f(z) of
order two. The next proposition analyzes the difference between such expansion and the semigroup
of the CIR process.
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Proposition 2.4.4. Let m,v,L € N such that L+v+1>m, T >0 and [ € C;noJlr2(VH)’L(R+),

Let X* be the CIR process and L its infinitesimal generator. Then, fort € [0,T], we have
T t i v+1 ! (1 — S)V v+1 T
E[f(XP)] =) =L f(x)+1 —— - E[L7 f(X)]ds (2.24)
— il 0 v!

where the function x fol %E[ﬁ”“f(Xf)]ds belongs to C;n(;f(RJr) and we have the following
estimate for all t € [0, T,

for some constant C' € Ry depending on (a,k,o,v,m,L,T).

[ we i as
0

v!

< CHf”erQ(szrl),L’ (2.25)
m,L+v+1

Proof. Let f € C;n OJIF2(V+1)’L(R+). Since the coefficients of the CIR SDE have sublinear growth, we
have bounds on the moments of X7: for any g € N*, there exists C; > 0 such that E[|X7|7] <
Cy(1 4 29) for s € [0,T]. Using iterations of It6’s formula and a change of variable (in time), we

then easily get (2.24) for ¢t € [0,T]. To get the estimate (2.25), we first use Lemma 2.4.1 and obtain

127 Fllin, o1 < Keir(m, ) fllmz(41),20

with Keir(m,v) = 2a + (2m + 4v + 3)(|k| + 02/2). By the triangle inequality, we have

[0 wre i as
0

v!

1 1— 35 5 .
< [ e g

m,L+v+1 B
Since ¢ < T, we have ||E[L! f(X;)]||,, 1spir < Ceir(m, L+v+1,T) || L7 f]]

sition 2.4.10 using that L + v + 1 > m. This gives by Lemma 2.4.1

’ < Ceir(m,L+v+1,T)
m LA+l (v+1)!

T by Propo-

Keir(m, V)VH Hf||m+2(u+1),L'

/ A= gy o (s
0

V!

O

We now focus on the approximation scheme. The main difficulty comes from the differentiation
of the square-root that may lead to derivatives that blow up at the origin. Here, we exploit the fact
that Y is a symmetric random variable to cancel these blowing terms. More precisely, we will then
need to differentiate in = the following quantity

o2 o?
915V ) + 9(X (~5vE,2)) = gl + osv/ivE + Tts?) 4 gl — osViVE + Tots?),
and the next lemma enables us to have a sharp estimate of the derivatives.
Lemma 2.4.5. Let g : Ry — R be a C*" function, 3 € Ry and v > %/4. Then, the function
Yg(x) == g(x + Bz +7v) + gl — SV +7), x > 0 is C" with derivatives

Wdu (2.26)

The proof of this lemma and of the next corollary are postponed to Appendix A.2.

Corollary 2.4.6. Let m,L € N, 8 > 0 and g € CEZ’L(RJ'_). Then, ¥y(x) = g((vVx + 8/2)?) +

g((/z — B/2)2) belongs to C™L(R,), and for all n € {0,...,m} we have the following estimates

pol
1¥glln,z < Cgm,rllgll2n,L, (2.27)
with Cgm.1, = ((1+ 8/2)%F 4+ (1 — B/2)%L +2(1 + 52/2)E(1 + g2/2)™).

" /n e ; u—u?)i—1
() = () + 3 (j>523 /0 D (@ 4 B(2u— 1)z +y) )
j=1
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Lemma 2.4.7. Let m,v,L € N, T > 0, t € [0,7] and N ~ N(0,1). Let Y be a symmetric
random variable such that E[Y*] = E[N*] for k < 2v and E[Y?*] < oo for all k € N. We have, for
f e Cm+lj+1,L(R+),

pol
Voo 1 O\
FXolt,2) = 30 S Vif @) + ¢4 /0 W%Vﬂf(Xo(Utw))duy (2.28)
i=0 ’
with || f3 S Ve f(Xo(ut, ) dullm,rrvrt < Collflmsvrrz; and for f € C2OH (R, ),

v i 1 7

B0 =3 5 (512) f@) (2:20)
i=0

V+1E Y2V—|—2 ! (1 —U)2 vl V211—|—2 X JY d
+t i f(Xi(uvtY,x))du| ,

2v+1
ith HE |:Y2V+2 1 (1 u) V2l/+2 X t}/, MNd :| ’
v Jo (2v+1)! JX (VI ))du m,L+v+1

stants Cy, C1 € R depending on (a,k,o), T, m, M and v.
Proof. Equation (2.28) holds by using Taylor formula since %f(Xo(t,x)) = VWf(Xo(t,z)). We
have by Property (6) of Lemma 2.4.1 |V f||mr+1 < |a — %Q\Hf'Hm,LH + |E|2m + 3)|| f |l <
(2la — % |+ k]2 + 3))|| fllm+1.2 and thus [V Fllm Lvs1 < Cllfllmsv41.1 for some constant C
depending on a, g, k,v, m. Using the triangular inequality and Lemma 2.4.2, we get the result.

We now prove the second part of the claim. We first show Equation (2.29). Since % f(Xq(t,x)) =
Vif(Xi(t,z)), we get by Taylor formula

< Cillfllzgmgv+1),, for some con-

2v41 (t— 3)2u+1
f(Xa(t,r) Z V1f / mvfyﬂf()(ds,x))du
QVH 2042 P - w2 2w+2
= Z 'Vl +1 vt /0 Wvl vt f(Xl(Ut,.’Ij))dU, te R.

We apply this formula at v/#Y and take the expectation. Since E[Y?*1] = 0 by symmetry and

E[Y?] = E[N?%] = (12,;)1' for i < v, we get (2.29). We now analyze the norm of the remainder. We
have || 3V2fllm,r+1 < 02(m + 2)||fllmt2,0 by using Lemma 2.4.1 (6). Then, we observe that by

symmetry of Y,

E [Y2u+2 /01 (1(2;1)21”;1‘/121/“]0()(1 (uVtY, x))du

1
_ %E |:Y21/+2/0 (1<2—V7i)21> [‘/1211—0—2]0()(1(“\[}/ .7})) 12V+2f(X1(—U\/EY, l‘))]du

By Corollary 2.4.6, we have
V22 F(X (uv/EY, ) + VP2 F (X (—uvY ) vt < Coyayn, IV Fll2m a1
< c'c ouV/tY,m, L||f||2 (m+v+1),L>

with C' = (40%(m + v + 1))**1. The conclusion follows by using the triangle inequality, the
polynomial growth of the constant C, 4y, given by Corollary 2.4.6 and the finite moments

E[Y?¥] for k sufficiently large. O

We are now in position to prove the estimate for the approximation scheme (2.16). Since
this scheme is obtained as the composition of the schemes Xy and X7, the proof consists is using
iteratively the estimates of Lemma 2.4.7.
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Proposition 2.4.8. Let Y be a symmetric random variable such that E[Y*] = E[N*] for k < 4 and
E[Y?] < oo for all k € N. Let 0® < 4a and XF be the scheme (2.16). Let m € N,L € N* and

fe CIZ)E)T+3)7L(R+), Then, we have for t € [0,T],

A 2 —
B (X7)] = f(2) + LLf () + 5 L2 (2) + Rf(1,2),
with | Rf(t, ) lm,z+3 < C| fllagm3),L-

Proof. We use X7 = Xo(t/2, X1(v/1Y, Xo(t/2,2))) and apply first (2.28):

B CXoft/ 2.5 (VY. Xa(t/2, ) = B [( + 5165 + VRN CXVEY, Xo(t/2.0))] + Raf0.2),

8 11 (1 _ )2
with fuft0) = (5 ) [ OG220 (VY. Xolt/2. )l

We get by using Lemma 2.4.2, Corollary 2.4.6 (using the symmetry and the finite moments of V),
again Lemma 2.4.2 and then Lemma 2.4.1 (6):

IEBIVG f(Xo(ut/2, X1 (VEY, Xo(t/2, ))]llm,+3 < CIE[VE f(Xo(ut/2, X1(VEY, )]llm,+3
< OV f(Xo(ut/2, Nllom,+3 < CIVE fllam,z+3 < Cll fllom+s,L

This gives || Ry f(t,2)||lm.r+3 < Ct|| fll2m+3.L, for t € [0,7].
We now expand again and get from (2.29)

B[+ Lvor + Lvan iy xo/2.)

2
= F(Xo(t/2.2)) + S VEF(Xot/22)) + 5 (V222 (Xo(t/2,2) + SVoS (Xo(t/2,2)
& LRV (Xo(t/2.2)) + VRS (Xo(t/2.2) + Risf(t.2),

with

R[]f(t, 33) = th

v [T X eV, Xo( /2.0

4 U —u 3
+1;/0 " 3l SV F (X VBV, Xo(T/2, ) du

+ Y: / "1 = VPV VT, Xo(T/2,2)))du
0

We use Lemmas 2.4.7, 2.4.2 and 2.4.1 to get, for t € [0, 77,

IRz f(t, )|

Last, we use again (2.28) to get

m L3 < CE(|| fllagmtay.r + Vo lamme2)p1 + IVE Fllagns1),n+2) < C| fllagm3).r-

2
FXo(t/2,2) + 3 [VE + Vol F(Xo(t/2,2)) + T (VZ/2)7 + (V2/2)V + V@ /41F (Xo(t/2,))

2 2
= (@) + Vol (@) + SVEI(@) + SIVE + Vol (@) + [VoVE + Vil (@)

+ VR 22 + (VR/2)Vo+ V3 /411 (&) + R ),
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where again by Lemma 2.4.7 and 2.4.1, we have

IR0 f(t ) lm,+3 < CE fllmas,z + VP + Vol fllmae,c+1
+ 1[(V2/2)? + (V2 /2)Vo + Vi /4 fllm+1,+2)
< Ct|| fllm+5,L-

Finally, we get HRf(t, ')”m,L—&-S S Ct?’HfHQ(m—&-S),L with Rf = R[f + R[[f + R[[]f and
E[f(Xo(t/2, X1 (VY, Xo(t/2,2)))] = f (@) +t[Vo + Vi /2] f ()

+ ﬁ[VOQ + VoV /2 + (VE/2)Vo + (V/2)°] f(2) + Rf(t, z)

2
2
— f(e) +tLF(2) + %ﬁf(a:) + RE(t ). 0

2.4.2 Proof of (H,)

In this section, we mainly prove the following result.

Proposition 2.4.9. Let 02 < 4a and X¥ = @(x,t,\/tN) be the scheme (2.10) with N ~ N(0,1).
LetT >0 and m, L € N such that L > m. We define forn > 1 and 1 € N, Q,f(z) = E[f (X}, )]with

hy = % Then, there exists a constant C' € R’ such that for any f € CZLC;IL(R_i_), leNandte0,T],

IEL (XDl + i

ng]fﬂml < Cllfllm, - (2.30)

We split the proof in two parts. The first one deals with the semigroup of the CIR process,
for which the assumption o2 < 4a is not needed. This is stated in Proposition 2.4.10, whose proof
exploits the particular form of the density of X;°. The second part that deals with the approximation
scheme is quite technical. We prove in fact in Proposition 2.4.12 a slightly more general result for
the scheme Xf = p(x,t, ﬁY), when Y is a symmetric random variable with a smooth density.
However, the conditions needed on the density are quite restrictive. These conditions are satisfied
by the standard normal variable by Lemma 2.4.14. If we want besides to have (2.30) for any m and
in addition to match the moments E[Y?] = E[N?] and E[Y*] = E[N%] — which is required to have a
second-order scheme —, then Theorem 2.4.16 shows that we necessarily have Y ~ AN(0,1). This is
why we directly state here, for sake of simplicity, Proposition 2.4.9 with Y = N ~ N (0, 1).

Upper bound for the semigroup

We first prove the estimate (H5) for the semigroup of the CIR process. To do so, we take back
the arguments of |4, Proposition 4.1| that gives polynomial estimates for (t,x) — P.f(x). First
we remove the polynomial Taylor expansion of the function f at 0, which enables then to do
an integration by parts and to get the remarkable formula in Eq. (2.34) below for the iterated
derivatives of P, f that gives then the desired estimate. The polynomial part is analyzed separately
in Lemma 2.4.11 below with standard arguments.

Proposition 2.4.10. Let f € C;"C;IL(R+), L>m,T>0andte (0,T]. Let X* be the CIR process

starting from x > 0. Then, E[f(X;)] € C;no,lL(RJr) and we have the following estimate for some
constant Cir(m, L, T) € Ry.:

B (X, < Coir(ms, L, T) [ £, (2.31)
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Proof. Let f € CpOl (Ry) and T0,(f)(x) = Z’]" 0 ! (;(O)xﬂ its Taylor polynomial expansion at 0 of

order m. We define f,, = f — Ti(f) € C;nc;l (Ry), so we have f = fn + Tin(f). By Lemma 2.4.11
below, one gets ||E[T, (f)(X)]||m,r. < Ceir(m, T)|| T (f)||m,r and then

BT () (XD lm, 2. < eCeir(m, T)|| fllm, L (2.32)

since for all i € {0,...,m} and z > 0

(T () (0 -
‘HxL i 1+xL Z*IIfIImL_EHmeL
Jj= =0 ]—0

We now focus on E[f,,(X;)]. We recall the density of X7 (see e.g. |2, Proposition 1.2.11])?

t:vz

e~ dw/2( dtm/2) ct/2 ez iTltv
“te —ctz/2
Firo) ( : ) e (2.33)

Mg

=0

where ¢; = ﬁ, V= QCL/U2 and d; = c;e™*. Let us remark that

=3 k>0
Ct > Cmin i= %, k=20
=, k<0,
We have .
E{fn(XP)] = Zd/z(f”/” L), 10,
where

INCE Y
Differentiating successively, we get that for j < m, ¢t € (0,7] and =z € Ry

00 efdtx/Z (dtx/2)i
2!

Ct/Q % i—ltv —ctz/2
fmaCt / fm ) ( 5 ) e dz.

OFE[f(XF)] = A (L(fins 1)),

=0

where A; : RN — RN is an operator defined on sequences (Ii)i>o0 € RN by Ay(;) = %(Iiﬂ —I;) =

?Ct([i+1 — I;). An integration by parts gives for i > 1

(f(]),Ct)Z/ f(j 2 Ct/z) (ﬁ)iilﬂe_c”ﬂdz

L(i4v) \ 2
2(s i—
(] 1) Ct/z) (Z -1+ U) Gtz i—24v —ctz/2
/ (i + ) () e
= a(Il(f(] b Ct) Ii—l(fr(fz_l)a Ct)) = ektAt(Ii—1<f'r(fZ_l)7 Ct))7

since f )(0) =0forall 1 <j<m and fr(,{)has a polynomial growth. By iterating, we get for all
t€(0,7) and z € Ry,

& —dtz/Q(d
€ tx/2) j —kjt
OBl X)) = > S L (fD )™, (2.34)
=0
’In the case a = 0, X is distributed according to the probability measure eidtz/25o(daz) +

—dix K i— — . 7 7 .
>y % Cf/Q (C’Z) " e=¢12/2_ The proof works the same since f,,(0) = 0, so that E[f,, (X¥)] only involves

the absolutely Contmuous part of the distribution.
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Note that, since for j < m, |f,§{)(z)| < || fmllm.r(1 4 2%) and using the well known formula for the
L-th raw moment of gamma distribution we have for all i € N

L .
oy A 2\"T(i+L+v)
L(f9) e < 1+(=) =72, 2.35
L.l < Hfmllm,L< +(2) M ) (2.35)
Thus, the derivation of the series (2.34) is valid, and we get that

. ; y 2 L ¢ M (dy/2) T(i+ j + L+ 0)
z T\ < kjt 1 = .
OFEL (XD < | il ( )X 7o)

(i+j+L+v)
L(itj+v)
BO, e ,ﬂL its coefficients in the basis {1,4,i(: — 1),...,i(i —1)--- (i — L 4+ 1)}. Thus, we get that

. R . INEEN AN\
OB (XD < Nl T (1 (2) () )
R o+ oLt
< Wl )’”T<1+ZW<> e_k”(lerL))

=0

L—i
< [l et T (”Z'M ) )“”L)'

By the triangular inequality and (2.32), we get || fun|lm.z < (14€)|f|m.z, so one has for all t € (0,T],
j<m

The quotient is a polynomial function of degree L with respect to i, and we denote

L—1
B[ fon(XE)]| < (1 + )R OntD)T <1+ZW< ) >||f|rm,L<1+xL>, (2:36)

mln

and thus for all t € (0,77: A )
[E[fm(XD]lmz < Cllfllm,L, (2.37)

L—1i
where C’ = (1 + e)e(_k)+(m+L)T maxo<]<m 1 —+ Z -0 |B‘7| ( ) . Finally, we get the desired

Cmin

estimate by the triangular inequality, (2.32) and Lemma 2.4.11:

NELS (XDl < NEL o (X0, + BT () (X2 < (€ + Coir (2, D) f - .

Lemma 2.4.11. Let P € PB,,,(R) be a polynomial function of degree m € N* and L € N* such that
L >m. Then, fort € [0,T] we have the following estimate

[BIP(X)lm. < Ceir(m, T)|| Pllm, L, (2.38)
where Ceip(m, T) = max;cjo,) 21— E{:o |G ; ()| with @; ;(t) defined as in Lemma 2.5.2 by E[(X{)7] =
St Ty (D
Proof. We consider a polynomial function P(y) = >_1" b;y" of degree m and L > m. For all
1 €{0,...,m} one has from Lemma 2.3.2

OLE[P (X} S s - 2!
e W;
l—i—xL 1+:1:L J i —l'l—i—xL
7=0 i=l
m j m J
bji|j! U 4(t)] < max max  |b;|j!,
g\ T SLACERES B RO

passing to supremum over x > 0, [ € {0,...,m} we get (2.38) observing that |b;|j! = |PU)(0)| <
1P, O
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Upper bound for the approximation scheme

We now prove the estimate (F5) for the approximation of the CIR process. The main result of this
paragraph is the following.

Proposition 2.4.12. Let T > 0,02 < 4a, m,M € N, Y be a symmetric random variable with
density n € CM(R) such that for alli € {0,..., M}, [0 (y)| = o(|y|~FL*D) for |y| — oo, and n, >
0 for all 1 < m < M (see Lemma 2.4.13 below for the definition of n,). Let Qf(x) = E[f(X,‘fl)]
with X’f = o(t,z,v/tY), n > 1,1 € N and by = T/n'. Then, for any L € N, there exists C € R
such that:

max Q7 fllmr < Cllflmz. f € Cpaf (Re).1EN.

0<j<

Note that by Lemma 2.4.14 below, the assumptions of Proposition 2.4.12 are satisfied by Y ~
N(0,1). Therefore, (Hs) holds for the scheme of Ninomiya and Victoir (2.10).

Proof. We have XF = o(t,z, V1Y) = Xo(t/2, X1(V1Y, Xo(t/2,2))). Let f € C
Lemma 2.4.2 and Lemma 2.4.13 below to get:

el (Ry). We apply

IE[f (Xo(t/2, X1(VEY, Xo(t/2, )))]llm,z < *2EIf (X1 (VEY, Xo(t/2, )] llm, 1
< S £(Xo(8/2, )l < € ST I,z

This gives maxge < |QF fllmr < eCTEOT| fll r. O

Lemma 2.4.13. Let M,L € N. Let Y be a symmetric random variable with density n € CM(R)
such that for all i € {0,..., M}, [nD )| = o(ly|~L*D) for |y| — oco. Then, for all function

fe Cpol (Ry), me{1,...,M} and t € [0,T] one has the following representation

OPELf (X, (VY. 2))] / / W)L F) (o, 2, ) )i () dudy (2.39)

where w(u,@,y) = 2+ (2u— Doviyy/a+ o2ty /4, 15(y) = (<1 (S cimt?n@ (), and the
coefficients c;j ., are defined by induction, starting from c11 = —1, through the following formula

Cj_l’m_l]lj>1, je {1, R ,m}, m e {2, e ,M}. (2.40)

-1

27 2
Cim = < S 4> Cj,m—l]lj<m + m_1

2m1

In particular, cpm = — =ty < 0. Furthermore, if the density n is such that n},(y) > 0 for all
y€eR, and allm e {1,..., M}, then there exists C' € Ry such that

IELf (X (VI D,z < (1 +CO| fllm,z, ¢ € [0, T]. (2.41)

Let us stress here two things that are crucial in (2.41): the same norm is used in both sides,
and the sharp time dependence of the multiplicative constant (1 + Ct). These properties are used
in the proof of Proposition 2.4.12 to get (Hs).

Proof. We first consider m =1 and f € Cpol (Ry). From the symmetry of Y, we have the equality
E[f(X1(VtY,2))] = E[f(X1(VtY,2))+ f(X1(—tY,))]/2 and using the notation w}t(a:,y) = f(z+
oVtyyT + o?ty?/4) £ f(x — ovtyy/x + o*ty?/4) we can write,

QLE[f(X1(VtY,z))] = % / h A0} (2, y)n(y)dy
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One derivation and a little of algebra show that

oty oty
2z 2\/x

=U¢%@(w%w2+mﬁ¢wfu+o¢@¢5+ﬁwﬁ®
— (o%y/2 = VIV [ (& — oVigVE + oty /1) )

1

—— (01 (0 + oVEyv/a + oty 0)] = 0, (x — oViyVa + o1y /4))
otz

_ 8y1/1]7(x,y)

oVitvz

Integrating by parts in the variable y, observing that the boundary term vanishes since [1(y)| =y|-o0
o(Jy|72F) and f(2) =, 00 O(2F), one has
1 /°° ¥y (z,y)n'(y)
2 —00 0'\/7;\/5

0 1
- / /0 Fla+ (2u— )oViyya + o’ty? /4 (y)y dudy

)f (@ — oVityvz + o*ty? /4)

Ouf (w,y) = (1+ ) (& + oty + o?ty? [4) + (1 -

QE[f(X1(VIY,2))] = — dy

00 1
N /_ /o @+ (2u = Noviyy/a + oty /4) (=1 (y)y) dudy

since Oy f(z+ (2u—1)oVtyyz+o’ty?/4) = 20V ty/zf' (2 + (2u—1)ovty/z +0%ty?/4). In order to
simplify the notation, we define w(u, z,y) := x+ (2u—1)ovty/z + oty /4, and we write explicitly
the partial derivatives of w

auw(uv Zz, y) = 20-\/{52/\/57
dyw(u,z,y) =1+ (2u 21\}3\/1;’ (2.42)
dyw(u,z,y) = (2u — )oViyo + % ty

and we define for s : ]xR—=R

/ / s(u,y)(u? — w)™ O (w(u, z,y) <ch,ny]n(3 ) dudy, (2.43)

so we can rewrite (2.39) as OME[f(X1(VtY,z))] = r(nmr)n(l) where the 1 in the argument has to be
intended as the constant map identically equal to 1. So far, we have shown that formula (2.39) is
true for m = 1, we take now m > 2, and we prove it by induction over m assuming that the result
holds for m — 1. We differentiate Eq. (2.39) for m — 1 and use the second equality of (2.42) to get

m m 2u—1 t
OB = 1)+ 10, (B, (2.44)
i \/E
Then, from the third equality of (2.42), one has (2";%\/@ ((72\”/\1[)8 w — (2u — 1)? and so
OPE[f(X(VEY.2)) = I 1 (1= (2u— 1)) + ﬁ%ml(@“‘”aMuxm)
Viva
_ 4 2 (m) (2u—1)
= 41" (U =)+ L7 < Oyw(u, x,y)
1m—1( Lm=1\ "o iz ¥

= _417(7;7731—1( )+I(m)1m 1 <(21\L/\;)8 w(u, Zl/))
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We work on the term Iq(n )lm 1((2u Ly yw(u, z,y)). We use first an integration by parts in the

aVityz Y
variable y and subsequently one in the variable u. The boundary terms vanishes by using the
hypothesis on 7 since | £ (w(u, z,y))| < || Fllm.0 (1 +w(u, z,y)") | ‘: O(y?*) and to the fact that
y|—o0
2

the function u* — u vanishes in 0 and 1. One gets

// 2u—10\;\;u) £ ( (uggy)8wuxy(zc] _yin@( )>dydu

_/_O; /o1 s 23‘%2\/;“) f(m D w(u, x,y)) (Z Cim—1( y 1 (J)( )+yj77(j+1)(y))>dudy

m—1

o] 1
/_ /0 (u? — u)mflf(m) (w(u,x,y))< Z %Cj,mq(jyjn(j)( )+ g+1n(3+1)(y)) dudy

=1

[ oo w2 (3 dem 196+ 36 im0 ) )t

Jj=1 Jj=2

(2.45)
Rewriting the last equality for O™E[f(X1(v/tY, z))], one has

m—1

IME[f(X1(VtY, x))] / /u—umlfm)( uwy( 4Zc]m1y77 ))dudy+

y 9 , o .
/ / — )" (w(u, ﬂf,y))ml( Z J¢im-19'nY (y) + chl,mlyjﬂ(])(y)> dudy
=1 =2

/ ) <u,x,y>><(2—4)clm )+ (2.46)

-1

2
——Ci—_1.m—
m—1 J ,m

2

2j o
((m - 4)Cj,m71 + 1)yj77(j)(y) +

- L.

1Cm7 71ym77(7n)( )) dUdya

which proves the representation (2.39). Since ¢11 = —1 and ¢ = — =7 Cm—1,m—1 for m > 2, we
get cpm = —% for m > 1.

We are now able to prove the estimate using this representation. Defining n*,(y) = (=1)™"1
Z}":O ¢;imy’n(j)(y), that is nonnegative for all y by hypothesis, one has

1 )
OTELf (X (VEY, 2))]] < /0 (1 — u?)m! / 1O (w0 (a2, ) () s

1 [e%)

< fllmz /0 (u — u?ym! / (1 -+ w(u, 2, 5)P)rt (y) dyd
1 0

= (1t /0 (u — w2y / () dydu

A
M [ = [ w0 )y
B
The double integral A can be seen by means of representation (2.39) with f(z) = % (fi™) =1) as
4o [XOED") Ly (2 (oﬁ)jE[m 1
m! m! 23 2
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by using the symmetry of the density 7. In the same way, B can be seen by means of the represen-
tation as

— OT'E [ X (VY x)Hm]
(T () e

. +tz< L+m> L'(L+m—j); oL (E)thj—lE[YQj]

L=pML+m)t™ A2
. .
<zl 4+t + M)A+ B (2(L2; m)> (%f
j=1

<zl Cct(1 + z%)

where ¢y = max(1,T) and C' = % ((1 + Z5)2L+k) 4 (1 — Ze0)2(L+0)) (1 + E[Y2E]). Putting parts
A and B back together one has

OB (X (VEY, 2))] < [[fllm,p (1 + 2" + CHL +28)) = 1+ 25) (1 + CO fllm, L. (2.47)
and this proves the desired norm inequality. O
Lemma 2.4.14. Let n(y) = ﬁeﬂfﬂ be the density of a standard normal variable. Then, we have
form > 1: .
M) == (D" eimtyn(y) = —cmmy™ n(y), (2.48)
j=1

so, in particular n}, (y) > 0 for all y € R.

Proof. For m =1, (2.48) is clearly true since e "(y) = —yn(y). We now take m > 2, M > m and we
suppose (2.48) true for m — 1: for all f € C’p01 (Ry) and = € R, we have

[e%) 1
/_ /0 (u— u?)™ 2 F D (o, 2, )) (1 () + Emtm1y®™ () dudy = 0.

Doing one differentiation step with respect to x like in the proof of Lemma 2.4.13 and using that
n'(y) = —yn(y), we obtain

(%) 1
/_ /0 (1w — w2)™ £ (o, 2, 4)) (70 (0) + mmy®™ () ) duddy = 0.

By choosing fr(x) := (Lﬁn)!xL*m for L € N, we get for all L € N, x € Ry,

00 1
| = e ) 000 + s () dudy = .
—o0 J0
We now take x = 0 so that w(u,0,y) = %~ “ty2 and then

o0
/ v (0, (y) + emmy®™n(y))dy = 0, L € N.

—00
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We remark also that nj;, (y) = (3272, (=1)"4 " ¢ my? Hj(y))n(y), where Hj is the j*" Hermite poly-

nomial function (defined by 79 (y) = (=1)/ H;(y)n(y)). Thus, 15,(y) + cmmy ™ n(y) = Pom(y)n(y)
where Py, is an even polynomial function of degree 2m. We therefore obtain ffooo Y Py ()1 (y)dy =
0 for all [ € N, which gives P»,;, = 0 and thus the claim. O

Remark 2.4.15. Lemma 2.4.14 gives a remarkable formula of the monomial of order 2m m € N*
i terms of the first m Hermite polynomials multiplied respectively by the first m monomials

=31y S i ), (2.49)

= Cm,m

The next result gives a kind of reciprocal result to Lemma 2.4.14. It explains why we consider
a normal random variable for Y in Theorem 2.2.2, since we use Proposition 2.4.12 for any M € N.

