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Résumé détaillé

1 Reésumé en francais

1.1 Estimées de densité pour des EDS dirigées par des proces-
sus stables tempérés.

Nous étudions une classe d’équations différentielles stochastiques dirigées par des pro-
cessus stables (possiblement tempérés), sous des hypothéses de régularité Holder sur
les coefficients. Nous prouvons que le probléme de martingale associé est bien posé,
établissant ainsi I'unicité faible pour ’'EDS. Nous donnons aussi un encadrement de la
densité de la solution par celle d’'un processus stable (possiblement tempéré). Notre
approche est basée sur la méthode parametrix.

1.2 La méthode parametrix pour des EDS dégénérées dirigées
par des processus stables.

Nous considérons une équation différentielle stochastique dégénérée dirigée par un pro-
cessus stable dont les coefficients satisfont une sorte d’hypothése de Hérmander faible.
Sous de relativement faibles hypothéses de régularité et des restrictions dimension-
nelles, nous prouvons que le probléme de martingale est bien posé. Nous donnons
également un majorant de la densité reflétant le caractére multi-échelle du processus
sous-jacent dans le cas scalaire du stable tempéré.

1.3 Une extrapolation & pas multiples de Richardson-Romberg
pour 'approximation stochastique

Nous obtenons un développement pour l'erreur de discrétisation de la cible d’un al-
gorithme stochastique a la suite de [Eril3|. Ceci nous permet de mettre en place une
extrapolation de Richardson-Romberg dans le cadre des algorithmes stochastiques,
déja obtenue pour les estimateurs de Monte Carlo linéaires (introduite par Talay et
Tubaro [TT90] et pleinement étudiée dans Pages [Pag07]). Nous appliquons nos ré-
sultats & 'estimation du quantile de la solution d’'une EDS dirigée par un processus
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8 Résumé détaillé

stable. Les résultats numériques produits a partir de notre méthode montrent une
réduction significative de la complexité.

2 Summary in English

2.1 Density Estimates for SDEs Driven by Tempered Stable
Processes

We study a class of stochastic differential equations driven by a possibly tempered
Lévy process, under mild conditions on the coefficients (Holder continuity). We prove
the well-posedness of the associated martingale problem as well as the existence of
the density of the solution. Two sided heat kernel estimates are given as well. Our
approach is based on the Parametrix series expansion.

2.2 A Parametrix Approach for some Degenerate Stable Driven
SDEs

We consider a stable driven degenerate stochastic differential equation, whose coeffi-
cients satisfy a kind of weak Hormander condition. Under mild smoothness assump-
tions we prove the uniqueness of the martingale problem for the associated generator
under some dimension constraints. Also, when the driving noise is scalar and tem-
pered, we establish density bounds reflecting the multi-scale behavior of the process.

2.3 A Multi-step Richardson-Romberg extrapolation method
for stochastic approximation

We obtain an expansion of the implicit weak discretization error for the target of
stochastic approximation algorithms introduced and studied in [Fril3]. This allows
us to extend and develop the Richardson-Romberg extrapolation method for Monte
Carlo linear estimator (introduced in [TT90] and deeply studied in [Pag07]) to the
framework of stochastic optimization by means of stochastic approximation algorithms.
We notably apply the method to the estimation of the quantile of diffusion processes.
Numerical results confirm the theoretical analysis and show a significant reduction in
the initial computational cost.



Chapter 1

Introduction

1 The Problem

This work deals with density estimates for the solution of some Stochastic Differential
Equations (SDEs). Let us consider an SDE of the form:

t t
X =x+ / b(u, X,)du +/ o(u, X,-)dZ,, (1.1)
0 0

where b : Ry x R — R?% and 0 : R, x R? - R? ® R%. Such equations appear in
various fields, from Hamiltonian mechanics (see e.g. Talay [Tal02]), to finance (see
for instance Jeanblanc et al [JYC09]). Also, a strong connection exists between (|1.1)
and certain partial differential equations. Indeed, the density of (when it exists)
is the so-called fundamental solution (also known as Heat Kernel) associated with
the operator d; + L;, where L; is the generator of . For instance, when (Z;);>o
is an R? valued Brownian motion, equation can be linked to the solution of a
diffusion equation, and more generally, when (Z;);>0 is a Lévy process, we can link the
solution of to an integro-differential equation. Thus giving density estimates on
the solution of is relevant both for the theory and the applications.

Assume first that (Z;)>¢ is an R? valued Brownian motion. Consider the following
elliptic setting: 3C > 1, Vz, ¢ € R, V¢t > 0,

CHgl* < (€, 007(t, 2)€) < ClE, (1.2)

where o* stands for the transpose of 0. Suppose as well that oo™ is Holder continuous
and b is bounded Borel. It is then known from the works of Friedman [Fri64] that
(Xt)i>0 has a density, P(X; € dy|X; = x) = p(t,s,z,y)dy. Moreover, two sided
Gaussian estimates hold uniformly on compact sets in time. Precisely, for all T" > 0,
3ACY, Cy > 1, where C, Cy depend on the non degeneracy constant appearing in ((1.2))

9



10 CHAPTER 1. INTRODUCTION

and the drift b, and C; depends as well on T, such that, forallz,y € R4, 0 <t < s < T

e z —y? C

We refer to the last inequality as Aronson estimates: two sided estimates that
reflect the nature of the noise in the system (see [Aro59]). In other words, the estimate
on the noise is transmitted to the solution of the SDE, and the marginals of the
solution of have the same asymptotic behavior as the driving Brownian motion.
Historically, such results are derived from continuity techniques. Intuitively, when
the coefficients have some regularity, we can expect the solution of to have the
same behavior as the driving process, at least for small times. This is exactly the
information in the Aronson estimates.

Observe that the regularity is here crucial. We refer to the well known counter
examples by Krylov (see e.g. Section 3 of chapter V in Bass [Bas97|): for d > 2, the
radial part of an SDE of the form , with o satisfying , but non continuous at
zero can behave as a Bessel process of low order so that zero can be hit.

A lot of different techniques have been developed to recover the estimates in .
When the coefficients b and o are smooth and satisfy some non degeneracy conditions
(Hormander setting), possibly weaker than , Malliavin calculus can be used to
prove existence and estimates on the density. This approach is thoroughly presented
in the series of papers by Kusuoka and Stroock [KS84l [KS85, [KS87|, which can be
seen as a "masterwork" in this field. In particular, Aronson estimates under the strong
Hormander assumption are established in [KS87]. We also mention under the
control based method successfully used in Sheu [She91] to recover (1.3)).

The uniform elliptic assumption intuitively means that the diffusion coefficient o
diffuses the noise in the whole R? space. However, this condition is not always fulfilled
in some practical cases: consider for instance, in the Hamiltonian setting, the Langevin
equations (speed/position dynamics) with a perturbation on the speed component,
or in financial mathematics, the Asian option pricing. Nevertheless, when the so-
called weak Hormander condition is satisfied, we can recover similar results. The weak
Hormander condition intuitively states that with the help of the drift coefficient b, the
noise fills the space R¢ (see Norris [Nor86] for more details). In the work of Delarue
and Menozzi [DM10], the authors consider a chain of n differential equations, and
only the first component is affected by a Brownian noise. Under the weak Hormander
assumption, the noise propagates through the system, giving existence for the density.
Two sided Gaussian (multi-scale) estimates are derived as well.

Let us now consider the case where the driving process (Z;):>o in is a general
Lévy process. In order to obtain a density estimate on the solution of the SDE driven
by (Zi)i>0, the first step would be getting one for the driving process. However, even
establishing the absolute continuity of the law of Z; can already be a hard task. For
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infinitely divisible distributions (without Gaussian part), giving general a criterion for
absolute continuity in terms of the associated Lévy measures is still an open problem for
which no sensible conjecture has been formulated yet, even in the one dimensional case.
The difficulty comes from the time dependency of the absolute continuity property.
Some Lévy processes even show drastic temporal evolution, from discrete continuous
to absolute continuity. The multivariate setting is even more intricate, as the geometry
of the space plays an important role. We refer to Watanabe [Wat01] for an overview
of these aspects. See also the paper of Yamazato [Yam11] that gives some geometric
conditions for the absolute continuity of multivariate Lévy processes.

Nevertheless, existence of the density of an SDE driven by a Lévy process can
be derived with Malliavin calculus. A survey of the extension to the jump case of
the Malliavin calculus for diffusions (see e.g. [Nor86]) can be found in Bichteller
Gravereaux and Jacod [BGJ87|. Therein, some technical restrictions are imposed, such
as the non degeneracy and smoothness of the Lévy measure and existence of moments.
The key tool still relies on integration by parts formulas that are established through
suitable perturbations in the amplitude of the jumps, either following the approach of
Bismut based on a Girsanov transform, or following the Malliavin-Stroock operator-
based techniques. We also mention the work of Picard [Pic96|, who proves absolute
continuity results for SDEs when the Lévy measure of the driving process can be
singular (but yet non degenerate). In addition, let us indicate the paper of Léandre
[Léa88b], who develops a Malliavin calculus for Lévy processes that can be written as
subordinated Brownian motions. We insist that in the previous works the dimension
of the non degenerate noise corresponds to the that of the underlying space.

When the noise can be in a strict subset, assumptions on the coefficients have
to be made so that the noise effectively transmits to the whole space in order to
have the existence of the density. Let us indicate the work of Cass [Cas09] which
might be seen as the most general, yet incomplete, extension of Hérmander’s theorem
for SDEs driven by (jump) Lévy processes. See also, Simon [Sim11], who obtains a
sharp geometric characterisation for the absolute continuity of degenerate Lévy driven
Ornstein-Uhlenbeck processes. In a similar framework, let us also refer to the Fourier-
based approach of Priola and Zabczyk [PZ09]. Eventually, the subordinated Malliavin
calculus has been extended to prove absolute continuity in the weak Hormander de-
generate setting by Zhang [Zhal4b].

As we mentioned above, the sole existence of the density for the solution of the SDE
is complicated. Thus, giving an estimate on the density for a general Lévy process
seems impossible. In some specific cases, though, density estimates can be derived.
When (Z;)>0 is a symmetric a-stable process, 0 < o < 2 (the case a = 2 corresponds
to the Brownian motion that we already mentioned), the Lévy exponent of (Z;);>o
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writes:

i(p, Zt) e i(p,s0) . Odpzds
E(e b,z ) =exp | —t (e Ps —1- Z<p, S(9>1{|5|§1}) Wﬂ(de) . (1.4)
0 Sd*l

In the above equation, u(df) is called the spectral measure. It is a finite measure on
the sphere S?~!, and Cy, is a positive constant (see the exact value in Sato [Sat05]).
Equation in the context of a stable perturbation has been studied by Kolokoltsov
[Kol0Ob]. The author established under some regularity assumptions on b and o and
the strict positivity of the density of the spectral measure (which can be seen as an
additional non degeneracy condition) that for all " > 0, there exists C' > 1, depending
on T and the non degeneracy conditions such that for all z,y € R%: 0 <t < s < T

S_t—d/oc S_t—d/a
( ‘ )| e <pt,s,r,y) <C ( | )| T
y—x y—z
(1+ (57t)1/0‘> (1 + (S*t)l/a>

We see that in this case as well, two sided Stable estimates hold for the density of
. Thus, the solution of the SDE once again has the same global behavior as
the driving noise, in this case a Stable process, for its marginal densities.

From here on, one can wonder if the Aronson estimates hold for other types of
noise, in the Lévy case. We consider that the driving process (Z;):;>o satisfies the
following condition:

C—l

K >0, Y(t,p) € Ry x RY, E(€i<p,Zt>) < e Kol

yielding the existence of the density of Z;, for ¢ > 0. In this work, we investigate two
specific cases.

e The tempered stable driven SDE, that is when the Lévy measure of (Z;);>¢ is
dominated by the one of a tempered stable process. Specifically, denoting by
v its Lévy measure, we assume that v is symmetric and that there exists pu a
finite measure on S?~!, a positive and non increasing function g on R, (possibly
vanishing at infinity) such that VA € B(RY),

too q(s
v(A) < /sd—l/o 1A(89);]1(—+()1d3,u(d9). (1.5)

The temperation can be seen as a way to impose finite moments to the driving
process (Z;)i>o. It is therefore natural to ask if the solution (X;)¢>o of the SDE
retains the integrability of the driving process (Z;);>9. One of the main differ-
ences with the standard Stable case comes from the fact that in the tempered
setting, we lose the Scaling property in the noise (compare the Lévy exponent
(1.4)) with the domination ) We state and comment our results in Section
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e The degenerate stable process, or chain of stable oscillators:

dx; = (a0' X!+ +a" X)) dt + o(t, X;-)dZ, (1.6)
AX? = (X}t a2 X di
AX} = (X7 e a Xy di

dX7 = (ap"'XP7 4 ap"XP) dt, Xo =2 € R™,

where aﬁ’j are d X d matrices satisfying a kind of weak Hormander condition.
The degeneracy here comes from the fact that the noise only acts on the d first
components of the space (here R™). Also, we point out the particular form of
the drift coefficient, that represents the propagation of the noise through the
system. Indeed, to reach the k' component, the noise has to go through the
k — 1 first ones. This equation presents other difficulties with respect to its
Brownian counterpart, that has been investigated in [DMI0], coming from the
lack of integrability of the stable process on the one hand, and on the fact that
the generator of the stable process is a non local operator on the other. However,
some aspects are preserved, namely, the transport of the initial condition in the
renormalized action and the multi-scale property. We refer to section Section
for a thorough presentation of this problem.

To tackle those problems, we use a continuity method known as the Parametrix
technique. The parametrix approach was first introduced by Levi [Lev07|, who re-
quired regularity on the coefficients. Another formulation has then been proposed by
McKean and Singer [MKS67| which presents the advantage to not require any regu-
larity on the coefficients, besides Holder continuity (although it was initially presented
under C* assumptions). Additionally, this approach allows us to derive uniqueness to
the Martingale problem associated with the generator of (L.1)), in the lines of [BP09]
and [Menll]. We will make a presentation of this method in Section [2| It turns out
that this technique allows also to prove regularity for the solution of the SDE, as it
provides an explicit representation of the density in terms of the density of a simpler
process, namely the Frozen process and the so-called Parametrix kernel. We discuss
how this regularity can be used in the context of stochastic approximation in Section [6]

2 The Parametrix Setting

2.1 The Parametrix Technique for PDEs

The parametrix technique is a perturbation method coming from PDE theory. It was
originally formulated in order to give an approximation of the fundamental solution
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of an elliptic linear differential equation of order 2n, n € N*, with variable coefficients
(see Levi |[Lev(T7]|). Roughly speaking, the idea consists in isolating a principal part
of the fundamental solution and controlling the remainder. A common choice for
the principal part consists in considering the solution of the underlying equation with
constant coefficients. This technique has then been extended to equations of hyperbolic
type by Hadamard (see [Had32, [Had64]). In our probabilistic setting, we will focus on
parabolic type equations whose fundamental solutions can be linked to the density of
suitable SDEs.