Theorem 2.4.16. Let Y be a symmetric random variable with a C*° probability density function n
such that E[Y?] =1, E[Y*] =3 and n}, > 0 for allm > 1. Then, Y ~ N(0,1).

Proof. By Corollary A.3.2, there exists a positive Borel measure p such that n(x) = fooo —ta? w(dt).
Since fRn =1, we get fo \/7/tu(dt) = 1 and then n(z foo e_tx a(dt) with a(dt) = /m/tu(dt)

= Jo_ gifi(dt) and

being a probability measure on Ry. We have E[Y fo fR
fo (gt) (dt). Therefore, we have

| qpitan = [ (;t)?/l(dt) 1

The equality condition in the Cauchy-Schwarz inequality implies that fi(dt) = 01/5(dt), i.e. Y is a
standard normal variable. O

2.4.3 Proof of Theorem 2.2.2

18,L
(

pol (Ry), for L > 18 sufficiently large.

We prove the result for P2". By assumption, fec
From (2.7), we have

n—1
Prf PR =3 Qi IR, - 00y

+Z Z n—(k+k'+2) b1 [Phy — Q1)QF [P, - Q:11QM,
k=0 ki—

with by = T/n!. Using Proposition 2.4.9 three times and Proposition 2.4.3 twice, we get for
ke{0,....,n—1}K €{0,....,n— (k+2)}:
| Pin— otk +2)yhy [Pry — Q1] F1Py, — QUQM fllorve < Cll[Ph — @Y P, — Qu)QY
< QY 1Pa, — QuIQY fllo s
< Oh{[[[Pry — QuIQY flls.L+s
< CIIQY sz < CH | flhs.c.
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For the other term, we write Py, — Q[Q"] = Z'_:lo Pl +1))ho [Pry — QQ]Q2 and get for k, k' €
{0,...,n — 1} by using Proposition 2.4.9, Proposition 2.4.3 and Lemma 2.4.1:

HQ[ln_(k+1)]P(n7(k’+1))h2 [Ph, — Q2] [gk }Q[f]fHO,L-i-G < C||[Pr, — QQ]Q[k] [k]fHo L+6
< Ch3Qy QY flls.Les
< Ch||fll6,L+3 < Ch3|| fll1s,L-

This gives
1Prf = P> fllo,L+s < Cllfllis.en®(hS + h3) < Cllflls,cn™,

and in particular Prf(z) — P?"f(z) = O(n~*) for any z > 0.
We now consider f € C* with derivatives of polynomial growth. Therefore, for any m € N, it
exists L > m sufficiently large, such that f € Cg‘o’{“(]RJr). We can then apply [5, Theorem 3.10] to

get that for some functions m, ¢ : N* — N* we have ||Prf — 75”7”f||0,L+g(V) < C||f||m(y)7Ln—2V for
L > m(v), which gives the claim.

2.5 Simulations results

In order to present some numerical test, we first explain how to implement the approximations pn
and P3" defined respectively by (2.8) and (2.9) (let us recall here that P1™ is the approximation
obtained on the regular time grid II° = {kT'/n,0 < k < n}). We consider a general case of a scheme
that can be written as a function of the starting point, the time step, the Brownian increment and
an independent random variable, i.e.

Qlf(x) = IE[cp(x, hl, Whl, V)]

The second order scheme for the CIR (2.10) falls into this framework as well as the second order
scheme for the Heston model (2.54) that we introduce below. As illustrated in [5] the approxima-
tion P2" is the simplest case for the implementation. It consists in the simulation of two starting
schemes on the uniform time grid IIY and on the random grid : II' = II° U {xT/n + K'T/n?,1 <
k' <n —1}, where £ is an independent uniform random variable on {0,...,n — 1}. We denote by
X™0 the scheme on TI°

Xg’o =z,
X&il)h (X b, Wieiyn, — W, Vi), 0<k<n—1, (2.50)

and by X™1 the scheme on II':

% 71 —_ % ’0
Xl?h _Xl?h’ 0 <k <k,
ol 1
X:hl+(k/+1) (X:hl-‘rk‘/hz’ h27 Wﬂh1+(k/+l)h2 - Wﬁh1+k’h27 Vn+k’)7 0 S k/ S n— 17
X&L) = (X kh17h17 Wiks1yn — Weny, Vi), k+1<k<n-—1

Here, (Vj)k>0 is an ii.d. sequence with the same law as V. Finally, we can give the following
probabilistic representation

P f = QU f +nEQ] QY — Qi@ ]
= E[f(Xp")] + nElf (X 1) =~ PR, (251)

Let us stress here that it is crucial for the Monte-Carlo method to use the same underlying Brownian
motion for X™% and X™!. Thus, the variance of n (f()A(;’l) - f(X;i’O)) is quite moderate. It is
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shown in [5, Appendix A] that this variance is bounded when using the Euler scheme for an SDE
with smooth coefficients. The theoretical analysis of the variance in our framework is beyond the
scope of the paper. We only check numerically how it evolves with respect to n on our experiments,
see Table 2.3 below.

The approximation P> is more involved. Let &’ be an independent uniform random variable
on {0,...,n —1}. We define the scheme X2

Xl?h2 = Xl?hll X:;L21+k’h2 = X:hllJrk’hz 0<k<rk 0<K <#,
X:h21+n’h2+(k”+1) (X:h21+n’h2+k”h37 hs, Wﬁh1+ﬂlh2+(k//+1)h3 - Wﬁh1+n’h2+k”h37 V27l+k”)7
0<K'<n-1,
X:hzl+(k/+1) SO(X:;EM/M ho, Wny 4+ (k' +1)hs — Wihi+kha> Vasir), K+ 1 <K <n—1.
X&il) gp( khi ,hl,W(k+1) — Wiy, Vi), k+1<k<n-—1.

This is the scheme obtained on the time grid IT' U {kT/n+ &'T/n? + k"T/n3,1 < k" <n—1}. We
have

n—1
ZQ —(k+1)] Z Q[an(k +1)] [an} — Q] [Qk} Q[lk}f _ n2E[f(X;E’2) B f(f(;’l)],
k'=0

We now explain how to calculate the second term in (2.9). Let (k1, k2) be an independent random
variable uniformly distributed on the set {(k1,k2) : 0 < k1 < ka < n}. We define:

X=X, 0<k <k,
X:{iﬁ(yﬂ)h (X:1h1+k/h2, hos Wehy 4k 410k — Wahy+khas Vantk')s 0<k <n-—1,
X&il) = (X)) kh1 s 7 Wik tyny, — Wy s Vi) k1+1<k<n-1,
Xl?if = Xl?h? 0 <k < Ko,
X:;iﬁ(kfﬂ)m = SO(XZ;ZHMQ hos Weohy 4+ (k' +1)he — Wisahy+8ha s Vant k) 0<Kk <n-1,
X(nk’il)h p(X], khy b Wi n, — W Vi), ke +1<k<n-1,
and

Xpd = X3, 0<k < ko,
X:;iﬁ(k/ﬂ)hg = SO(thlJrk/hQ B2, Wieohy+(k+1)he — Wiahy+k'ho» Vintk!) 0<k <n-1,
X0y = X0 b, Wik, — Wiy, Vi), ke +1<k<n-—1,

These schemes correspond respectively to the time grids 110 U {x1T/n + K'T/n?,1 < k' <n — 1},
CU{keT/n+KT/n%1 <k <n—1} and I° U {1 T/n + K'T/n?1 <K <n—1}U{kT/n+
K'T/n? 1<k <n-—1}. We then get

PInf =E[f(XE0)] + nE[f(Xp") — FXEO] + n2E[f(XE2) — F(XE)] (2.52)

" DBl p(7) - SO — FOG) + 185

2.5.1 Simulations result for the CIR process

In this subsection, we want to illustrate the convergence of the approximations P27 and P>, which
together with the use of the second order scheme (2.10) guarantee respectively approximations of
order four and six by Theorem 2.2.2. In order to calculate these approximations, we use Monte-Carlo
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estimators of (2.51) and (2.52), using independent samples for each expectation. The number of
samples (up to 10'!) is such that we can neglect the statistical error. In Figures 2.1, 2.2 and 2.3 we
plot the convergence in function of the time step for different parameters choices, taking advantage
of the closed formula for the Laplace transform of the CIR process, see e.g. [2, Proposition 1.2.4].
The three numerical experiments test different levels of the ratio 02/4a in decreasing order. We
observe that the slopes estimated on the log-log plots are close to 2, 4 and 6 respectively, so that
they are in accordance with Theorem 2.2.2. Note however that Theorem 2.2.2 gives an asymptotic
result for n — oo, while we are restricted here to rather small values of n since we are using a
large number of samples to kill the statistical error. In all the cases shown, the approximations of
higher order outperform the one built with the simple second order scheme (2.10). Talking about
accuracies, the fourth order approximation for n = 3 shows an absolute relative error of about 0.17%
in the tests in Figures 2.1, and 2.2 and 0.02% in the one in Figure 2.3; the sixth order approximation
already for n = 3 exhibits a relative error of 0.002% in each case studied.

_— _
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c
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N L L L L L L L L
0.2 0.3 0.4 0.5 -1.6 -14 -12 -1.0 -0.8
1/n log(1/n)
(A) Values plot (B) Log-log plot

FIGURE 2.1: Parameters: x = 0.0, a = 0.2, k = 0.5, 0 = 0.65, f(z) = exp(—10z) and
T=1 (% ~ 1.06). Graphic (A) shows the values of P17 f, P2 f P37 f as a function
of the time step 1/n and the exact value. Graphic (B) draws log(|P""f — Ppf|) in

function of log(1/n): the regressed slopes are 1.86, 3.93 and 5.87 for the second, fourth
and sixth order respectively.

2.5.2 Simulations result for the Heston model

In this subsection, we want to test the second order scheme for the Heston model proposed by
Alfonsi in [3] along with the approximations of order 4 and 6 obtained with combination of random
grids. First, we recall the couple of stochastic differential equations describing this model

{dst(“) = S dt + /XS (pdWi + /1 — p2dZ,), S = s,

2.53
AXT = (a — kXF)dt + o\/XFPdW;, XE =z, (2.53)

where W and Z are two independent Brownian motions. We define the two following random
variables

Sl((:n,s), h, Zh) = (x,sexp (x/x(l - pQ)Zh)>

5'2(($, 8)7 h, Wh) = <<,0(J}, h, Wh)a

T+ (,O(ZE, h7 Wh)

sexp ((r= Lo+ (2 = HEEAERI Loy i) ) )
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FIGURE 2.2: Parameters: x = 0.3, a =04, k =1, 0 = 0.4, f(z) = exp(—8z) and

T=1 (% =0.2). Graphic (A) shows the values of P17 f P2 f P f as a function

of the time step 1/n and the exact value. Graphic (B) draws log(|P“"f — Prf])

in function of log(1/n): the regressed slopes are 1.90, 3.93 and 5.77 for the second,
fourth and sixth order respectively.

where ¢ is defined by (2.11) anf corresponds to the second order scheme for the CIR process. We
define as in [3] the second order scheme for (2.53) as follows

SQ (S ((Q?,S),h, Zh),h, Wh) s if B= 1,

2.54
S1 (S (('xvs)vh’Wh)athh)v if B =0, ( )

<I>((:U s), hy (Wh, Z), ) {

where B is an independent Bernoulli random variable of parameter 1/2.

To test the order of the approximations P21 and P30 boosting the second order scheme (2.54),
we have calculated European put prices taking advantage of the existence of a semi closed formula
for this option, see [34]. In Figure 3.1 we draw the convergence in function of the time step. Again,
we noticed that the slopes obtained on the log-log plot are in line with the expected order of
convergence. More importantly, we see that the correction terms of the approximations P27 and
Ppin really improves the precision. They respectively give relative errors of a 0.035% and 0.0023%,
already for n = 3.

2.5.3 Optimized implementation of P?"

The approximations P2™ and P3" defined respectively by (2.51) and (2.52) involve respectively
two and four expectations. The larger is v the more expectations are involved in P¥". Thus, for
simplicity, independent samples were used by Alfonsi and Bally [5] to compute each term. However,
it may be interesting to reuse some samples in order to spare computation time. This is what we
investigate in this subsection.

Namely, Equation (2.51) leads naturally to the two following estimators of P%"f:

Mi+Ma

©1(My, M2, n) = 3, 4 Zf X790 Z n (f ) - f((X;’O)(i)D , (2.55)
i=Mi+1
Mo

Op (M, Mz, n) = 3, - Zf X300 + ]\22 > n (f((X;’l)(i)) - f((X;’U)(i)D ~ (2.56)

=1

The first one takes independent samples, and we call this estimator Or. This approach is the one
used in [5]. In the second case, we reuse the first My A My simulations of f((X. X7 O)( )) in both sums.
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FIGURE 2.3: Parameters: © = 10,a =10,k = 1,0 =0.23, f(2) = exp(—z) and T =1

(‘2’—2 ~ 0.0026). Graphic (A) shows the values of PLmf P2nf P31 f as a function

of the time step 1/n and the exact value. Graphic (B) draws log(|P“"f — Prf])

in function of log(1/n): the regressed slopes are 1.96, 4.00 and 6.02 for the second,
fourth and sixth order respectively.
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FIGURE 2.4: Test function: f(x,s) = (K — s)*. Parameters: Sy = 100, r = 0,

=025 a=025k=10=065p=-03T=1, K = 100 (3 = 0.845).
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1/n and the exact value. Graphic (B) draws log(|P*™ f — Pr f]) in function of log(1/n):
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respectively.

L
-0.8

We call this estimator ©p to indicate the dependence between samples. In terms of variance, we

have

12,0 ar(n 5n,l B 5,0
Var (O1(My, Ma, n)) = Var(f;\(jfT ) +V ( (f(XTM)2 X7 )))’
{0 x 0 1,1 o-n,0
Var (@(3y, 3y, ) - SIE) , Colf T AR — 1063)
n Var(n(f(f(;vl) _ f(X;’O)))
Mo )

(2.57)

(2.58)

Let us define t; as the time to generate one sample f (X;O) and ty as the one needed for one

sample of the correction n(f(X;

7 = F(&5).

The computation time needed to compute O
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is given by g;(Mi, Ma) = M;it; + Mate, while the one needed to compute Op is gd(Ml,Mg) =
1an >0, [(My — Ma)ty + Mata] + Lag, < ai, Mata. We note ¢ = 7. From the definition of schemes Xm0
and X™! in (2.50), we observe that 2 < ¢ < 3 and that { ~ 2.5 in average since these schemes are
equal up to khi. The advantage of ©4 is not necessarily in reducing the variance, but in decreasing
the number of simulations needed, making it more efficient from a computational time point of view.

We want to find the optimal numbers of simulations M; and Ms for our estimators in order
to minimize the execution time for a given variance 2. Let us define 03(n) = Var(f( ;50)),
o3(n) = Var(n(f(X3) — f(X}%))), T(n) = Cov(f(X7°),n(f(X7") — F(XF))). For ©f, the
minimization of g; given that o2(n)/M; + o5(n)/My = €2 leads to M; = \/Zgjgzg My and then to:

My = L_l? (o3m) + \/Eag(n)az;(n))-‘ Moy = [512 <a§(n) + (”(’i)[‘?(mﬂ . (2.59)

To minimize the execution time g4, one has first to decide whether we take My > My or My < Ms.

From (2.58), this amounts to compare % ith w where m = M7 A My and m > 0

(m simulations of the correction term takes the same time as (7 simulations of f (X';O)) Taking

the derivative at m = 0, we get that M7 > My fC% > 1, and My < M, otherwise. When

M > My, the minimization of g4 given Var (©4(Mi, Ms,n)) = € leads to

Mip = [& (o3 +20() + /(03(n) + 20 ()3 () (¢ — 1))].

0’2 n n (72 n (260)
Myp = {1 <az<n> + W Bt )ﬂ .

We have similar formulas when M; < Ms. In all our numerical experiments below, we are in the

%EE% > 1 and thus taking M; > Ms is optimal.

Now, we show the performance of the two estimators (2.55) and (2.56). To do this, we calculate
the empirical variances o3(n), 03(n) and the empirical covariance I'(n) on a small sampling, fix a
desired precision € = 1.961/Var(©(Mi, Ma, n)) for both the estimators, so that all the terms have
roughly the same statistical error with a 95% confidence interval half-width equal to €. We show
two tables in which we set the precision € to 1073, In Table 2.1, we have o3(n) > o3(n), while in

Table 2.2, ¢3(n) is still larger than o2(n), but of the same order of magnitude.

case where ¢

Or | 63.04 | 96.15 | 131.84 | 165.80
Op | 51.61 | 87.24 | 122.76 | 152.32

TABLE 2.1: Computation time (in seconds) needed by the Estimators ©; and ©4 for
a precision ¢ = 1073, Test function: f(z,s) = (K — s). Parameters: Sy = 100,
r=0,2=04a=04k=10=02p=-03T=1, K=100 (& = 0.05)

We observe that we do not have a great gain in using ©; when o3(n) > o3(n) (Table 2.1),
while we save up to 30% of execution time, using ©4 instead of ©;, when o3(n) is of the same order
of magnitude ¢?(n) (Table 2.2). Heuristically, this can be understood as follows: when o2(n) is
of the same magnitude as o3(n), so are M g and My g, which gives an important gain in reusing
the simulation of the correction term. In any case, ©4 turns out to be faster for each choice of

parameters, and therefore we recommend it at the expense of ©;.
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n=2|n=3 | n=4 | n=>
Or | 59.50 | 102.13 | 148.45 | 193.41
Op | 37.59 | 70.43 | 100.14 | 136.16

TABLE 2.2: Computation time (in seconds) needed by the Estimators ©; and ©4 for
a precision ¢ = 1073, Test function: f(z,s) = (K — s)T. Parameters: Sy = 100,
r=0,z=01,a=01,k=10=063p=—03,T=1, K =100 (2 ~ 1.98)

2.5.4 Comparison between the second and the fourth order approximation

Subsections 2.5.1 and 2.5.2 have confirmed numerically the theoretical results obtained in this paper.
However, they do not compare directly the computation time required by the different methods.
We now present numerical tests that allow us to prove the real advantage of using the fourth order
approximation P27 instead of the simple second order scheme. Namely, we compare the squared
L? distance of the estimator ©4 from the true value with the same distance between the estimator
of P with the true value. We plot these quantities in function of the computation time needed.
Note that P2 and P’ converges at a rate of O(n™*) so that their bias have the same order of
magnitude.
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FIGURE 2.5: L2-square error in function of the execution time in seconds. Test
function: f(z,s) = (K — s)T. Parameters in graphic (A) : So = 100, 7 = 0, x = 0.4,
a=04,k=1,0=01,p=-03T=1, K = 100.

Parameters in graphic (B) : Sp = 100, r = 0, x = 0.1, a = 0.1, k = 1, 0 = 0.63,
p=-03,T=1, K= 100.

Figure 2.5 shows the results for the calculation of the price of a European put option in the
Heston model with two different sets of parameters. In this numerical experience we set a precision
¢ equal to 1073, The empirical evidences show that the fourth order estimator ©, is the best

2
g

choice, especially when the ratio §- < 1 (Figure 2.5 (A)) where the performance of the fourth

order estimator is unparalleled. For example, P23 is twice more accurate and more than twice
faster than P, Even in Figure 2.5 (B), where the ratio g—z is larger and close to 2, the fourth
order estimator O is more precise than the second order estimator and is faster from n = 3 onward.
These experiments illustrate the outperformance of the boosted estimator P2n with respect to pin,

2.5.5 Numerical experiments for o> > 4a

In the previous subsections, we have presented analyzes to confirm numerically the theoretical rates
of convergence of our approximations, and to assess their computational time. This is why we have
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only considered parameters such that ¢? < 4a, since this condition is required in Theorem 2.2.2.
However, it is possible to test numerically the relevance of the boosting technique using random
grids when 2 > 4a. This is the purpose of this subsection. We first present the different schemes
and then analyze numerically the variance of the correcting term. Then, we present the numerical
bias of the approximation P2" for the CIR and Heston models.

The approximation schemes

In order to perform the numerical tests for o > 4a, we consider two different second order schemes
for the CIR process. The first one is the second order scheme (2.16) presented in [3]. More precisely,
we define

@A(xv t, \/iN) = (qul(xﬂ 2 \/%N)]l:czKé“(t) + 90?4(%7 t, \/iN)]lx<Ké4(t)7 (2'61)

with

P4 (2,1, VIN) = (2, t, —V3) Ly cn-1(1/6) + ol O pr—1(1/6)<N <03 (5/6)

+ 30(33) t, @)HNZN*1(5/6)7

E[X7) E[X7]
d t t
@A(l‘> t \/iN) = 2(1 — 7T(t, x))]lN<N—1(1—7r(t,x)) + 27T(t, l‘) ]lNZN_l(l—ﬂ(t,a:))7

where A is the cumulative distribution function of the standard normal distribution, 7(t,z) =

[ EIXER
I mxeT

—L =t and K4\(t) is the function given by (2.17) with Ay = /3. Here, we have written
the scheme ¢4 as a function of the starting point z, the time step ¢t and the Brownian increment

VtN. When computing nE[(f(Xgl) — f(f(;%)] by Monte-Carlo, we use the same Brownian path

to sample )A(;’O and )A(;’l, as explained at the beginning of Section 2.5. Thus, there is a strong
dependence between these schemes.

We present also another scheme that corresponds to other choices of ¥ and X% in (2.16). We
use a distribution that is pretty similar to a Gaussian distribution over the threshold, and a scaled
beta distribution below. Thus, we define

with

(,0%(1’, t, \/EN) = C,D(JL', t, _ZQ)HNS—CQ + 90(337 t _21)1—62<NS—01 + 90(1‘7 t N)1—61§N<01
+ gp(m, t, Zl)]lcl<N§cz + SO(»T, tv 22)1N>027
E[X]] -
d t
tLVIN) = — L (N(N)) 2=

SOB($7 ?\/> ) 27T(t,$) (N( )) )
where z1 = 2.7523451704710586, 2o = 3.5, ¢1 = 2.58, co = 3.106520327375868, and KQB(t) is the
function given by (2.17) with Ay = 3.5. Here, we have fixed the values of ¢; and z9, and we have
numerically calculated cp and 21 to have E[Y?] = E[N?] and E[Y?] = E[N*] with

Y = —29In< ¢, — 211 cyan<—c; T NI ¢ cnN<e; + 211 <N<ey + 22T ey< N

The random variable go%(a:,t, VtN) has the same two first moments as X7, and we can prove
following the same arguments as [3, Theorem 2.8| that ¢p(z,t,vtN) is a second order scheme for
the weak error.
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Numerical study of the variance of the correcting term n (f(X;’l) - f(X;’O))

We now analyze the variance of the corrections terms of the correcting term n ( f (X;l) — f (X;O)>

in function of the number n of discretization steps, when we use the different schemes (2.61)
and (2.62). We start with an example with 02 < 4a for which ¢ is still defined and ¢4 (resp.
¢p) does not use the auxiliary scheme ¢4 (resp. ¢%) since K3'(t) = KF(t) = 0 in this case. We
observe in Table 2.3 that the scheme @4 leads to a value of Var(n(f()z';f’l) — f(X;O))) that is more
than 20 times as large as that the one obtained using ¢. Besides, the variance given by the scheme
@4 increases quite linearly with n, while the one obtained with ¢ seems to be bounded and to
decrease with n. One heuristic explanation for this is that ¢4 is discrete scheme, which increases
the strong error between the scheme on the fine grid IT!' and the scheme on the coarse grid I1°.
Considering the scheme ¢p that mixes Gaussian and discrete distributions leads to a much smaller
variance that is rather close to the one of the scheme ¢. However, as n gets large, we see that the
variance does not decrease in contrast to the scheme (.

n =2 n=4 n==3y n =16 n =32

o3(n) | 23.86e-4 | 17.43e-4 | 9.35e-4 | 4.85e-4 | 2.49e-4

v 95% prec. 3.2e-6 3.7e-6 2.8e-6 2.1e-6 1.5e-6
az(n) 4.807e-2 | 10.870e-2 | 22.493e-2 | 45.437e-2 | 91.219¢-2

YA 1 95% prec. 2.4-5 5.2e-5 11.1e-5 22.9e-5 46.3e-5
o3 (n) 24.17e-4 | 18.37e-4 | 11.78e-4 | 10.27e-4 | 13.85e-4

vB 95% prec. 3.2e-6 3.7e-6 2.9e-6 3.0e-6 4.5e-6

TABLE 2.3: o3(n) = Var(n(f(X}') — f(X7"))) for the different schemes, with 10
samples and 95% confidence interval precision. Test function: f(x) = exp(—10x).
Parameters: £ =0.2,a=0.2,k=05,06=0.5T=1 (g = 0.625).

We now consider a case with o2

> 4a so that the schemes ¢4 and ¢p switch around their
threshold. The scheme ¢ is no longer defined. In Table 2.4, we observe a huge increase of the
variance in time steps with respect to Table 2.3. We now observe that the variances grow almost
linearly with respect to n. Again, this can be explained heuristically by the switching that increases
the strong error between the schemes on the fine grid II' and the coarse grid II°. The rather high
values of the variance obtained with the scheme ¢4 makes the boosting technique using random
grids less interesting in practice from a computational point of view. In contrast, the scheme ¢p

produces much lower variances and the Monte-Carlo estimator of P2™ f is more competitive.

n=2|n=4 | n=8 |n=16 | n=232

oi(n) 0.0927 | 0.8742 | 2.7966 | 7.9095 | 21.6793

YA | 95% prec. | 5.3e-5 | 3.3e-4 | 1.6e-3 | 6.1e-3 | 2.1e-2
o3(n) 0.0757 | 0.2184 | 0.5145 | 1.1892 | 2.6600

vB 95% prec. | 6.4e-5 | 1.8e-4 | 5.5e-4 | 1.9e-3 6.2e-3

TABLE 2.4: 03(n) = Var(n(f(X;’l)—f(X;’o))) with 10® samples and 95% confidence
interval precision. Test function: f(z) = exp(—10z). Parameters: x = 0.2, a = 0.2,

k=05 0=15T=1 (% =5625).

Numerical Convergence for the CIR

We have plotted in Figure 2.6 the convergence of the estimators of the Monte-Carlo estimators
PLnf and P2"f for the schemes ¢4 and . We note that in all our experiments, P>"f gives a
better approximation than P1"f, though there is no theoretical guarantee of that. However, the
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FIGURE 2.6: Test function: f(z) = exp(—10z). Parameters: x = 0.2, a = 0.2,

k=05, 06=15T=1 (g = 5.625). Statistical precision ¢ = be-5. Left graphics

show the values of 751’”f, 752’”f as a function of the time step 1/n and the exact

value. Right graphics draw 10g(\Pi’"f — Prf|) in function of log(1/n): for the scheme

w4 (resp. ¢p) the regressed slopes are 1.47 (resp. 0.54) and 1.14 (resp. 1.38) for the
second and fourth order respectively.

improvement is not as good as for 02 < 4a. We know that pLn f leads to an asymptotic weak error
of order 2: the estimated rate of convergence obtained by regression are below since we consider
rather small values of n and are not in the asymptotic regime. We have instead no theoretical
guarantee that pn f gives an asymptotic weak error of order 4. The estimated rates are quite far
from this value, indicating that a fourth order of convergence may not hold. To sum up, even if
pn f is still more accurate than pLn f for 02 > 4a, it does not lead to obvious computational gains.

Simulations in the Heston model

We present now some numerical tests for Heston model and consider three different schemes that
are well-defined for any o > 0:

o &4 is the scheme (2.54) where @ (z, h, W},) is used instead of p(z, h, Wp,),
e Op is the scheme (2.54) where pp(x, h, W},) is used instead of o(z, h, Wp,),

e ®p is the scheme (2.54) where the exact scheme X} (see, e.g. [2, Proposition 3.1.1]) is used
instead of p(z, h, Wp,).

We start by comparing the variance of the correcting terms with the different schemes. In Table 2.5,
we consider a case with 02 < 4a and also include the variance for the scheme ® given by (2.54).
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We remark that the variances of the correction term for the standard scheme ® and for the scheme
& appear to be bounded. In contrast, the variance for the schemes ® 4 and ®p tends to increase
with n: the variance is very high for ® 4 while the one produced by ®p remains close to the one
of ® and ®g. Table 2.6 deals with a case with o2 > 4a for which variances are much higher. We
observe an approximately linear growth of the variance of the correction term for the schemes ® 4
and ®p. The variance produced by the scheme ®g also increases, but in much moderate way.

n=2 | n=4 n=23y n=16 | n=232
o3(n) | 33.252 | 41.962 | 46.159 | 48.273 | 49.385
95% prec. | 0.024 | 0.029 | 0.033 | 0.035 | 0.037
o3(n) | 450.95 | 973.82 | 1976.53 | 3984.64 | 8014.19
95% prec. | 0.20 | 0.40 0.83 1.70 3.47
o o3(n) | 33.702 | 43.116 | 48.606 | 53.373 | 59.760
B 1 95% prec. | 0.025 | 0.031 | 0.037 | 0.044 | 0.059
o3(n) 51.99 | 53.93 | 52.46 51.47 | 50.99
95% prec. | 0.032 | 0.034 | 0.036 | 0.037 | 0.037

)

)

Qg

TABLE 2.5: o3(n) = Var(n(f(X;’l,S;’l) - f(X;O,S’;O))) with 10® samples and

95% confidence interval precision. Test function: f(z,s) = (K — s)*. Parameters:

So =100, 7 =0, 2 =02 a=02 k=100 =05 p=—07,T=1, K =105
(% = 0.625).

n=2 n =4 n=3~8 n =16 n =32
o, Uz(n) 799.93 | 2568.43 | 6384.48 | 14588.23 | 29798.4266
95% prec. 0.58 1.93 5.88 16.63 42.38
O Ui(n) 306.87 | 581.70 | 958.06 1729.18 3185.83
95% prec. 0.18 0.38 0.90 2.65 8.25
by UZ(’I?,) 233.89 | 287.50 | 314.03 331.31 344.20
95% prec. 0.14 0.20 0.24 0.27 0.29

TABLE 2.6: o}(n) = Var(n(f(Xp3', Sph) — £(X2°,S75°))) with 10° samples and

95% confidence interval precision. Test function: f(z,s) = (K — s)*. Parameters:

So=100,7r =0, 2 =02 a=02k=100=15 p=-07,T=1, K =105
(% = 5.625).

We now turn to the convergence of the Monte-Carlo estimators. We have plotted in Figure 2.7,
for the same set of parameters as in Table 2.6, the behavior of pLn fand p2n f for the schemes ®p
and ®p. We have discarded the scheme ® 4 that produces a too large variance for the correcting
term. As for the CIR diffusion, we note that 752’”f gives a better approximation than 751’”f, but
the bias does not seem to be of order 4. For the scheme ®p, the improvement is moderate, and
do not really compensate the computational effort of calculating the correcting term. Instead, for
the scheme @, the improvement is rather significant, making the approximation pn f interesting
from a computational point of view with respect to pLn f. Also, the estimated rate of convergence
is much higher and not so far from 4. A dedicated theoretical study of P2™f with the scheme ®p
is left for further research.
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FIGURE 2.7: Test function: f(x,s) = (K — s)*. Parameters: Sy = 100, r = 0,

r=02,a=02,k=1,0=15p=-07T=1, K =105 (‘2’—; = 5.625). Statistical

precision ¢ = 5e-4. Left graphics show the values of P17 f, P27 f as a function of the

time step 1/n and the exact value. Right graphics draw 10g(|]5i7”f — Prf|) in function

of log(1/n): for the scheme ®p (resp. Pg) the regressed slopes are 0.90 (resp. 1.28)
and 2.04 (resp. 2.40) for the second and fourth order respectively.
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Chapter 3

High order approximations of the
log-Heston process semigroup

This chapter is based on the paper [9], which is currently submitted for the publication.

We present weak approximations schemes of any order for the Heston model that are obtained
by using the method developed by Alfonsi and Bally (2021). This method consists in combining
approximation schemes calculated on different random grids to increase the order of convergence.
We apply this method with either the Ninomiya-Victoir scheme (2008) or a second-order scheme
that samples exactly the volatility component, and we show rigorously that we can achieve
then any order of convergence. We give numerical illustrations on financial examples that
validate the theoretical order of convergence, and present also promising numerical results for
the multifactor /rough Heston model.

Introduction

The Heston model [34] is one of the most popular model in mathematical finance. It describes
the dynamics of an asset and its instantaneous volatility by the following stochastic differential
equations:

{dsf’y = 1SVt + /YIS (pdWy + /1 — p2dBy), S3¥ =5 >0, 51)

dYy = (a—=bY)dt+ oY dW,, Y{ =y >0,

where W and B are two independent Brownian motions, a > 0, b € R, ¢ > 0 and p € [-1,1]. For
the financial application, it is typically assumed in addition that b > 0 so that the volatility mean
reverts towards a/b, but this is not needed in the present paper.

The goal of the paper is to propose high order weak approximations for this model and to
prove their convergence. Let us recall first that exact simulation methods have been proposed for
the Heston model by Broadie and Kaya [21] and then by Glasserman and Kim [33]. However,
these methods usually require more computation time than simulation schemes. Besides, when
considering variants or extensions of the Heston model, it is not clear how to simulate them exactly
while approximation schemes can more simply be reused or adapted. There exists in the literature
many approximation schemes of the Heston model, we mention here the works of Andersen [11],
Lord et al. [36], Ninomiya and Victoir [38] and Alfonsi [3]. Few of them study from a theoretical
point of view the weak convergence of these schemes. While [3] focuses on the volatility component,
Altmayer and Neuenkirch [10] proposes up to our knowledge the first analysis of the weak error
for the whole Heston model. They essentially obtain for a given Euler/Milstein scheme a weak
convergence rate of 1 under the restriction 02 < a on the parameter.

Like [10], we will work with the log-Heston model that solves the following SDE

{de,y = (r = 3Y)dt + VY (pdWi + /1 = p2dBy), X5 =z = log(s) € R,

3.2
ayy = (a—bYY)dt+ oYl dWy, Y =y. .
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This log transformation of the asset price is standard to carry mathematical analyses: it allows
to get an SDE with bounded moments since its coefficients have at most a linear growth. Our
goal is to propose approximations of any order of the semigroup Prf(z,y) = E[f(X 7Y, Y})], where
f:R xR,y — R is a sufficiently smooth function such that |f(x,y)| < C(1 + |z|* + y¥) for some
L € N. More precisely, we want to apply the recent method proposed by Alfonsi and Bally [5]
that allows to boost the convergence of an approximation scheme by using random time grids. We
consider here either the Ninomiya-Victoir scheme for 02 < 4a or a scheme that simulate exactly Y’
for any o > 0. In a previous work [7]|, we have applied the method of [5] to the only Cox-Ingersoll-
Ross component Y and we want to extend our result to the full log-Heston model. One difficulty
with respect to the general framework developed in [5] is to deal with the singularity of the diffusion
coefficient. In particular, we need some analytical results on the Cauchy problem associated to the
log-Heston model that have been obtained recently by Briani et al. [17]. Our main theoretical result
(Theorem 3.1.1) states that we obtain, for any v > 1, semigroup approximations of order 2v by
using the mentioned scheme with the boosting method of [5].

The paper is structured as follows. Section 3.1 presents the precise framework and in particular
the functional spaces that we consider carrying our analysis. It introduces the approximation
schemes and briefly presents the boosting method using random grids proposed in [5]. The main
result of the paper is then stated precisely. Section 3.2 is dedicated to the proof of the main theorem.
Last, Section 3.3 explains how to implement our approximations and illustrates their convergence on
numerical experiments motivated by the financial application. As an opening for future research, we
show that our approximations can be used for the multifactor Heston model® under some parameter
restrictions and give very promising convergence results.

3.1 Main results

We start by introducing some functional spaces that are used through the paper. For & € N, we
denote by C¥(R x R, ) the space of continuous functions f : R x R, — R such that the partial

derivatives 83‘85f($, y) exist and are continuous with respect to (z,y) for all (a, 3) € N? such that
a+ 28 < k. We then define for L € N,

fr(z,y) = (1 + 228 + 1), 2 € R,y € Ry, (3.3)

and introduce

Cf,})LI(R xRy)={f eCk(R x R4) | 3C > 0 such that Y(«, 8) € N% a+28 <k,
090 f(x,y)| < Cfr(z,y)}, (34)

the space of continuously differentiable functions up to order k& with derivatives with polynomial
growth of order 2L. Note that we assume twice less differentiability on the y component. Further-
more, we set

Chot(R X Ry) = UrenCpoi (R x Ry) and Co(R x Ry) = NpenCloi (R x Ry).

kL

por (R x R) with the following norm:

Last, we endow C

028y
kL = Z sup M 53
a+28<k (@Y)ERXR4 fr(z,y)

/1

!We recall that the multifactor Heston model proposed by Abi Jaber and El Euch [1] is an extension of the Heston
model that is a good proxy of the rough Heston model introduced by El Euch and Rosenbaum [29].
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3.1.1 Second order schemes for the log-Heston process

Having in mind [2, Theorem 2.3.8|, there are three properties to check to get a second-order scheme
for the weak error:

(a) polynomial estimates for the derivatives of the solution of the Cauchy problem,
(b) uniformly bounded moments of the approximation scheme,

(c) a potential second order scheme, which roughly means that we have a family of random
variables (XY, Y} such that [E[f(X{Y, YY)] — f(z,y) — tLf(z,y) — %Ezf(x,y)] =0
O(t3).

Let us precise this in our context. We consider a time horizon 7' > 0 and a time step h = T'/n,
with n € N*. We note (X,f’y, Y,f) an approximation scheme for the SDE (3.2) starting from (x,y)
with time-step h, and R R )

Puf(z,y) = E[f (X", Y}))]

the associated semigroup approximation. The weak error analysis proposed by Talay and Tubaro [42]
consists in writing

n—1 n—1
M pp = B B 2 ST B, py ) =N B B, — P, (36)
i=0 =0

where ]5,[10} = Id and ]5}[;] = P}Ei_l]ph for i > 1, and P,Eﬂ = P;;, by the semigroup property. Let us
assume that the three properties hold

(a) Vk7L € N: 1C ¢ R-i—v Vi € {07 oo ,TL}, HP’thHk,L < C”f”k,ln
(b) VL € N,3Cy, € Ry, maxo<icy, P (2,y) < CpfL(z,y),

(©) [|1Puf — Pufllorss < Ch3| flha.L-

Then, for f € C;i’lL(R x R4), we have for each i € {0,..., N — 1},

(P — Pu)Pinfllo,+3 < CE*|| Pinflla,r < C?R3|| flha.z,

by using the first and third properties. Then, we use that
|(Ph - Ph)Plhf(xayM < C2||f||127Lh3fL+3($,y),

together with the second property to get that |P=CGtDI(B, — PPy f(x,y)| < CLC2R3L(x,y).
This bound is uniform with respect to 7, and we get

2
B (@, y) = Prf(e,y)| < CLO?THL (3, y) X (:) , (3.7)

since h = T'/n.

Before concluding this paragraph, we comment briefly how to get the three properties (a—c).
For the log-Heston SDE, the Cauchy problem has been studied by Briani et al. [17], and their
analysis allows us to obtain (a). Their result is reported in Proposition 3.2.2. Property (b) can
generally be checked by simple but sometimes tedious calculation. Property (c) is the crucial one
and can be obtained by using splitting technique, see |2, Paragraph 2.3.2]. We check this property
in Corollary 3.2.7 for the schemes presented in this paper.
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3.1.2 From the second order scheme to higher orders by using random grids

We continue the analysis and present, in our framework, the method developed by Alfonsi and
Bally [5] to get approximations of any orders by using random grids. For [ € N*, let us define the
time step h; = % We set Q) = Ph, the operator obtained by using the approximation scheme with
the time step h;. The principle is to iterate the identity (3.6). Namely, we get from (3.6)

and

P —p, =p" Z PUrI(py, — By, )PV
Plugging these two identities successively in (3.6), we obtain
=0

with the remainder given by

— n—1

n—(i+1 Aln—(+1 A j Al
ZP[ i+1)] ZP}EQ 3+ )](Ph2 o Ph2)Pl£]2] Pf[zl]
i=0 =0
T i I ~( ia]
Pn i+1 Z P i1+1)] B Phl)P 11 )
=0 i1=0

Let us assume that we have the two following properties?

Vl,k, L € N,3C > 0,Yf € Coil* (R x Ry), [[(Ph, — Q) fllk. s < Cllfllksr2,hi, (
Viok L € N,3C > 0,9F € Cui(R x R), max Q7 fllks +5up [ Peflhe < Cllf s
Jj<n t<

g &

Then, we can upper bound the remainder for f € Ck+24 L(R x Ry) by

n(n—1)

IR f k46 < C*n®|| fllitr2,043h3 + C° 5

- 7\ %
lsans (87 < Clflhran (5 )

where we have used twice (H>) and once (H;) for the first sum, and three times (H>) and twice (H;)
for the second one. Therefore, we get from (3.8) that

n—1
prr= P N7 PP BB (3.9)
=0

is an approximation of order 4. Namely, we get

. 7\*
Vf S Cp()l(R X R+), aC > 0,L € N, HPQ’nf — PTfHO,L-i—G < CHfH24,L <n> . (3.10)

Let us note that P,ETf(iH)]P}EZ]PIE? corresponds to the scheme on a time grid that is uniform, but
uniformly refined on the (i 4+ 1)-th time step. This time grid has thus 2n time steps, and if one

*We directly specify the method to our framework, and refer to [5] or [7, Section 2| for a general presentation.
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should calculate all the terms in the sum of (3.9), this would require a computational time in O(n?).
Thus, the method would not be more efficient that using the second-order scheme with a time step
n?. This is why we use random grids and use a random variable & that is uniformly distributed on
{0,...,n —1}. We have

P = B nBIR T (B P P (311)

Thus, for the correcting term, we consider a random time grid that is the obtained from the uniform
time grid with time step 7'/n by refining uniformly the (x + 1)-th time step with a time step
hg = T/ n2.

We have presented here how p2n improves the convergence of Pln = f’}[:] Then, for v > 2, it
is possible to define by induction approximations Pvm such that

Vf € Cpal(R xRy), 3C > 0,L €N, |PY"f — Prf

T 2v
0,04+3v < C| flli2v,L <n> : (3.12)

Unfortunately, the induction cannot be easily described and involves a tree structure. We refer
to [5] for the details and to [7, Eq. (2.8)] for an explicit expression of P3".

3.1.3 A second-order scheme for the log-Heston model

Before presenting the scheme, it is interesting to point similarities and difference between the weak
error analysis of Subsection 3.1.1 and the present one to get higher order approximations. Prop-
erty (H1) is a generalization of (c), while (F>) is stronger than properties (a) and (b)?. We now
point an important difference between the two error analysis. In Equation (3.6), the difference
between the semigroup and its approximation appears only once and there is no need to have regu-
larity properties for the function (Ph — Py,) Py, f: only a polynomial bound is needed. In contrast, for
the approximation P2 we need some regularity to iterate and upper bound the remainder. This
difference has an important incidence in the case of the log-Heston process. It is proposed in [3] a
second-order scheme for the log-Heston process for any o > 0. When ¢ > 4a, this scheme relies for
the Cox-Ingersoll-Ross (CIR) part on bounded random variables that match the first moments of
the standard normal distribution. Unfortunately, these moment-matching variables prevent us to
get (H3): in a recent work on high order approximations for the CIR process, we have shown in |7,
Theorem 5.16] that it was not possible to use these moment-matching variables together with our
analysis in order to get (Hz). We do not repeat here the analysis that would be quite similar for
the log-Heston model, and consider either the Ninomiya-Victoir scheme for o < 4a or the exact
CIR simulation for any o > 0. We now present this in detail.

We present in this subsection the approximations scheme that we will study in this paper. It is
constructed by using the splitting technique. Let p = /1 — p2. Then, the infinitesimal generator
associated to the log-Heston SDE (3.2) is given by

L= g(ag +2p00,0, + 020,) + (r — g)am + (a— by)d,. (3.13)
We split this operator as the sum £ = Lp + Ly where
(o POy b L Yoog2
Lp=((r="2)+ (> = 5)y)os + 57°0; (3.14)

is the infinitesimal generator of the SDE

{dXt = ((r— &) + (5 = 3)Yi)dt + pv/Yed By,

3.15
v — (3.15)

“Note that f, € C%;" (R x Ry). We have, for i < n, |Py), frllo.. = QL] < Clfrllo,c by (F1), which gives
(b).
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and
Lw = %@205 +2000,0, + 0%02) + (a — by)(gax +0y) (3.16)

is the infinitesimal generator of

o

dXy = (2 — 2Y,)dt + p\/YidWy, (3.17)
dY; = (a—bYy)dt + o/Y;dW;. '

This splitting is slightly different from the one considered in [3, Subsection 4.2]: one should remark
that it is chosen in order to have in (3.17) dXy = £2dY;. This is not particularly useful to get a second
order scheme. However, it avoids introducing a third coordinate corresponding to the integrated
CIR process, which is more parsimonious for the mathematical analysis.

We now present two different second order schemes for the log-Heston process, for which we will
be able to prove the effectiveness of the higher order approximations. The first one simply consists
in sampling exactly each SDE and then using the scheme composition introduced by Strang, see
e.g. [2, Corollary 2.3.14]. More precisely, let PP (respectively P"') denote the semigroup associated
to the SDE (3.15) (resp. (3.17)). We define

PtEx = Pt?2REWPt?2‘ (3.18)
Let us note that the exact scheme for (3.15) is explicit and given by
op(t,y,N) = (2 + (r — pa/o)t — (1/2 = pb/o)yt + BVEGN, y), with N ~ N(0,1).  (3.19)

We indeed have PP f(z,y) = E[f(p5(t,z,y, N))] for all f € Cgol(R x Ry ). For the SDE (3.17), we
have P} f(z,y) = E[f(z + 2(Y — y),Y})], where YV is the solution of (3.2). Thus, it amounts
to simulate exactly the Y}, and we refer to [2, Section 3.1] for a presentation of different exact
simulation methods.

However, in practice, the exact simulation of the Cox-Ingersoll-Ross process is longer than a
simple Gaussian random variable, and it can be interesting to use an approximation scheme. We
use here the one introduced by Ninomiya and Victoir [38]. Following Theorem 1.18 in [3], we rewrite

Lw = Lo + L1 where

2 2

Lo=(a— UZ - by)(gc“?x +8,), L= g(;ﬂag + 2000,y + 0%02) + %ax + "Zay, (3.20)
are the infinitesimal generator respectively associated to
dX; = (2(a—0?/4) - 2Y,)dt i 44X = L2t + py/YedW,
n
dY, = (a—o%/4—bY,)dt dY; = Zdt + o/VidW;.
Let 1(t) = l_i_bt (convention ¢y (t) = ¢ for b = 0) and define
(ta9) = (2 - Loty + Lonla— 20, ey runda-2)), @2
900 y L, Y) =\ T o b Yy o b a 4 y € Yy b a 4 ) .
p ot ot
itz = (o + 2((Vi+ 57 —v), Wi+ 5. (3:22)
o
We have for ¢t > 0 and f € Cgol(]R x Ry),

Ptof(x7y) - f(gO()(t, x??/)) and Ptlf(xay) - E[f(gpl(\/iGa Z, y))]? with G ~ N(O7 1) (323)

Indeed, ¢ is the exact solution of the ODE associated to Lo, starting from (z,y) at time 0, and
we can show by Itd calculus that o1 (Wi, x,y) is an exact solution of the SDE associated to Lq,
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starting from (z,%) at time 0, and with the Brownian motion dW; = sgn (\/gj—i- %Wt) dW;. The
Ninomiya-Victoir scheme [38| for Ly is then PtO/QP P? 79> and we define

BNV = P, P, P P, Pl},, when ¢® < 4a. (3.24)

This scheme is well-defined only for 02 < 4a, otherwise ¢ may send the y component to negative
values, and the composition is not well-defined. This problem was pointed in [3]| that introduces a
second order scheme for any o > 0. For this scheme, the normal variable G in (3.23) is replaced
by a bounded random variable that matches the five first moments of G and besides, an ad hoc
discrete scheme is used in the neighborhood of 0. However, as indicated in the introduction of this
subsection, this prevents us with our analysis to get (/) and thus approximations of higher order.
This is why we only consider the Ninomiya-Victoir scheme here.
We now state the main theorem of the paper.

Theorem 3.1.1. Let P; be either PE* defined by (3.18) or PNV by (3.24). Let T > 0, n € N* and
=T/n!. Let pln — FA’}[:], P2 pe defined by (3.9) and PV the further approximations developed

in [5]. Let v > 1. For any f € Cé?ﬁ(]R xRiy) z € R andy >0, we have

P f(z,y) — Prf(z,y) = O(1/n*).

Proof. Property (H) is proved in Corollary 3.2.7 and (H>) in Lemma 3.2.4. For f € C1 (R xRy),
there exists L such that f € C12VL(R x R4). Let v = 1. We get from (3.6),

i T\?
P Prflos = 1S BB = PP flos < CT) flisss (n> ,

1=0

since | 2"V (By, — Py ) P, fllo.2 < Cll(Phy =P, ) Py Fllo.i. < C2| Pany iz, < C3f o,k
by using (H>), then (H;) and again (H>). This shows the claim for v = 1. For v = 2 (resp. v > 3),
the claim is a consequence of (3.10) (resp. (3.12)). O

3.2 Proof of the main result

3.2.1 Preliminary results on the norm
The next lemma gathers basic properties of the family of norms || - || 1, defined in Equation (3.5).
Lemma 3.2.1. Let k,L € N. We have the following basic properties:

1. CMVER x Ry) c ciE

ool MR XRy). For f € ChEMH (R x Ry), we have || flle,r < || fllrs1.c.

pol

2. Let k,o/, ' € N. For f € Cﬁl_f)‘l+2’8/’L(R x R4) one has Hc‘)g’aﬁ'f

3. Com(R x Ry) C Coo™ (R x Ry) and || fllk,c1 < 3| f ki for f € Cooi(R x Ry).

4. Let My be the operator defined by Myf(z,y) = yf(z,y). For f € C (R x Ry), we have
M f e CEIHIR x RY) < 3(k+ V|| fllz-

pol
5. Let L, Lp, Ly, Lo and Ly the infinitesimal generators defined in Equations (3.13), (3.14),
(3.16) and (3.20). Then, for all k € N, there exists a constant C(k) such that

VL EN, f e il (R x Ry),

VLN, f e Coit R xRy, |ILf k1 + 1€ofllkcer < CR)IFllkra,r-

(RS Nkar
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Proof. Property (1)-(2) are straightforward. We prove only (3), (4) and (5).

(3) Let @ > 0 than a*X < 1+a?L72. So, we get fr(z,y) = 14+ 22L + 2L < 3(1 42241 4o 2(L+D)) =
3fr+1(x,y) and then fL+11(m,y) < SfL(l:r,y)' This gives immediately the claim.

(4) Let f € Cl5(R x Ry). Applying Leibniz rule, one obtains 989y M, f = 030y~ f + M1020y f
for a,, 8 € N. Now, we write

0205 [y @ »)l| . BlO50y " f ()| 91050y f ()

frii(z,y)  — fra(zy) frii(z,y)
- 381020y f(x. )| | 30505 f(x,y)]
o fL (.’IZ, y) 2fL (l’, y)

where we used the comparison above between f7, and f7,; for the first term and, for the second term,
2

yfL(z,y) = y+ Pl pya?ly < 149224 H20 < 3£y ) (2,y) by using y+ 1?5t < 1442042

and then Young’s inequality. Then, we obtain

agh—1 a9
[Mafllk,Le1 < Z 38  sup 361020y f(x,y)| + 3 381920y f(x,y)|
a+2p<k (@,y)ERXRy. fr.(z,y) 2 zy)erxr,  fo(z,y)

< 3([k/2) +1/2) | fllk,L-

(5) We prove only the estimate for £, the others are obtained using the same arguments. We have
I£f kL1 < 5IM1(8F + 2000:0, + 0202 — 8y — 200,) fllk.L11 + |(rOx + ady) fllk,L 41, by using
linearity of derivatives and the triangular inequality. We conclude using property (4) and (2) for
the first term, (2) and (3) for the second and finally property number (1) to upper bound || Lf||x,1+1
by C(k)|| f|lk+4,5+1, where C(k) is a constant depending on k and on the parameters (r, p, a, b and
o). O

3.2.2 The Cauchy problem of the Log-Heston SDE

In this subsection, we aim to prove the estimates on the derivatives of the Cauchy problem. The
representation formula presented below is a result of Briani, Caramellino and Terenzi [17].

Proposition 3.2.2. Let k, L € N and suppose that [ € Cﬁ’(ﬁ(R x Ry). Let A >0, ¢,d € R. Let
(XB2Y YY) be the solution to the SDE, for s > t,

{Xﬁ’x’y =+ [ (c+adY)dr + [ AWY (pdW, + /1~ p?dB,)

3.25
Y =y 4 [S(a—bvYY)dr +o [} VY aw,., 529

and set
ult, z,y) = E[f(X3"Y, Y7")] = Pr_.f(z,y).

Then, u(t,-,-) € Cf)"fl(R x Ry) and the following stochastic representation holds for a4+ 28 < k,

0300 ult,z,y) = E [N“T”asagf(xﬁvt*fv% yit)

T 2
Bb(s—t) (A _ o - m
+6/t e~ t)(76$+285 Yu o+ doe 0P 1u) (s, XBt=v B9 ds|,  (3.26)

where 8;‘85*111 =0 when B =0 and (X5H®Y YBLY) B > 0, denotes the solution starting from (z,y) at
time t to the SDE (3.25) with parameters

2
g = p, ag:aJrﬂ%, bg=b, cg=r+ppo), dg=d, og=o0. (3.27)

Moreover, one has the following norm estimation for the semigroup

Vk,L € N,T >0, 3C,Vf € Conl(R x Ry),t € [0, 7], | Pifllk.c < | flln.ce”". (3.28)
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Proof. Proposition 3.2.2 basically restates |17, Proposition 5.3] in our framework (note that our
space Cf)’:l(R x R4) already includes twice more derivatives in x than in y and that we have added
the scaling factor A for convenience). The only additional result is the norm estimate, which we
prove now.

Let f € Ck’L(R x R4). We will prove that for all («, 5) such that o + 28 < k, there exists a

pol
constant C' € Ry such that

aqB a 9B
sup ’axayu(t7$7y)| <  sup ’axayf(x7y)‘eC(T—t

)+ O\ f T —t). 3.29
reRyeR ¢ fL(.ZU,y) z€RyeR 4 fL($7y> || ”k,L( ) ( )

agaﬁ t,x, ~ . ~
W S CHfHk,L) with C — eCT + CT

For = 0, the estimate is straightforward : from (3.26) and f € Cﬁ’(ﬁ(R x R4 ), one has

Let us note that this implies sup,cpyer

16} ! /
Putzy) < | sup 122l @Y)]
o' Ry’ ER 4 frL(2',y')

) E[fr (X7, YY),

and we get easily (3.29) by using the estimate on moments (3.30) that we prove below.
Suppose now that the estimate (3.29) is true up to 8 — 1, and let us prove it for 5. Using (3.26)
and the induction hypothesis for the integral term, we get

(- 920, f (@)
a(;aﬁu t, .’L‘7 <€ Bb(T t) Ssu |:l‘y—7 E f X67t7x7y7 Y67tyy
’ Y ( y)| B a:’E]Ry’IéR+ fL(xlvy/) [ L( T T ):|

A2+ |d - g
+ g AT s, [ it (X, P
t

This gives (3.29) by using again the estimate on the moments (3.30). This shows (3.29) by induction,
and we finally sum (3.29) over o + 25 < k to get

1Pr—ef ks < [ FlkpeT™ + Clk+ D[ £l (T = £) < || f[l,peCFEFDIT,

proving the claim. O

Lemma 3.2.3. Let (X®Y,YY) be the solution of (3.25) starting from (z,y) at time 0. Let T > 0.
For any L € N, there is a constant C € Ry depending on T, L and the SDE parameters, such that

E[f (XF¥, V)] < ¢y (e.y), t € (0,7 (3.30)

Proof. We use the affine (and thus polynomial) property of the extended log-Heston process (3.25),
see |27, Example 3.1|. By [27, Theorem 2.7], we get that the log-Heston semigroup acts as a
matrix exponential on the polynomial functions of degree lower than 2L. This gives E[(X} 2L 4
(V)] = 2L g2 + 37, icor @i (Da'y?, with @5 € CH([0, T, R) such that @;;(0) = 0. Using
that |z['y? < |2 + ¢ < 2fp (2,y) for i + j < 2L and using that ;. ; is bounded on [0, T}, we
get

E[fL(th’y’ Y;iy)] < fL(xa y) + thL(x7 y) < fL(xa y)€Ct>

with €' =237 jcop maxpo ) [#] ;] i

3.2.3 Proof of (H,) and (H,)

We start by proving the property (2) in the next lemma.