Consider a second order differential operator L;(z, V), and the Cauchy problem:

{&u(t, ZE) + Lt(gjv Vx)u(t, ZL’) = O’ (t’ ZL‘) € [O’ T) X Rd’ (2.1)

u(T,z) = f(x), zeRY, feCy(RY).

We say that a function p(t,s,z,y), s >t >0, (z,y) € R?? is a fundamental solution
of the Cauchy problem ([2.1)), if given the initial condition f, the solution u to the PDE

([2.1) can be written as:
u(t,z) = | f(2)p(t, Tz, 2)dz.
Rd

Let us denote by L:(y,V,) a differential operator with constant coefficients (de-
pending on a fixed point y € R?), and p the fundamental solution of

Owu(t,z) + Li(y, Vo u(t,z) =0, (t,z) € [0,T) x RY,
u(T,z) = f(x), zeRY, feC(RY),

We now look at p as the principal part of p writing:

Dt 5. 2,y) = lt,5,2,y) + / du / Bt B s, 2 y)dz (2.2)
t Rd

and here ® is to be determined by the condition that (0, + L;(z, Vx))p(t, s,x,y) = 0.
Intuitively, p is the principal part of the fundamental solution and ® has to be seen
as a remainder.

Note that the representation is not unique, i.e.: various choices of ® can
lead to controllable expansions of the fundamental solution. In the non degenerate
diffusive framework, we can for instance mention the approach developed in the works
of Friedman [Fri64] who derived Gaussian bounds of type , when the coefficients of
L(z,V,) are Holder continuous in time and space. On the other hand, the techniques
introduced by McKean and Singer [MKS67| allow to obtain the same estimates under
the sole assumption of measurability in time and Holder continuity in space.

Let us mention that the Holder continuity in space is minimal in order to obtain
pointwise estimates on the density. Indeed, in the non degenerate Brownian case,
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under uniform continuity assumptions on the diffusion coefficient, LP estimates can
be obtained for the density through Harmonic Analysis techniques (see Stroock and
Varadhan [SV79]). Under the sole non degeneracy assumption on o, L” estimates are
derived as well for Itd processes in Krylov [Kry87], based on Alexandroff-Bakelman-
Pucci estimates (see e.g. Section 4 Chapter V [Bas97]).

2.2 The Parametrix for Density Estimates

In our approach, we chose a probabilistic point of view, as PDE of the parabolic type
can be linked to the solution of an SDE. Again, one can identify the density of the
solution of an SDE with the fundamental solution of the Cauchy problem associated
with the generator of the SDE. The parametrix now reformulates as a continuity
technique that provides a formal representation for the density of an SDE in terms of
a series involving the density of another, simpler, Markov process.

Let us now describe how the parametrix method can be formulated. Once again,
let us denote by (X;):>o the solution of the stable-driven SDE:

¢ ¢
Xi=z+ / b(u, X, )du + / o(u, Xy-)dZ,, (2.3)
0 0

and assume that this SDE admits a unique weak solution (X*)o<;<s to ([2.3) which
has a Feller semigroup:

Prof () = B(f(X,)[ X = ).

We do not assume a priori that this semigroup is absolutely continuous (that is that the
density of X; exists). Also, we do not assume regularity on the coefficients, as opposed
to a Malliavin calculus approach. Instead, we produce a proxy candidate (Xty )i>0 to
approximate (X;);>o. Let y € R? be an arbitrary terminal point. Intuitively, y € R?
is the point where want to approximate the density of . We freeze the coefficients
of at the terminal point y:

t t
X! =x +/ b(u,y)du +/ o(u,y)dZ,. (2.4)
0 0

Let us point out that it could seem more natural to freeze the coefficients at the
initial position z € RY. Besides, it was the approach initially developed by Levi
[Lev07]. However, in this case, regularity on the coefficients is needed.

Observe that when ¢ is uniformly elliptic, then the frozen process ()N(ty )t>0 has a
density whenever (Z;)i>o does. We denote throughout this document p¥ the density
of the frozen process. Also, we drop the superscript ¥ when the point considered
in the density and the freezing point are the same and write p(t,z,y) = pY(t, z,y).
Consequently, since X¥ is an approximation of X, we can expect that the density of
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XV is not too far from the density of X. We quantify the distance with the help of
the generators of the solution of (2.3) and (2.4) and the Kolmogorov equations. Let
us define for ¢ € R?, the integro-differential operator:

L& Vo) = (Vapla), b1, )
# [ (w692 - plo) -

Observe that for £ = =z, the initial position, L(x,V,) is the generator of (X})i>o,
whereas for £ = y the terminal point, L(y,V,) is the generator of Xv. Also, we
emphasize with the notations V, the variable on which the operator acts. Assume
first that (X;):>o has a smooth density and smooth coeflicients (so that the adjoint
operator is well-defined):

P(X, € dy| Xy = x) = p(t, s, 2, y)dy.

(Vaip(2),0(t,€)2)
1+ 22 ) v(dz).

Then, this density satisfies the Forward Chapman-Kolmogorov equations:

asp<t7 S, T, Z) = Ls(x7 vz)*p<t7 S, T, 2)7
for all s > t, (z,2) € R x RY, limg), p(t, 5,2, ) = 6,(-) . (2.5)

On the other hand, we have the Backward Chapman-Kolmogorov equations for the
frozen density as well:

atﬁ<t? 8, T, Z) = _Lt(y7 vtﬁ)ﬁ(t 5, T, Z)7
for all s > ¢, (z,2) € RY x RY, limyq, p(t, s, -, 2) = 6.(-) . (2.6)

We deduce from the Dirac convergences (2.5) and (2.6) that:

(p— ), T, 2,y) = /t du 0, </de(t, w,z, 2)p(u, s, z,y)dz) |

Differentiating formally under the integral, leads to:

(p_ﬁ)(tasaxay) = / du (/ 8up(t,u,x,z)ﬁ(u,s,z,y) —i—p(t,u,x,z)@uﬁ(u,T,z,y)dz) :
t R4

Then, using the Kolmogorov Backward equation ([2.6)) for p and the Forward equa-
tion ({2.5)) for p, we get:

o= Pltsoy) = [ du [ (L@ 9 plt s )05, 20
t R4

_p(ta u, x, Z)Lu(ya vz)f)(u7 Ta Z, y)) .
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Passing to the adjoint in the last equality yields:

(%%W@%wzt/m/ tusz@NQfM%%»mewW
R4

with the notation ® for the space-time convolution:

povltsny) = [ du [ de it 200,
t R?
and the Parametrix Kernel:
V0 <t< S, (xﬂ y) S (Rd)27 H(tv S, xay) = (Lt(a:a v:c) - Lt(ya vx))ﬁ(ta 8,.T,y). (27)

Thus, we can iterate this identity to get the following formal representation for the
density:

—+o00

VO<t<T, (x,y) € (RY, plt,s,x,y) =Y (PR H)(t5,2,y),  (28)

r=0

with p® H® = and Vr € N, H"(t,s,2,y) = H"Y ® H(t,s,z,y). Note that in
this formulation, we actually obtain that the function ® in (2.2)) writes:

O(t,s,x,y) = ZH (t,s,x,y).

Observe that to derive the series representation ([2.8) we assumed the existence and
regularity of the density of (X;);>o and the smoothness of the coefficients. However,
the series can be investigated without strong smoothness assumptions.

To justify the parametrix representation in the Brownian setting with Holder co-
efficients, the usual approach is as follows. First we regularize the coefficients and use
a theorem ensuring existence and regularity of the solution when the coefficients are
smooth (Hormander theorem). We then obtain estimates on the series which are
uniform with respect to the regularizing parameters. We eventually pass to the limit
thanks to the weak uniqueness, proved through the well posedness of the martingale
problem, as exposed in [Menll]. This allows to identify the sum of the series
with the density of the SDE , and to transfer the density estimates of the regular
case to the limit.

However, in a very general Lévy setting, the existence is not guaranteed, let alone
the regularity. Indeed, in the discontinuous case, there are no general (Hérmander)
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theorem to ensure the existence of the density even with regular coefficients, see any-
how the references page (11}

Therefore, we developed a semigroup approach that instead, provides a formal
representation of the semigroup of in terms of the series . The proof relies
on the Markov property, but is more complex to give in a semigroup formulation.
Proposition 2.1. Let (P, s)o<i<s denote the semigroup associated with (X5*)o<i<s.
We have the following formal representation. For all 0 < t < s, (z,y) € (R%)? and
any bounded measurable f : R? — R:

Pouf(2) = E[f (X)X, = 2] = /

Rd

(Z(ﬁ ® H)(t, s, , y)) fWdy, (29

r=0

Furthermore, when the sum of the series appearing in (2.9) is well defined, it yields
the existence as well as a representation for the density of the initial process. Namely
PIX; € dy|X; = x| = p(t, s, z,y)dy where :

o0
VO <t <T, (x,y) € (RY, p(t,s,x,y) =D (@ HD)(L,s,2,y). (2.10)
r=0

The proof of this statement is provided in the text (see [HM14]). It relies on the
Markov properties (specifically the Chapman-Kolmogorov equations) of the processes
involved. We insist on the fact that this representation is formal. Nevertheless, when
the series in converges, we deduce the existence of the density of X as well as a
representation for it.

2.3 Convergence of the Series

The convergence is usually investigated by giving upper bounds on the frozen process
and the parametrix kernel that are homogeneous to a density (up to a singularity for
the kernel), and exploiting a smoothing effect in time of the parametrix kernel. Let
us mention that in a very general setting, the convergence of the series cannot always
be obtained. For instance, in Delarue and Menozzi [DM10], for weak Hérmander-
Kolmogorov diffusions, the authors must truncate the series and prove that the rest
of the sum is a remainder. However, even when the series does not converge, the
parametrix representation is interesting in the sense that it provides a principal term
in the expansion of the density of the SDE ({2.3]).

Let us detail the steps usually used to investigate the convergence of the series.
From (2.4)), we see that the density of the frozen process can be derived from the
density of the driving process. Consequently, the first step in proving the convergence
of the parametrix series consists in giving an upper bound for the frozen density of the
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form p(t, s, z,y) < Cp(s—t,y—x), where p(s —t,y — x) is homogeneous to the density
of the driving process. For instance, in the non degenerate stable case, a € (0, 2),
when b is bounded, o satisfies , and the spectral measure of (Z;);>0 has a positive
density on the sphere, one can take

pls —t,y—a) = Cs —t) V(1 + H)‘“*“’. (2.11)

The second step consists in giving a similar estimate for the kernel, up to a singu-
larity. Formally, the generators of a stable process is a fractional derivative of order a.

Since the spatial derivative of a stable density yields a singularity of order (s —t)~'/®,
the expected upper bound for the parametrix kernel H is:
ON |y — |
H(t,s,x,y) < Cﬂﬁ(s—t,y—x), (2.12)

where the contribution d A |y — z|" comes from the Holder regularity of the coefficient.
We point out that the time singularity obtained is coherent with the Brownian case,
for which we apply a non degenerate second order operator in space to a Gaussian
density. Now, we say that the parametrix kernel presents a smoothing property if
there exists w > 0, such that:
/ |H(t,s,z,y)|de < C Mﬁ(s—t,y—x)daj < C(s—1t)~. (2.13)
R4 R4 s—t

In other words, when integrated in space, the singularities are compensated and the
parametrix kernel gives a positive power in time. This important property actually
yields the convergence of the parametrix series in small time.

Let us now illustrate how this property can be used in the first term of the expan-
sion:
ONJy —2["_
- P

— — 2)dz.
s — 7y — =)

Ip® H(t, s, x,y)| < C/ dT/ p(r—t,z— 1)
t R4
Roughly speaking, one of the two densities p(7—t, z—x), p(s—7,y—z) is homogeneous
to p(s — t,y — x), and can therefore be taken out of the integral, the remaining one
yielding the smoothing effect. When iterating the kernel p@ H*+t1) = o H®) @ H, the
exponent in time will grow with each iteration, giving the convergence of the series,
as well an upper bound for the density:

p(t,s,z,y) < Cp(s —t,y — z), for s — t small enough.

Observe that the upper bound p presents a "semigroup" property in the following
sense:

Yu € (t,s), / plu—t,z—x)p(s —u,y —2)dz < Cp(s —t,y — x).
Rd
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This property is crucial as it allows the propagation of the upper bound obtained on
the density of the initial SDE in small time to an arbitrary but finite time. Indeed, let
t,T € Ry, and define (7;)ic[o,n+1] & subdivision of the interval [¢,T] with 79 = ¢ and
Tne1 = T, whose mesh is small enough so that the upper bound on p holds on each
subinterval [7;, 7;11]. From the Chapman-Kolmogorov equations for p, we can write:

p(t.T,z,y) = /

n
dz - / dz, HP(Tz’,TiH? Ziy Zz‘+1);
Re RE G0

where zy = z and z,,1 = y. Now, for each i € [0, n], the upper bound holds:
P(Ti, Ty, 2is zig1) < Op(Ti, Tiva, i, Zig1)-
Consequently, exploiting the semigroup property on p yields:
p(t, Tz, y) < C"p(t,T,x,y).

Let us insist on the fact that this procedure yields constants with an exponential
dependency in time as n depends on T" — .