60 Chapter 3. High order approximations of the log-Heston process semigroup

Lemma 3.2.4. Lett € [0,T], k,L € N and f € CPOI(R x Ry). Let @o be the function defined in
Equation (3.21). Then, there exists C such that, for I € {0,1, B,W}, [Pl fllxr < e“Y|fllx.L, for
PNV

t € [0,T]. The semigroup approximations ptE“” and enjoy the same property and satisfy (Hs).

Proof. We apply four times Proposition 3.2.2 with

ci=a—2 E:b,6:§<a—%>,ci:—b3 A=0,6=0 for P°,

4 o
ei=20=0,¢=2d=0,A=p,6=0,p=1for P,
e a=0b=0c¢=r—2d=2_-1 X=p55=0,p=0for PP,
. d:a,l;:b,é:%,cz:—%b A=p,6=0,p=1for PV

where the tilde parameters are the ones used in Equation (3.25). This gives the ﬁrst claim. Then
we deduce easily that ||PF®f||p. < e“¥/2||PY t/2f||kL <e

for PP and once for PV Similarly, we obtain ||PNVfHk,L < edCt||f||k7L, by using the estimates for
PB, PO and PL.

Now, the property (H>) follows easily: consider [ > 1 and Ql PN V' we have for f € Cﬁ OLI (R x

30 : ! ¥l o 30T ;
R1), |Qif|lk,r < €™ n? and thus for any j < n', |Q;" f|lx,r < e S e3¢T | which gives (Hs). The
same result holds for PF*. O

We now turn to the proof of the property (/). We first state a general result on the composition
of approximation schemes that fits our framework with the norm family || - || . It can be seen as a
variant of |2, Proposition 2.3.12| and says, heuristically, that the composition of schemes works as
a composition of operators.

Lemma 3.2.5. (Scheme composition). Letv € N and T > 0. Let V;, i € {1,...,1I}, be infinitesimal
generators such that there exists k;, L; € N such that

Yk € N,3C € Ry, Vf € ChHH(R x Ry), Vif € Cl ™ (R x Ry) and |Vifllkivz, < CllFllksksr-
(3.31)
Let k* = maxi<i<rk; and L* = maxi<;<y L;. We assume that for any i, P Cg’oLl(R x Ry) —

CgoLl(]R x Ry) is such that

Vk,LeN,0<g<v+1,3C, VfeCot™ R xRy), vt €[0,T),

qg—1

q
1/ f — Z g VI fllk,+qr: < Ot flli+qri,z- (3.32)
q=0

Then, we have for Ai,...,\; € [0,1],

Yk, LEN,0<g<v+1, 30,V € CEIF MR x Ry), vt € [0, ]

AN

Pl Pl > T Vvt < Ot fllisgee - (3.33)
q1+-+qr<g—1 R k,L+qL*
Proof. For readability, we make the proof with I = 2 operators. Let § <v+1and f € Cf):)rlqk*’L(R X
R.). We define R'f = p,\lltf_zgl 10 /\qlt - Vi f. For t € [0,T], we have A1t € [0,T] since A\; € [0, 1]
and by assumption (3.32), we have R'f € Cf,::lqk ~ @k LAl (R x Ry) and

IR fllk+ghs ~arr,Lvars < CL fllksqre, -
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We now write
)\lh ‘ 1
P)\QtP)\ltf Z CJ1 P)\Qt‘/l lf + P)\QtR f
a1=0 )

Since V{' f € Cf):)rlqk*_qlkl’L+q1Ll(R x Ry), we apply (3.32) to get

g—q—1
o 292492
2
BLVif= >

q2=0

with | RE, f e+ gk —quba—(a-a)ke, L+ar Li+(g-a)Ls < CH [ fllksqrr.z by (3.31) and (3.32). We also
have || P{, R" fllk+qer—ghi,+qzy < C|fllktqre,r by (3.32). Since

k+qk* —qiki — (@ —q)k2 >k, L+qLi +(G—q1)L2 < L+ qL%,

‘12‘/1(11.]0 + R(QH f7

for all 0 < ¢ < g —1, and using Lemma 3.2.1 (1 and 3), we get

D2 pl q1 g2 A 927791 q
P,\gtpxltf— Z AL A q1'Q2'V2 Vit < Ct fllkrarr,- O
q1+q2<q—1 ' k,L+qL*

Lemma 3.2.6. Let LO = Ll = LB = LW = LH = 1, k‘o = kB = 2, k:l = k‘W = k:H = 4. Let denote
Ly = L and P = P, the log-Heston semigroup. Let i € {0,1, B,W, H}. We have

Vk,L € N,3C € Ry, Vf € CHEF P (R x Ry),

L < C||f||k+ki7L'

Besides, for any ¢ € N, we have

q—
Wk, L €N, 3C, Vf € ChIT (R x Ry), | Pif Z CL e ar, < OO lgur
O

Proof. The first part of the statement is proved in Lemma 3.2.1. For ¢ = 0, the estimate is simply
the one given by Lemma 3.2.4 (or Proposition 3.2.2 for PH).

We now consider ¢ > 1. As already pointed in the proof of Lemma 3.2.4, each operator is
the infinitesimal generator of (3.25) with a suitable choice of parameter. Then, by applying Ito’s
formula and taking the expectation, we get P} f(x,y) = f(z,y) + fg PiL;f(x,y)ds. By iterating,
we obtain for f € Cf,::lqki’L(]R x R4),

= t — S -1 P
Z; /0 @(q_)l)!PéE?f(w?y)ds- (3.34)
7=0

We have |22l 1z, < O flli-gr, 1 by Lemma 3.2.1-(5) and thus [ PLYf 1 oqr, < CT | fllksans
for s € [0, 7], by using the result for § = 0. Therefore, we get by the triangle inequality

qg—1 . t qg—1

; t) t—s

P =2 5 = /0 (@_)ncqﬂufumk pds = —cq“r\fumw =
.:0 .

k,L+qL;

Corollary 3.2.7. Let T > 0. Let Py denote either PtE”E or PtNV. We have, for ¢ < 3,

g—1 +a
Wk, L €N, 3C, Vf € Cpi!™ (R x Ry),Vt € [0,T), || B.f — Z J L fllk24+q < C| fllerag.s
q=0

and (Hy) holds.
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Proof. We prove the result for PtEI, the argument is similar for PtN V. We use Lemma 3.2.6 for PV
and PtB and apply then Lemma 3.2.5. For ¢ = 0,1,2, we get easily the claim. For ¢ = 3, we get
since PF* = Pt?QPt%ﬂ%,

(1/2)QI+q3tq1+q2+q3

DE 3
Pt xf - Z q1|q2q3| ﬁqu"C(IJ/%ﬁquf < Ct HfHker,L'
q1+q2+q3<2 ’ ’ k.L43

The term of order two is

LEf+ .c Ef+ c L+ £B£W+ £W£B+ c f——(£B+L‘W)2f,

(1/2)q1+q3tq1+q2+q3 q q q
and thus 37 . oo 02! LELELLf = Zq 0 q C(Lp+ Lw)if = Zq 0 qv Lif.
Now, we use Lemma 3.2.6 to get HPtf Zq 0 q, qukL+3 < C|fllks+12.L- The triangular
inequality then gives
P.f — PFP® < ct? ,
|Per =B, , < OO i
which is precisely (H;). O

3.3 Numerical results

3.3.1 Implementation

We explain in this subsection the implementation of the schemes associated to ]StEx and PtN V. and
then of the Monte-Carlo estimator of P*", v € {1,2}. We will note either PE=»n or PNV¥n to
emphasize what semigroup approximation is used.

On a single time step, the scheme associated to lf’tN V' is given by

oo, p p e p, 1y+Y
Xty:HJ—F(T—ga)t—FE(Y?—y)—F(gb—5) 2tt+\/(7(\[N1+\/7N2)

~ O‘2 t (o) t
VY = (0= T () + et <\/ (0= Toun(s) + ey + *[G)

l\)\m

where Ny, Nao, G are three independent random variables with the standard normal distribution. It
is obtained from the composition (3.24) and by using accordingly the maps ¢y, ¢1 and ¢p that
represent the semigroups, see Equations (3.19) and (3.23).

(z.y)

One should remark however that the conditional law of X given ﬁy is normal with mean

+ g(}}ty —y)+(r—L2b)t+ (2b— 7)y+Yt t and variance (1 — p?)(y + YY) /2. Therefore, we rather
consider the following probabilistic representation, that has the same law and requires to simulate
one standard Gaussian random variable N instead of the couple (N1, N3) for the first component:

A - Ly+ vy el
XY =2t (= Laye+ LY —y) + (Lo — )L t+\/(1—p2)y+2 LN,

o o o 2 2
N o? t o bL o
¥/ = (a2 )n(z) + et <\/ (= () + eyt fa)

We note oV (t,z,y, N,G) := (X7, V) this map. The same trick can be used for P”* when the
exact simulation is used for the CIR component, and we define

1.y+Y/! +YY
PRty NYY) =2+ (= Lo+ 2V =y + (Bo— )F e+ \/<1 — )N,
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the map that gives the log-stock component.

We now explain how to get the Monte-Carlo estimator for PL7 and then P2". We start with
the simulation scheme for PtE’”. Let us consider T > 0, hy = T/n and the regular time grid
% = {khy, 0 < k < n}. We simulate exactly Yz4,, 1 < k < n, the CIR component starting from
Yo = y, and we set

>E Ex,0 E 0
thxl,o - SO * (h17 (kx 1)h17}/7(k—1)h1)Nk)Ykh1)7 1 S k S n,

where (Nj)1<k<n are standard normal random variable such that Ny is independent of (Ny/)g <k
and the process Y. The Monte-Carlo estimator of PF#1™ ig then

1 &
>Ex,0,(m m
MZf(XT ( )7Y7(“ ))7
m=1

where M; is the number of independent samples. We now present how to calculate the correcting
term in P2". To do so, we draw an independent random variable  that is uniformly distributed on
{0,...,n — 1} and selects the time-step to refine. We note IT' = 1Y U {rkhy + k'ho, 1 < k' <n — 1}
the refined (random) grid, where hy = T/n?. We simulate exactly Y on this time grid and define
the scheme XZ%1 as follows:

X,f}f’l = X,f;f’o for k < &,
FEx,1 E 1

thai+k/h = (PX (h27 Khx +(k'—1)hy Ynhﬁ-(k’ 1)h27Nk/ Ynh1+k’h2)v 1< K <n,
Ez,1 Ez,1 Ez,1

thxl = (pr (hle(km_l)hlﬂ}/(kfl)hpN/mYkhl% k+2<k<n,

where (Nk/)lgkfg n~ are i.i.d. random normal variable, independent of x and (Nk, Yin, )e<r. We then
define the Monte-Carlo estimator of PE®2" (see Eq. (3.11)) by

My Mo
i > FEx,0,(m) +,(m) i S Bl (m) y-(m)y e -Ez,0,(m) v, (m)
Mln;f(XT Y )+M2m§:1n(f(XT YA = RO i)Y

Note that we reuse the same Monte-Carlo samples in the two sums as it has been observed in |7,
Subsection 6.3| that it is more efficient. The tuning of the parameters M; and My is made to
minimize the computational cost to achieve a given precision, see |7, Eq. (6.11)] for the details. Let
us stress here that it is important for the variance of the estimator to use the same noise for the
simulations of XZ%1 and X¥%0. In particular, the normal random variable Ny+1 should depend
on (Nk)lgng- A natural choice is to take

K

J RN
Nei1 = ng_l where N5t = % ZNk,

if we think of Brownian increments. We will discuss this choice later on in Subsection 3.3.3.
Let us now present the scheme for PtN V, that is well-defined for 62 < 4a. The scheme on the
coarse grid I1° is defined by

NV,0 NVO LNV PNV
(th1 Y ) = (hl, (k—1)h1 ,Y(k_l)hl,Nk,Gk), 1<k<n,

where Ni, Gk, 1 < k < n, are two independent standard normal variables independent of ( Ny, Gy ) g/ <k
The Monte-Carlo estimator of PNV:1" is then MLl Zn]\fl:l (X:]FVV’O’(m), }A/J{VV’O’(W)). The scheme on
the refined random grid II' is defined by

(XNV,l )}NVJ) (XNVO YNVO) for k < &,

kh1 " khq khq
>-NV,1 NV1 NV NVl NV, 1 N7 A /
(th1+k’h2’ynh1+k’h2) @ (ha, nh1+(k’—1)h2’Ynhl—i—(k’—l)hg’Nk"le)’ L<kE <n,
>NVl {-NV,1 NVl NV1
(thl aYkhl ) - (h’lv (k—1)hy ’}/(k—l)hl’Nk’ Gk)a k+2<k< n,
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where (Nk/, ék'hgk’g ~, are independent standard normal variables that are also independent of k
and (Ng, Gy )r<x- The Monte-Carlo estimator of P27 is then defined by

M1 M2
1 5NV,0,(m) +NV,0,(m 1 5NV,1,(m) <~NV,1,(m 5 NV,0,(m) +,NV,0,(m
MZ]C(XT ( )7YT ( ))"‘Ezn(f(XT ( )7YT ( ))_f(XT ( )7YT ( )))
=1 m=1

Again, to reduce the variance of the estimator, it is important to use the same noise for the coarse
and the refined grids. In particular, we take for the scheme (X ,i\,fl‘l/’o, YkJZY’O) on the coarse grid

J N
Ney1 =N and Gy = G = — ZGk.

Another choice will be considered for N1 in Subsection 3.3.3, but we will always use Gx4+1 = G,Sf 1
in our experiments.
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FIGURE 3.1: Test function: f(z,y) = (K — e*)T. Parameters: Sy = e* = 100,

r=0,y=02a=02,b=10=05p=-07,T =1, K = 105. Statistical

precision € = 5e-4. Graphic (A) shows the Monte Carlo estimated values of PNV:1L7 f

PNV:2n f a5 a function of the time step 1/n and the exact value. Graphic (B) draws

log(|PNV»n f — Prf|) in function of log(1/n): the regressed slopes are 1.89 and 4.27
for the second and fourth order respectively.

3.3.2 Pricing of European and Asian options

We present in Figure 3.1 the convergence of the approximations PNV-Ln and PNV:27 for the price

of a European option in a case where 02 < 4a. On the left graphic, we draw the values in function
of the time step and the exact value of the option price Prf, that can be calculated with Fourier
transform techniques. On the right graphic is plotted the log error in function of the log time step:
the estimated slopes are in line with the theoretical order of convergence (2 and 4), even though
the test function f(z) = (K — e"); is not as regular as required by Theorem 3.1.1. In Figure 3.2,
we illustrate similarly the convergence of the approximations PExLn and PEx2n for the price of a
European option in a case where o2 > 4a. Again, we observe the theoretical rates of convergence
given by Theorem 3.1.1.

We now consider the case of Asian options, for which we need to simulate a third coordinate:
I = fot SV du = f(f eXe” du. We explain how to simulate this coordinate for PE?, and we do exactly
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FIGURE 3.2: Test function: f(z,y) = (K — e%)T. Parameters: Sy = e* = 100,

r=0,y=01,a=01,b=1,0 =10, p=-09, T =1, K = 105. Statistical

precision € = 5e-4. Graphic (A) shows the Monte Carlo estimated values of PpEzlng

P20 f a5 a function of the time step 1/n and the exact value. Graphic (B) draws

log(|PP=»" f — Prf|) in function of log(1/n): the regressed slopes are 1.89 and 4.26
for the second and fourth order respectively.

the same then for PNV, We approximate the integral Z; by the trapezoidal rule. This gives

o Ez,0 B0
e (k=1hy 4 eV khy

~Ex,0 _ 5Ex,0
Ikhxl - I(kx—l)hl + 5 hi, 1 <k <mn,

>FEx,1 _ 4FEz,0
It =10 0 < k <k,

XEz,l >Ex,l
e rkh1+(k'—1)hg +e rkhi+k'hg

+FEx,1 _ AFEz1 /
Lihisine = Lany+v—1yny T 9 he, 1<k <mn,
XEz,l XEz,l
~ N (k—=1)hq +e khq
Ex,1 Ez,1 €
Ikhl = I(kfl)hl + 5 hi, k+2<k<n,

with 7:'5 20 — féﬂ =1 = 0. Let us mention here that the trapezoidal rule corresponds to the Strang
splitting for the generator £+ e*07. Our formalism would allow to analyse the convergence rate for
the Strang splitting for £ + h(z)d7, when h is smooth with derivatives of polynomial growth. The
exponential function does not fit this condition, and we analyse here the convergence on numerical
experiments.

Figure 3.3 shows the convergence of the approximations PVV:1 and PNV:27 o calculate the
Asian option price Prf = E[(K —Zp/T) "], with f(z,y,i) = (K —i/T)". The left graphic draws the
obtained value in function of the time step. This time, we do not have an exact value, and we draw
in the log-log plot the logarithm of the difference between PNVw2n gng pNVwn ¢ pNVwvn — pp, f+
% 4o(n™") for some 1 > 0, then log(|PNVw2n _ pNVrn|) — Jog(|c|(1—27")) —nlog(n) +o(log(n)),
and therefore the slope of the log-log plot can be seen as an estimation of the rate of convergence.
Again, we find empirical rates that are close to 2 for v = 1 and 4 for v = 2, which is in line with the
theoretical results. The same observation holds in Figure 3.4 for PEzvn in g case where 02 > 4a.
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FIGURE 3.3: Test function: f(z,y,i) = (K —i/T)". Parameters: e = 100, r = 0,

y=02,a=020=206=05,p=-07T =1, K =100. Statistical precision

e = be-4. Graphic (a) shows the Monte Carlo estimated values of PNV-1n f pNV:2.n

as a function of the time step 1/n. Graphic (B) draws log(|PNV:»:2 f — PNV £|) in

function of log(1/n): the regressed slopes are 1.85 and 4.30 for the second and fourth
order respectively.
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FIGURE 3.4: Test function: f(z,y,i) = (K —i/T)". Parameters: e* = 100, r = 0,

y=01,a=01,0=1,06=1.0, p=-0.9, T =1, K = 100. Statistical precision

¢ = be-4. Graphic (A) shows the Monte Carlo estimated values of pEaLn g pBe2n g

as a function of the time step 1/n. Graphic (B) draws log(|PF®¥2n f — PExvn f|) in

function of log(1/n): the regressed slopes are 1.72 and 3.98 for the second and fourth
order respectively.

3.3.3 Estimators variance and schemes coupling

In this paragraph, we discuss how to couple the refined path and the coarse one in order to minimize

the variance of the correction term

n (f(X;CHJ’ YI:S‘CHJ) _ f(XiS:CH,OJ}i?CH,O» 7
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where SCH € {Ex, NV} indicates the scheme used. We will note
V(n) = Var (n (f(X;CHJJA,ﬁCHJ) _ f(X%?CH,o,Y,TSCH,o))) .

While it is rather natural to take the same driving noise for the other time steps, the difficulty is
to find a good coupling on [khi, (k + 1)hi] between the noise used on the refined time grid and the
one of the coarse grid. This issue does not exist for ¥ when it is simulated exactly, and for the
Ninomiya-Victoir scheme we always take G117 = ﬁ > 1—1 Gk. We therefore discuss the choice of
N,11 that is used for the simulation of X. We consider the two following choices:

SC’H 1 SCH,1 3
1 < - Zk 1 \/ khi1+(k—1)h2 Yﬁh1+kh2Nk
N, =Nt = Np, or N, = N¥ =
Kt1 NG Z k> w+l1 S -SCH,1 | ySCH1
k=1 k=1 Hh1+(k 1)ho rkhi+kha

Note that N*¥ ~ N(0,1), since the normal variables Ni, 1 < k < n, are independent of the Y
component. This second choice is also rather natural since it weights each normal variable with the
corresponding volatility on each fine time-step. A similar coupling has been proposed by Zheng [44]
in a context of Multi-Level Monte-Carlo for the Heston model.

Besides this choice of coupling, we also consider another scheme for the Heston model. In fact,
an alternative of Strang’s scheme is to introduce a Bernoulli random variable of parameter 1/2 that
selects which scheme is used first. We want to see if this additional random variable has an incidence
on the variance of the correcting term. This scheme is given by

X R 1ly+YY
PO = gy (r = Layt+ 20 —y) + (B - 5) L
(o) o o 2 2

where N ~ N(0,1) and B ~ B(1/2) is an independent Bernoulli random variable. The random
variable Y CHY g either equal to VY for SCH = Ex or to Y for SCH = NV. This scheme has
been used in the numerical experiments of [7] and is indicated with "Bernoulli" in the following

tables.

t+ g+ BOL— p2) (VMY — e,

Scheme Coupling | n=2 | n=4|n=8|n=16 | n=32
ot 12.13 | 18.48 | 21.85 | 23.56 | 24.41
NV N 0on) | 001) | 0.01) | 0.02) | 0.02)
8.31 9.08 8.91 8.70 8.57
(0.01) | (0.01) | (0.01) | (0.01) | (0.01)
33.27 | 41.96 | 46.14 | 48.27 | 49.37
(0.02) | (0.03) | (0.03) | (0.04) | (0.04)
25.11 | 28.55 | 30.74 32.13 32.85
(0.02) | (0.02) | (0.03) | (0.03) | (0.03)
30.19 | 30.19 | 28.09 | 26.74 | 26.02
(0.02) | (0.02) | (0.02) | (0.02) | (0.02)
26.35 | 20.80 | 15.17 11.88 10.18
(0.01) | (0.01) | (0.01) | (0.01) | (0.01)

NV N&

NV, Bernoulli NSt

NV, Bernoulli N&

Ex Nst

Ex N&

TABLE 3.1: Variance V(n) estimated with 108 samples, the 95% confidence precision
is indicated below in parentheses. Test function: f(x,y) = (K — e®)*. Parameters:
e*=100,7=0,2=02a=02b=100=05 p=—07,T=1, K = 105.

We have reported in Tables 3.1 and 3.2 the variance of the correcting term for the different
schemes, the two different choices for N,41 and different values of n. Table 3.1 reports a case with
02 < 4a where the Ninomiya-Victoir scheme is well-defined, while Table 3.2 reports a case with
02 > 4a. In both cases, we have taken the example of a European Put option. In both tables, we
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Scheme Coupling | n=2 | n=4 | n=8 | n=16 | n =32
38.69 | 39.51 | 36.96 | 35.23 | 34.32
(0.03) | (0.03) | (0.03) | (0.03) | (0.03)
32.49 | 26.01 | 19.16 15.20 13.17
(0.02) | (0.02) | (0.02) | (0.01) | (0.01)
65.66 | 68.93 | 66.95 | 65.47 | 65.01
(0.04) | (0.05) | (0.05) | (0.05) | (0.05)
61.04 | 57.45 | 50.98 | 47.03 | 45.12
(0.04) | (0.04) | (0.04) | (0.04) | (0.04)

Ex Nst

Ex N&

FEz, Bernoulli NSt

FEzx, Bernoulli N&

TABLE 3.2: Variance V(n) estimated with 10® samples, the 95% confidence precision
is indicated below in parentheses. Test function: f(z,y) = (K — e®)*. Parameters:
e*=100,r=0,2=0.1,a=0.1,6=10,0 =10, p=-0.9, T =1, K = 105.

observe that the scheme using a Bernoulli random variable has a correcting term of higher variance.
Besides, it requires to simulate one more random variable. Thus, the schemes based on the Strang
composition are better suited with the convergence acceleration using random grids.

We now comment the coupling of the schemes. In all our experiments, the coupling using N&"
gives a lower variance than the one using N®'. Besides, we observe that the gain factor between
the two choices is increasing with n. We have a gain factor of % ~ 2.85 in Table 3.1 for the
Ninomiya-Victoir scheme and n = 32, and of 2.32 in Table 3.2 for the scheme Ez with n = 16. As
a consequence, we recommend the use of N?V to couple the schemes on the coarse and fine grids.

3.3.4 Towards higher order approximations of Rough Heston process

In this last paragraph, we propose to investigate numerically the approximations with random grids
in the case of the rough Heston model. We first recall that the rough Heston model proposed by El
Euch and Rosenbaum [29] is given by S; = eX¢”" | where

t 1 t
X2 = gy / (r - 2Y3) du +/ VY (pdW, + /1= p2dB,), (3.35)
0 0
t t
YY =y / K(t — u)(a — bYY)du + / K(t =)oV YdW,, (3.36)
0 0

where K is the fractional kernel given by
tH—1/2

K=t

(3.37)

with Hurst parameter H € (0,1/2). The convolution through the kernel K in (3.36) introduces a
dependence of the volatility Y on the past, and the process (X,Y’) is not Markovian. Despite this,
it is possible to find a process in larger dimension that is Markovian and approximates the rough
process well. It is well known (see e.g. Alfonsi and Kebaier |6, Proposition 2.1]) that if we replace
the rough kernel K in (3.36) by a discrete completely monotone kernel

d
K(@t)=> e ™™ >0, ke{l,....d}, (3.38)
k=1
then the solution of the Stochastic Volterra Equation

Y; :y—|—/ K(t—u)(a—bYlf/)du—i—/ K(t —u)o\/ Y/ dW,, (3.39)
0 0
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is given by Y; = y + Zi:l Y, where Y = (Y1,..., Y% solves the SDE in R%:

t t t
Ytk:—pk/ deu+/ (a—bYu)dqu/ o\ YudW,, ke{l,...,d},t>0. (3.40)
0 0 0

We want to build a second order scheme for (3.40) along with

- t 1~ toz
Xy =x+ / (r— iYu)du +/ \/ Yu(pdWy + /1 — p2dB,)
0 0

This multifactor model has been first developed by Abi Jaber and El Euch [1] and can be seen
under a suitable choice of K (t) = zzzl ke Pkt as an approximation of the rough Heston model.

We present here a second order approximation scheme for the couple ()~( , )7) that preserve the
positivity of Y as proved by Alfonsi in [8, Theorem 4.2 and Subsection 4.3]. The infinitesimal
generator of the d + 1 dimensional process (X,Y) is given by

d
Lf(x,y)=(r— %y Ouf(,y) + > _(a— pryr — by )0y, f(2,y)
k=1

N =

d d
1
+ 582]” x,y)+ g 2p00,0y, f(z,y) + g JQy’aykaylf (z,y), (3.41)
k=1 k=1

where y = (y1,...,yq) and ¢/ =y + Z?:1 v;y;. We use the following splitting £ = L1 + Lo, where

Lif =— Zzzl PrYiOy, f is the infinitesimal generator associated to
dXt - O,
N N (3.42)
ay,” = —piY, dt, ke{l,...,d},
and Lo is associated to
1
dX; = (r — §Yt)dt + \/}7t(det + /1 — p2dBy),
(3.43)

d
dYF = (a = bYy)dt + 0/YidWy, with Yy =y + > %Y ke{l,...,d}.
k=1

The linear ODE (3.42) has the exact solution
i(t,z,y) = (2,y1), with y, = (y1e™, ... yge™). (3.44)
From (3.43), we obtain that (X, Y;) satisfies the following log-Heston SDEs
t 1 t
X, =2 +/ (r— §Yu)dt —l—/ VYu(pdWy + /1 — p2dB,)
0 0
t t
YVi=y + / K(0)(a — bYy)du + / K(0)o/ YydW,,
0 0

and dY} = ﬁdY} (note that K(0) = 2?21 7). So, having a second order scheme (X5Y VY'Y for

(Xt,Y:), we can build a second order scheme for (3.43) by

(3.45)

(XY VM, ) = (XY, Ay (YY), (3.46)

where

Ay(z) = (y1 + ZK_<()y),, ceYd ZK_(Oy)/) . (3.47)
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In the end, we use again the Strang composition to get the second order scheme for (3.41) starting
from (x,y) and time-step ¢t > 0:

AT,y A
" (t/2, e AL, “)) , (3.48)

where ylf//Q =y+ 2?21 yyjePitl2,

Now that we have defined the approximation scheme (3.48) for the multifactor Heston model,
we want to use it to test numerically the convergence acceleration provided by the random grids.
The construction of the estimators is identical to the one of PNV and PNV:27 in Subsection 3.3.1
and we do not reproduce it here. Also, by a slight abuse of notation, we still denote by PNVLn and
PNV:2n these estimators that are well-defined K (0)o? < 4a. Unfortunately, there does not exist
yet — up to our knowledge — efficient exact simulation method for the multifactor Cox-Ingersoll-
Ross process. It it were the case, we could then define the corresponding estimators PE%1" and
PEx.2n oxactly as in Subsection 3.3.1, for any o > 0. Here, we thus present only simulation in
the case K (0)0? < 4a. These simulations are intended to be a first attempt to get higher order
approximations of the multifactor Heston model. We let the case K (0)o? > 4a as well as theoretical
proofs of convergence in this model for future studies.

Multi exponential approximations of the rough kernel are available in literature, see e.g. Abi
Jaber, El Euch [1| and Alfonsi, Kebaier [6]. In our simulation we will use the algorithm BL2
suggested by Bayer and Breneis in [13], that optimizes the 2([0, T])-error between K and K while
limiting high values of px. In particular, we will use the approximate BL2 Kernel with d = 3
exponential factors, that has been proven to approximate a whole volatility surface of rough Heston
call prices with approximately 1% of maximal relative error [13, Table 4, third column|. When the
Hurst parameter H = 0.1 the nodes and weights are resumed following table

p1 = 0.08399474 | p2 = 5.64850577 | p3 = 118.00624702
v1 = 0.80386099 | v2 = 1.60786461 v3 = 8.80775525

We consider European put option prices and present in Figure 3.5a a plot of the values of PNVi1n f

and ¢cPhNV2" f as a function of the time step with the exact value obtained by Fourier techniques.
In Figure 3.5b, we draw a log-log plot to quantify the order of convergence. First, we observe that
we obtain a much larger bias than in our previous numerical experiments for the Heston process,
Figure 3.2a. This is mainly due to the map 11 that has a relatively large nodes, namely ps and
especially p3. The contribution of these exponential factors in the dynamics of the scheme gets more
important when the time step is sufficiently small. However, even if the bias is more important, the
speed of convergence are still in line with the theoretical ones. The regressed slopes for PNV,Ln f
and cPhNV:2" f are respectively 1.89 and 3.98, showing that the scheme is indeed a second-order
scheme and that the boosting technique with random grids works again in this case.
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log(|PNV»m f — Prf|) in function of log(1/n): the regressed slopes are 1.89 and 3.98
for the second and fourth order respectively.
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Chapter 4

Some PDE results in Heston model with
applications

We present here some results for the PDE related to the logHeston model. We present different
regularity results and prove a verification theorem that shows that the solution produced via
the Feynman-Kac Theorem is the unique viscosity solution for a wide choice of initial data (even
discontinuous) and source data. In addition, our techniques do not use Feller’s condition at any
time. In the end, we prove a convergence theorem to approximate this solution by means of a
hybrid (finite differences/tree scheme) approach.

Introduction

The stochastic volatility model proposed by Heston in [34] is one of the most famous and used models
in mathematical finance. It describes the evolution of the price of an asset S and its instantaneous
volatility Y, according to the following couple of stochastic differential equations

dS; = (r — 0)Sdt + St\/?t(pdwt + pdBy),

4.1
dY; = (a — bY})dt + o/ Y, dW,, (1)
where r € R, 6 > 0, a,b,0 > 0, p € (=1,1), p = /1 —p?, (z,y) € R x [0,00) and (W, B) is a
standard 2-dimensional Brownian motion. In order to study and discretize the asset S, it is useful
to consider the logHeston diffusion obtained by applying the transformation (s,y) — (log(s),y) to
the asset and the volatility. To this purpose, we consider a slightly general model from which we
can recover the logHeston by a precise choice of the parameters:

dX; = (c+ dYy)dt + M\/Yi(pdW; + pdB;)

(4.2)
dY; = (a — bY})dt + o+/Y;dW,

where b,c,d € R, a,\,0 >0 p € (—1,1). Indeed, one can show that the price of financial derivatives
written on (X,Y), or equivalently on (X,Y’), satisfies a peculiar parabolic PDE that is degenerate,
i.e. the matrix of the second-order derivative coefficients fails to be strictly positive definite when
the boundary {y = 0} is attained. In this case, the classical existence and uniqueness results using
the uniform ellipticity property fail, and an ad hoc method must be found to prove them.

The literature presents various existence and uniqueness results derived from analyzing the
Heston and logHeston PDEs. Ekstrom and Tysk [28] examined a PDE arising from a generalized
Heston model. While their model employs more general drift and volatility functions, these retain
key characteristics of the original ones, such as positive drift of the volatility process when Y; = 0
and sufficient regularity of the squared volatility function. Within their model, they establish a
verification theorem and a uniqueness result contingent upon certain mild assumptions on the payoff
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function f. Costantini et al. groundbreaking study in |23] establish the existence and uniqueness of a
viscosity solution for a PDE encompassing a wide array of jump-diffusion models, including Heston,
applicable to both European and Asian options. Notably, when applied to the Heston model, their
innovative approach necessitates a condition akin to the Feller condition (i.e. ¢ < 2a), ensuring the
volatility process remains strictly positive. Consequently, their result cannot cover the full range
of parameters in the Heston case. For numerical reasons, Briani et al. [17] need regularity results
for functional of the diffusion (X%*¥ Y%¥), representing the solution of (4.2) starting from (z,y)
at time ¢t € [0,7"). This is important because the expectation of such functionals gives the price of
European options. In order to do that, they prove first a verification result (cf. |17, Lemma 5.7])
for the logHeston PDE (4.4): under appropriate regularity hypotheses on f and h, the function

T
u(t, =, y) =E[e@<T—t>f<X%”’y,Y%y) - / e On(s, X5V, Y] V)ds (4.3)
t

is a solution of

8tu(t,x,y)—I—EU(t,$,y)—l—Qu(t,x,y) :h(t,$7y), te [OvT)7 (l‘ay) S Oa (4 4)
u(T,z,y) = f(z,y), (z,y) € O,
where O =R x (0,00) and £ is the infinitesimal generator of (4.2):
L= %(Vaﬁ + 20000,y + 0202) + (c+ dy)dy + (a — by)dy. (4.5)

Moreover, when the Feller condition 02 < 2a is satisfied, the uniqueness of the solution holds. In
fact, since the boundary R x {0} is inaccessible to the process (X,Y’) under the Feller condition,
the behaviour of w if R x {y = 0} is irrelevant and one can achieve uniqueness of the solution. In
second instance, they prove a stochastic representation for the derivatives of u. As a consequence
of this result, and under specific conditions on final data f, they show that u is regular enough
to solve, by continuity, the problem even on O = R x [0,00), so the PDE is satisfied even when
volatility collapses in 0. This gives an additional boundary condition, giving an equation involving
the function and its derivatives at the domain boundary. It is worth noting that this is called a
Robin boundary condition. Briani et al. did not establish uniqueness for the PDE over O, as their
primary objective was different.

In this paper we restart from the logHeston setting of [17] and study minimal hypotheses over f
and h under which we can prove a verification theorem that characterizes u in (1.52) as the unique
solution of (4.4) even when the Feller condition is not met (0 > 2a). Let us stress that, due to
the connection between u in (4.3) and option prices problems, weaker requests on f and h translate
into the choice of more general payoffs and h running costs in finance. First, we consider classical
solutions. To this purpose, in Section 4.1, after reviewing a slight extension of the regularity result
obtained in [17], we characterize u as the unique classical solution of (4.4) over O = R x [0, c0)
under relaxed hypotheses on f and h. However, this requires that f and h have some differentiability
conditions: merely continuity properties are not enough. In order to contour this difficulty, solutions
in weak or viscosity sense are typically taken into account. Here, in Section 4.2, we tackle the
problem from a viscosity solutions point of view: we prove an existence and uniqueness result
without the restriction of the Feller condition. We stress that the initial data may have some types
of discontinuities, allowing us to deal with valuable financial examples such as Digital options.

We point out that, under the Feller condition, uniqueness results for classical, viscosity or weak
solutions over O or O have already been studied in the literature (see, e.g. [17, 23, 22]), possibly
requiring strong hypotheses on f and h. However, when the Feller condition does not hold, to the
best of our knowledge, the literature is very poor on results concerning the uniqueness of classical
and viscosity solutions (see, e.g. [28] for classical solutions). Thus, the main original contributions
of this paper delve into this direction.
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Finally, we deal with the convergence of a hybrid numerical method introduced in [19]. If f is
smooth enough, the convergence rate has already been provided in Briani et al. [17], independently
of the validity of the Feller condition. As the authors need the regularity of the price function, they
strongly use classical solution results. Thus, their approach must keep the regularity of f. Here, by
exploiting the tools and techniques introduced to get the results concerning viscosity solutions, we
can prove the convergence of the above-cited hybrid numerical scheme whenever f is continuous,
see Theorem 4.3.4. The result of this theorem is confirmed empirically by the numerical experiment
carried out in [19], which computes the price of a European put option in the Heston model. Other
numerical experiments that use the hybrid algorithm for the Bates and for the Heston-Hull-White
models have been carried out in [18] and [20] respectively.

4.1 Existence and uniqueness of classical solutions

This section contains a slight improvement of some results proven in [17] regarding the log-Heston
PDE in which we add a uniqueness result inspired by [28].

We start by introducing some notations. We set R = [0,00), R} = (0, 00) and name C/(RxR )
the set of all functions on R x Ry which are g-times continuously differentiable. We set CZ (R xR )
the set of functions g € C?(R x R4 ) such that there exist C, L > 0 for which

pol

0000 g(z, y)| < CA+[al" +y5), (z.y) ERxRy, a+B8<q.

For T > 0, we set CgolT(R x R, ) the set of functions v = v(t,z,%) such that v € Cl9/2:4(]0, T) x
(R x R4)) and there exist C, L > 0 for which

up 0rocolv(t,y)l < CA+ |z|* +y5), (z,9) ERx Ry, 2k+a+B<q.
telo, T

We set C(RxRy) = CO(RXR4), Cpol(RXR) = € (RXR,) and Cpor 7 (RXRy) = €)1 p(RXRY).
We also need another functional space, that we call CPOI(R,R+),p € [1,00],g € NNm € N*: g =

9(x,y) € CoH(R,Ry) if g € CJ (R x R.) and there exist C, ¢ > 0 such that

|8§éayﬁg('ay)|LP(R,dar) < C(l + |y’c)’ a+ B <gq,

where |h|pp gy = fR x)Pdr) 1P if p > 1, and the standard sup norm if p = co. Similarly, as above,
we set CPOIT(]R Ry) the set of the function v € Cpol (R x Ry) such that

up 08 OL (L, y) | r@any < CL+ [yl9), 2k +|U|+]1] < q.
t€|0,

We call the solution of the logHeston SDE (4.2)
T T T
XY — 4 / (c+dY!¥)ds + / Ao\ YV AW, + / Ao\ YiYdB,,
t t ¢

T T
ij;’y =y+ / (a — bY!Y)ds + / o\ YEVaw,. (4.6)
t t

We define the candidate solution
T
u(t, z,y) =E [e@ T=0 (X, YY) — / e? (s, Xz’w,if;’y)ds], (4.7)
t

to the reference PDE

Owu(t, x,y) + Lu(t, z,y) + oult,z,y) = h(t,z,y), t€[0,T), (z,y) € RxRy,
u(T,z,y) = f(z,y), (x,y) € R x Ry,
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where L is defined in (4.5). One can remark that when ¢ = r — § (interest rate minus dividend rate)
and d = —%, then (X,Y) is the standard logHeston model for the log-price and volatility. When
instead p=0,c=r—46 — ga and d = gb — % and A = p, we recover a formulation that will be
useful to discretize the solution w in Section 4.3.

In order to present the main contribution in this section, we present a slight extension of a
regularity result presented in [17], that can be summarized Lemma 4.1.1 and Proposition 4.1.2.

Lemma 4.1.1. Let u be defined in (4.7), with f and h such that, as j = 0,1, 33;]'9 € C'Il);lj(R xRy),
agjih € Cll);f;T(R x Ry ) along with h and Oyh locally Hélder continuous in [0,T) x R x R%. Then
0¥y e Crl,;iT(R x Ry) for j =0,1, and one has for

T
Ot z,y) = E [e@<T—t>a?g<X%x’y, YEOY) - / XD (s, XL, Ysm’y)ds] Sm=1,2, (49)
t
dyult,,y) =E [6(”)(“)6@,9<X%“’y, YY)
T A
+ /t ele=D)(s=) [§a§u + ddyu — ayh} (s, X1, Ysl’t’“’y)ds] , (4.10)

where (X;’t’m’y,Ysl’t’m’y) solves (4.2) with new parameters p1 = p, c1 = ¢+ pAo, dp =d, \y = )\,
by=b,a1=a+ %2, o1 = 0. Furthermore, v = Oyu 1is the unique solution to the following PDE

{ [(8: + L1+ 0 — b)v + (X2/202 + O, )u — Dyh] (t,2,y) =0, te€[0,T), (z,y) € R x RY, @11)

o(T, 2, y) = Oy f (,y), (z,y) € R xRy,
where L1 = 4(\02 + 2po0,0y + 0285) + (e + pAo + dy)dy + (a + 02 /2 — by)d,.
Iterating this Lemma, it is possible to prove the following result.

Proposition 4.1.2. Let ¢ € N. For every j =0,1,...,q, aijf € nglj(R x Ry), 0¥h e ngle(R X

Ry), and for all (m,n) € N? such that m + 2n < 2q and m < 2(q — 1), 03" 0, h locally Hélder
continuous in [0,T) x R x R . Let u as in (4.7).

Then 8% u € nglj,T(R x Ry) for every j =0,1,...,q. Moreover, the following stochastic repre-
sentation holds: for m 4+ 2n < 2q,

Oroyu(t,z,y) = B [T 0gmepn fXE0, Yty

T
A
+E [ /t ele=mb)(s=1) [n(20g+2e9;—1u + da;n“ag—lu) - 8;”8;]11} (s, Xy ybev)ds)|
(4.12)
where 8;”85_1u =0 when n = 0 and (XY YWLEY) n > 0, denotes the solution starting from
(x,y) at time t to the SDE (4.2) with parameters
o2

Pn=0p, Cp=cH+npio, dy=d, =N\, an:a—i—n?, b,=0b, o,=o0. (4.13)

In particular, if ¢ > 2 then u € C12([0,T] x R x R,), solves the PDE

{&gu(t,x,y) + Lu(t, z,y) + ou(t, z,y) = h(t,z,y), t€][0,T), (z,y) € R x Ry, (4.14)

U<T7x7y):f($7y)7 (l’,y)ERXR_,_.
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Remark 4.1.3. For discretization purposes, as done in Briani et al. [17], one can consider an
L? property for x — u(t,z,y), and similarly for the derivatives. In this case, one can reformulate

Proposition 4.1.2 as follows. Let p € [1,00], ¢ € N. For every j =0,1,...,q, 03 f € ngl_j(R,R+),

97h e Cg’glﬁz(R,R+), and for all (m,n) € N? such thqt m + 2n.§ 2¢ and m < 2(q — 1), 97°0yh
locally Holder continuous in [0,T) x R x R* . Then 0¥y e Cg’gl_%(R, R,) for every j =0,1,...,q.

Moreover, the stochastic representation (3.26) holds and, if ¢ > 2, u solves PDE (4.14).

It is possible to prove these results with the exact proofs presented in [17], with little changes
due to the presence of the source term h, so we omit the proofs here.

One could be interested to see if we can ask for less regular f and h and still have existence of
a classical solution and in which case the solution is unique. In order to do that we first fix other
notations that will be required in what follows.

Let T > 0 and a convex domain D C [0,7] x R™ and Py = (t1,21), P2 = (t2, 22) € D we define
the “parabolic” distance dp : D x D — Ry as

dp(Pl,PQ) = (‘tl — tg’ + |Zl — Z2’2)1/2. (4.15)

Let v : D — R, using the notation |v|} = suppep [v(P)|, we introduce the following notation of the
a-Holder norm. For a € (0, 1):

. . _ P) —
|v\f = |v|%) +Hf(v), where Hf(v) = sup M

4.16
p£o|Poep  dp(P, Q) (4.16)

We will say that v is a-Holder for the parabolic distance if Ff(u) < oo that is equivalent to say
that v = v(¢, 2) is a/2-Holder in ¢ and a-Holder in z. We define the (2 + a)-Holder norm

—7D —7D —7D —F—7D
[0]yy = [0]g +[000]q + D> 10L0], . (4.17)
1<[1|<2

To define the weighted a-Holder norm, we must first introduce the notion of weight. We call for
7>0and Q; = (15,2) i =1,2

0D, ={(t,z) € 9D |t € [0,7]}, dg, = Peilgg dp(Qi, P) and dg, @, = min(dg,,dg,), (4.18)

where dg,, i € {1,2}, measures the parabolic distance of @; from the boundary 0D;,. Similarly to
(4.16), for m € N, a € (0,1) we define

|'U‘3m = ‘U’(?m + ]}Z;),m(v)v (419)
where [v(P) —v(Q)]
D m D m—+a |V - v
Vg, = supdplv(P)|, H,,,(v)= sup d . 4.20
vl PeD Pl(P)l m(®) P#£Q|P,QeD PR dp(P,Q)° ( )

With the notation |v|2 = |v|30 weighted (2 + «)-Holder norm is as follows

D D D ! D
0B = 02 + 1002y + 3 10h[2, (4.21)
1<[i|<2

where I = (I1,...,1y), 0L = 9 -0~ and || = Y1, ;. The main difference between the standard
and the weighted a-Holder norm is that the latter allows explosions for the derivatives of v and the
difference |v(P) — v(Q)| when we evaluate them near the boundary.

Now we can state the following result, which clarifies the behavior of the second order spatial
derivatives of the solution u near the spatial boundary R x {0}, in which we place hypotheses slightly
stronger than the ones in Lemma 4.1.1.
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Proposition 4.1.4. Let u as in (4.7), f and h such that, for j = 0,1, &gjf € Crl)glj(]R x R4),

97h e Cll);lj;T(R x Ry). Furthermore, we take |h|£2, |3yh|§2 < oo, for all K conver compact set
contained in [0,T) x R x Ry. Then, for all ty € (0,T) and xo € R one has

lim 9% t,z,y) =0 and lim 0 0,u(t, z,y) = 0. 4.99
(t,x,y)%(to,xo,o)y ! ( y) (t’mvy)ﬁ(to,ro,O)y Y ( y) ( )

Proof. The proof takes inspiration from [28]. Under these hypotheses, as shown in Lemma 4.1.1,
we know that v = dyu solves

{mz+g+@—wv+@wﬂg+ﬁmu—gﬂuﬂwg:Q te0.T), (@y) ERxRL, oo

U(T,I‘,y) :ayf(l‘,y), (l',y) € R xR%,

where L1 = $(A\?02 +2p00,0y 4 0292) + (¢ + pAo + dy)d, + (a + 02 /2 — by)d,. We consider, now, a
sequence (tn, Tn, Yn)nen+ C [0,T) x R x R% converging to (to, zo,0), where ¢y € [0,T") and zo € R.
By the convergence y,, — 0, there exists ng such that for all n > ng y, € (m%l, mln), and m,, — oo
when n — o0o. Then we define

Xn (talivy) — (5’7],() = (mn(t - tn)amn(‘r - xn)vmny)

and the functions w,, as

wnls,1,€) = 002 (5, ) =0 (= 4t T g, ),

n n

One can check that w, satisfies the following PDE

&w+§O£+%M%&+ﬂ%mwﬂﬁmw+%§wwn
+(+U—2+bi)8 +(0—0) +i =0, (4.24)
a 5 - ¢Wn 0 W, mngn— , .
where

gn(5,1,C) = (N?/207 + dox)u(x;, (5,1, C)) + Oyh(xy, " (5,1, Q).
We also define

up=uox,', hn=hox,"

Then, we consider the rectangle R,, = [t, — n%—i,tn + n%b—i] X [Ty — mln,:rn + mln] X [272”, min],

(tn, Tn,Yn), and we define R = x, R, = [—20,20] x [—2,2] x [1/2,4]. By (4.24) in R thanks to the
Schauder interior estimates (cf. Theorem 5 in Sec.5 of Chap. 2 [32]), one has

1
‘wn|§+a < |wn|(7)a + —1gn 5,2
My,

1 /A2
< ol + — (5 102unl B + 1dl|0eunl F + 10l )
n

s R R R
< Polf + — (G 102ullly + ldl10sul Ty + 10,k
n

c R R
< ol + —— (Julg™ + BI + 10,h15)
n

c K K K A
< |vlg™ + ooy <|u]0 +[hly2 + ‘8yh|o¢,2) < C < o0,
n
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where we pass from the third to fourth line using in succession: that exist C; > 0 such |9, u|R" <
Ch |8xu\ a1, that we can upper bound thanks to Schauder interior estimates on u the two seminorms

|0 u|a1, |0%u | 1 as follows

|Ozul i + |02ulgy < lulsy < [ulg™ + [hles

The passage to the fifth line is because there exist 1 € N and K compact set such that R,, C K for
all n > 7. The uniform bound by C follow by lulg™ = |v(to, z0,0)|. Now that we have the weighted
holder norm estimate |wy |5, < C, we can consider a smaller rectangle R’ = [46,8] x [—1,1] x

[1,2] who has strlctly positive distance from OR and get, in terms of standard holder norms, the

uniform bound |wn|2 ta < C. Now using the equi-boundedness and equi-continuity of a general
subsequence (wp;); and of its derivatives (9,wy,); and (Ocwn; );, by Ascoli-Arzela Theorem one can
find subsequences (wy;, )k, (Oywn;, )k and (cwn, )i that converge uniformly on R’ to continuous
functions w, d,w and J;w respectively. Being the uniform limit of the original sequence w, a
constant equal to v(to,xo,0) then Oyw, and O;w, have to converge uniformly to d,w = 0 and
Ocw = 0. So

5 ¢ 5 n ¢
O<—C8 wp(s,m, () = Gyv(—+tn,—+xn,—)

mMp m mp mp

n

and

Rl
08 aun(s,m, Q) = ou0 (2t

n mny

¢
+ Zn, ) s
mpy
so, in particular, the limits hold if we restrict to the sequence (ty,Zn,Yn)nen+. Being dyv = 0§u

and 0,v = 0,0yu, then the proof is completed. O
Remark 4.1.5. Under the hypotheses of Proposition 4.1./, the equation

Owu(t, x,0) + (cOy + ady + o)u(t, x,0) = h(t,z,0)
is satisfied for allt € [0,T), and so does not hold only as a limit.

Proof. Let t € (0,T), since 0yu is continuous up to the boundary, we expand u in the direction y
around (t,x,0) and (¢t + €, x,0), and use the mean value theorem to get

Syult, z,0) = lim u(t+e€,2,0) —u(t,z,0) lim u(t + e, z,€?) — u(t, z,e?) + O(e?)
t y Ly = =

e—0t € e—0T €

= lim Ju(t+ &, z,€%) + O(e),
e—07F

for some & € (0,¢€). Since for y > 0 one has dyu = —(L + ¢)u + h, then by (4.22) and continuity of
Jzu and Oyu up to the boundary {y = 0}, one has

Owu(t,z,0) = lim —(L+ o)u(t + &, =, 62) + h(t + &, x, 62) = —(cOy + a0y + o)u(t,z,0) + h(t,z,0).

e—0F

Since the functions on both sides are continuous up to ¢ = 0, this is verified for ¢ = 0, too. O

So, we have just proven the following result.

ops . 24 _
Prop051t10n 4.1.6. Let u defined as in (4.7). Let f and h such that, as j = 0,1, 9’ f € CpolJ (R x
R.,), 8%h e CpolT(R x Ry), h, Oyh and |h|a2, |8yh|£2 < oo for all K compact set contained in

[0,7) x R x Ry. Then 03u € CII)OIJ’T(R x Ry) for j = 0,1 and solves

{atu(t,fc,y) + Lu(t,z,y) + ou(t,z,y) = h(t,z,y), t€[0,T), (z,y) € R xRy, (4.25)

U(T,J},y) :f(x,y), (ﬂf,y) e R xR,
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We can compare the result we have just proven with the one in Proposition 4.1.2. In the latter
one, Briani et al. use the stochastic representation (4.12), with ¢ = 2, to prove the function u belongs
to C12([0,T] x R x Ry) and so by continuity of all the derivatives involved in the problem, that
initially (for example taking only the final data f just continuous) is solved only over [0,T) x R xR* ,
is solved even over [0,T) x R x {0}. To get all this regularity for u one has to request a lot of
regularity on f and h: 827 f € Cf);lj (Rx Ry), 97h € CE;{T(R x Ry ), and for all (m,n) € N? such
that m + 2n < 4 and m < 6, 9,9, h locally Hélder continuous in [0,7) x R x R%. We are capable
of lowering these requests on f and h because even if u is less regular, it can still solve the reference
problem. With the hypotheses considered in (4.1.6), we do not have the continuity of 9,0,u and
85, but we prove only (4.22) and this is enough, as shown in Remark 4.1.5, to prove the PDE is
solved over the boundary [0,7") x R x {0}.

We now state sufficient conditions to ensure the uniqueness of the solution.

Proposition 4.1.7. There is at most one classical solution u € C*2([0, T') x (RxR%))NCH11 ([0, T) x
RxRL)NC([0,T] x RxR4) to the PDE (4.8) such that the solution has polynomial growth in (z,y)
uniformly in t. In particular, under the hypothesis of Proposition 4.1.6, u defined as in (4.7) is the
unique solution.

Proof. Suppose that u and v are two solutions in the reference space C?([0,T) x (R x R%)) N
CULL([0,T) x R x Ry ) NC([0,T] x R x Ry), clearly the difference w = u — v lies in the same space.
For simplicity, we reverse the time by the change of variable t — T — t, so w solves

(4.26)

(8t_£_g)w(t7way):07 tE(O,T], .%'ER,:I/ER.H
w(oamay)zoa .’EER,yGRJr.

From now on we consider ¢ = 0, because exp(—pt)w(t, z,y) solves the problem with the constant
equal to 0, and the function M, : w(t,z,y) — exp(—ot)w(t,x,y) is a bijection from the reference
space to itself. Let L the first even integer such that |w(t,z,y)| < C(1 + 2% + y%). We call
h(z,y) = 1+ 252 + y~*2 and with a little algebra one can show that exists M > 0 such that

(L+2)(L+1)
2

Let € > 0, we define w® : [0,7] x R x Ry — R by

Lh(z,y) = y()\Q:cL + JQyL) +(L+2)((c+ dy)acLJrl + (a— by)yLH) < Mh(z,y).

we(t,x,y) = w(t,z,y) +ceMh(z,y),

then
(0 — L)ws(t,z,y) = e (M — L)h(z,y) >0

for all the interior points. Let I' := {(t,z,y) | w®(¢t,z,y) < 0}, we remark that I" is bounded
(because of the growth bound |w(t,z,y)| < C(1 + z¥ + y)), and then T is compact by continuity
of w®. Assume that T' # () and define to = inf{t > 0 | (¢t,z,y) € T, for some (z,y) € R x R }.
We consider a point (t, zo,%0) € I'. By continuity of w® and definition of t, w must be equal 0
in (to,zo,%0). In the meantime, being w®(0,z,y) > 1 and T compact, one has ¢ty > 0. We suppose
first yg = 0. Then, by the fact that ¢y is an infimum, we have

8tw5(t0, Zo, 0) < 0, a;,;wa(to, Zo, 0) = 0, 8yw5(t0, Zo, 0) > 0

otherwise we can find a triple (t1,x1,y1) with ¢; < t2 such that w®(t1,2z1,y1) < 0 contradicting the
minimality of ¢y. Being a > 0, one has

0> atwa(toa Zo, 0) - a’aywa(tov o, 0) = 56MtM(]‘ + $€+2) >0

so yo = 0 is not possible. We consider now yo > 0, then (o, x0,y0) is an interior point of the
domain. By minimality of ¢y one has 0w (g, zo,y0) < 0 and (xg,yo) is a minimum point for
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the map (x,y) — w®(to,x,y). Then, this map has a gradient equal to 0 and Hessian positive
semi-definite, so Lw® > 0. One has

0> (0 — L)w (to, mo, yo) = ee™*(M — L)h(zo, yo) > 0.

This contradiction implies that I' = (). Since this holds for all € > 0, it follows that w > 0. Applying
the same argument to —w shows that w < 0 and so w = 0. Ul

4.2 Existence and uniqueness of viscosity solutions

Here, we want to explore the extended problem (4.8) from the point of view of viscosity solutions
in order to reduce the regularity on the function f. Now, we introduce some definitions (cf. [26])
that will be useful from now on.

Let F: (0,7] x R™ x R x R™ x §(m) — R a continuous function where S(m) is the set of
m x m-dimensional, R-valued symmetric matrices.