2.4 Parametrix and Martingale Problem

Another important consequence of the smoothing property of the parametrix
kernel H is a way to derive weak uniqueness to the martingale problem associated
with the generator of (2.3)). This approach is presented in Section [3.3] of Chapter [2|in
the non degenerate framework, and the same arguments apply for the degenerate case
as well (see Section [4] in Chapter [3). This method was first introduced by Bass and
Perkins [BP09], and the connection with the parametrix setting has been established
in [Menl1]. It only relies on the smoothing property of the parametrix kernel. Let
us mention that under weaker assumptions on o, namely continuity and ellipticity,
weak uniqueness has been derived by various authors. Let us mention the works
of Stroock [Str75|, where the driving process presents a Brownian part. Besides,
Komatsu [Kom08| considers perturbations of stable-like operators, in the sense that the
"stability index" « can depend on the spatial variable in a smooth and non degenerate
way. Also, these stable-like operators are assumed to have smooth positive spherical
densities. Furthermore, Bass and Tang [BT(09| consider generators involving jump

measures of the form v(z,dy) = @(lfﬁj , where A is bounded from below and above

and continuousﬂ. Observe that this particular form of jump measure admits a polar
decomposition and that the spherical part is equivalent to the Lebesgue measure on the

lactually, the weak uniqueness is proved under a slightly weaker condition, see Assumption 1.1 in
[BT09]
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sphere. Eventually, Bass and Chen [BC06| consider n independent one-dimensional
stable processes as driving process for the SDE.

Anyhow, in our setting, weak uniqueness cannot be derived from those works.
Indeed, in the non degenerate setting of Chapter [2| we consider Lévy measures whose
spherical parts can be non equivalent or singular with respect to the Lebesgue measure
on the sphere. In addition, to the best of our knowledge, no previously established
results exist in the degenerate framework of Chapter [3]

2.5 Parametrix and Numerical Probabilities

We conclude this section with an application of the parametrix technique to numerical
probabilities. The parametrix technique allows to investigate the weak error expansion
for the Euler-Maruyama scheme associated with , as it can be applied to Markov
chains. Indeed, let us introduce the Euler-Maruyama scheme associated with
with time homogeneous coefficients:

t

¢
X'=z +/ b(X§s))ds —I—/ 0(X§s)dZs, ¢(s) =sup{t;: t; < s}, (2.14)
0 0

for a given time step A = %, n € N* setting for all i € N, t; = iA. We chose

to write the scheme for time homogeneous coefficients, for notational convenience.
The Euler-Maruyama scheme enjoys the Markov property, at the discretization times,
and a parametrix expansion can be derived for it as well. The corresponding time
homogeneous version of writes:

Xi=x+ /t b(X,)du + /tU(Xu)dZu. (2.15)

We introduce the "frozen Markov chains" (XZ; keon]:

N N
X, =z, X

tht1

= Xtr;i + b<y)A + U<y)(Ztk+1 - Ztk)' (2'16)

Observe that with that definition, the density of the Markov chain (2.16]) is p¥ consid-
ered at discrete times.
We denote the discrete generators by:

Lnf(ts — 15, 2,9)
A ( [ a8 2001 = 110,290 — Fla - tm,x?y)) e
Lof(ty —tj,2,y)
A ( [ P8ty 2~ St tm,x,y)) s
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Observe the shift in the index (¢;4; instead of ¢;) in (2.17)) and (2.18)) due to the discrete
setting. We obtain a parametrix representation for the density of the Euler-Maruyama
scheme using the frozen density and the discrete generators.

Proposition 2.2. The density p,(tg, x,y) of the Euler-Maruyama scheme admits the
following representation:

E

—J
pn(tk: —tJ,LU,y) = ﬁ@n HT(Lnn)(tk _tjax7y)7 (219)

T

Il
o

where we denoted Hy,(ty, z,y) = (L, — L,)p(t, ,y), and ®, is the discretized space-
time convolution:

f®ng tk,ﬂ?y Z ftlux2g<tk_t’i7zuy)dzu

and H™ (tr, z,y) = g W @ H,(ty, z,y), where p® Hflo’n)(tk, z,y) = p(tr, T, y).

We use the notation Hg’") (ty, z,y) to emphasize the dependency in the discretiza-
tion of the convolution. That is, the subscript n refers to the discrete generators,
whereas the arguments in the superscript (r,n) refer respectively to the number of
steps we iterate the convolution, and the number of discretization dates. Therefore,
we have H{"" (tr,x,y) = Hy(t,z,y). Using the convention HS™ =0 for r > k — 7,
we can write p,(tx — t;,2,y) = ;“’8}5 ®, H )(tk —tj,x,y). We can now use this
expansion to investigate the weak error p — p,,. We introduce for all k € [0,n — 1]:

“+oo
pd(tkaxvy) = Zﬁ(@nH(r’n)(tkaxay)a (22())

r=0
H(nn) (tku z, y) = H(T_l’n) Qn H<tk7 x, y)? where ]3 & H(Om)(tk) z, y) - ﬁa(tku T, y)7

Now, we use p? to compare the expansions, writing:
(P = o)t w,y) = (p = ")ty 2, y) + (B = pa) (th 2, ).

For (p — p?)(tg, z,y), comparing the expansions ([2.10) and (2.20)), we use the Taylor
formula to quantify the difference between the discretized time space convolution and

the usual one. For the second part, (p?—p,)(tx, 7, y), we compare the expansions (2.19)
and ([2.20]), and once again use the Taylor formula to quantify the distance between
the two kernels H and H,,. We thus derive the following expansion for the weak error:
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Theorem 2.3. Assume b and o are C*°, and let M € N*.Then, for all z,y € R?, we
have:
M-1
p(1,2,9) —pa(1,2,9) = (p ®n (L(z,Vy) — L(y,Vx))kad) (1,2,y)
k=1
1
C(k+ 1)k

(pd S0 (L 92 = L. 9) ) (L) + S5,

Moreover, each term and the remainder can be bounded by Cp(s—t,y —x), defined
in (@11).

We stated the expansion in the case where the coefficients are C*> for simplicity.
The reader may consult [KMO02] in the Brownian case or [KM10] in the stable case for
a proof of this result. Expansions for quantities E[f(X;)] — E[f(X]")] have been inves-
tigated since Talay and Tubaro [TT90]. One of the advantages of the representation in
Theorem [2.3]is that the dependences are quite explicit. Therefore, when investigating
regularity, we can differentiate each term of the expansion separately to see if it is
well defined. Also, we point out another advantage of the parametrix method. In the
context of weak error expansion E[f(X;)] — E[f(X]")], we need low regularity on the
coefficients of the SDE as well as on the test function f (in Talay and Tubaro [TT90],
smoothness of the quantities involved is required). In a parametrix approach, the ex-
pansion relies on the regularity of the law of the driving process. Note however that
this requires some structure on the coefficients, namely non degeneracy conditions.

We point out that the freezing point is up to now relatively arbitrary. This is
actually a forte of the parametrix technique, as we will see in Section [5} Indeed, in
the degenerate case of equation , the process has an intrinsic geometry that we
have to take into account when investigating the deviations from the typical behavior.
Fix a terminal time 7" > 0 and a final position y € RY. We will freeze the "diffusion"
coefficient in the process along the curve (R, ry)scp1), backward flow of the
final point y by the deterministic system, to compensate the transport of the initial
condition z (see Section [5| for details). Also, since the drift in the degenerate case is
linear, we keep it as it is. Indeed, denoting A; = (ai’j)(ivj)e[[lmﬂz, the drift part in ({1.6)),
it yields the term (V.,p(z), A;z) in the generator Lyp(x). This contribution is the
same for both the frozen process and the initial one, so that it vanishes when taking
the difference of the generators. In the case of a Lipschitz unbounded drift, we could
proceed to a linearization as showed in [DMI10)], see as well Theorem in Chapter
in the current case.

2.6 Conclusion and Perspectives

In conclusion to this section, we mention that the parametrix technique is a versatile
tool that can have multiple applications, from numerical probabilities to heat kernel
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estimates. However, the computations induced are often quite tricky to handle. Recent
development are still made around the parametrix. Let us mention the recent paper
of Bally and Kohatsu-Higa [BKH14|, providing a probabilistic interpretation of the
parametrix method, and an oncoming work of Frikha and Kohatsu-Higa concerning
small noise density expansions generalizing the results of Azencott et al. [AT81], based
on a parametrix approach coupled with Malliavin calculus. This method also seems to
give small time heat kernel expansions in the weak Hormander setting for diffusions.

3 The stable process

We take a moment here to write about the asymptotics of a multidimensional stable
process, since it has been made clear from the last section that such estimates are
crucial. The Stable process has been extensively studied, and arises in a huge variety
of cases, from statistical mechanics to financial mathematics (see e.g. Borovkova et
al. |[BPPQ9]). For background on Stable laws, let us mention the books of Sato
[Sat05], Samorodnitsky and Taqqu [ST94], and in the one dimensional case, the one of
Zolotarev [Zol86]. In this latter framework, the asymptotic behavior of the density is
well understood. In Zolotarev [Zol86], the author gives precise asymptotics. However,
in the multidimensional case, the question is much more difficult.

As we mentioned earlier, the Lévy measure of a stable process factorizes in polar
coordinates, and the spherical part, p of the Lévy measure is referred to as the spectral
measure. Observe that when the spectral measure is non degenerate in the following
sense:

WeRLIC> 1 Ol < [ elu@) <Chlt (3

then the process (Z;):>o has a density for each ¢ > 0 with respect to the Lebesgue
measure, since the Fourier transform is then integrable. However, it turns out that
alone is not enough to get a density estimate, except a global diagonal bound.
Denoting pz(t,z) the density of the stable process, the integrability of the Fourier
transform yields the global upper bound py(t,z) < Ct=%*,

In Kolokoltsov [KolOOb|, in order to derive density estimates, it is assumed in
addition that the spectral measure has a smooth positive density with respect to the
Lebesgue measure. This assumption imposes a "decay rate" on the spectral measure
in the following way. For all » > 0, we define:

pi(r) = sup p(B(E1/r) NS,
gesdfl

With a slight abuse in terminology, we will refer to the decay rate of u(r) when speaking
of the decay rate of 1. Then, when the spectral measure has a smooth positive density
with respect to the Lebesgue measure, we actually have: C~1rd=t < y*(r) < Crd-1,
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for some constant C' > 1, so that the decay rate of p is of order d — 1. More generally,
in a recent work, Watanabe [Wat07| proved how the decay rate of x impacts the decay
of the density. Indeed, we have 3C > 1, Vo € R%, Vt > 0,

t d/a
pz(t,x) < Cwﬂ (1 + 15’1_/1*) : (3.2)
()

To give a similar lower bound, we define S, C 5%~ to be the support of the spectral
measure j, and

Cg(n) = {5 € Sd_l; E1017“ ©yCp > 07 Eléla‘ .. 7§TL S S,LM g: 2635]}7
j=1

the cone of points reachable as a sum of exactly n points of the support.
Then, for all z € R? such that x/|z| is in the interior of C})(d), ¥t > 0, we have:

—d/a
pz(t,x) > C_lﬁﬂ (B <ﬂ 1+ Jli/’a) N Sd_1> . (3.3)
(1+#%)

Let us mention that a more thorough study is established in Watanabe [Wat07].
Anyway, in the above (3.2)) and ([3.3]), we see the impact of the decay rate of p. Indeed,
assume that p is such that there exists a compact set K C S% lwith:

CT' P < pu(BO,r)NK)<Cr7h Ve K C 87 vr < 1/2. (3.4)

Then, the two sided estimate holds for all x such that x/|z| € K:

. t*d/a t*d/a
C VN <pz(t,z) <Co—rerre (3.5)

o] ol \ T
(1 + tl/a) (1 + tl/a)

which emphasizes that, locally, every concentration regime is possible between o + 1
and a+d. At time ¢t = 1, Pruitt and Taylor [PT69], called the order (1 + |x|)~'~ the
worst possible order. This rate is realized when the spectral measure is a Dirac mass,
and corresponds to one dimensional stable process seen in a space of dimension d. In
extension to this terminology, Watanabe determines the order (1 + |z|)~(*®? to be
the best possible order.

To illustrate this phenomena, let us consider two independent one dimensional
stable processes Z} and Z?2, and Z; = (Z}, Z?) € R?. Then, by independence,

] ! _ 1 1
P2\ \a?) ) = A ) (1 + 22
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Now, observe that if |z!| is small, then:

1 1
bz 17 x2 = T o
x (1 + [a?[) !+

which corresponds to the worst possible order, whereas when |z!| < |z

1 1
pz (L () ) = e
) = TP

corresponds to the best possible order. We point out that the above description is
local, and in order to have global two sided estimates, we have to control the spectral
measure globally. For instance, in the case of the rotationally invariant stable process,
the spectral measure is equivalent to the Lebesgue measure on S9!, and in this case,
we can take K = S9! and v = d in and (3.5)).

Observe however that if the decay rate of u is too low regarding the dimension,
namely, o + v < d, the upper bound is not homogeneous to a density, since
its integral over R? is not defined. We refer to the work of Watanabe [Wat07] for a
detailed presentation of these aspects.

We point out the ratio t‘li/!l appearing in the two sided estimates . Observe
that when || < CtY/?, the estimates become:

CU 4> < py(t,z) < Ot

2"

We will refer to this regime as the diagonal regime, and to the previous bound as the

diagonal estimate. These estimates highlight the auto-similarity index, and can be

considered as the behavior of the density on the typical sets {x € RY; || < Ct/e}.
When |z| > CtY/* the estimates become for z/|z| € K,

—d —d
T A

< pz(t,x) < CW'

o

|I|a+7

We will refer to these estimates as the off-diagonal estimates. They appear in a large
deviation regime, that emphasizes the heavy tails of the process. We see that when
« + v > d, not only the bound is integrable in the off-diagonal regime, but it also
yields a positive power in time. This crucial fact will give the smoothing property

of the parametrix kernel H(t,s, z,y) = (Lt(x,Vz) — Li(y, Vm))ﬁ(t,s,x,y), and fix
dimension constraints in a parametrix approach. Indeed, (2.12)) reformulates as follows
in the off-diagonal regime:
SN |y — x| (s—t)_d/a

s—1t ly—x| oty

(1 + (S*t)l/o‘>

6Ny —al” (s — ) =

s—t ly — x|oty

H(t,s,z,y)

IN

IA

C

)
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and we see that in the off-diagonal regime, when av+~ > d, the estimate on the frozen
density compensates the singularity of the kernel. Thus the parametrix kernel H has
the smoothing effect presented in ([2.13]).

We conclude this section by saying that the support of the spectral measure plays
a key role in the obtention of density bounds for the stable process. The impact of
the dimension of the support is reflected in the decay order of the polynomial tails in
the off-diagonal regime.

4 The Tempered case.

In Section [3 we discussed the asymptotics of multidimensional stable densities. In this
section, we push the discussion a step forward considering driving processes whose Lévy
measure satisfies what we call a tempered stable domination. Namely, denoting by v
the Lévy measure of the driving process (Z;):>0, we assume that v is symmetric and
that for all A € B(R?):

+oo q(s
V(A) < /S /0 1,4(59)31&1655#@9). (4.1)

The function ¢ appearing in the radial part is non increasing, positive and will be
referred to as the temperation. With a slight abuse of language, we shall still refer
to p as the spectral measure. We also assume that the measure v is non degenerate:
denoting by ¢ the Lévy-Khintchine exponent of Z, the following upper bound holds:

E(eupz») — etvz(p) < e Ktlpl™

This assumption ensures the existence of the density of Z;. Let us emphasize that in
(4.1), we do not assume the factorization of the Lévy measure anymore. However, our
results allow to recover the known case of the standard symmetric a-stable process.
The asymptotics of such Lévy processes are investigated in Sztonyk [Szt10]. Once
again, following the approach of [Wat07], the importance of the decay rate of the
spectral measure is highlighted. Let us denote by pz(t,z) the density of Z;, the
following theorems are proved in Sztonyk [Szt10].

Theorem 4.1. (Upper Bound). Assume that the temperation G : R, — R, satisfies
a doubling condition: §(s) < Cq(2s). If there exists v € [1,d] such that

w (B9, )N Sdfl) <Ot ove e ST wr < 1/2,

then we have the following upper bound:

pa(t.z) < C——g(|z)). (4.2)
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(Lower Bound). Assume moreover that there exists Ay, C R and a non in-
creasing function g. If there exists v € [1,d] such that Vi € Ay, Vr > 0:

V(B(x,r)) > CT’YM Vr >0, and V<B(O,T’)C> <Cr* Vo<r<l,

afe
then the lower bound holds:
t—d/a
——ad(lz]) < pz(t @) (4.3)
()

Note that the estimates (4.2)) and (4.3) present the same qualitative behavior as
those of [Wat(07|, up to a multiplication by the tempering function. The goal is to
transfer these estimates to the solution of an SDE driven by (Z;);>0. Let us define
again:

-1

Xy=z+ /Ot F(X,)du + /Ot o(Xy-)dZ,, (4.4)

where F': R? — R? is Lipschitz (or measurable and bounded), and o : R — RY @ R4
is Holder continuous and satisfies the non degeneracy condition . Ifa <1, we
take F' = 0. This assumption (already present in Kolokolstov [Kol0OOb|) comes from
the fact that when o < 1, the noise does not "dominate" in the in the dynamics
(@4). Intuitively, the intrinsic time scale of the stable process is ¢/, which does not
dominate ¢, the time scale of the drift, in small time when o« < 1. We mention the
recent paper of Knopova and Kulik [KK14]| who establish a kind of trade-off between
the regularity of a non zero drift ' and the index of the stable process a < 1 to derive
the well posedness of the martingale problem.

The temperation ¢ can be seen as a mean to impose finiteness of the moments of
Z (see Theorem 25.3 in Sato [Sat05]), and intuitively, the integrability properties of
(Zt)t>0 should transfer to (X;);>o. However, giving a density estimate on the driving
process and passing it to the density of the SDE is not always possible. In Kolokoltsov
|[Kol00b], the author succeeded by using the parametrix technique described in Sec-
tion . In our setting, we manage to prove the convergence of the series , proving
the existence of the density as well as a global upper bound and a diagonal lower
bound. We then establish the lower bound from probabilistic techniques.

A big difference between the stable process and the tempered stable one comes
from the fact that the temperation disrupts the scaling property. It is then not always
possible from the results at time 1 to extrapolate results for arbitrary time. In a
global approach like the parametrix technique, we have to consider the density at
various times and the lack of scaling prevents us from splitting time and space in the
computations.

We somehow manage to recover a time-space separation in our computations by
using the Lévy-Itdé decomposition at the characteristic time-scale. Indeed, fix t > 0, we
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can split the driving tempered stable process writing for s € [0,t], Zsns = Mgne + Nens,
where (Mgnt)sepo,q is @ martingale and (Nga¢)scpo,q is @ Poisson process, by discussing
if the jumps are bigger than a given arbitrary positive threshold. In particular, we
take that threshold to be t'/*, the characteristic time scale, in order to recover the
diagonal and off-diagonal regimes, when investigating the marginals at time t. See
also the techniques developed in Sztonyk [Szt10].

We will denote [Hrs] the following set of assumptions. These hypotheses ensure
the existence of the density, and are those required by Sztonyk [Szt10] in order to have
two sided estimates on the density of the driving process Z.

[Hrs — 1] (Zi)i>0 is a symmetric Lévy process. We denote by v its Lévy measure.
There is a non increasing function ¢ : Ry — R, x a bounded measure on S9!, and
a € (0,2), v € [1,d] such that:

V(A) < /S /O m 1A(39)§—fidsu(d6). (4.5)

We assume one of the following:

[Hrs — la] p has a density with respect to the Lebesgue measure on the sphere.

TS — there exists v € |1, d| such that ,r)NSTH) < Cr", with v+ a > d, an
[H 1b] th ists v € [1,d] such that g (B(6,7) N .S41) < Cr7=!, with y d, and
for all s > 0, there exists C' > 0 such that:

q(s) < Cq(2s)

[Hrs — 2] Denoting by ¢ the Lévy-Khintchine exponent of (Z;)i>o, there is C' > 0
such that :
E (€i<p,Zt>) — olvz(p) < e*Ctlp\“’ Ip| > 1. (4.6)

[Hrs — 3] F: R — R? is Lipschitz continuous or measurable and bounded, if o > 1,
and F = 0 when o < 1, and 0 : R? - R? ® R? is bounded and n-Holder continuous,
n € (0,1).

[Hts — 4] o is uniformly elliptic. There exists C' > 1, such that for all x,£ € RY,

CHE < (€, 0(2)8) < ClE)™. (4.7)

[Hrs — 5] For all A € B, Borelian, we define the measure:

vz, A) = v({z € RY o(z)z € A}). (4.8)

We assume these measures to be Holder continuous with respect to the first parameter,
that is, for all VA € B(R?),

+o0 ~
ol ) = vl ) < Clo =P [ [ 160 D dspan)
Sda—=1.J0
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We point out that in the case where o € R or when the spherical part of v is equivalent
to the Lebesgue measure of S¢~1, this is actually a consequence of the Holder continuity
of o and the domination [H-1].

[Hys — LB] There is a non increasing function ¢ : Ry — Ry and A, C R¢, such that
for all x € Ajw,

y(B(x,r)) > Cr lg;”:li, Vr >0 (4.9)
y(B(O,r)C) < Cria’ vr e (0,1). (4.10)

We say that [Hrs] holds when [Hrs — 1] to [Hrg — 5] hold. We point out that
[Hrs — LB] gives the lower bound, and that the upper bound holds independently.
Assumption [Hg — 2] ensures the existence of the density of Z.

Under [Hrg], we are able to prove the following.

Theorem 4.2 (Weak Uniqueness). Assume [Hrg| holds. The martingale problem
associated with the generator L(x,V,) of the solution of:

t t
Xi=x+ / F(X,)du + / o(Xy-)dZ,,
0 0

admits a unique solution. That is, for every x € R%, there exists a unique probability
measure P on Q@ = D(R, x R R) the space of cadlag functions, such that for all
f ey (Ry x RER), denoting by (X))o the canonical process, we have:

t
P(Xo=2)=1 and f(t,X;) —/ (0w + L(z, V) f(u, Xy)du is a P- martingale.
0

Hence, weak uniqueness for the SDE holds.
Also, we have the following density estimate:

Theorem 4.3 (Density Estimates). Under [Hrg/, the unique weak solution of ({4.4))
has for every t > 0 a density with respect to the Lebesgue measure. Precisely, for all
t>0, and z,y € RY,

P(X; € dy|Xo = z) = p(t, 2, y)dy. (4.11)

Assume that the function @ defined below is decreasing, and fix a deterministic time
horizon T > 0. There ezists C; > 1 depending on T and the parameters in [Hrg],
such that the following density estimates holds:
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VO <t<T, V(z,y) € RY,

t*d/a
p(t,z,y) < Cy a5 @y = Oeo(2)]), (4.12)
| 4 l=0ro(@)]
( tl/

where:

o when the drift F' is bounded, 0 is the identity map: O,(x) = x, and

— under [Hys —1a], v = d and for all s > 0, Q(s) = q(s),
— under [Hrs — 1b], for all s > 0, Q(s) = min(1,57"1)g(s),

o when the drift F' is Lipschitz continuous, 0s.(x) denotes the solution to the or-
dinary differential equation:

d
%63”5(3:) = F(0s4(2)), Ops(x) =2, YO <t,s<T,

and

— under [Hys — laf, v = d and for all s > 0, Q(s) = min(1, s)q(s),
— under [Hrg — 1b], for all s > 0, Q(s) = min(1, s, s71)q(s).

Moreover, assume [Hrs — LB] holds. Then, if
Vs € [0,t/2], B(a(8s0(z)) " (Bos(y) — ), Ct*) C Ajpu, (4.13)

there exists Cy > 1 such that

_ t—d/oz
X a4y — Oro(2)]) < p(t,z.y). (4.14)
<1 n |y—9t,o<x>\)
tl/a

Remark 4.1. The condition (4.13) appearing for the lower bound comes from the
possibly unbounded feature of the deterministic flow associated with . Indeed, it
states that if a neighborhood at the characteristic time scale of a suitable renormaliza-
tion of the flow stays in the sets of non degeneracy for v, then the lower bound holds.
Let us mention that the lower should remain valid provided that is satisfied for
s € [egt,eqt], 0 < &1 < g9 < 1. In this case Cy should depend on g5 — &7 as well. In
other words, it should suffice to enter the non degeneracy region for a time interval of
order .
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Remark 4.2. We point out that when [Hrs — 1a] holds, the condition
p (B, r)yn St <Cort,

actually holds with v = d. Besides, the function ) appearing in the upper bound
(4.12) is decreasing typically when considering tempering function of the form:

1
Q(s) - 1 n Sm7
where m is large enough. On the other hand, we highlight the fact that the doubling
condition appearing in [Hyg—1b] is a frequent assumption in the literature. In Sztonyk
[Szt10], it is a crucial tool to control the iterated convolutions of the measure associated
with the large jumps. We also refer to the paper of Jacob et al. [JKLS12] for density
estimates related to symmetric Lévy processes which involve a metric associated with
the Lévy exponent. The crucial assumption is that R™ endowed with this metric is a
doubling space. This kind of assumptions also usually appears in harmonic analysis
to control the measure of balls. Indeed, the Calderén-Zygmund theory for singular
integrals naturally extends to doubling spaces (see e.g. Coifman and Weiss [CWTI]).

In conclusion, in Theorem the density estimates on the driving process transfer
to the solution of the SDE as expected. Let us highlight that our results cover the
case of the Stable process, that is when the spectral measure satisfies only [Hrsg],
with ¢ = 1. In other words, we do not need strong regularity of the spectral measure
in order to derive the density bounds for the solution of the SDE. Also, we manage
to prove the impact of the decay of u on the decay of the density of the solution of
(4.4), via the presence of the index v in our estimates. Finally, let us comment that
the presence of 6, in the above bounds reflects the possibly unbounded deterministic
transport associated with the drift F.

5 The degenerate Case

In this section, we present our results for the degenerate case. The degeneracy in our
setting comes from the fact that the noise only affects the first component. Specifically,
we focus on equations with dynamics:

X} = (a)' X!+ +a"XP)dt + o(t, X~ )dZ, (5.1)

dX? = (ap'X}+-- +a;"XP) dt

dX? = (a?X7 4+ al"XP) dt

dX{ = (a7 X 4" X)) dt, Xo =z € R,
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where a1 R, - RI@R? i€ [1,n], j€[(i—1)V1,n]and (Z)i>o is an R? valued
symmetric a € (0,2) stable process (possibly tempered), o : R, x R™ — R? @ R?.
Observe that with this definition, (X;)i>0 = (X}, -+, X)i>0 is R™ valued.

We point out the particular form of the drift coefficient. Denoting the matrix
A, € R™ @ R™ whose entries are the d x d matrices appearing in the above equation,
that is

1,1 1,n
a/t DEEIEY LIS LIS at
21 - 2.n
a/t . at
— 32 - 3,
Ar=| 0 d - a;™ |
-1
0o ... 0 a" " a

we see that A; is zero in the bottom left corner. This serves to model the propagation
of the noise in the system. Indeed, in order for the noise to reach the &k component,
the noise must go through the £ — 1 previous components. Consequently, to ensure
existence of the solution, in addition to the usual uniform ellipticity on o, we will
assume a kind of weak Hormander condition on A;. This can be seen as a way to
ensure the transmission of the noise. Indeed, the uniform ellipticity guarantees that
o diffuses the noise in the first d component, whereas the weak Hérmander condition
provides the transmission of the noise from a component to another.
Specifically, we make the following assumptions on the coefficients.

[HD-1]: (Hélder regularity) 3H > 0, n € (0,1], Va,y € R and Vt > 0,
lo(t,z) —o(t,y)l| < Hlz —yl".
[HD-2]: (Ellipticity) 3 ¢, ¢ > 0, V¢ € RY, Vz € R™ and Vt > 0,
cé]” < (6, a0™(t, 2)€) <elE]”. (5.2)

Also, we assume for all z € R™ ¢ > 0 that ||o(¢,z)| <.

[HD-3]: (H6rmander-like condition for (A;);>¢) 3@, a € R, V¢ € R? and V¢ > 0,
alé)* < (a7, &) <@l Vi€ [2,n — 1]. Also, for all (i, ) € [1,n]", |la;’|| <@

Now, let us turn to the noise. We consider the case where (Z;);>¢ a symmetric
Lévy process defined on some filtered probability space (2, F, (F;)i>0, P). A degenerate
equation of the form has been investigated in the Brownian setting by Delarue and
Menozzi [DM10], with a fully non linear drift. Also, it appears natural to investigate
the possible extensions to the stable case. It turns out that additional difficulties with
respect to the Brownian setting appear, leading us to temper the noise to derive density
estimates. However, some results, concerning the well posedness of the martingale
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problem, remain true for a stable driving noise under dimension constraints. Therefore,
we consider two sets of assumptions, one corresponding to the standard symmetric a
stable process, and one for the tempered stable process.