Definition 4.2.1 (Degenerate ellipticity). F is called degenerate elliptic if it is nonincreasing in
1ts matriz argument
F(t,z,u,p,X) < F(t,z,u,p,Y) forY < X,

with the classical ordering < over S(m) defined by the relation
Y <X & (Y () < (X ) forall ¢ € R™.
Definition 4.2.2 (Proper). F' is called proper if it is degenerate elliptic and nondecreasing in u.
Remark 4.2.3. With the change of variable s =T —t the original problem (4.8) becomes
Osu(s,z,y) + F(s,(2,9),u(s, 2, y), Dz yuls, z,y), D(Zx,y)u(s,a:, y)) =0,
Vs € (0,T], z e R,y € Ry, (4.27)
u(0,z,y) = f(z,y), VYreR,yeR,,
where
F(s, (z,y),m,p, X) = _%O‘ZXI,I +2pA0X 12+ 0°Xa) — ux (y)p1 — py (Y)p2 — or + W(T = s5,,y)

(4.28)
is degenerate elliptic (and proper if 0 <0).

We consider a convex domain (possibly closed) O C R™, T' > 0 and we name O = (0,7] x O.
We study the following partial differential equation problem

{ut(t, z) + F(t,z,u(t,z), Dyu(t,z), D2u(t,z)) =0 ifte (0,T], = € O, (429)

u(0,z) = f(x), zeO.
We define

LSC(Or) = {f : Or — R | f is lower semi-continuous at every (t,z) € Or},
USC(Or) ={f: Or — R | f is upper semi-continuous at every (t,z) € Or},

and we give the following definition.
Definition 4.2.4. Given a function u and (t,z) € (0,T] x O, we say that at (t,x)
Opu(t, x) + F(t, z,u(t, ), Dyu(t, z), D2u(t,z)) > 0 (resp. < 0) in viscosity sense

if, for each smooth function ¢ such that u — ¢ has a local minimum (resp. a local mazimum) at
(t, )
Kot x) + F(t,z,u(t,z), Dpg(t,z), D2¢(t,z)) > 0 (resp. < 0) in classical sense.
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We introduce the notion of semijets to give an equivalent definition that will be useful in the
following.

Definition 4.2.5. Let u : O — R, then its upper parabolic second order semijet 73(29’+u is defined
by

PEtu: O = PR x R™ x S(m))

(t,z) — Py u(t, z)

where (c,p, X) lies in the set 77(29’+u(t,x) if

u(s, 2) §u(t,x)—|—b(s—t)+<p,z—:L‘>+1(X(z—x),:U—z>

2 (4.30)
+o(|s —t|+ |z — z|?) as O 3 (s,2) — (t,z),
and we define the lower parabolic second order semijet P(Zg’fu = — (29’+(—u). We also define the

closure of these set-valued mappings as

Postult,z) = {(c;p, X) € R X R™ x 8(m) | 3((tn, 2n), ey Pr, Xn) € Op x R x R™ x S(m) s.t.
72,+
(CnyPny, Xn) € Po u(ty,z,) and ((tn,;vn),u(tn,xn),cn,pn,Xn) — ((t,x),u(t, x),cn,pn,Xn)},
(4.31)
and f?jiu, closure of 77(29’711, is defined in the same way.
We now give the definition of viscosity super and sub-solutions.

Definition 4.2.6 (Viscosity super-solution (sub-solution)). Let F' be a proper operator and T > 0.
A function u that is LSC(Or) (resp. USC(Or)) is called a viscosity super-solution (resp. sub-
solution) with initial value f if,

e for any (t,z) € Or, Op(t, )+ F(t, z,u(t,x), Dyu(t, z), D2u(t,x)) > 0 (resp. < 0) in viscosity
sense,

o for any x € O, u(0,z) > f(z) (resp. < f(x)).
A function u that is both a super and a sub-solution is called a viscosity solution.
The following result gives an interesting equivalent definition.

Proposition 4.2.7. Let (t,x) € Op. Then

Proof. The inclusion 2O follows easily by using the local maximum (respectively minimum) property
and developing ¢ using Taylor Theorem around (¢, ) up to the first order in ¢, and to the second
in z. The nontrivial inclusion C requires constructing, for every (¢, p, X) € 77(297+u(t,a:), a regular
function such that the difference u — ¢ has a local minimum at (¢,z). We refer to Fleming and
Soner [31], V.4 Proposition 4.1. O

As an immediate consequence, we have the following characterization of super and sub-viscosity
solutions.
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Corollary 4.2.8. A function w € USC(Or) is a viscosity sub-solution with initial value f, if and
only if

c+ F(t,z,w(t,z),p,X) <0 for all (t,z) € Op and (¢,p,X) € 77(29’+w(t, x), (4.34)
w(0,x) < f(x), for any x € O. '

A function v € LSC(Or) is a viscosity super-solution with initial value f, if and only if
c+ F(t,z,v(t,x),p, X) >0, for all (t,x) € Op and (¢,p, X) € 73(29’711(75, x), (4.35)
v(0,z) > f(x), for any xz € O. '

Here, we give a key Lemma to prove the verification Theorem, which says that viscosity solutions
are stable under local uniform convergence.

Lemma 4.2.9 (Stability). Let F,(Fy)nen be continuous and degenerate elliptic such that for all
IC5 C Or x R x R™ x §(m)
|F = Fuly™ —— 0,
n—oo

and (up)nen C C(Or) such that

1. for all n, Opun(t, ) + Fp(t, 2, upn(t, 2), Dyun(t, 2), D?2u,(t,2)) > 0 (resp. < 0) for all (t,z) €
Or in viscosity sense,

2. there exists u such that for each K7 C Or compact set one has

|ty — u|6CT — 0.
n—oo
Then u € C(Or) satisfies Oyu(t, z) + F(t,z,u(t,x), Dyu(t,x), D2u(t,z)) > 0 (resp. < 0) for all
(t,x) € Or in viscosity sense.

Proof. We only prove that u satisfies dyu(t, z) + F (¢, z, u(t, z), Dyu(t, ), D3u(t,z)) > 0 in viscosity
sense, the reverse inequality can be proven in the same way. Let ¢ € C12(Or) and (t,z) € O such
that is a global minimum for u — ¢. We consider a compact neighbourhood Kr of (¢,2). Suppose
the minimum is strict at (¢,z), then thanks to the local uniform convergence of (uy),en+ exists a
sequence of points (tn, Ty )nen+ eventually in the interior of K that are minima for the sequence
(un, — ®)nen+ and such that (t,,x,) — (t,z). Being (t,, z,) minimizer for u, — ¢ with ¢ smooth,
then by (1)
0< at(z)(tm xn) + Fn(tna Tn, un(tna xn)a Dx(z)(tn, xn)v D:?:Qb(tna l‘n))

By uniform convergence of w, through u over Kp, one has uy,(t,,x,) — u(t,z). Then thanks to
continuity of D¢ and D?¢ one has that (t,, Zn, Un(tn, Tn); Detin (tn, 2n), D2y (tn, Tn))nen C K xR
compact set of (0,7] x O x R x R™ x §(d). So, thanks to uniformly convergence of F,, through F’
over Kt X R we conclude that

0< 11_>H1 at¢(tn7 xn) + Fn(tn, Tn, un(tn, xn)a D:L"Qb(tna xn)a Dgéf)(tm fEn))
= 0p(t, ) + F(t,z, u(t,x), Dyo(t,x), D3p(t,x)). (4.36)

If the minimum is not strict we consider the function ¢*(s,y) = ¢(s,y) — (t — s)? — |z — y|*. This
function ¢* is such that u — ¢* has strict min in (¢, z) and has same derivatives up to first order in ¢
and up to the second one in (¢, x), so we can apply the previous technique and conclude remarking

nh_g)lo at¢* (tna xn) + Fn(tm L, un(tm xn)a D:Mb* (tna $n)a Di(ﬁ* (tm xn))
= HILH;O 8t¢(tn7 mn) + Fn(tn) ‘T’na un(tn) xn)7 Dz¢(tNJ xn)7 Di¢(tN7 xn))

O
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We want to use the notion of viscosity solution to extend the verification results obtained in the
previous section. Given

T
u(t,x,y) = B|efT D f(XE™Y V1Y) — / eV (s, Xb™ YY) ds|, (4.37)
t

we will verify that u!* (candidate forward solution)
uf(t,z,y) = w(T — t,2,y) (4.38)

is a viscosity solution of the forward problem (4.27) with more general initial data f (even with
discontinuities) and source terms h. We emphasize that whenever we have u solution of (4.8), we
know that u!" is a solution of (4.27) and vice versa.

4.2.1 Continuous initial data

In this subsection, we deal with problem (4.27) where the initial data f is chosen to be just contin-
uous.
In the sequel, we will need some smoothing arguments, which can be resumed as follows.

Lemma 4.2.10. Let f € C(R x Ry) and h € C([0,T] x R x Ry). Then there exist
o (fn)nen C C®°(R?) such that |fn, — fI& — 0 for every compact set K C R x Ry,
o (hn)nen C C°(R3) such that |hy, — h]OKT — 0 for every compact set Ky C [0,T] x R x R4.

Furthermore, if f and h are uniformly continuous and bounded then |f, — f|I§X]R+ — 0 and |hy, —
h’gO,T}x]Rx]&. 0.

Proof. We need only to extend f and h in a continous way respectively around R x Ry and [0, T x
R x R4 and than to take convolution with a mollifier (¢, ),en. We finish applying Proposition 4.21
of [16]. We start by extending f and h in the following continuous way

f(x1,20) = f(x1,0V 22) and h(t,z1,20) = OVt AT, x1,20).

If f and h are uniformly continuous and bounded, then the same proof in [16] guarantees uniform
convergence without any restriction over compact sets (so in R x Ry and [0,7] x R x R4). [l

We recall that for every compact set r in [0,7] x R x R4 and p € N, one has

sup E [‘Xfp’x’y|p + ‘Y%’y‘p] < 00, (4.39)
(t7$7y)e’CT
where ((X7%Y, Y:,f’y))te[o 77 denotes the solution to (4.6).
We are now ready to prove that (4.8) has a viscosity solution, with quite general requests on

the function f giving the Cauchy condition. We underline that we do not operate any restriction
on the parameters: no Feller’s condition is required.

Proposition 4.2.11. Let f € C(R xR) and h € C([0,T) x R x Ry) be such that for all compact
set Kp € [0,T] x R x Ry there exists p > 1 such that

T
SOV gy s [ XY ds <o (140
(tzy)elr (t,xy)eXr Jt

Then,

T
u(t, x, y) =E eQ(T—t)f(X;@,y’ Y;:’y) _ / €Q(S_t)h(s, Xﬁ,:c,y’ Y;t’y)ds
t

is C([0,T] x R x Ry) and is a viscosity solution to the PDE (4.8).
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Proof. In order to simplify the proof, we write u = v — w where

T
o(t,z,y) = E[e?T V(X" YY) and - w(t,z,y) =E [ / e?COh(s, XPP, Y{V)ds |
¢
and we will show all the due convergences in the “w” part, being the v part similar and simpler. Let
R > 1/T and consider the smoothly truncated version f and h® of f and h, that is, f%(z,y) =
f(z,y)Cr(x,y) and hf(t, 2, y) = h(t,z,3)Er(t)CR (7, y), where (g and &g are smooth function such
that

Lpo.r) =Cr=1porty and Ipp 1y<fr<T1p T— A

ff and R’ being continuous and having compact support, are, in particular, uniformly continuous
and bounded. Then by Lemma 4.2.10 there exist two sequences ( f¥),en, (hf)nen that approximate
in uniform norm fR over R x Ry and A’ over [0,7] x R x R;. We define in an intuitive way

vl vf‘, w’ and w as the functions obtained by replacing in v and w the functions f and h with
f fE and nf, hR Being the sequences (f¥),en C C(R x Ry) C Copol(R x Ry ) and (hE)en C
CX([0,T] xRxR4) C Cpol([O T] x R x R4), they satisfy the regularity conditions in Proposition
4.1.2, then for all n € N, uf (¢, z,y) is a C*> classical solution to (4.8) with final value f and source

term hl instead of h. Now, chosen a compact set K C [0,T] x R x Ry, for all R > 1/T one has
[ — e <o — oflgT + Juw® — wlpT
= sup [B[efT0 (FROGY YY) — £ (X YY) )]

(t7x7y)€ICT

+ sup
(t71'7y)€ICT

§Cl‘fR_f7}l{‘](1)§><R+ —|—Cg‘hR hR’[OT xRXR N

T
E| / 200 (R (s, X2, Y1) — B (s, X0, Y10 ds|
t

We show now that |w® — w\OKT — 0 when R — oo, similarly one can do the same for v and get the
convergence in uniform norm for u. We write z = (z,y) and Zy* = (X5, YY) and show that

T
‘E[/ eo(s—t) (h(s,Xﬁ’x’y,Yst’y)—hR(s,Xﬁ,’“’y,){f’y))ds}
t

T
< 2 OTE[ [ (s, ZE N oo (5 Z4°)ds]

T
< 2e<°V@>T/t E[|h(s, ZL7)[1 pe ) (Z87)] ds,

< 2¢(0vOIT / Ih(s, Z5%) | ey ds P( 25| > R)'5

where we used the Tonelli Theorem to exchange the order of the expected value and the integral
and the Holder inequality to get the last inequality. Now, using Markov inequality,

E(Z7°]
-

Using this last inequality and passing to the supremum over Krp, we get

P(1Z7°| > R) <

E[l(Xz"", ") 7

(p—1)
p

T sup
|’wR - w|0KT <C sup / ||h(s,Xz’%y?yst’y)”Lp(Q)ds (t.z,y)eXT
t

(t,z,y)eLT fi—oo

that proves the limit. Furthermore, thanks to triangular inequality, one has

R|K RIK R RIK
|u—un|0T§\u—u ‘0T+|U _un|0T

)
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so, for all n € N*, we can pick R,, such that the second norm on the right-hand side is upper bounded
by 1/(2n). Then, replacing R with R,, in the first norm of the right-hand part of the inequality, it

exists k(n) such that this norm is upper bounded by 1/(2n) too. So we define i, = U (ry and

u — G, |57 < (4.41)

S |-

o ))n oy are classical solutions (so in particular viscosity solu-
Ry F)

tions) to (4.27) where we have F), instead of F' by replacing in it h with Py v (and so u

The functions (ul)pen = (@n(T —
is
C([0,7] x R x Ry) thanks to (4.41). Furthermore is easy to prove the uniform convergence hypoth-

esis F,, — F (because hkR&) — h uniformly over the compact sets of [0,7) x R x Ry), so thanks to

Lemma 4.2.9, u®" satisfies

ol (t, ) + F(t, z, uf (t,z), Dyut' (t, ), D2uf (t,2)) = 0 for (t,z,y) € (0,T] x R x R,
in viscosity sense. Furthermore, uF(O,z, y) = f(x,y) for every (z,y) € R x R4, so uf" is a viscosity
solution of (4.27) with initial value f. O

Remark 4.2.12. The hypothesis (4.40) with p > 1 is not restrictive. For example all the functions
J € Cpol(RxRy), h € Cporr(R x R satisfy this hypothesis for all p > 1. In fact

1
sup | F(XE™ Vi ey < [C(L+ sup  E[[(XF™Y|" + [Y7¥)|*])]F < oo,

(t7z7y)€KT (t@uy)GKT
and
T
sup [ [l XY s < O+ sup  B[XE 4 V) 7]) < oo
(tzy)eKT Jt (t,z,y) e

with Kr = {(t,x,y) € [0,T] x R x Ry | Tty € [0,T] such that (to,z,y) € Kr}.

4.2.2 Comparison principle and uniqueness for continuous initial data

In this subsection, we prove a comparison principle for our reference PDE (4.27). In Subsection
4.2.3, we prove this result allows getting uniqueness of solutions even for initial data f that present
“some discontinuities”.

We start by stating two results that will be crucial to prove a comparison argument needed to
prove the uniqueness of the solution. We first recall a lemma proved in |26], Proposition 3.7.

Lemma 4.2.13. Let M € N*, A be a subset of RM, & € USC(A), ¥ € LSC(A),

M, = sip(q)(x) —a¥(zx)) (4.42)

for a > 0. Let limg_soo My € R and x,, € A be chosen so that

lim (Mq — (®(za) — a¥(z4))) = 0. (4.43)

a—0o0

Then, the following hold

(1) limg—eo ¥ (a) =0,
(i) () =0 and limg—oo = P(Z) = SUP (e A|w(x)=0} P(T) (4.44)

whenever & € A is a limit point of T, as a — oo.
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Proposition 4.2.14. Let u; € USC((0,T] x O;) fori = 1,...,k where O; is s locally compact
subset of RNi. Let ¢ be defined on an open neighborhood of (0,T] x Oy x --- x O, and such that
o (t,xr,...,xx) = p(t,x1,...,2k) is once continuously differentiable in t and twice continuously
differentiable in (z1,...,25) € Op X --- x O. Suppose thatt € (0,T], 2; € O; fori=1,...,k and
w(t,x1,...,x5) = ur(t,z1) + - +up(t,xg) — p(t, x1,. .., Tk)
< w(f, .fl, ‘e ,.%k),

for 0 <t <T and x; € O;. Assume, moreover, that there is an r > 0 such that for every M > 0
there is a C such that fori=1,...,k

b; < C whenever (b;,qi, X;) € P(Qg’:rui(t,xi),
lzi — @] + [t — ] <7 and Jui(t,z:)| + @] + | Xal] < M. (4.45)
Then for each € > 0 there are X; € S(N;) such that

() (bt Dasp(B, @1, - 24), Xi) € Py wi(ly &) fori=1,...,k,
X, - 0
(i) —(L+)Aapr<| @ 0 i | <A4eA (4.46)

0
(iii) by 4 -+ b = Op(t, 21, ..., 2p),
where A = (D2p)(t, &1, ...,41).

Proof. We refer to the proof in [25] with a small modification. Here, the u;-s are USC up to T, so
we must consider possible maximum points over 7' x O X -+ X O. In the proof [25, Lemma 8] we
redifine the v;-s functions equal to —oo only when |z;| > 1 and ¢t < s/2, so t; 5 belongs to [s/2,T]
and the rest of the proof still the same. O

We can now state a comparison principle for semicontinuous functions of the problem (4.27).

Proposition 4.2.15. (Comparison principle) Let w € USC([0, T|xRxR,) andv € LSC([0,T] x
R xR,) be respectively a subsolution and a supersolution to (4.27) with polynomial growth uniformly
in time, where F' is as in (4.28). Then w < v.

Proof. Tt is simple to show (using the Definition 4.2.6) that if w and v are subsolution and superso-
lution to the general problem (4.27) with o € R then e=%w(t, z,y) and e~%v(t, z,y) are subsolution
and supersolution to (4.27) with o replaced by ¢ — 6. So we need only to prove the result when
0 = 0. We start by remarking that w, v and h have polynomial growth uniformly in time, then

sup |w(t,z,y)|, sup |v(t,z,y)|, sup |h(t,z,y)| < C(1 +zF +yL) for some C > 0, L € 2N*
te[0,T te[0,7) te[0,T

(4.47)
We define the function ¢.(t,z,y) = ee™t(1 + 52 4 yL+2). It’s easy to check that ¢. is
C>(]0,T] x R x Ry) and, for every £, M > 0 can be chosen such that

(4.48)

(8 — L)pe(t,x,y) > e, Vte(0,T),z€R, yecRy,
(bE(Ouxuy) 257 V$€R7y€R+

Then, called v. = v+ ¢. and O =Ry x R, for all (¢,z,y) € Op = (0,T] x O one has

Por v+ ¢)(t,x,y) = {(a+ Ouoe(t, 2,9), (B.7) + Diwyybe(t, 2,y), X + DE,  6c(t,2,y)) |
(@, (8,7), X) € Pgv(t,z,9) },
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and by the linearity of the reference PDE, one has that
c+ F(t,(z,y),ve(t,x,y),p, X) > ¢, forall (t,z,y) € Op and (¢,p, X) € P(zg’;vg(t,x,y), (4.49)

and clearly w — v < —e, that means v, is a strict super-solution. Thanks to the growth hypothesis
(4.47)

w(t,z,y) —ve(t,z,y) <201+ 2" +y*) —e(1 + 2" 4 y"?) ——— —o0,

|(z,y)|—o0

then there exists R > 0 such that, w —v. < 0 outside a rectangle [0,7] x R, where R = x[—R, R] X
[0, R]. We now suppose that there exist a point (to,xo,y0) € R such that (u — v:)(to, o, y0) =
6 > 0. If such a point exists, to must be > 0 by the initial condition. In order to come up with a
contradiction we use the well known technique in classical viscosity solutions framework of doubling
the variables. We define, for all o > 0

1
Pa - ([OvT] X RZ X RQ) 2 (ta777C) = 5‘77 - C|2 € RJr'

We penalize the function w — v, subtracting the function ay,, while we double the spatial variables,
and study

M, = sup w(t,n) —ve(t,¢) — apa(t,n, C).
(tznvg)E[O,T]XRXR

By the upper semi-continuity of the function w(t,n) — ve(t,{) — apqa(t,n, (), and compactness of
[0,T] x R xR,

0 <M, = w(taana) - Ua(tom Ca) - aQOa(tou Nas Coz)
for some (tq, N, Ca) € [0, 7] x R x R. We apply now Lemma 4.2.13 with O = [0, T| X R X R, ¥ = ¢

and we chose the point z, in the lemma to be the point (¢4, 7a, (o) that realizes the maximum M,,.
Then (4.44) translates to

() 1Moo $la — Cal2 = 0,
(”) limg oo Mo = u(t7 ﬁ) - vé(ta 77) = SUP{(¢,n)el0,T)xR} w(tu 77) - vE(ta 77) (450)
whenever (£,9) € [0,T] x R is a limit point of (ta,7s) as a — oco.

Now, because of the initial condition, (4.50) (z) and (i), (ta, Nas, o) must lie inside (0,7] x R X R

for large . We want to show that there exists values in f?é}}xnw(ta, M) and f?(’),_T]xR”s (tasNa)
that are not compatible. We apply Proposition 4.2.14 to the point (tq,7a, () With u; = w and
Uy = —Vs, © = Po, O1 = Oy = R x Ry, and ¢ equal to a~!, one get

(017 a(na - ga)a Xoc) € ﬁ?’)’+w(tav "701)7 (627 a(na - Ca)a Ya) S ﬁéive(tm Coa)

I 0 X, 0 I -1
_30‘<0 I>§<O —Ya>§3a(—l I)’

X, <Y, and [(X,z,2)| < 3alz% (4.51)

such that ¢y = ¢ and

from which we derive

Using that w is a sub-solution (4.34) and v, is a strict super-solution (4.49), one has

€1+ F(tot777avw(ta777a)aa<77a - Ca)aX )

a) <0,
C2 +F(ta7Ca;Us(ta7Ca)aa(77a - CCV)7YC¥) 57

<
>
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using X, < Yy, ve(ta, (o) < w(ta,ne) and that F is proper (o = 0) imply

(
(

Naming 7, = (24, ya), (o = (xg, yg), and using the definition of F' in (4.28) one has

€ Coc Ua(touga%a(na - CO()7YO¢) - F(tmﬂayw(tmﬁa)ﬂ(ﬁa - Coa)7Xo¢)

F tOé? )
F(ta,Ca, w(ta, Na) @(a — Ca)s Xa) — F(ta, Do, w(ta;Na), (e — Ca)s Xa)-

IN A

¢ _.m
(va ya)(

e <
- 2

X2 42000 X 0% + 02 X22) + d(yS, — y)a(zs, — 2)
— by — yDaws — v 4+ W(T = ta, 25, 48) — M(T — ta, x, 7). (4.52)

The first term on the right-hand side is upper bounded by 3/2(\? + 02)04(343 —ya), so the first three
terms go to 0 thanks to (4.50) (i) while A(T — to, 2%, 35) — h(T — ta, 28, y2) goes to 0 when o — oo
by continuity of i (up to choose a subsequence of as for which (ta,74) — (£,7)). So ¢, that is
strictly positive, is upper bounded by a quantity that goes to 0 when o« — oo. This contradiction
yields that there is no point (tg, zo,yo) in which v — v, > 0 than u < v, for every € > 0 and so
u < v. O

We finish by stating and proving the two following results, which discuss the uniqueness of the
reference PDE and the regularity of the solution.

Corollary 4.2.16. The problem (4.8) has a unique viscosity solution that is continuous over [0,T] x
R x Ry and that has polynomial growth in (x,y) uniformly in t.

Proof. For simplicity, we consider the equivalent forward PDE (4.27) and two solutions u; and us
with polynomial growth. Then, by the linearity of the PDE, u = u; — us9 is a viscosity solution of

{(Gt—ﬁ)u(t,l‘,y) =0, t€(0,T], zecR,ycRy, (4.53)

u(O,x,y)ZO, $€R,y€R+,

with polynomial growth, so it exists L € 2N such that |u(t,z,y)| < C(1 + 2 + y*). We remark
that v(t,z,y) = 0 is a solution to the problem, then by Proposition 4.2.15 v < v and u > v, so
u1 = ueo is the unique solution.

O

Proposition 4.2.17. Let f € Cpol(R x Ry) and h € Cpor,7(R X Ry). Then w as in (4.7) is the
unique viscosity solution of (4.8) that belongs to C([0,T] x R x Ry) and that has polynomial growth
in (z,y) uniformly in t.

Furthermore, if h is locally Holder in the compact sets of [0,T) x R x R% then u € C*2([0,T) x
(B xR?)).

Proof. The first hypotheses over f and h guarantee u to be continuous over [0,7] x R x R4 and
to have polynomial growth, so to be the unique solution. Furthermore, if f and h are locally
Hélder in the compact sets of [0,7') x R x R’ , one can consider the PDE locally in a compact
inside [0,7) x R x R to prove further regularity. Let t < S € [0,T), (z,y) € R x R% and
R=(x—R,z+ R) x (y/2,2y), R>0, Q@ =10,5) x R and consider the PDE problem

(4.54)

v+ Lv+ov=n"h, inQ,
v =u, in 0pQ,

0u@ denoting the parabolic boundary of Q). The coefficients satisfy in ) all the classical assumptions
(see A. Friedman [32] Theorem 9 and Corollary 2 in Chapter 3, Sec. 4), so a unique (bounded)
solution v € CH2([0, S) x R) NC([0, 5] x R) actually exists (and have Holder continuous derivatives
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vty Dg,)v and D(%v Y in any compact set contained inside @). In Proposition 4.2.15 we proved a

comparison principle on the unbounded spatial domain R x R it is easy (even easier) to prove with
the same techniques a comparison principle for the problem above (4.54): this time the “strictificate”
the super-solution v can just add the term ¢. = eeM?. So u that is a viscosity solution and v that
is a classic one (hence a viscosity one, too) must be the same over Q. Then we have the regularity
claimed for u over a generic point (¢,z,y) € [0,T) x (R x R%). O

4.2.3 Discontinuous initial data

Here, we present a general result that allows us to reduce the regularity of the initial data and
consider functions that are not continuous everywhere.

Let f be a locally bounded function defined over a locally compact domain O. We define the
upper-semicontinuous envelope f* and the lower-semicontinuous envelope f, on O by

f*(x) =limsup f(2), fe(z)=1lminf f(z).

z—w =

We call D; the set of the discontinuity points of f, i.e.

Dy ={z € 0| f(z) # fu(2)}. (4.55)

Now, we state and prove a result that says the lower semicontinuous and upper semicontinuous
functions belong to the Baire class 1 functions (i.e. they are the pointwise limit of continuous
functions) and can be approximated in a monotone way.

Proposition 4.2.18 (Baire). Let X C RY closed. Let f € LSC(X) then there exist a non-decreasing
sequence (f, Jnen, C C(X) such that f,, — f. If f € USC(X) then there exist a non-increasing
sequence (f;7 )nen, C C(X) such that f;} — f.

Proof. We prove only the first result; the second follows from the first, considering —f. We now
sketch the proof. Let f <0, for f not bounded below, we can find a continuous function h < f, and
we apply what follows to f = f —h, find approximations f, and define f, = f,, +h. We consider the

continuous function g : z — /(1 + ), prove the result for f = g(f) taking values in [0,1] (closed
set) as in the proof in Proposition 11 in Section 2 of Chapter 9 of [L)] consider the approximations
fn given by proving the result for f and then name f, = f,/(1 — f,). O]

We want to show that (t,z,y) — E[e?T—8) f(X5"Y V1Y) is a continuous mapping for t < T,
even when the final data is discontinuous. To this purpose, we use the fact that the distribution
of the couple (X™Y, YY) for t < T is absolutely continuous (with respect to Lebesgue measure).
In fact, in [41], 1t has been shown that (exp(X:%Y), YY) has a C°(R* x R%) density so using a
change of variable argument, it easily follows that (X;x’y, thiy) has a C*° density over R x R .