Stable Case: (Z;)i>0 is a symmetric « stable process, that is:

B0 exp (=t [ I oluas)) v e R
Sd—1

In that case we suppose

[HD-4]: (Non degeneracy of the spectral measure) We assume that p is abso-
lutely continuous w.r.t. to the Lebesgue measure of S?~! with Lipschitz density h and
that there exist Ay, Ay € R% | s.t. for all u € RY,

Mol < [l uds) < Aalul” (53

Tempered Case: (Z;)i>o is a tempered stable process, that is, a Lévy process with gen-
erator:

(Vo(x),

) 2
Ty 1elehm(dz), o GRLR), - (5.4)

Lzo(x /{qu—i—z (x) = ———=

where the measure v is as in the stable case and the tempering function g : R™ — R**
satisfies

[T]: (Smoothness, Doubling property and Decay associated with the tem-
pering function g) We first assume that there exists a > 0 s.t. g € C*([0, a], R™™)
if @ € (0,1) and g € C*([0,a],R*™) if a € [1,2). We also suppose that there exists
c¢>0s.t. forallr > 0,g(r) < cf(r) where § : R™* — R** is a bounded non-increasing
function satisfying:

AD > 1, Vr >0, 0(r) < DO(2r), (1+7)0(r) :=0O(r) N 0.

Typical examples of tempering functions satisfying [T] are for instance r — g(r) =
exp(—cr),c>0,g9(r) =1 +7r)"™, m>2.

We say that [HDS] (resp. [HDT]) holds if conditions [HD-1] to [HD-4] are
fulfilled and the driving noise Z is a symmetric stable process (resp. a tempered
stable process satisfying [T]). We say that [HD] is satisfied if [HDS] or [HDT]
holds, i.e. the results under [HD] hold for both the stable and the tempered stable
driving process.

Our main results are the following.
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Theorem 5.1 (Weak Uniqueness). Under [HD], i.e. in both the stable and the
tempered stable case, the martingale problem associated with the generator (Li)i>o, of
the degenerate equation (5.1)):

dXt = AtXtdt + BO'(t, Xt_)dZt,

admits a unique solution provided that d(1 —n) + 1+ « > 0. That is, for every
x € R there exists a unique probability measure P on Q = D(R,,R™) the space
of cadlag functions, such that for all f € Cy”(Ry x R™. R), denoting by (X;)io the
canonical process, we have:

t
P(Xo=x)=1 and f(t,X;) — / (Ou + Ly) f(u, Xy)du is a P- martingale.
0

Hence, weak uniqueness holds for (5.1)).

The dimension constraints appearing in this theorem are due to a specificity of
the degenerate case. Namely, we plan to prove weak uniqueness using a parametrix
approach. It turns out that the so-called parametrix kernel does not present the
expected smoothing effect (yielding weak uniqueness), unless the dimension constraint
d(l1 —n) 4+ 1+ a > 0 is satisfied. This is due to the fact that in our approach, we
are led to consider nd-dimensional stable processes whose spectral measures are either
non equivalent or singular with respect to the Lebesgue measure on S"*~1. Also, when
d=1and n =2in we are able to prove the following density estimates in the
tempered case.

Theorem 5.2 (Density Estimates). Assume that d = 1, n = 2. Under [HDT]
and for o(t,x) := o(t,z3), i.e. the diffusion coefficient depends on the fast component,

provided 1 > n > m, the unique weak solution of (5.1) has for every s > 0 a

density with respect to the Lebesque measure. Precisely, for all 0 <t < s and x € R?,
P(Xs € dy| Xy = ) = p(t, s, 2, y)dy. (5.5)

Also, for a deterministic time horizon T > 0, and a fixed threshold K > 0, there exists
C>1, st.V0<t<s<T, V(z,y) € (R?)?,

p(t,s,2,y) < Chap(t,s,z.y) (1 +1og(K V [(TeL,) ™ (y — Rea(2))]) (5.6)

where for allu € Ry, T := Diag((ul/a, qu/a)), and

u

Crols — ) (1H2)

K4 <|<y—Rs,tf)1| N |<y—Rs,tcc>2|>

(s—t)a (s—t)!*+a

pa,@(t787$7y> - 2+a@ <|(y - RS,tx)1| +
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Here, R, stands for the resolvent associated with the deterministic part of , i.€e.
%R&t = A Rsy, Riy =1y, and C, o is s.t. ng Pao(t, s, z,y)dy = 1.

Eventually for 0 < T < Ty := To([HD], K) small enough, the following diagonal
lower bound holds V0 <t < s <T, Y(z,y) € (R*)? s.t. when

(T_) " (y — Rop(2))| < K, plt, s,2,y) > C det(T,) " (5.7)

In the last Theorem, we actually show that under our dimension constraints, the
solution of a degenerate SDE driven by a tempered stable process admits an upper
bound homogeneous to a multi-scale tempered stable process, up to a logarithmic
correction. The multi-scale behavior can be seen in the fact that each component is
normalized by its intrinsic time scale. Also, the diagonal lower bound says that we
have the expected behavior (stable estimate) in the characteristic sets.

As we mentioned above, we tackle these problems with a parametrix technique. The
strategy is to write the parametrix series, prove the convergence to derive existence
and exploit the smoothing effect of the parametrix kernel to derive weak uniqueness in
the lines of [BP09], [Menll]. However, the degenerate case is much more subtle, which
leads us to the restrictions of the theorem. We present here the various problems we
encountered.

A key tool in our approach is the Frozen Process. In the non degenerate case,
we simply freeze the coefficients at a terminal point y. However, in the degenerate
setting, we have to be more careful because of the transport of the initial condition.
Let us consider the following particular case that already illustrates the encountered
difficulties:

dX} = dZ;, dX} = X}dt, --- , X' = X7 'dt, Xo = («F,...,2").
Integrating from line to line yields:
X} = 2"+ 7,

t
X? = x2+tx1—i—/ Zgds,
0

‘ tn_l ) t Sn—2
Xt = —}-—{—ml‘ +/0 dSl.../O anfldsn_l.

Then, the random part in (X;);>o comes from the stable process and its iterated
integrals in time. Observe that the initial condition z = (z',... 2") is transported

through the deterministic system. Define:

ottt "+ 4+ ———a' | = R
(n—1)!
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Then, R;x is the solution of %Rtx = AR;x, with Rogzr = z, and A is the sub diagonal
matrix:

0 . 0
1 0
A=10 1 0
0O ... 0 1 0

In the general setting, R, is the resolvent associated with A, in . It is a nd x nd
matrix, and satisfies %R&t = A R, with R,y = I, the identity matrix. By symmetry
of (Z;)i>0, we can think of the transport R,z as the "mean" of the process (even
though for o < 1 the expectation is not defined), or at least the value around which
the process X will fluctuate.

Moreover, we point out the different time scales of the system: the first component
has the scale of the stable process t'/®, the second component is the integral of the
stable process and behaves as '+ and so on. Consequently, when turning to den-
sity estimates, we investigate the deviations from the typical behavior, renormalized
by the typical time scale. In our degenerate framework, the quantity of interest is

consequently |(T¢_,)"'(y — Rs,x)|, where:

(S — t)é[dxd X 0
0 s—t)tal 0
T?ft = ( ) e .
0 (s — t)n_pré]dxd

Note that this quantity is in fact the quantity appearing in our density estimates of
Theorem . When [(T?_,) 'y — Rss2)| < C, we will speak of diagonal regime,
whereas when |(T_,) ™' (y — Rs,2)| > C, we will say the off-diagonal regime holds.

Let us specify how the frozen process can be seen as a multi-scale stable process.
First, let us define explicitly the frozen process. Fixing a terminal time 7T and a
terminal spatial point y € R™, we define:

dX"Y = A X]Ydt + Bo(t, Ryry)dZ,, Xy = x. (5.8)

We point out that we actually freeze at point R,y in order to compensate the
transport of the initial condition as mentioned above. In addition, we did not alter the
drift part because since it is linear, it vanishes in the difference of the generators. This
equation is a linear SDE and can be solved explicitly using the resolvent (Rs;)o<s<t<r:

REoT = R 4 / RauBo(u, Rygy)dZ,.
t
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where we used Markovian notations to highlight the initial time and position in X ta Ty,
This identity becomes useful when computing the Fourier transform of the frozen
process. Also, this expression gives that X;*’:’T’y can be seen as a multi-scale stable
(possibly tempered) process. Let us specify how this property appears in the case
where n = 2 and Z is a symmetric stable process. In this case the exponent writes
Vs € (t,T], Vp = (p', p?) € R?%

gtz Ty

E(e'P"7 0 = ¢ip ot exp (— / du / A+ (s —wpa(u, Rumy)dlau(dQ) -
t Sa—

Let us focus on the exponent. Changing variables in the time integral yields:

[ [ (5= ot Rug)s) () =
t Sd*l

1
/ o / (s — )2 + v(s — )92, 0,0) | *ulde),
0 Sdfl

where we set 0, = (s — (5 — t)v, Rs_(s—)0,7y). Now, the scalar product in R? can be
written as a scalar product in R?%:

(s = )/op! + o(s — £) /2, e — <ﬂr§tp, ( o0 ) >

VOLS

(S _ t)l/apl

recalling TS ,p = ((s _ t)l“/o‘pQ) . Denoting M, = ( Ivs

>, the exponent becomes:
VOLS

/ " / (p* + (5 — w)p?, o (u, Rury)<)|*u(de)
t §d—1

1 1
= dv T?f ,—Mvg
/0 /< P Mg >

= /S KT, m)[* s (),

| Mys|*p(ds)

where we defined pg(dn) to be the symmetrized image measure of |M,¢|*dvu(ds) by
the application (v,¢) — mMyg € S2¢=1. This measure depends on the time horizon
T > 0, the initial time ¢ and the terminal point y. Now, because of the uniform
ellipticity of o and the scaled form of the resolvent, this measures satisfies [HD-4]
(non degeneracy of the spectral measure), that is:

AT p|* < / y 1<T?_tp, mps(dn) < As|TS_,p|*.
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We refer to the text, especially Section [5.2]of Chapter [3]for details on that construction.
Consequently, we obtained the identity:

E(ei(p,)ﬁ»zmy)) — ei(P,Rs,tr> exp <_ / |<T?,tp, 77> |a,uS<d77)> '
§2d—1

Now, denoting (S, ).>0 the Lévy process in R?*? whose Lévy exponent writes

[ Nwnustan),

we have the identity in law at fixed s,¢ > 0:

Xt ) Rla 4 TS,

Consequently, the marginals of Xﬁ’m’T’y can be identified with a multi-scale stable
process in dimension 2d, where the various scales are read in the matrix T¢ ,, whose
spectral measure satisfies a non degeneracy condition ensuring existence of the density.
Thus, estimates on the density of X“*T¥ will be obtained from the estimates on the
density of (Sy)u>0. However, we discussed in Section (3| that the estimates on the
density of a stable process are related to the dimension of the support of the spectral
measure. In our construction, the support of ug will be the image of the support
of |M,c|*dvu(ds) by the application (v,¢) +— vag € S24-1. Assuming that the
support of the driving process (Z;);>o is the sphere S?~! we see that the dimension
of the support of ug will be d — 1+ 1 = d. Thus, from Watanabe’s estimates recalled
in Section [3] we deduce that:

det(Te )t
(14 Ty = Ros)

pY(t,s,x,2) <O (5.9)

>d+a+1 :

This is what leads us to consider some restrictions on the dimensions in the theorem.
We emphasize that even in the tempered case, we cannot get rid of these restrictions,
as they come from the stable contribution. Note that this construction is general and
can be conducted for any n,d € N. Viewing the density of the stable process Z and its
iterated integrals as the density of an nd-dimensional multi-scale stable process yields
to consider a Lévy measure on R™ for which the support of the spectral measure has
dimension (d — 1) + 1 = d. In an ambient space of dimension nd, a polynomial tail of
order d + a+ 1 is integrable only when a > (n — 1)d — 1. In practice the condition is
fulfilled for:

-d=1,n=2for ae(0,2).
-d=1n=3forac(1,2).
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-d=2n=2forae(1,2).

When using a parametrix technique as described in Section [2 we are led to apply
the difference of the generators to the density of the frozen process. This brings us to
another difficulty in the degenerate setting: the non-local character of the generators.
Here, we write according to the notations in Section [2]

Lz, V)plw) = (Vespla), Ara)
+ [ plat Bo(t.a)2) = ¢(0) = (Vugla), Bolt,)2)1env(d),

the generator of the solution of (5.1)), and

Li(Riry, Va)p(x) = (Vo (), A)
+ /Rd o(x 4+ Bo(t, Riry)z) — o(x) — (Vap(x), Bo(t, Ry ry)z) 1<y v(dz),

the generator of the Frozen process. We look for an upper bound for H(¢,T,z,y) =
(Lt(a:, V) — Li(Re 1y, VI))ﬁT’y(t, T,x,y). First, assume the driving process is a rota-
tionally invariant « stable process in R?. Then, the Lévy measure becomes: v(dz) =
C,.alz|77%dz. Also, instead of investigating (Lt(x, V.)—Li( Ry 1y, Vx)>ﬁT’y(t, T, z,y),
let us simplify the problem by investigating an upper bound for

N N N dz
Lp"™(t, T, x,y) = /Rd (pT’y(t, T,z + Bz,y) —p"(t, T, , y)) L2 (r—02/o) e

which is the typical quantity to investigate thanks to the smoothness of the coefficients.
This corresponds to the large jumps part of the generator of a rotationally invariant
stable process in R?. The small jumps part can be dealt with Fourier arguments.
Assume that pT¥(¢t,T,x,y) is in the off-diagonal regime. Then, when z ¢ B((z —
Riry)t el(x — Ryry)'l), we have

‘Z— (Rt,Ty—-75)1| S 8|($_Rt,Ty)1’
(T —t)/e =5 (T —tia

|(T%—t)_1($ + Bz — Rt,Ty)| >

and p"¥(t, T,z + Bz,y) is off-diagonal with the expected estimate. On the contrary,
when 2z € B((z — Ryry)', el(z — Riry)t|), we see that the term p™¥(¢t, T,z + Bz,y)
can be in the diagonal regime. Recall that we want to give an upper bound on
Lp™¥(t, T, z,y) that is homogeneous to the density (up to a singularity). On this
set, we can only use the global diagonal bound for p7¥(¢t, T,z + Bz,y). Since we
assumed p7Y(t, T, z,y) to be off-diagonal, this is not the right estimate. We refer to
this phenomena as the rediagonalization.
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Nevertheless, observe that in this situation, we actually have z < |(z — Ry 7y)*|.
Thus, we can use the Lévy measure to obtain the polynomial decay. We write IZV% =

W, and we can take this part out of the integral, to be left with the integral
of the density. However, we see that we have a gap between the power obtained
d + o with this procedure and power of the frozen density decay d + 1 + «. In the
non degenerate case, this phenomenon already occurs, but the density of the frozen
process behaves in large z as |x|797%, which is exactly the obtained bound. There
is a dimension mismatch between the tail behavior of p7¥(¢, T, x,-), density of XtT Y
multi-scale stable process of dimension nd, and the one of the jump, stable process
of dimension d. Let us mention that this yields an additional diagonal singularity at
least of order (T — t)~/*, with respect to the expected one for the kernel H(t, T, x,y)

(see Lemma [3.7| and Remark [8.2]in Chapter (3| for details).

Tempering the noise allows to correct the gap between the expected power and
the one obtained. Indeed, we can thus correct the concentration index to the ex-
pected one. This procedure then yields density estimates through a parametrix con-
tinuity technique, under additional dimension constraints. These are due to tech-
nical reasons that we detail in the text. We establish the density estimates when
d = 1,n = 2 (scalar non-degenerate diffusion and associated non-degenerate integral)
the expected upper-bound up to an additional logarithmic contribution, when the co-
efficient o(t,z) = o(t,2%) depends on the fast variable (see Section of Chapter
3)). This dependence provides a better smoothing property of the parametrix kernel

H(t, T, z,y) = <Lt(a:, V.) — Li( Ry 1y, Vx)>j§T’y(t, T,x,y). This is due to the fact that

the difference of the generators yields a multiplicative term in |z — Rt,Ty|77(a/\1) in the
full dependence case, or |(x — R;7y)?|"@"V) | in the case o(t,z) = o(t,2%). To make this
contribution homogeneous to |(T%_,) ™ (y — Rr )|, which is the quantity appearing in
the density estimate (5.9)), we have to recover the scale matrix T$_,. In the full depen-
dence case, we obtain |z — R, py["e") < (T—t)”(l/\é)|(T%_t)*1(y—RT7ta:)|, whereas for
o(t,x) = o(t,z?), we have |(z— Ry ry)?["eD < (T—t)(”é)”(a/\l)\(’]I‘%ft)_l(y—RT,t:c)].
Observe anyhow that this better smoothing effect is required to compensate the ad-
ditional singularities brought by the rediagonalization. Also, let us mention that this
additional multiplicative term |z — Rt7Ty|’7(°‘/\1) is precisely why we chose freeze at point
R, ry. This ensures a compatibility between the estimate on the parametrix kernel A
and the frozen process p.
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6 A Multi-step Richardson-Romberg extrapolation
method for stochastic approximation.

Stochastic approximation (SA) algorithms are simulation based procedures to approx-
imate the zeros of a function h : RY — R which writes h(f) = E[H(,U)], for some
Révalued random vector U. The function, H is assumed to be known by the exper-
imenter, and it is implicitly supposed that the computation of A is more costly (in
terms of computational time) than the simulation of U and the computation of H.
For simplicity, we assume that h has only one zero 6*, even though the theory extends
to the case of multiple zeros.

Robbins and Monro in [RM51] proposed the following recursive algorithm to ap-
proximate 6*. Let (U?),>; be an i.i.d. sequence of random variables with the same law
as U, and 6y independent of the sequence (U?),>; with E[|fy]?] < +0o0. We consider
the following recursive scheme:

9p+1 = 9p — 7p+lH(9p7 Uerl), P 2 0. (61)

Here, v = (9p)p>1 is a deterministic and decreasing sequence of non-negative numbers
satisfying the assumptions

Z’yp = 400, and Z”yg < 400. (6.2)

p=>1 p>1

Observe that in the deterministic case i.e. H(0,u) = h(f) , when h is the gradient of a
convex potential, we recover the classical descent gradient procedure. Concerning the
a.s. convergence of the scheme (6.1), we have the following theorem.

Theorem 6.1. Assume that h satisfies the mean-reverting condition
VO £ 60, (6 —0",h(0)) >0,

and that
Vo € RY E[[H(0,U)]?] < C(1+ 16 — 0 ).

Then the scheme (6.1)) satisfies 6, — 6* a.s. when p — +o0.

We also mention that the above Theorem admits several extensions. A more general
result involving Lyapunov functions can be found in the literature. We refer to Duflo
[Duf96] or Kushner and Yin |[KYO03] for more details. Besides, a rate of convergence
is obtained by assuming more regularity.

Proposition 6.2. Assume that h is twice continuously differentiable in a neighborhood
of 0*, and that the eigenvalues of Dh(0*) have strictly positive real parts. Assume as
well that the function H satisfies:
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o I': 0 E[H(O,U)H(0,U)*] is continuous on R, and T'(0*) is positive definite
matriz.

e Je > 0 such that 0 — E[|H(0,U)|*¢] is locally bounded on R.

Finally, assume that the step sequence vy, is gwen by a function v : Ry — Ry,
decreasing to zero, that is, Vp € N, v(p) =, that satisfies one of the two assumptions
below:

e there exists a € (1/2,1) such that for any x > 0, lim;_,, % = L. In this
case, set ¢ = 0.

o fort > 1, v(t) = v/t and o is such that 2Re(Amin)v0o > 1, where Ay is the
eigenvalue of Dh(0*) with the lowest real part. In this case, we set ( = 1/(2v).

Then, there exists a positive definite matrix

+oo
Y= / exp < — s(Dh(0%) — (Id)>
0
such that the convergence holds when p tends to infinity:

)8~ ) = NOY)

*

(6") exp ( — s(Dh(6") — gjd)>ds,

These results are standard, and we refer to Duflo [Duf96] for a quite extensive
presentation of the matter. In addition, we mention some recent non-asymptotic
concentration bounds in [FMI12| and [FF13]. Finally, let us mention that there exist
results on stochastic algorithms where innovations are Markovian and satisfies mixing
properties. See |[Larll] for a detailed presentation of this topic.

In many applications, notably in mathematical finance, the random variable U is
not available through exact simulation, and a first step of approximation is needed.
For instance, U may be given by X, where (X¢);c(o,77 is the solution of an SDE with
dynamics:

¢ ¢
X, =x+ / b(u, X,,)du + / o(u, X,-)dZ,,
0 0

for (Z;);>0 a symmetric a-stable process, a € (0,2],b: R, x R? - R? o : R, x R? —
R?®R?. In that case, one has to consider a numerical scheme like the Euler-Maruyama
continuous approximation scheme.

We introduce a collection of random variables (U™),cy such that U™ — U, weakly
or strongly, and define accordingly h™(0) = E[H (0, U™)]. Keeping the example of the
solution of an SDE, one can take (U"),en to be the value at maturity X7 of the
associated Euler-Maruyama scheme:

Xp =+ [ W0, Xids+ [ oo, X5z,
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with ¢(s) = sup{¢t; : t; < s}, for a given time step A = %, n € N* setting for all
i € N, t;, = ¢A. In this case, for instance, when the coefficients b and o are locally
Lipschitz with linear growth, we have: X" L X when n tends to infinity (see e.g.
Theorem 3.1 in Jacod Protter [JP98| and the references therein).

The goal is to approximate 6%, the zero of h by 6*", the zero of h™.This induces
an implicit discretization error Ep(n) = 0* — 0*™. Now let us observe that since U™ is
easily simulable, we can approximate 6*"™ by M steps in the corresponding stochastic
algorithm:

1 = 0y — vl H (O, (U™)), p 20, (6.3)

This in turn produces a statistical error Es(n, M) = 0" — 0%,. Consequently, the
global error obtained by approximating 6* by 67, naturally splits in:

Egiop(n, M) =07 — 0% + 0" — 07,
=Ep(n) + Es(n, M).

Concerning the implicit discretization error, Ep(n) = 0* — 0*™ the following result
is established in [ETil3]:

Proposition 6.3. For all n € N*, assume that h and h™ satisfy the mean reverting
assumption:

VO £ 0%, (0— 0%, h(0)) >0 and VO£ 0", (0 — 0", h"(6)) > 0.

Moreover, suppose that (h™),>1 converges locally uniformly towards h, then we have
6" —s 0*. Moreover, assume that V0 € RY, n®(h—h")(0) — AY(0) when n — +oo.

n—-+0o00
Then, we have

n (6" — %) —> Dh(07) " A%(6%).

n—0o0

The last result can be seen as an expansion of order one for %" — 6* in power of
n~%. It is therefore natural to ask if the expansion holds at higher order. Assuming
additional regularity on h, h™ allows us to answer positively.

Proposition 6.4. Under the assumptions of Proposition[6.3, if the following hypothe-
ses hold: for some R € N*,

1. For all € RY,

h(@)—hn(9)=m+---+Aw>+o( ! ) (6.4)
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2. h,h" € CE(RY,RY) and for alll < R—1, for all § € R,

AL (0) A i(0) 1
no T no(B=) +o (na(R—l)) (6.5)

where for all 6 € RY, AL(0),--- ,AL_(0) and o(n~*®=D) are multilinear maps
from (R?)! to RZ.

D'n"(#) — D'n(0) =

3. For alll € [1,R], (D'h™),>1 converges locally uniformly towards D'h.
4. DRh(0*) is invertible.

Then, 6" — 0* has an expansion up to order R, that is, the following expansion

holds:

C C 1
AR gen _gx 2L TR _—
3(Cy,---,Cr) € (RH)™, 6" —0 _na+ +naR+o(naR). (6.6)
This result is proved in Theorem of Chapter {4 and can be used to produce a
Richardson Romberg extrapolation estimator. Let us be more specific on this subject.

We introduce a sequence of R random vectors {U™,r € [1, R]}, n € N* such that

U™ L5 U asn — 4oo with U" £ U, r € [1, R]. In the example of an SDE, this

sequence comes from the same Brownian motion, considered at various time steps.
Under the assumptions of Proposition we have for all r € [1, R]:

R-1

TN [k Cp 1 CR ]‘
6 = 0"+ WTPW—i__T‘O‘R_nO‘R (1+€T(n)>
p=1
with €,(n) — 0 as n — 4o00. The idea is to find a collection of weights w,., r = 1,... | R

in order to kill the R first terms in the last expansion. Precisely, the last identity writes
in matrix form:

<

) — 1p* Cr C 1
g =1 +v| & | a1 +e(n) :
1<r<R : 1<r<R-1 : 1<r<R

where I = (Iy,---,1;)" with I, is the identity matrix of dimension d, and V is the

We now look for a weight matrix w = (wy, - . ;vR)T so that the two conditions
are fulfilled:

wI=1; and W'V = 0gyap_1). (6.7)



46 CHAPTER 1. INTRODUCTION

We can find w explicitly using Cramer’s rule (see Section of Chapter {)):

TaR

[T o (re — 5o [T, (G — @)

vre{l,--- R}, w,= (-1 I, (6.8)

For such a w, we obtain that:

Zwr@* m—g) = Cr (G ). (6.9)

noR  Rla

Now, we approximate each #*™" using M steps in the corresponding stochastic
algorithm, that is each (6)")yen is defined by the corresponding recursive algorithm:

vr e [1,R], 6% =60" —~, HO", (U™, pelo,M—1], (6.10)
with ((U™)P,r = 1,--+, R)pepi,mp an ii.d sequence with the same law as (U™, r =
1,---,R), 65", r = 1--- R the initial conditions independent of the innovation se-

quence satisfying sup,»; E|6f|* < +oo and the sequence (7,),>1 satisfying (6.2). This
produces the Richardson Romberg extrapolation estimator:

R
n,Rn __ § TN
r=1

We now consider the problem of the complexity of the new Richardson Romberg
extrapolation estimator. Fixing the tolerance level €, and denoting & R R =0"— @"MR",
we want to find M and n such that, keeping the global error under ¢, the computational
cost is minimal. We assume that the cost of a single simulation of U™ is proportional
to n and is given by K x n, where K is a generic positive constant independent of n,
which is typically the case for the Euler-Maruyama approximation case.

At each step p € [1, M] of our procedure, for every r € [1, R], we have to simulate
the random vector (U™, U?", ...  UE"). The global computational cost is given by

R
Cost(R-R) := KM Y rn = KMn

r=1

R(R+1)
—

In other words, the problem now states as follows:
(n(e), M(e)) = argminE‘gRl_legaCost(R—R).

However, the condition E|E £0b3| < ¢ is not explicitly tractable and we will consider a

suboptimal cost optimization problem.
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The new global error splits in:

p p
(c/'RfR(n7 M) - 9 — Z w05 4 Z w00 — @Tﬁpn
r=1 r=1

glob
_ zp: wi(07 = 6°) + zp: wi (07— 037 )

r=1 r=1

_ R R(n) + E5R(n, M),

The key observation is that thanks to , this new target satisfies the following
implicit error:

_ Crl _4
5| < M=o (1 4 e (o)

Besides, under standard assumptions, the linear combination of stochastic algorithm

estimators ©}7" converges a.s. to the target > *_ w;0*"™ as the number of steps M

goes to infinity. Consequently, to find the optimal (n(e), M(g)), it remains to bound
the statistical error £8 % (n, M). Actually, we give an L'(P) control of the statistical
error under the following assumptions.

(HUI) 36 > 0, such that V0 € R?, sup,,cn- E[|H (6, U™)|*] < +o0.

(HC1) 3C > 0 such that Vn € N*, V0 € R E[|H(0,U™)|?] < C(1+ |0 — 0°"?).
(HC2) VO € R, P(U ¢ Cy) = 0 with Cp := {z € RY: .+ H(f,x) is continuous at z}.
(HRG) There exists a € (0, 1],

ny __ / n\|2
p  EHO.UM) - HE.UY)

< +00.
nEN*,(Q,G/)E(Rd)Z |9 - 9/|2a

(HUA) For each n € N*, the map h" : § € R? — E[H(6,U™)] is continuously dif-
ferentiable with DA™ Lipschitz-continuous uniformly in n and there exists A > 0
s.b. inf,ene gerd Amin ((DR™(0) + Dh™(0)7)/2) > X where Apin(A) denotes the low-
est eigenvalue of the matrix A. (Uniform Attractivity).

(HS) The step sequence is given by 7, = v(p), p > 1, where v is a positive function
defined on [0, +o0[ decreasing to zero satisfying one of the following assumptions:

e 7 varies regularly with exponent (—p), p € (1/2,1), that is, for any « > 0,
limy oo y(tx) /7 (t) = 27°.

o fort > 1, vy(t) = 70/t and 7y satisfies 2Ayy > 1.