Proposition 4.2.19. Let f : R x Ry — R be a function such that the closure Dy of the set
of its discontinuity points has zero Lebesgue measure. We assume that for all compact set Kp €
[0,7] x R x Ry there exists p > 1 such that

sup || (X5 Yty)HLP(Q) < 00.
(t7x7y)EICT

Then v(t,z,y) = E[e?T=0 f(X2"Y V1Y) € C(([0,T] x R x RO\{T} x Dy)).

Proof. Since (t,z,y) e?(T=1) ig continuous, we can consider the case o = 0. We consider (t,z,y) €
[0,7) x R x Ry and a sequence (t, x, yx) that converges towards it, we want to show that

[ELf (X Y P)] = E[F (X", Vi) —— 0.

k—o0
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Let € > 0. First, thanks to Holder inequality

t bl 9 t b
|IE[f(AX'7lc Tk yk,YTk yk)1‘(X;k@kvyky;k»yk)b}g]| <

Hf( tk,xk,yk Ytzmyk)‘|LP(Q)P(|(X§1€,Zk7yk,ij;myk” > R)#

One can choose R such that the same inequality holds replacing (Xt’“’z’“y’“ Yt’“’yk) with (X7 hoy )y, ’y)
So, for R big enough, one has

|E[f(X;lkavyk7Y%k:yk)] _ E[f(X%x’y,Yiﬁ’y)H <
|E[f(X’?kavyka Y’]t“k’yk)]]-KX;k’zkvyk,Y;ﬂk’yk)‘SR] - E[f(thy Y ) |(Xt93 Y yt y)|<R]| + 2¢.
Let § > 0, we define the compact set A% = {z € R x Ry | d(2,Dy) > 4,|2| < R} and C% = {z €

R x Ry | d(z,Dy) < 6,|2| < R}. C% \ Dy N Bg(0) that is a null set, so thanks to the absolute
continuity of (X LIV Y, ’y) one has

P((X5™Y, YY) € C%) — 0 when § — 0. (4.56)

Furthermore, the boundary C% is a null set. In fact, it is contained in Dy UOBR(0)U{z € Rx R |
d(z, D7f) = ¢} that are three null sets, the first by hypothesis and the second two being sets whose
points are exactly distant a strictly positive number from closed sets ({0} and Dy) (look here [30]
for a simple proof). So, by convergence in distribution of (X} Xtk vk Ytk’y’“) towards (X;&w’y, Y;i’y)

P((XgE ™% Y o) € OF) —— P(X7™, YY) € CF). (4.57)

k—o00

Thanks to the following inequality

t I b t K
|E[f(X71€ Tr yk7YTk yk)1(X;k’zk’yk,Y;k’yk)€C%]| <

p

Hf<X§5,zk,yk’ Yzékyyk)"LP(Q)]P)((X’?CJMZUI@’Y%kayk) e C};)ﬁ,

that still valid replacing (tx, zx, yx) with (¢,z,y), using the uniform boundedness in L hypothesis,
(4.56) and (4.57), if § is small enough and k > ko one has

t ) ) t ) t, 5 t,
|]E[f(X7l“ o yk’ YTk yk)H(X;kvzk;yky;k»yk)ecjs%] - E[f(XTxya YTy) (Xt z,y Yt y 605]| < 2e.

The set 9A% is a null set, because it is contained in dBR(0) U {z € R x Ry | d(z,Dy) = 6},
that are two null set, as explained above. So, the function f1 A3, are continuous over the compact

A‘IS%, therefore, they are bounded and are discontinuous only over the null set OA%. Thanks to the
absolute continuity of (X2"Y, YY) and convergence in distribution of (X#**¥ Y5V towards it,
itk >k

[BL X YL oyt go ] = BUF (X Y0 (xron yeoyean ]l < €
Finally if k& > max(ko, k1) one has
‘E[f(X¥,xk7yk7y%myk)] _ E[f(X%x’y, YTt,ym < be.

If we consider (t,z,y) € {T'} x A, where A = (R x Ry)\Dy then for any sequence (tj, Tk, Yi)ken
that convergences to (¢,z,y) and all the previous estimation still works because the limit law this
time is a Dirac mass over (¢,z,y) that is not a discontinuity point of f. O

Thanks to the previous proposition, we can consider some type of discontinuities in the final
data f (or initial data if we consider the forward problem). We state and prove the following result.
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Theorem 4.2.20. (Verification Theorem) Let f : R x Ry — R be a polynomial growth function
such that Dy has zero Lebesgue measure, and h € Cpor (R x Ry). Then u in (4.37) is the unique
viscosity solution to the problem (4.8) that is C(([0,T] x R x Ry) \ ({T} x Dy)) and that has
polynomial growth in (x,y) uniformly in t.

Proof. Let u be as in (4.37) that is a function in the class considered, and let v a solution in this
same class. We use an approach that directly proves that u is a solution and is the only one in
the class considered. We show that exist a continuous sequence (u,, )nen of sub-solution and a
continuous sequence (u;"),en of super-solution such that

u;(Tv K ) < U*(T7 '7 ) < v*(Tv K ) < U’Z(T7 ) ')7 (4'58)
for any compact set Kz C [0,T) x R x R, one has lim |ul — u|0]CT, (4.59)
n—oo

where v,,v* are respectively the lower and the upper semicontinuous envelope of v. The local
uniform convergence (4.59) tells us, thanks to Lemma 4.2.9, the limit u is both sub and a super-
solution, so it is a solution. Then, if one has the inequalities (4.58), one can apply the comparison
principle (reverting in time the solutions) comparing u,, to vs, and u to v* getting the relations
u(t,z,y) = lim ul (t,z,y) > v*(t,z,y) = v(t,x,y), forallt<T, (z,y) ER xRy,
n—oo
u(t,z,y) = lim u, (t,z,y) < v (t,z,y) =v(t,z,y), forallt<T, (z,y) e R xRy,
n—oo
where we used the fact that v.(¢,z,y) = v(t,x,y) = v*(t,x,y) because v is continuous for every
point such that ¢ < T'. Then, u = v everywhere because they have the same final data. We prove,
so, the existence of continuous sequences of solutions that satisfy (4.58). We consider a modified
version of final data f* defined as follows

{fi(:z,y) = +x(x,y) for (z,y) € N (4.60)

fE(z,y) = f(v,y)  otherwise,

where x(z,y) = C(1 + |z|¥ + y*) (C > 0,L € N*) is such that |u(t, z,y)|, |v(t,z,y)| < x(x,y), and
we define the functions u™*

T
ut(t,z,y) =E [eé’(“)fi(X%”,Y%’y)— / e?Cn(s, XE2Y, Y AV)ds
t

Being f~ and fT respectively lower semicontinuous and upper semicontinuous, thanks to Propo-
sition 4.2.18, there exists (f, )nen, € C(R x R4 ) non-decreasing sequence converging to f~ and
such that f; > —y (otherwise consider f; = f V —x) and (f; )pen, € C(R x R.) non-increasing
sequence converging to fT and such that f- > x (otherwise consider fi = f;7 A x). We define in

the same way as u™
T
up (t,,y) = |27 fE(XE5 YY) — / 2 n(s, X7V, Y ) ds
t

By Proposition 4.2.11 u; are continuous solution with final data f;7 > f > v.(T,-,-) and u,, are
continuous solution with final data f,, < f < v*(T,-,-) (proving (4.58)). Furthermore, thanks to
Lebesgue Theorem u — u* when n — oo and u® = u for t < T because f differs from f* only on
a negligible set and (erp’m’y, YTt’y) has density, and the convergence is monotone in n for any point.
Then, considering the convergence on any compact set Kp C [0,7) x R x R4 we have a monotone
sequence (uj{ or u, ) of continuous functions that converges everywhere over r to a continuous

function w, so this convergence must be uniform for Dini’s Theorem (proving (4.59)). O

We conclude with one remark and an example.
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Remark 4.2.21. One should remark that if we add in Theorem 4.2.20 that h is locally Hélder in
the compact sets of [0,T) x R x R% , then u belongs also to CLQ([O,T) x (R x Ri)) The proof of
the regqularity is the same as in Proposition 4.2.17, so we do not repeat here.

Example 4.2.22. Theorem /.2.20 covers a wide range of possibilities. One of them is the case of
digital options in the Heston Model. We fix the parameters c =r — 9§, d=—1/2, A\=1and o =r

ou(t,z,y) + Lu(t,x,y) + ru(t,z,y) =0, t€[0,T), z€R,yeRy,
U(T, xvy) = ]l[c,d)(exp(x))7 reR,y € Ry,

where 0 < ¢ < d < co.

4.3 Application to finance: a hybrid approximation scheme for the
viscosity solution

Consider the standard Heston model given by the following SDE
T T T
SEY = s+ / (r — 8)Sudu + / pSuy YudW, + / pSu\/ YudBy,
t t t
T T
Yr¥ =y + / (a — bY,¥)du + / o\ YV dW,. (4.61)
t t

In order to build our approximation, we apply the transformation (s, y) — (log(s) — £y, y) obtaining
the following SDE

T T
1
XL = g 1 /t (7’ —5— ga + (gb - i)ystvy>ds + /t p\/ YdB,,

T T
Yf;’y =y +/ (a — bYY)ds +/ o\ YEVdwy, (4.62)
t ¢
that given corresponds to a precise choice of the parameters in (4.6): p=0,c=r—d6—L2a,d = gb—%
and A = p. The advantage of studying (4.62) instead of the SDE obtained by (s,y) — (log(s),y)
is that we can exploit that the noise driving the law of X|Y is independent of the one driving Y.
Hereafter, we fix T' > 0, f € Cpo1(R x Ry) and define
u(t,,y) = E[f(XE"Y VY], (to,y) € [0,T) x R x Ry (4.63)
We know that
1 P((XE™Y YY) e R x Ry, Vs € [t,T]) = 1;
2. the function u in (4.63) solves the PDE
(O + L)u(t,z,y) =0, t€]0,T), z€R,yeR,, (4.64)
u(T,x,y) :f(x7y)7 JUER,Z/ER+, '
where y
L=2(p"0+09) + pux (y)0e + 1y (y)9y, (4.65)

2
and px(y) =7 —06 — pa/o+ (pb/o —1/2)y, py(y) = a —by.

In what follows, we prove the convergence for a large space of functions using the recent hybrid
approach introduced in [17]| that we recall in what follows.
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4.3.1 The hybrid procedure

Let u be given in (4.63). We recall, briefly, the main ideas and describe the approximation of u. We
use the Markov property to represent the solution w(nh,z,y) at times nh, h =T/N, n=0,...,N
for (z,y) € R x Ry

{u(T,ac,y)zf(x,@(/) andn=N-—1,...,0: (4.66)

u(nh, z,y) = Efu((n + 1)h, X[ Y00 )

The goal is to build good approximations of the expectations in (4.66). First, let (}A/nh)n:(]w’N be
a Markov chain which approximates Y, such that (Yé‘)nzo ~ is independent of the noise driving
X. Then, at each step n = 0,1,..., N — 1, for every y € Y* C R, (the state space of YT?), one
writes R R
Efu((n+ 1)h, X{rh, Y ) & Elu((n 4+ D)h, X050, Vi) | Yl = ).

As a second step, one approximates the component X on [nh, (n 4+ 1)h] by freezing the coefficients
in (4.62) at the observed position Y, =y, that is, for t € [nh, (n + 1)A],

law 1
Xphwy 8 Xy — gy (r —0— ga + (gb — i)y) (t — nh) + py(Zy — Zyp,).
Therefore, by the fact that the Markov chain and the noise driving X are independent, one can

write

nh,x, nh, >nh,x, ¥ %
Efu((n + b, XP150 Y 3]~ Elu((n + Db XPEEs R [T =y

=E[p(YVoy12,9) | Vo' =y

where R
(G, y) = Elul(n + 1)k, X150 Ol (4.67)

From the Feynman-Kac formula, one gets ¢((;x,y) = v(nh,z;y,(), where (t,z) — v(t,z;y,() is
the solution at time nh of the parabolic PDE Cauchy problem

o+ LWy =0, in [nh,(n+1)h) x R, (4.68)
v((n+Dhz3y,Q) = u((n+ Dh,x,Q), = €R, '
where £) acts on function g = g(x) as follows
Wo(a)= (r—6—Lat (Lot 12 52
L0g(x) = (r=6 = La+ (Lo = 3)y)ugla) + 577929 (). (4.69)

We remark that in (4.68)-(4.69), y € R, is just a parameter, so £ has constant coefficients.
Consider now a numerical solution of the PDE (4.68). Let Az denote a fixed initial spatial step,
and set X' as a grid on R given by X = {z € R | z = X + iAx,i € Z}. For y € R, let 1% _(y) be a
linear operator (acting on suitable functions on X’) which gives the approximating solution to the
PDE (4.68) at time nh. Then, as x € X, we get the numerical approximation
h,z, h, ~ ¥ h

Therefore, by inserting in (4.66), one sees that the hybrid numerical procedure works as follows:
the function z — (0, z,Yy), z € X, is approximated by ug(x, Yy) backward-defined as

(4.70)

ul(x,y) = f(2,y), (z,y) € X x Y% andasn=N-1,...,0:
uh(w, ) = BT, ()l (- V) (@) | V2 = 9l (2,) € X x DI



4.3. Application to finance: a hybrid approximation scheme for the viscosity solution 95

4.3.2 Convergence in (>

We recall the finite difference scheme and the Markov chain (?nh)n:(),_..7 ~, that under suitable hy-
pothesis on f assures the convergence of the Hybrid procedure to the solution u (4.63). Specifically,
if pux(y) = &r — 6 —L2a+ (2b— 1)y > 0, we approximate (9, + L")y by using the scheme

1)7.1+1 —

T hn + px (y)

Ui — O n }ﬁzyv?ﬂ - 2“?24' U;'nfl’
Ax 2 Ax

while, if px(y) < 0, we use the approximation

Pt gn vt — ol 1 vy — 207 + Ul
i 7 + x (y) 7 1—1 + =2 i+1 7 7
h Ax

The resulting scheme is
AR, (" =™t (4.71)

where Agx(y) is the linear operator given by

—BRo (W) = loR, WMoy (y<or  Hfi=7+1,

1 2 h h .f . — .
(Ah)pty) = { 1 PR ¢ led Wl = (4.7
—BR. () — |aAm(y)’]la2w(y)>07 ifi=j-1,
0, if i — j] > 1,
with " ) L
h P P h
an.(y) = AT 6 — 7 + (;b - 5)% Br.(y) = PYNeLL

We finally define II% (y) = (Azz(y))fl.

Along with the finite different scheme, we need a Markov chain (?ﬁ)n:0717._.7 N approximating
the CIR process Y over the time grid (nT/N)p—o1,.. ~n. The state space is the following, for
n=0,1,..., N one has the lattice

n : n g 2
yfj = {yk}kzo,l,...,n Wlth yk = <\/§+ 5(2k — TL)\/E> ]1{\/@+%(2k—n)\/ﬁ>0}' (473)

Note that Y = {y}. For each fixed node (n,k) € {0,1,...,N — 1} x {0,1,...,n}, the “up” jump
kyu(n, k) and the “down” jump kq(n, k) from y? € V" are defined as

ku(n, k) = min{k* : k+1<k* <n+1and y' + py(y)h <y}, (4.74)
ka(n, k) = max{k* : 0 < k" <k and y + py (yp)h >y}, (4.75)

where py (y) = a — by and with the understanding k,(n, k) = n+ 1, resp. kq(n, k) = 0, if the set in
(4.74), resp. (4.75), is empty. Starting from the node (n, k) the probability that the process jumps
to ky(n, k) and kq(n, k) at time-step n + 1 are set respectively as

wy (YRR + Y = Yo

+1 +1
yZu(n,m - yZd(n,k)

pu(n, k) =0V A1 and pa(n, k) =1 - pu(n, k).

We call (f/ril)n:g’l’m, ~ the Markov chain governed by the above jump probabilities.

Let £2°(X) = {g: X = R | sup,cy g(x) < oo} with the norm |g|pe = sup,cy g(x). With the
above Markov chain, Briani et al. in [17] proved that IT%  (-) satisfies the following Assumption K
with c =1 and £ = h+ Az.
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Definition 4.3.1 (Assumption K(c0,¢,£)). Let ¢ = ¢(y) > 0, y € Ry, and € = E(h,Az) > 0
such that im, agy—0 E(h, Ax) = 0. We say that the linear operator A (y) : £°(X) — £2°(X),
y € D, satisfies this assumption if

TR (%) lloo = AP A, (1) fles < 1+ c(y)h, (4.76)
g0 =

and, with u being defined in (4.63), for everyn =0,...,N — 1, one has
B[R, (V) u((n+ Dh, - Vi )(@) | V] = u(nh, 2, Y,t) + R (2, Y,)), (4.77)

where the remainder R (x, }A’Tfl) satisfies the following property: there exists h,C > 0 such that for
every h < h,Az <1, and n < N = |T/h] one has

S Tk ol (. kY| <
He Iy TR R (L YY), HLl(Q)_C’hE(h,Ax). (4.78)

In [17], Briani et al. proved the following Theorem.

Theorem 4.3.2. Let u defined in (4.63), (ul)n—o.. N be given by (4.70) with the choice

9o

A, (y) = (AR, (),

where AR _(y) is given in (4.72), and (Y!)n=o1...n defined as above. If 9 f e C;ﬁf—j(R,R+), for

every j =0,1,...,4, then, there exist h,C > 0 such that for every h < h and Az < 1 one has
[u(0, -, ) — ub(-,y)|ee < C(h+ Ax). (4.79)

We are about to show that, under less regular f, we still have the convergence of the hybrid
procedure. We present a lemma that will help us prove this result.

Lemma 4.3.3. Let [ € C;Z’P(R,RQ, (01)ien+ @ sequence of mollifiers over R? and

f(:z,y) = f(z,0Vy) and f;= f* 0. (4.80)

Then, for allq €N, f; € Cgf)’lq(R, Ry). In particular 3Cy, C§ > 0 such that for alll € N, z € R and
yeRy
|fi(e,y)| < Co(1 + |z[* + "), sup |, y)| < G (1 + y"). (4.81)
e

Proof. Let q € N. Let f € CooP(R,Ry), then f € CooP (R, R) and in particular f € L¢%,(R?), hence

fi € C®(R?) and, for all multi-index k, D¥ f; = f % DFg,. Tt remains for us to prove the polynomial
growth of D¥ f; and sup,cg | D* fi(, y)| for all multi-index k such that |k| < ¢. Let z € R, y € Ry,

using that f € C;f)’lo(R,R) and (a +b)L < 2871(al +b%) for all a,b > 0

DAt =| [ ¢ oon = iDkaondcan) < [ 1F(C = 2= D (6 mldcan
< [ ct+ic=al+ =PI (G mldcan
< C+Culel +9")+ Cu [ (€17 + D Gl

< Ce(D)(1+ |2|* + ")

< L L
< (jmax CuD) 1+ [l + 47,
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where we used the fact that DFy; is C2°(R?). Furthermore, if k& = 0 than |Dkgol(C,n)] =
and the integral [5.(|¢|" + |[n|%)@i(¢,n)d¢dn — 0 when [ goes to co. So the constant Co(l
Now, let y € R,

ei(C, )
):

sup D fz(rvy!—sup/ F(¢ — 2.0 — y)DFou(C, m)dCdn

< / sup | (2,1 — )| D*er(C, m)ldCdn,
R2

z€R

< (C+Cryt)+ 01 /R2 In[*|DFpi(¢,m)|d¢dn
< Cr(1+y")
< ( max_ i) (1+yh),

ks.t. |k|<q

where once again, we used the fact that D¥y; is C2°(IR?). As in the previous estimate, if & = 0 than
|D*¢i(¢,m)| = ¢i(¢, n) and the integral [go [n|"¢i(¢,n)d(dn — 0 when I goes to co. So the constant
Cs(l) = Cg. O

We state and prove the main contribution of this section.

Theorem 4.3.4. Let f € C;Z’{J(]R,RJF) and suppose that f is uniformly continuous over the sets

R x [0, M] for all M > 0. Let u be the viscosity solution defined in (4.63) and ul} the discrete
solution (4.70) produced by the backward hybrid procedure starting from f. Then

h >
. _— S Y)- 4.82
uO( ,y) (h,Az)—0 U(O, 7y) ( 8 )

Proof. Let (¢1)1en+ a sequence of mollifiers. For all I € N*, we define (¢, z,y) = E[f;(X7} XL v ges)
where we replaced f with a mollified final data f; = f*¢;, and UZ ; as the discrete solutlon produced
by the backward hybrid procedure starting from f;. Let x € X and y € Ry, then

(0, ) — ufi (-, y)lee < [u(0,-,y) — w(0, -, y)|eo + [ (0, -, y) — ufl (-, y) |
I II
gy (y) = ug (o y)]ees -
171

Thanks to Theorem 4.3.2, term I can be upper bounded by C;T(h + Az) that goes to zero when
(h, Az) goes to zero (and does not depend on z). Regarding the term I, defined (XY, YY) =
(X%"y, Yr})’y) one has

(0, - y) = wi(0, -, y)|ee < [E[f (X7, Y7) — ful X", Y] lese
< [E[(f( X, Y) — fu(XpY, Yy))]ly;‘gM”eoo
+IE[(f (X, Y) = filX YE)) Lyys ] le
< sup |[f(zy) = filz,y)l

r€R,y€[0,M]

E[([fC Y ) leee + |fil Y e ) Ly

Using (4.81), 3C > 0 such that |f(-,Y{)|ee + [fi(-, Y )|ee < C(1 + (YF)L), then using Holder
inequality and then Markov inequality one has

. BV
I< s [fxy) - file,y)|+ 1+ (¥ >um>( ) . (4.83)
z€R,y€[0,M]
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Regarding the term III, by linearity of the conditional expectation and of the linear operator
Hzx(y) forn=0,...,N—1

uz,l('ay> - UZ(,y) = E[H}ix(?#)(ug,l(v?}z—l) - u'ill—&-l('ayril—i-l)) ’ )}T? = y]

Then we can rewrite the difference ul, (-, y) —ul(-,y) can be seen as the discrete solution constructed
starting from f; — f. In fact, using the tower properties, we get by induction

N—-1
b y(ery) — ) =E[ TT I (0F) (fi( 72 — £ ¥0) | 98 = y}
=0
N—1 . A )
=E[ I T ) (A YR — f(»Y]@))]-
=0

Furthermore, [17, Lemma 4.7] guarantees ||II% (y)]c < 1 and so

Then

Now proceeding as for term I, one can show

p—1

ohy L E[Y]G] v
HI<  suwp |f(z,y) = filz,y)| + Ol + ¥N) o) | —; : (4.84)
z€R,y€[0,M]

Finally, for every € > 0, thanks to the boundedness of the moments of ng’y and the uniform (in
N) boundedness of all the moments of }7]\’}, we can choose M > 0 big enough to guarantee that the
second term in the right-hand sides of (4.83) and (4.84) are less than £/5. Chosen M, thanks to
the uniform continuity of f, we can take [ big enough to guarantee sup,cg ye(o,1m] |f— fil <e/5and
Ny € N*, § > 0 such that for every N > Ny and Az < ¢ one has C;T'(h + Azx) < £/5, and so

26 & 2¢
[u(0, -, ) _Ug('ay)|£°° < E‘F g‘l’g =c.
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Appendix A

Appendices of Chapter 2

A.1 Proofs of Section 2.3

Proof of Lemma 2.3.1. (1) Let f € Br(R). We have Xo(t,x)! = Z 0 (J)((a o2 4y (L)) ~te Rty
and thus

L 7 .
Fxatt ) = Yo 3 (1) (- o apno)ie it

Therefore, f(Xo(t,-)) € PBr(R) and we have
L J .
I kottDl < Y lasl 3 (7 )l o alunte Z @ %o()
j=0 1=0

with Xo(t) = e ¥ + |a — 02/4[¢r(t). For k > 0, we have 0 < o (t) < t and thus Xo(t) <
(1+]a—o02/4)t). For k < 0, we have Xo(t) = e ¥ (1 + |a — 02 /4[p_i(t)) < e ¥ (1 + |a — o2 /4|t).
Since (1+ |a — o2/4]t)L <1+ tzgzl (z)|a —o?/A(IVT) <1+ t(1+ |a—o?/4|(1 vV T))L, we get
Xo(t) < (1Ve Y[ 4+t(1+ |a—o?/4/(1V T))*] for j € {0,...,L} and then

1F (Xo(t, DI < (LV e ™)L+ (1 +a—o? /4|1 Vv T) )£,

which gives the claim with Cx, = 1+ |a — 02/4|(1V T).

(2) Since Y is a symmetric random variable, we have

J=0 =

J . 2.\ j—i

2)\ (o7t i)

£ £ ()
0

. Lol o 2\J—t o
Zajx]+t2aj <Z‘Z> <U4> IRy 20794,
0 j=

j =0

L L2 i
BV 0)] = S aBn (viYer] = > Y () () Evaa

= 0 1=0

L

P

J
This proves that E[f(X1(vtY;-))] € BL(R). We note that E[Y?] > 1 by Hélder inequality since
E[Y?] = 1, and thus E[Y%] < E[Y?/] for j € {0,...,L}. We get

L 7—1 . 0_2 j—i o
G < 1+ B D 1> () (%) avrr
=0 =0

<|If] (1 +tE[Y2L] (1 + ;’m)”) ,
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. . j—1 . 2j 2L
since Y2075 () (5) v Ty < (14 3VIVT) " < (14 5VIVT) . This gives the claim
2
with Cx, = (1+ $VIVT) . 0

Proof of Lemma 2.3.2. We have 1y (t,z) = 1, and in the case m = 1, we have u(t,z) = = + fg(a —
ki (s, x))ds that has the solution:

a1 (t, x) = ze M + ayy(t)

where Yy (t) = L];kt if Kk # 0 and ¢(t) = t otherwise. This gives the claim for m = 1 with
Up,1 = ay(t) and Uy, = e ¥ We then prove the result by induction and consider m > 2. Using
It6 formula and taking the expected value, one has dyiiy, (t,x) = (am + o?m(m —1)/2) iy, 1 (¢, x) —
kmiiy, (t,x). Hence, we have

T (t, ) = (e7F)™ (mm + /Ot(am + om(m —1)/2) (") ™1 (s, x)ds) :

and we get the following induction relations that give us the representation (2.20)

G (t) = (e7FtY™.

Let f € PL(R). We clearly get from the preceding result that E[f(X;)] € PBr(R) and

{aj,m(t) = (e *y™ [Y(am + o®m(m — 1)/2)(e"*) i m-1(s)ds, 0 < j <m— 1,

L m
IELF (XD < D lam] Y ljm ()] < Cer(L, T)|| £
m=0 7=0

A.2 Proofs of Section 2.4

Proof of Lemma 2./.1. Properties (1)—(3) are straightforward, and we prove only (4)—(6).
(4) We use the fact that 1 + 2 < 2(1 + 22*t1) for z > 0, hence

fD ()| fD ()|
— <2 —_—
jel0 om0 L+ 2T = Zjeo Dmy 430 1+
(5) Let f € C;lc;lL(]RJr). We will use the fact that for all z > 0, (1 + x)(1 + z%) < 3(1 + 2*1) so
z| f9)(z)| x [fD ()| f9 ()|
—= <3 =3 —_—
i‘;‘éumLH— ii%wxi‘g 1+al ig%l—l—xL

Now, we use the Leibniz rule on M1 f and get (zf(z))9) = jf0=D(z) + zf0)(z), so

L@@ @) )

su .
o0 1+ okt o 14 ot +le8 1+ gL+t

Maximizing both sides on j € {0,...,m} and using the previous inequality gives ||M; fl|m +1 <
m| fllm—1,041 + 3| fllm,- We get the bound by using properties (2) and (4).