Then, we have the following estimate for the L'(P) norm of the statistical error:
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Proposition 6.5. Let R € N*. Suppose that forr € [1, R], U™ U and 0y 25 0,
as n — +oo. Under (H-R), (HUI), (HC1), (HC2), (HRG), (HS) and (HUA),
one has for some positive constant C' := C(vy, )

n 07 1/2

> w H(O,U") VAM) (1+ 61 (n) + ¢5(M))

r=1

E[lE5" (n, M)|] < CE

where ¢, ¢t are two positive functions satisfying: ¢¥(n) — 0 and ¢E(M) — 0 respec-
tively as M — 400, n — 400 and ¢& is non-increasing.

From the two bounds on the discretization error |£5 f(n)| and on the statistical
error E[|EEF(n, M)|], the global error is bounded by:

Elgq| < 1€p7 ()| +E[IES " (n, M)]]
< prn” (L Jeraa (n)]) + vry 2 (M)(1+ 65 (n) + 65 (M),

571/2
Rio } . Thus, we are naturally led

where pp = €2l and vy = CE szl w,H(0*,U")

to consider the following suboptimal computational cost optimization problem

(n(e), M(e)) = argmin Cost(R-R), (6.11)

R B (e py1(n)))+vry' /2 (M) (1461 (n)+¢51 (M) <e

where assuming the step sequence 7 is given by: v(p) = v/p”, %0 > 0, p > 0,
p € (1/2,1] admits the following asymptotic cost:

argmin Cost(R-R)
prn = B(1tler1 (n))+vry'/2 (M) (1461 (n)+¢5 (M))<e

1 2

RR+1) 2 1 1 2R *F B \?
NK— BB, aR____— 1 - 1 =

Yo VrRHR 5;23"'a1R( + ﬁ) <+204R )

and the following asymptotic optimal parameters (n, M):

AR 12 3
n(e) ~ <% + 1) pgfe”ar and M(g) ~ 5 vy (1 - %) ’ e
Returning to the example of the solution of an SDE, one can ask if the assumptions
of Proposition [6.4] are fulfilled in practical cases. Specifically, we see that regularity
on the functions h, h" is required. Since h(0) = E[H(0,U)] and h™(0) = E[H(0,U™)],
the regularity can be obtained by two means, either the function H is regular and
admits an expansion as specified, or the law of U and U™ are smooth. In particular,

™o

as € — 0.
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when we address the estimation problem of the quantile at level ¢, of one component
of the solution of an SDE, we are typically in the latter case. Indeed, solving P(X1 <
0*) = ( for 0%, where, X} € R is the first component of X7 € R? can be seen as
an equation of the form h(6*) = E[H (6", X7)] = 0, where H(0,y) = 1 — 51,150},
setting y = (y',---,y%) € R Thus, it is clear that we can derive a stochastic
algorithm to approximate 0*". However, in this context, the function H(6,y) presents
low regularity. Thus, we must rely on the regularity of the law of Xy and X7 to
compensate, as we already mentioned in Section [2] Hopefully, we have that:

h(0) —h"(0) = E[H(0, Xr)] — E[H(0,X])]
= %—E/Rd 1{y1§6} (p(T,l’,y) _pn(Tvrvy))dy

1 ¥ XL n
= m(P (X7 <0)—PY (X} <0)),

where p(T', x,0) is the density of the diffusion, and p, (7, z, #) the density of the Euler-
Maruyama scheme at time 7', and X;i’l is the first component of the Euler-Maruyama
scheme. Thus, to obtain an expansion for h(f) — h"(0), we need an expansion for

n,1
(p — pn)(T, z,y). Moreover, denoting by Xt (T, z,0) and pffT (T, z,60) the marginal
densities of X7 and X;’l, the derivative w.r.t. 6 of the previous equality is Vk > 1,
V(6,z) € R x R%:

1 o1 X;’l
aek_leT (T, x, 6) — an (T, xZ, 6)) s

a5 = Gl (0 = 7

d" d" 1 < oF1
Thus, in order for the assumptions of Proposition [6.4] to hold, we have to get an
expansion of the density of the SDE and the density of the Euler-Maruyama scheme
and their derivatives. It is known since Talay and Tubaro [T'T90] that an expansion for
the Euler-Maruyama scheme can be obtained. However, in their approach, regularity
on the coefficients and on the test function are needed. We choose a parametrix
approach, that holds under mild regularity assumptions. It has the advantage as well
to give precise dependence in the variables of the coefficients, which is useful in order
to obtain an expansion for the derivatives of h — h"™ (see Theorem in Section [2)).
Also, this approach allows us to handle both the Brownian case and the stable case,
a € (0,2), with similar arguments.

We denote by [A] the following set of assumptions. Fix an integer m € N referring
to the regularity of the coefficients.

[A-1] b € C™(RY,RY) and o € C™(RY, RY @ R?) with bounded derivatives. Also, when
a <1, weput b=0.
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[A-2] There exists C' > 1 such that for all z,¢ € R?, setting X(z) = o(x)o(x)*:
CHEP* < (€, 2(2)€) < Cl¢f*.

[A-3] When o < 2, the spectral measure ;i has a positive C™(S%!) surface density
and satisfies: there exists C' > 1, such that for all £ € R%:

ol < / (€, 9) 2 (D) < Clé]°. (6.12)
gd—1

These are usual assumptions for our setting, see also the papers of Konakov and
Mammen [KM02| and Konakov and Menozzi [KM10]. Under the previous set of as-
sumptions, we now prove:

Theorem 6.6. Assume that [A] holds. Let M € N* be such that when a = 2,
0< M <m/2, and when o < 2, we assume m > d+4 and 0 < M <m — (d+4). Let
v € N, with |y| < M. Then, for all x,y € R?, we have:

M—1-]y|
1 s\ k+1l g
Y _ a7 _ Y T
Ap(L,z,y) — 9)pa(l,2,y) /; <k+1)!nk8y (p Qn (L—L*) "p > (1,z,y)
1 d ~ =\ k1 a;R(x7y>
_ma; (p Qn (L* — L ) pn> (L,z,y) + N

Also, there is a constant C > 0 depending on the set of assumptions [A], T, v, and
M such that the following bound holds for each term and the remainders:

M—]y|-1

2.

k=1

0y (p@n (L= L)"') (1,2,)] +

o (pd @n (L — E*)kﬂpn) (1, y)‘
+10) R(z,y)| < Cpk (1, 7,y),

where for a given K > 0, we denoted p$(t,z,y) the following quantity:

t=42 exp (—K@) , ifa=2,

Pt wy) = e if a € (0,2).
g

ta

Now, we see that [A] implies the assumptions of Propositionwhen the regularity
m is large enough, so that we can derive an expansion for the difference between the
density of an SDE and the density of the Euler-Maruyama scheme. Thus, we obtain

the expansion:
Ch Cr 1
O — = .o — 4o — |,
noe + + naR 0 (naR)
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for (Cy,---,Cg) € (RY)E which allows us to use a Richardson Romberg extrapolation
in order to reduce the computational cost in the quantile approximation procedure.
Numerical illustration is provided in Figure of Chapter [l In particular, the cor-
respondence between the theoretical L' controls, used to calibrate the parameters in
order to get a given target error bound, and the empirical L! error, obtained through
multiple runs of the algorithm, appears satisfactory. Let us mention that the problem
of the estimation of the quantile of a diffusion has been investigated in [TZ04] as well.
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Chapter 2

Density Estimates for SDEs Driven by
a Possibly Tempered Stable Processes

We study a class of stochastic differential equations driven by a possibly tempered
Lévy process, under mild conditions on the coefficients. We prove the well-posedness
of the associated martingale problem as well as the existence of the density of the
solution. Two sided heat kernel estimates are given as well. Our approach is based on
the Parametrix series expansion.

1 Introduction

This Chapter is devoted to the study of Stochastic Differential Equations (SDEs),
driven by a class of possibly tempered stable process. Specifically, we use a continuity
method, known as the parametrix technique. After obtaining preliminary estimates,
we are able to prove weak uniqueness to the SDE. Furthermore, we show the existence
of the density, as well as some associated estimates, under mild assumptions on the
coefficients. More precisely, we study equations with the dynamics:

X, =2+ /OtF(Xu)dqu/Ota(Xu)dZu, (1.1)

where F' : R? — R? is Lipschitz continuous, o : R? — R? ® R? is bounded, Holder
continuous and elliptic, and (Z;);>¢ is a symmetric Lévy process. We will denote by v
its Lévy measure and assume that it is symmetric and that it satisfies what we call a
tempered stable domination:

v(A) < /Sd1 /0+OO 1A(50)§1(—fids,u(d9), (1.2)
)

3



b4 CHAPTER 2. TEMPERED STABLE SDE

where ¢ is a non increasing function, and pu is a probability measure on the sphere
S4=1 This is a relatively large class of Lévy processes, that contains in particular the
stable processes.

In order to give density estimates on the solution of , it is first necessary
to obtain density estimates for the driving process. Those estimates are clear when
(Z4)1>0 is a Brownian motion. However, the Lévy case is more complicated due to the
huge diversity in the class of Lévy processes. Let us mention the papers of Bogdan
and Sztonyk [BS07] and Kaleta and Sztonyk [KS13| for density bounds concerning
relatively general Lévy processes. In the case of the symmetric stable processes, the
Lévy measure writes:

+o0 ds
VA € B(RY), / /Sd LsveayCod gt p(de), (1.3)

for some a € (0,2). In the above, C, 4 is a positive constant that only depends on d
and « (see Sato [Sat05] for its exact value), and S?~! stands for the unit sphere of R?.
Also, p is a symmetric probability measure on the sphere called the spectral measure.
When the spectral measure satisfies the non-degeneracy condition:

0> 1 st < [ gltuld) < i (1.4

the driving process Z; has a density with respect to the Lebesgue measure. In the
recent work of Watanabe [Wat07], the author studied asymptotics for the density of
a general stable process, and highlighted the importance of the spectral measure on
the decay of the densities. Specifically, let us denote by pz(¢, ) the density of Z;, and
assume that there exists v > 0 such that

p(BO,r)n ST <Crt Vo e ST wr <1/2, C > 1. (1.5)

Observe that in the case where the spectral measure has a density with respect to
the Lebesgue measure on S%! this condition is satisfied with v = d. For a general
v € [1,d] such that (1.5) holds, we have for all x € R?, ¢ > 0:

t_d/a
(1 e\
(1 + W)

Moreover, a similar lower bound is given for the points z € R? such that two sided
estimate hold in for 6 = x/|z| (up to a modification of the threshold r). See
Theorem 1.1 in Watanabe [Wat(07]. We would like to point out the difference between
assumptions and (|1.4). The assumption alone is enough to show the ex-
istence of the density of the driving stable process. However, it turns out that this

pz(t,z) <C (1.6)
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sole assumption is not enough to get density estimates. Instead, we need to know
the concentration properties of the spectral measure to deduce density bounds. Also,
the concentration of the spectral measure, reflected by the index ~ in , directly
impacts the decay of the density, as shown in the bound . Observe however that if
the concentration index v is too small with respect to the dimension, namely, a+v < d,
the upper bound is not homogeneous to a density, since its integral (over R?) is
not defined. We refer to the work of Watanabe [Wat(07] for a detailed presentation of
these aspects.

A generalization of this result to the case where the Lévy measure does not factor-
ize as in , but only satisfies the domination has been obtained by Sztonyk
[Szt10]. Two sided estimates of the form are derived, up to additional multi-
plicative terms involving the temperation, with the same restrictions for the lower
bound.

The temperation ¢ can be seen as a way to impose finiteness of the moments of
Z (see Theorem 25.3 in Sato [Sat05]), and intuitively, the integrability properties of
(Z4)1>0 should transfer to (X;):>o. However, giving a density estimate on the driving
process and passing it to the density of the solution of the SDE is not always possible.

In the Brownian setting, if o is uniformly elliptic, bounded and Holder continuous,
and F' is Borel bounded, it is known that two sided Gaussian estimates hold for the
density of the SDE , see Friedman |Fri64]. We also mention the approach of Sheu
[She91], that also gives estimates on the logarithmic gradient of the density. In the
stable non degenerate case, i.e. when the coefficients F,o are as above, and pu(d¢)
has a smooth strictly positive density with respect to the Lebesgue measure on the
sphere, it can be derived from Kolokoltsov [Kol00b], that the density p(t, z,y) of
exists and satisfies the following two sided estimates. Fix T > 0, there exists C' > 1
depending on 7', the coefficients and on the non degeneracy conditions, such that for
all 7,y € RY ¢ € (0,77:

. tfd/oz tfd/oc
¢ 14 =) splbny)=C ETAta
(1+ ) (1+5#)

This estimate is obtained using a continuity method: the parametrix technique.
This approach is well suited for obtaining density estimates for the solution of an
SDE under mild assumptions on the coefficients, provided that good estimates can be
obtained on the driving process and on the so-called Parametriz kernel.

We refer to estimates of the form as Aronson estimates: two sided bounds
that reflect the nature of the noise of the system. In the Gaussian setting, the density
of the solution has a Gaussian behavior, and in the stable case, the density of the
solution has two sided bounds homogeneous to those of the driving stable process.
This work aims at proving Aronson estimates when the driving process is a Lévy
process satisfying a tempered domination (in the sense of )

(1.7)
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Finally, we mention that existence of the density can be investigated via Malliavin
calculus. In the Brownian setting, we refer to the works of Kusuoka and Stroock
|KS84! [KS85,, [KS8T7], as well as Norris [Nor86]. The jump case is more difficult, and is
treated by various authors. Let us mention Bichteler, Gravereaux and Jacod [BGJ87],
and Picard [Pic96]. However, this technique requires regularity on the coefficients. In
our approach, the convergence of the Parametrix series will give us the existence of
the density and well as weak uniqueness, under relatively mild assumptions on the
coefficients.

We will denote by [H] the following set of assumptions. These hypotheses ensure
the existence of the density, and are those required by Sztonyk [Szt10] in order to have
a two sided estimate for the driving process Z.

[H-1] (Z:)i>0 is a symmetric Lévy process without Gaussian part. We denote by v its
Lévy measure. There is a non increasing function ¢ : R, — R, u a bounded measure
on S ! and a € (0,2), v € [1,d] such that:

v(A) S/Sd—l/o OolA(SQ)zl(—flds,u(dé’). (1.8)

We assume one of the following:
[H-1a] p has a density with respect to the Lebesgue measure on the sphere.