(6) We have [|£f[lmr1 < allf' .41+ (2mA+3) |l £ ..+ % | £]lm,z] by using the property (5).
We get the estimate by using (3), (4) and (2). The other estimate for V;?/2 is obtained by taking
a = 0?/4 and k = 0, while the one for V; follows by using the same arguments. O
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Proof of Lemma 2.4.5. For x > 0, we have

Py(x) = (14'2\[) g'(x+ BV +7)+ (1_M> g'(x = BVz+7)
= g(a+BVE + ) + o (@ — VT +7) + B / ¢ (x + B2u — 1)z +7)du
Yyr(2)

since Lg'(z + B(2u — 1)\/x +7) = 28y2¢"(x + B(2u — 1)y/z + 7). Clearly, this derivative is
continuous at 0 which shows that 1, is C 1

We are now in position to prove (2.26) by induction on n. It is true for n = 0,1. We assume
that it is true for n. Then, we get by using the case n = 1, differentiating (2.26) and an integration
by parts for the fourth term:

1
P (@) = Py (@) + 52 /O 9" (z + B(2u — 1)V +v)du

+Z @5 (/0 D (@ 4 B(2u - 1)f+7)%du

1 , AV
+/B2/ g(n+]+2)($ + B(ZU _ 1)\/5+7)Mdu> .
0 J:
We then reorganize the terms as follows
1
¢§n+1)(x) :wg(nﬂ)(x) +(n+ 1)ﬁ2/ g(n+2)(aj + B(2u — 1)\/:54- v)du
0

1 n
+ B2n+2/ g(2n+2) (IL’ + ,8(2'& _ 1)\/5_’_ 7) (U —nu2) du
O .

(u—u?)~

+ Zn: < >527 (/ gD (2 4 B(2u — 1)V + W)Mdu)
>

242 ! j+2 (u—u?)/
S ) (] g ).
j=1 )
The last sum is equal to > ", ( )B4 (f gt (2 4 B(2u — 1)z + 7)%(1 ) by chang-

(). 0

ing j to 7 — 1, and we conclude by using that (J) + (" ) = (7

Jj—1

Proof of Corollary 2./.6. We use (2.26) with v = 32/4. We first notice that
Yy (@) < 1glln,(2+ (VT + B/Q)QL (Vz —5/2)%")

HanL <2+2$ —i—QZ <2L> 6/2)21 L— z) ‘

Using that zt <1+l for 0 <i<L—1, we get

L

g0 (@) < 2glhs 0+ 59 Y (57 ) (872 = lalla1-+22)((1 -+ /2P + 1 = /2.

i=0
For the other terms, we use that for u € [0,1], z > 0 and j € {1,...,n},
19" (@ + B2u — )V + 2/4)] < llgllanr(1+ (2 + B(2u = 1)V + 52/4)")
< llgllan (1 + (Vo + 5/2)*").
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We again expand (v + 8/2)" = ol + 3222 (ZZL) (3/2)'zL=D/2 and use that 2("=9/2 <14 zF to
get ‘
9" (@ + B(2u — DV + 52/4)] < llgllan,r(1 + 5/2) (1 +2").

Besides, we have u—u? < 1/4 for u € [0, 1] and thus fo u—u?)du <
C(B) with

W)g(n) (:E)|
14zl =

4j , which gives sup,.~

C(B) = gl (1 +B/2 + (L= B/2%) + lglanc (1 +B/2) ”Z )

= llglln,c (14 8/2)*" + (1 = 8/2)*") + llgll2n. (1 + 6/2)2L(1 + 52 /4)"
< llgllon,z (1 4+ B8/2)% + (1 = B/2)* + (1 + 8/2)* (1 + 82/4)™) = Cp,m,Lllgll2n,Ls

which gives the claim. O

A.3 Assumption (/) for symmetric random variables

Theorem A.3.1. Let n : R — Ry be a C* even function. Then, n}, > 0 for all m € N*
if and only if n(y/-) is the Laplace transform of a finite positive Borel measure p on [0,00), i.e.
n(va) =[5 e pu(dt) for all x € Ry

Proof. We start to prove that n}, > 0 for all m € N* implies n(y/z f e~ u(dt) for all x € R. To
prove this, we use Bernstein’s Theorem for completely monotone functions (see e.g. |43, Theorem
12a p. 160]) and show that for all m € N and = € R, (—1)™09;*[n(v/x)] > 0. To do so, we prove by
induction on m the representation

(m

oy = -y —mzc]mxznﬁ Vi) = (O D (/)

For m = 1, we have nj(y/z) = c1,1v/xn (v/x) and the representation holds from 0,[n(v/z)] =
ﬁn’(\/}) = —5-ni(y/) using that ¢;; = —1. Now, let m > 2 and suppose the representation is
true for m — 1, so

O n(Va)] = 00 (/) :m(— A ch _izhn ﬁ)).
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Differentiating and using that 9, (x%n(j)(\/f)) = i(j:z%n(j)(\/i) a2’ 17(3+1)(f)), we get

aﬁ[n(ﬁ)]z—(’;ém%,( ‘1zc3m1m (Va)

m—1

1

— . bl B0+
+ o ZI cj,m1<,7fr: (V) + a7z nl (f)))
]:

—92)! 1
- %x_m ((2 —m— 1)01,m-1w%n(1)(\/5)

m—1

+ ((.—m+1)cgm 1-1-;6] 1,m— 1) %ﬁ(j)(\/g)

j=1
1 ™ (m)
+ §Cm—1,m—1$ 2n (\/5)
_ C—m 2 4 1) VT
=~ o1 ® <7_1— )clm 12 (y/x)

o 2 2 :
L
T ((_1 - 4) Cjm—1+ mcjfl,mfl)fmnm(\/ﬂ?)

2

+m—1

Cm—l,m—lw%n(m) (ﬁ))

and we conclude using the recursion formula (2.40) for ¢; .
We now assume that 7(y/z fo ety (dt) and show that 7}, > 0 for all m > 1. We define

22
ng(x) = e~z and consider for all + > 0 the function 7;(z) = e~ t® We remark that for all ¢ > 0,
ne(z) = ng(hi(z)) with ht(z) = v/2tx and so we can write by Lemma 2.4.14

)5 (@) = ()™ S gmant? (@) = (1)1 e (V2R (Vi) = ()5 (V2a).
j=1 Jj=1

Therefore, (n;)f,(z) > 0 for all t > 0 and € R. We now consider an even function n : R — Ry
such that n(f) Ooo et (dt) for some Borel measure /L on [0, oo) We then have for all z € R,

oo —tx

nx) = J, = [  m(z)u(dt) and thus 79 (z = > 77t wu(dt). This gives, for all
m € N*,

() = (1) 1Y ¢ man @ () = / T Zm Jyu(dt)
j=1

-/ m(ntm(x)u(dt) >0

where the last integral is positive for all x € R because is an integral of a positive function against
a positive measure. [l

Corollary A.3.2. All the densities that satisfy the hypothesis of the representation Lemma 2.4.13

for all m € N* are such that (/") is the Laplace transform of a finite positive Borel measure p over
[0, 00).
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Appendix B

Some other results for CIR process

In this Appendix chapter, we list some results that have been proven concerning the CIR process,
but that we have not attached to any article.

B.1 Improvements in Ck ((R}) theory for CIR

Here, we present an extension of the representation presented in Lemma 2.4.13

Lemma B.1.1. Let M,L,Z € N. Let Y be a symmetric random variable with density n € CM(R)
such that for all i € {0,..., M}, there emsts e > 0 such that |0 (v)| = o(jv|2EAEHI+=0) for
|v]| = co. Then, for allfunctzon fe Cpol (Ry), me{l,.... M}, ve{0,...,2} and t € [0,T] one
has the following representation

IME[Y? f(X1(VtY, x))] / / w—u?)™ ) (w(u, z, 0))n (v)dudo (B.1)

where w(u, z,v) = x4+ (2u — 1)ovtv/z + o?tw? /4, gy’ (v) = (=1)™! (Z;n:l cj,mvjﬁl(,j)(v)), with
iy (v) = v?n(v) and the coefficients ¢, are defined by induction, starting from c11 = —1, through
the following formula

21 2
Clym = 7—4 Clm— 1]ll<m+m7_

1 1Cl—1,m—1]1l>27 l e {1,. . .,m}, m e {2, .. .,M}. (B.Q)

Let now v = 0 and define 0%, (v) = gy’ (v). If the density 1 is such that n%,(v) > 0 for all v € R,
and allm € {1,..., M}, then there exists C € Ry such that

Vme (L., M}, vt € [0.T] |ELF (X1 (VEY: Dlms < (14 CO Fllmz. (B.3)
Furthermore, for allv € {1,...,E}, there exists C € Ry such that
Vi e {1,..., MVt € 0,7] [EY? F(X1 (VY Dl < Clf (5.4)

Let us stress here one important fact. When v > 1, differently to the case v = 0, we do not
want to prove the sharper estimate with coefficient 1 + C't, because we will use the estimate (B.4)
a fixed finite number of times to prove a (less demanding in derivatives) Hj property.

Proof. We sketch the proof that is almost identical to the proof of Lemma 2.4.13. The proof of
(B.1) is identical to that used to prove (2.39) but this time we replace n(v) with 7, (v) = v?'n(v).
(B.3) is the same as (2.41). Regarding (B.4),we have

o0

1
O E[Y? f(X1(VEY,2))]] S/O (u—u2)m1/ [0 (w(u, 2, 0)) |0 (v)|dvdu

—0o0

1 ')
< fllmr /0 (u — w2y / (1 -+ wu, 2, 0) ) 3 (v) |dvd.

—00
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We use that 1+ w(u, z,v)F < (1 + 281 + 02Tv?/4) 1) (1 + 21), and (u — u?)™! < 1 to get
OFEY f(Xa(VEY, ) < [ fllm,r /OO (14251 + o*Tw? /) F) [ (v)|do(L + 2,
—0
and the hypothesis on 7 guarantees that the integral is finite and less of a constant C' depending on
o,L and T. Finally, one has
OPE[Y f(X1(VEY, 2))]| < (L +25)C|| fllm,L,

and this proves the desired norm inequality. O

Thanks to estimate (B.4) in Lemma B.1.1, we can improve the estimate in the remainder in
formula (2.29) in Lemma 2.4.7. We state the following result.

Lemma B.1.2. Letm,L € N, T >0, t € [0,T] andY ~ N(0,1). We have, for f € cgﬁlz(”““(m),

Bl (v = Y 5 (572 @

=0

1 —u 2v+1
1 tu+1/0 (1(2V_’_)1)!E[Y2”+2V12”+2f(X1(U\/iY’ x))}du, (B.5)

with

1 (1 _ u)2u+1
/0 WE[Y2V+2‘/'12V+2.]¢(X1 (W2, )]du

and Cy € R" depending on (a,k,o0), T, m, M and v.

< Cl”f”m-i—Q(V-ﬁ—l),L (B'6)
m,L+v+1

Proof. To get (B.5), we proceed like in the proof of (2.29) in Lemma 2.4.7, and we use Fubini
Theorem in the end to exchange the integral with the expected value. Thanks to Lemma 2.4.14,
being Y ~ N(0,1), n, > 0 for all m € N, then we can get the better estimate (B.6) using (B.4)
instead of exploiting the estimate in Corollary 2.4.6. O

We can now prove a sharper version of Proposition 2.4.8.

Proposition B.1.3. Let Y ~ N(0,1), 02 < 4a and X7 be the scheme (2.16). Let m € N, L € N*

and f € CgOTG’L(R+). Then, we have fort € [0,T],

BLA(XD)] = (@) +1L(@) + 5 £2F (@) + i (t.2),

with [|Rf(t,)|lm,z+3 < C|| fllm+6,L-

Proof. The proof is identical to that used to prove Proposition 2.4.8, but now instead of using the
estimate found in Lemma 2.4.7 for the remainder of the expansion of the functional of f(X1(v/tY,-))
we use (B.6). O

We state the improved version of Theorem 2.2.2

Theorem B.1.4. Let X be the scheme defined by (2.10) for 0 < 4a and Q,f(x) = E[f(X,fl)], for
Il >1. Then, for all f € Cé%l(RJr), we have P27 f(x) — Ppf(z) = O(1/n*) as n — oc.

Besides, for f € CSZI(R-F)’ we have PY" f(z) — Prf(x) = O(1/n%).

Proof. One only needs to replace Proposition 2.4.8 with Proposition B.1.3 in the proof of Theorem
2.2.2. O
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B.2 High order approximation of the CIR semigroup in the high
volatility regime

Here, we present very simple ideas to get high order approximations for CIR semigroup in the high

regime o2 > 4a. We start stating a simple Lemma.

Lemma B.2.1. Let k € N,L € N* and f € C*TVE(R,). We define M_1f as M_1f(z) = f(z)/x

pol
and fo as fo(x) = f(x) — f(0) for every y > 0. Then M_1fy € C +) and there ezists C > 0

pol(
such that ||M_1 fol||jL—1 < C||f|ljz for every j €0,...,k—1.

Proof. Let f € Cﬁ:ll L( 1), it is easy to show that M_f is k + 1 times differentiable in 0, then it

is k-times continuously differentiable in 0, as in the rest of the domain. Then, thanks to the Taylor
formula centered in 0, for all j € {0,...,k} one has

fla) =Y roat+ [T

=0 ‘7'
and so subtracting f(0) and dividing for z in both sides
i, LT @ —w)
Mflfo(l‘) = Z fj (O)SC + — Tf I (u)du
. 0 .

Considering the j — th derivatives, we get

agM_lfo(:c)ZZ@) (;21! / ( g ) F9D () du.
i—0 0 .

1=

We can give the following estimates

I M_1 fo()| < Z ( >x1+1 / (x ;! U)inHj-i-le(l +ub)du

>xz‘1+1 <Zx:r11 +é: (;) (—1)la"! /Oar uL+ldu>
(g) ( () ()l)
- |\f||J+1L;ZO () (il +l§ <f)<—1>lLflL+1>

J

< HmeLZ() (4 28) < 2 fllenn(l + 22,

Hence, for all j € {07 ) k}a HM—IfOHj,L < CHij-i-l,L' O

Proposition B.2.2. Let t € (0,7] and consider (th’z)te[o,T}; (Xf"r)te[ojw] solutions to (2.1)
with the parameter a replaced respectively by a1 = a + 02/2 and ay = a + o*. Let f such that
limsup, o+ |f(z) — f(0)]/z < 00 and such that E[| f(X})|] < oo, Then

E[f(X7)] = (0) + ap()EIM 1 fo(X; )] + e P aBIM_y fo(X77)]. (B.7)
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Proof. Let f such that limsup, .o+ |f(z) — f(0)]/z < oo and E[|f(X])|] < co. We recall the
transition probability density of X[

t . Z —dt:c/2 dt$/2) Ct/z (%)i*1+’v e_ctz/2a

Fii+v) \ 2

Dﬂg

=0

where ¢; = 41/}’“( )y = 2a/0? and d; = c;e™. Foralli € Nand v > 0, T'(i+14v) = (i +v)T(i +v),
then for all z > O

0 (—dia/2( : i—1tv
pa(t 2 2) = Z e dtx/Q) (i + U)Ct/2) (@) .
=0

T(i+1+v

.

©  _dix . i+v
ize diw/2( dtm/2> <z+v>ct/2) (%) gz

Cz FG+1+vw

_ dti > €_dtx/2(dt$/2)i Ct/2 (%)H—I—FU e—ctz/2
ez i! I'i+24+v) \ 2

20 o= e~ %/2(dyx/2) c/2 (ctz>i+v —erz)2

il — e
oz = 1! FGi+1+wv)

wecall vy =14+0v = 2a1/02 and v9 = 24+ v = 2a2/02, and we remark that we can rewrite the

density as follows

dyx a)(t) e Uy

2v
pa(t’xvz) = 7pa1(tv$a2) + paQ(t,x,z) = pal(t,:ﬂ,z) + pa2(t,1:,z) (B'S)
Ctz Ctz z

We rewrite E[f(X[)] = f(0) + E[fo(X{)] and remark that

oo o9 a e—bt
BOCE] = [ Gtttz = [ i (Pt +  pta) ds

= arpy(t) /Oo M_1fo(2)pa, (t, x, 2)dz + e bl /OO M_1fo(2)pay(t, z, 2)dz
0 0
= app(DEM_1 fo(X; )] + e "aB[M_1 fo(X7)]

that concludes the proof. O

Remark B.2.3. The two diffusions (Xti’y)te[o,T] i € {1,2} have coefficients 01 = 09 = o and
a1 = a+0%/2, ay = a+ %, so both satisfy the well known Feller condition, 01-2 < 2a;. So equation
(B.7) shows that it is possible to apply approximation techniques that work under the Feller condition,
also in the high volatility regime o > 4a.

Theorem B.2.4. Let T > 0 and 0 > 4a. Let X;a: be second order Ninomiya Victoir schemes
for (th)te[O,T] i € {1,2}, P"" the linear operator that approzimate the CIR semigroup P with
rate 2v. Let f € Cgljoi’_17L(R+)7 L € N and P/™ the linear operator defined as P/ f(x) = f(0) +
ar ()P M1 fo(z) + e T2 Py M_1 fo(x), then there exists C > 0 that does not depend on the

function f such that
. C
1P f — Prfllo,p+7 < ﬁ”f“ﬁu—i—l,L (B.9)
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Proof. Let f € 6v + 1, by linearity of P"" and Pr one has PY"f — Prf = P/ fo — Prfy for all
x € Ry. One has

’ )

Prfollo,.+7
< ay(T)||Py" M1 fo — PEM 1 follo.L47
+ e ||z (PY" My fo — PEM_1 fo)llo,L+7
< atpi(T)||P{" M-y fo = PEM 1 follo.z+7
+ 3¢ PY" M_1 fo — PEM_1 follo,L+6
< apy(T)Crn ™ || M1 follow41,L41
+ 3¢ T Con™ || M1 foll6w,L
< Cin || fllovtr.Le1 + Con™ || Fllovsr.z
<2070 fllov+1,L + Con™ || fllev+1,L
< On”||fllv41,L,
where we used to get the first inequality Proposition B.2.2 to rewrite Prfy as ayi(T )P%M_l fo+

e_bTa:PTQ,M,lfg, Theorem B.1.4 to get the third inequality and Lemma B.2.1 to get the fourth
one. Ul

B.3 The CIR moment formula and polynomial schemes

It is well-known in the literature that one can obtain a moment formula for the CIR process using
the CIR SDE; for example, as in Lemma 2.3.2, one can show, for all L € N*

(-
=31
h

E[(f(XP)'] =
§=0

giving a recursive formula for the coefficients without writing their explicit form. We present here
a proof of the CIR moment formula that gives the explicit form of the coefficients ;,,(t) using
the transition density of the CIR process. Then, we apply the knowledge of the exact form of the
coefficients to construct schemes that converge for all polynomial functions f € P(R).

B.3.1 The CIR moment formula

To prove the moment formula, we start with one Lemma, but first, we define for all 7,5 € N,
i;=i(i—1)--(i—j+1) (B.10)

with the convention iy = 1 (and 07 =0 for all j > 1). We state and prove the following result.

Lemma B.3.1. Let L € N*, i € N and v € R, then

L-1 L—1
H(z+]+v Z( )Hq+v (B.11)
Jj=0 Jj=0 q=j

Proof. For L = 1 the right hand of (B.11) is simply G) 137 + (é)via = i+ v, so the equality is

verified. We consider the representation true for L > 1, and we prove the representation for L + 1.

L-1 L L-1

L
[IG+5+0v) = H(z’+j+v)(z‘+L+v):Z<.) [T@+v)isG—i+i+L+wv)
=0

Jj=0 j=0 q=J
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we develop the multiplication by the term (i — j + j + L + v), dividing it in i — j, j and we get

L L I L—1 L I L—1
[Mi+i+o=> (“)Ma+via+ > (Hilla+vs
j=0 i=0 M7 a5 i=0 P

L I L
'y ( L+
Jj=0 J q=J
L1 ry Lol L L—1
=it 1+ (]) H(q+u)i;+1+2< >jH(q+’U)z]
Jj=0 q=j Jj=1 q=j
L I L L
+ 3 (M) a+ois+ Ia+o)
=1 N g=0
L-1 I L-1 L-1 I L-1
=ipg+ (j) (Q+U)i;+1+z<j+1>(j+1) H (¢ +v) i3
i=0 a=i i=0 =i i1
=] =II
L-1 L L
+ ( N ) H(q+v)zj+1+H(q+v),
i=o g=j+1 4=0
—111

where we get the second line taking out the term for j = L from the first addend and the term for
j =0 from the third one. Now we sum the term I with the term I1

L1, ¢ I L—1
I+1I= <<4>(j—|—v)—|—<.+1>(j—|—1)> H(q—i—v)i}fﬂ
j=o W\ J g=j+1
L-1 L-1
L) L
=> [ )G+v +.,.,(L—j)> II (a+v)isa
= ((] JHL =) i
L-1 7 L—1
=3 (5) e+ I o+ ol
=0 \J g=j+1
L1 7\ L .
= , H (q+v)ij1,
i=0 M/ S
and consequently the term I71, and we get
L-1 7 I L
renein=5 () () Moo
J=0 g=j+1
L—1 L
L+1
= Z <j+1> H (q—i—v)lj—irl
j=0 q=j+1
L4 £
= Z i H(q—i—v) i}
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Finally,
L L
L+1 .
H(z+]+v)—zL+1+Z< j )H(q—l—v)z]—i—H(q—l—v)
Jj=0 Jj=1 q=j q=0
Ll /p 4\ &
= (q+v)i;
J
Jj=0 q=j

O

Corollary B.3.2. Leti € N, v € R such that i +v > 0, Z a random variable distributes as a

(i +wv,¢), and we define
L1

8 (v) = G) [T+ (B.12)

q=J
Then for all L € N*, the L — th moment of the random variable Z is

E[ZY] = C)Léaj@j‘g(v) i, (B.13)

Proof. The result follows from a direct application of the identity (B.11) to the well-known formula
of the moments of the gamma law

s () 5 () s (' 50 oo

J=0 J=0 q=J

Proposition B.3.3. Let X{ the CIR process starting fromxz € Ry, t € [0,T], a > 0 and v = 2a/0?.
Then, the moment of (X{')o,r) are given by the following formula

Za;@g <2¢’“<)> e_jktxj. (B.14)

Proof. We recall the density of X[

. : oo efdtx/2<dtx/2)i /2 ¢z i—1+v —er2)2
p(t,z,2) = ,‘ - (—) e
prs i! I(t+v) \ 2
where ¢; = #k(t)’ v =2a/0? and d; = c;e™*. Then, the L — th moment is given by
00 00 —dtx/Q(d /2)1 /2 i—14w
e tT Ct Ctz 2
E[(X?)*] :/ Y : . ( ) e 2z
|
0 P il L(i4v) \ 2
B 00 e—dtw/2(dtl_/2)i o I Ct/2 (CtZ)i—l—H) —CtZ/Qd
- il o T(ito)\2 ‘ -
i=0

We use now the formula of the L —th moment of a random variable Z; ~ I'(i +v,2/¢;) in Corollary
B.3.2 to get

L L

> L Ct/? (ctz)i71+v —ctz/2 L 2 cir %
_a/z (4= =E[zl=(2) Yo :
/0 S T(i+o)\2 c 27 =15, 5L (0)

=0
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and so

7!

0 o= di/2(( 1 /2)i L L
Bl = 3 S (2) S s

i=0 i=0
2 e cir - eidt1/2(dtx/2)i -k
(2} S 3o e
t — — 7!
7=0 =0
2 L L CiT dtx j
- (2) Toio(T)
7=0
L 2 L—j
cr o wk t —
=S ao( TR0 ety
2
§=0
where we used the fact that d;, = e **¢; and ¢; = #k(t) to get the last equality. O

B.3.2 Polynomial schemes

We show now how we can take advantage of knowing the explicit form of the coefficients in the
moment formula to build weak approximation schemes when the test function f € P(R).

Proposition B.3.4. Let v > 0, v € N* and (Z;)ien a family of positive random variable such that

L
E[ZF] = deL(v) i; where 5fL = JCZE forallje{(L-v)VO0,...,L}. (B.15)
5=0

We call Z; = 2/th~,~ for all v € N and Xf’z the random variable distributed has Zp where P ~
P(dix/2) (i.e. a Poisson random variable with parameter dyx/2). Then for all L € N* and f €
PBr(R) one has )

IBLf (X)) = E[f (X)) < Ct Y| £])- (B.16)

Proof. Let m € N, m > v one can easily use (B.15) to show that

E[(X;’Z)m] —E[f(X;)™] = i<5fm(v) _ 5]¢j:n(v))(Uka(t)>m_j€—jktxj

, 2
7=0

—v—1

= (YIS (52, o ) (T )T

whereas on the other hand if m < v then E[th] —E[X;] vanishes. Then, let L € N* and f € BL(R),
using the previous step one has

ELf (X7~ E[f(XP)] = EL: am (E|(X57)"| ~ ELF(X7)™)
m=0
o2 v L m—v—1 i o2 m—v—1—j i
(P53 o St agnon(TH) T e

then E[f(X;7)] - E[f(X;)] € BL(R) and

A~

B (7)) - BLACO
o2 v L m—v—1 ‘ o2 mev—1—j
(5T Y el X ) - szl ()T e

- 2
m=v—+1 7=0

<Ct ],
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where we used that 1 (t) < 0T for all 0 < ¢ < T and C = (026(_b+)T/2)”+lCL and

m—v—1

2 1

_ Z cir g wk(t) m—v—l=j —jkt

Co= max E wmmo—@mwn( 5 ) e 7™
me{v¥l,..,L} =0

O
We now provide an example of a first-order scheme that works without parameter restrictions.

Example B.3.5. Let Z; ~ P(i 4+ v), then
E(Z = 67, (v)i5 where 67, =657  forallj € {(L—1)V0,L}.
=0
So Xf’Z = Zp where Z; = 2/th~l- and P ~ P(dyz/2) is a first order scheme.
Proof. Let L € N*, the moments of a Poisson random variable Z) of parameter A have the following

- {2

J=0

formula

where {?} are Stirling numbers of the second kind. It is well known that {é} =1, {Lel} = (é) =

L(L —1)/2, and one could prove for L > 2, {Ljiz} = L(L — 1)(L — 2)(3L — 5)/24. Using the
definition of Z; and the formula of the Stirling coefficients.

_ L (L
BlZ4 = 3+ P ],
j=0 J
we just want to rewrite the right-hand side in terms of basis {ig, ..., 7} }, to explicit the coefficients
of the terms 77,77 _; and to check that are equal respectively to 52”"L =1and (5%11 . =L(L-1)+Lwv.
The key remark in order to do this calculation is that 7 7

=10,
=i+ T Y ad
1=0
so iterating the formula, one gets
o j—2
g JG 1), ‘
=i+ = P+ Y i (B.17)
1=0

Then one has

. . L(L—1) . k= (L
Ewﬂ::@+wL+(2)@+mL1+§:@+mﬂg},

=0
L(L—1
=it Loil™! ¢ (2)iL1 4o
L—2
=i} + (L(L— 1)+ Lo)ij_, + Y 67,4
=0

where we expanded (i +v)* and (i +v)"“~! to get the second equality and used (B.17) to pass from
the base {i*,...,il} to {i},...,i%}. To check 6].272 = 5;”5 for j € {0,1,2} is trivial. O
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One could check that even 55_27 L= 5%127 ;, when L = 2 that proves that when x is smaller than
a certain threshold Ct, the scheme is indeed of order two (because matches the first two moments
of CIR distribution). Unluckily, one can verify using the same calculations used in the proof and
the formula for {L£2} that 55_27L < 5%127L for all L > 3. Now, we show using numerical tests what

we have proved for f € PB(R): Xf’z is a scheme of order one.

0.899 -5
Poisson scheme

Poisson scheme

Linear regression

True Value

0.898 -
55 |

0.897 -

0.896 -

0.895 - -6.5 [

values
log abs err

0.894 -

0.893 -

75 |

0.892 -

0.891 | | | | 8 | | | | |
1/n log(1/n)

(A) Values plot (B) Log-log plot

FIGURE B.1: Parameters: © = 0.3, a = 0.04, k = 0.1, 0 = 2.0, f(2) = exp(—2) and
T=1 (% = 50). Graphic (A) shows the values of P1"f, as a function of the time

step 1/n and the exact value. Graphic (B) draws log(|PY"f — Prf]) in function of
log(1/n) and a regressed line. The slope of the regressed line is 1.05.

0.976 45
Poisson scheme
True Value

Poisson scheme
Linear regression

0.974 -

55
0.972 -

values

0.97 [

log abs err

-6.5

0.968 -

0.966 - sl

0.964 L L L L -8
0 0.1 0.2 0.3 0.4 0.5 -3.5 -3 -2.5 -2 -15 -1 -0.5

1/n log(1/n)

(A) Values plot (B) Log-log plot

FIGURE B.2: Parameters: z = 0.0, a = 0.04, k = 1.0, 0 = 2.0, f(z) = exp(—4z) and
T=1 (% = 50). Graphic (A) shows the values of P17 f, as a function of the time

step 1/n and the exact value. Graphic (B) draws log(|PY"f — Ppf]) in function of
log(1/n) and a regressed line. The slope of the regressed line is 1.16.
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