[H-1b] there exists v € [1,d] such that p (B(6,r) N S4!) < Cr'~!, with y+a > d, and
for all s > 0, there exists C' > 0 such that:

q(s) < Cq(2s) (1.9)

[H-2] Denoting by ¢ the Lévy-Kintchine exponent of (Z;);>¢, there is K > 0 such
that :
E (€i<p,Zt>) = el?7() < o KUl 1y 5 1, (1.10)

[H-3] F: R? — RY is Lipschitz continuous or measurable and bounded and o : R? —
R? ® R? is bounded and n-Hélder continuous 1 € (0,1).

[H-4] o is uniformly elliptic. For all z,¢& € R?, there exists x > 1 such that:
RTE < (€, 0(2)€) < rIE (1.11)
[H-5] For all VA € B, Borelian, we define the measure:

v(z, A) =v({z € RY o(z)z € A}). (1.12)
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We assume these measures to be Holder continuous with respect to the first parameter,
that is, for all VA € B,

+o0 ~
ol ) = vl ) < Ol =P [ [ 160 D dspan)
Sa=1.J0

We point out that in the case where o € R, or when the spherical part of v is equivalent
to the Lebesgue measure on S?~! this is actually a consequence of the Hélder continuity
of o, and the domination [H-1].

[H-LB] There is a non increasing function ¢ : Ry — R and Ajg, C R¢, such that for
all x € Ajp,

u(B(a:,r)) > CWEU(”T'IJB, Vr >0 (1.13)
I/(B(O,T)c> < Cria’ vr € (0,1). (1.14)

In the rest of this Chapter, we will assume that [H-1] to [H-5] is in force. Also, we
say that [H] holds when [H-1] to [H-5] hold. Note that assumption [H-2] is crucial
in order to get the existence of the density. We point out that [H-LB] is needed for
the lower bound, and that the upper bound holds independently.

Under [H], we are able to prove the following.

Theorem 1.1 (Weak Uniqueness). Assume [HJ holds. The martingale problem
associated with the generator L(x,V,) of the equation (1.1)):

L(m,Vx)ga(x):(F(:Jc),VIgp(x)>+/ ol +0(2)2) — o) - 0@ Vap(@))

d
R 1—|—|Z|2 V( Z)7

admits a unique solution. That is, for every x € R?, there exists a unique probability
measure P on Q = D(R. x R4 R) the space of cadlag functions, such that for all
fe Cé’Q(RJr xR, R) (twice continuously differentiable functions with compact support),
denoting by (X;)i>o0 the canonical process, we have:

¢
P(Xo=2)=1 and f(t,X;) — / (Ou + L(2, V) f(u, X\)du is a P- martingale.
0

Hence, weak uniqueness holds for (1.1]).
Also, we have the following density estimate:

Theorem 1.2 (Density Estimates). Under [H], the unique weak solution of
has for every t > 0 a density with respect to the Lebesque measure. Precisely, for all
t>0, and z,y € R?,

P(X; € dy|Xo = z) = p(t, z,y)dy. (1.15)
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Assume that the function @) defined below is decreasing, and fix a deterministic time
horizon T > 0. There exists C; > 1 depending on T and the parameters in [HJ, such
that the following density estimates holds:

VO<t<T, V(z,y) € RY

7d/a

0,.0() \*T7
(1 4 lu=Geot=)] )|>

p(th?y) < Cl Q(’y_et,()(x)’)? (116)

where:

e when the drift F is bounded, 0 is the identity map: 00(z) = x, and
— under [H-1a], v = d and for all s > 0, Q(s) = q(s),
— under [H-1b], for all s > 0, Q(s) = min(1, s71)q(s),

e when the drift F' is Lipschitz continuous, 0s(x) denotes the solution to the or-
dinary differential equation:

d
£037t($) = F(Q&t(l')), 6’t7t(x) =, YO0 S t,S S T,

and

— under [H-1a], v = d and for all s > 0, Q(s) = min(1, s)q(s),
— under [H-1a], for all s > 0, Q(s) = min(1, s, s71)q(s).

Moreover, assume [H-LB] holds. Then, if
Vs € [0,t/2], B(0(8s0(x)) " (6o.(y) — x),Ctl/o‘) C Ajow, (1.17)

there exists Cy > 1 such that

B t—d/a
Cyt a7 4y = Oro(2)]) < p(t, z,y). (1.18)
ly=0¢.0(z)]
1 + tl/a

Remark 1.1. The condition appearing for the lower bound comes from the
possibly unbounded feature of the deterministic flow associated with . Indeed, it
states that if a neighborhood at the characteristic time scale of a suitable renormaliza-
tion of the flow stays in the sets of non degeneracy for v, then the lower bound holds.
Let us mention that the lower should remain valid provided that is satisfied for
s € [eit, eqt], 0 < &1 < g9 < 1. In this case Cy should depend on &5 — &1 as well. In
other words, it should suffice to enter the non degeneracy region for a time interval of
order t.
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Remark 1.2. We point out that when [H-1a] holds, the condition
p(B@,r)n Sd_l) < O

actually holds with v = d. Besides, the function ) appearing in the upper bound
(4.12) is decreasing typically when considering tempering function of the form:

where m is large enough.

The rest of this Chapter is organized as follows. In Section 2, we set up formally
the Parametrix technique, and give the estimates permitting the convergence of the
Parametrix series. Section [3]is a technical section and is divided in five subsections.
First, in Subsection [3.1] we prove estimates on the Frozen Density. In Subsection [3.2]
we investigate the Parametrix Kernel and its smoothing properties. In Subsection [3.3]
we tackle the well-posedness of the Martingale Problem, using estimates provided by
the two previous subsections. Next, in Subsection (3.4, we prove the estimates giving
the convergence of the Parametrix Series. Finally, in Subsection [3.5 we investigate

the lower bound (/1.18)).

Remark 1.3 (On the constants). We will often use the capital letter C' to denote a
strictly positive constant that can depend on T and the set of assumptions [H] and
whose value of C' may change from line to line. Similarly, in the temperation, we will
often write Q(|z|) where we actually mean Q(C|z|). Finally, we will use the symbol
= to denote the equivalence:

f=ge30>1, 7 f(x) <g(z) < Cf(a).

Remark 1.4 (Finite time horizon). In the rest, we fix ¢t < T < 1. However, the main
results hold for any arbitrary, but finite time. Indeed, Theorem is extended to any
time by the Markov property, and Theorem by convolution arguments (see Lemma

39).

Remark 1.5 (Time-Homogeneous Coefficients). In this work, we have restricted our-
selves to time-homogeneous coefficients. It turns out that our techniques can be used
even in the time-dependent case. We choose to stick to the time homogeneous case
for notational simplicity.

2 The Parametrix Setting

We present here a continuity technique known as the Parametrix. The strategy is to
approximate the solution of ((1.1)) by the solution of a simpler equation and control the
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distance in some sense between the two processes. First of all, let us define the proxy
we will use. Let y € R? be an arbitrary point. Let 6; ; be the flow associated with the
deterministic differential equation:

d
E‘gt,s@) = F(0i4(2)), Oss(x) =2, 0<t,s <T.

We will often refer to 6 s(y) as the transport of y by the deterministic part of (1.1).

Fix y € R? and ¢ € [0, T, we define the frozen process (X5¥)e04 as the solution of:

X = ok [ PO [ o)z,

S / " F(Bu())du + 0 (00u(1) 2. (2.19)

We point out that the transport of the terminal point in the drift part comes for
the unbounded character of the drift coefficient. Also, in the diffusion coefficient o,
the presence of the transport ensures the compatibility between the estimates on the
frozen process and the parametrix kernel (see Propositions and .

We mention that our approach covers the case of a measurable and bounded drift.
In that case, we take as frozen process X; = x4+ o(y)Z,. Note that in that case, we do
not need the existence of the flow 0, associated with the ODE. Also, we could restrict
ourselves to F' Holder continuous, as in this case, the existence of the flow 6 is given
by the Cauchy Peano theorem. However, the lack of uniqueness raises the problem of
the definition of 6, 5, so we decided to assume Lipschitz continuity instead. Anyhow,
in the case where F' is Holder continuous, we expect some kind of regularization by
the noise, as we recover weak uniqueness, see e.g. Bafico and Baldi [BB82|, or Delarue
and Flandoli [DF14] for recent developments.

It is clear from the definition of X*¥ and assumptions [H-2] (non degeneracy
Fourier Transform) and [H-4] (ellipticity of ¢) that X*¥ has a density with respect to
the Lebesgue measure. We denote the latter:

PY(s, 2, 2)dz = P(XH € dz| Xy = z), s € (0,1].

Recall that we have denoted by pyz(t,x) the density of the driving process Z. The
frozen density relates to the density of Z through the relation:

9(0,,2) = det o (60s(3)pz (o (Boat) (= | P (B (0)du — o). 20

We will often denote p(t, x,y) = p*Y(t, x,y), namely, we omit the superscript ¢,y when
the freezing parameters and the points where the density is considered are the same.
Observe that in this case, we have

y— / F(Ous(y))du — & = Oo(y) — .
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Moreover, for & € R we define the integro-differential operator Vo € CZ(R? R):

L&, Va)p(x) = (F(£), Vep(z)) (2.21)
+ /Rd p(z+0(8)z) —p(r) = (Vap(z), 0(£)2) 1z <1yv(d2).

Observe that when & = z the initial position, the operator L(z, V,) is the generator of
(L.1). Also, for a given (¢,y) € (0,7] x R?, the operator L(6y+(y), V) is the generator
of (Xst’y)se{oﬂ at time s = 0. The following proposition illustrates how the estimates
on the frozen process transmit to the solution of the SDE.

Proposition 2.1. Suppose that there exists a unique weak solution (X5 )o<i<s to (1.1)
which has a Feller semigroup (P;)i>o. We have the following formal representation.
For allt >0, (z,y) € (RY)? and any bounded measurable f : R? — R:

Pf(x) = E[f(X,)| X = 2] = / d (Z@@H“))(t,x,w) fwdy,  (2:22)

r=0

where H 1s the parametriz kernel:
vt >0, (z,y) € (RY)?, H(t,z,y) = (L(z,V.) — L(0o(y), Vo)) PV (t, 2, y).  (2.23)

The notation ® stands for the time space convolution:

f®g(t,z,y) :/0 du/Rd dzf(u,z,2)g(t —u, z,y).

Besides, @ H® =p andVr € N, H(t,z,y) = H" Y @ H(t,z,y).

Furthermore, when the above representation can be justified, it yields the existence
as well as a representation for the density of the initial process. Namely P[X; €
dy|Xo = x| = p(t, z,y)dy where :

+o00
vt >0, (z,y) € (RY?, p(t,z,y) = > (@ HO)(E,2,y). (2.24)

r=0

Proof. We refer to Huang and Menozzi [HM14] for the proof of this statement. See as
well Proposition 3.6 in Chapter [3| O

The proof relies on the Markov properties of the processes involved, as well as
the Chapman-Kolmogorov equations. In the Brownian setting, the series is
first obtained for the SDE (1.1]) with regularized coefficients. Indeed, in that setting,
the Hormander theorem gives existence and smoothness for the density (see Norris
[Nor86|). The next step consists in proving estimates independent of the regularization
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parameter. Finally, the weak uniqueness, obtained through the well posedness of the
martingale problem, as exposed in [MenlI], allows to pass to the limit and identify
the sum of the series as the density of the initial equation (|1.1). However, as we
mention in Chapter , in the Lévy setting, there are no general (Hormander) theorem
to ensure the existence of the density even with regular coefficients. Nevertheless, in
addition to the already mentioned references, we can refer to Ishikawa and Kunita
[IKO6] in the non degenerate case, and Cass [Cas09|, which can be seen as the most
complete extension to the jump case of the Hérmander theorem, but requires some
integrability conditions.

Also the works of Zhang [Zhaldal, [Zhal4b] in the weak Hormander degenerate
stable driven framework. Anyhow, in our current operator-based approach, we do
not proceed in that manner. Instead, we provide a representation for the semigroup
associated with , and when the series converges, it yields a representation
of the density of .

The existence of the density for the solution of will follow from the convergence
of the parametrix series. In the following, we will denote

B t—d/a
p(ta xz, y) = atry Q(|90,t(y) - ZL’|), (225)
(1+ fafp=))
tl/a

where
e when the drift F' is bounded, 6 is the identity map: 6;0(x) = x, and
— under [H-1a], v = d and for all s > 0, Q(s) = q(s),
— under [H-1b], for all s > 0, Q(s) = min(1,s7!)g(s),

e when the drift F' is Lipschitz continuous, ;;(x) denotes the solution to the
ordinary differential equation:

and

— under [H-1a], v = d and for all s > 0, Q(s) = min(1, s)g(s),
— under [H-1a], for all s > 0, Q(s) = min(1, s, s*)q(s).

We also assume that the function @) is decreasing. Note that p is the upper bound
on the Frozen density under [H] derived by Sztonyk [Szt10], up to the degradation of
the tempering function ¢(s). We refer to Section [3| for more details on this estimate.

The following lemma proves the convergence of the series .
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Lemma 2.2 (Control of the iterated kernels). There ezist Ggm > 0, w € (0, 1]
s.t. for allt € [0,T], (x,y) € (RY)2:

poHtay)| < Ga(tptaoy) +pltay), (2:26)
lp@H(t,z,y)| < Coat“plt z,y), (2.27)

where we denoted p(t,z,y) = 6 A |x — 0g4(y)|""Vp(t, x,y). Now for all k > 1,

p® H®(t,2,y)| < (4Cz) ™™ (t’“"ﬁ(u z,y)+ (p+p)(t,x, y)) o (228)

P @ HE (1, 2,)] < (A" 5 (15505 4 95 + p) + p) (Layy). (2:29)

The above controls allow to derive under the sole assumption [H] the convergence of
the Parametrix Series (thus, existence of the density for the solution of (1.1))), and the
upper bound for the sum of the parametrix series in small time. To extend
the result to any arbitrary (but finite) time, we use the semi-group property satisfied
by p(t,x,y) (see Lemma [3.4). We point out that this procedure yields exponential
dependencies in time in the constants. It is possible however to obtain the convergence
of the series for any time from Lemma , by estimating separately the two
integrals (in time and space) in the time space convolution ®. This more technical

procedure, yielding better, yet still exponentially explosive constants, is developed in
Kolokolstov [KolOOb].

Proof. We prove the important estimates (2.26]) and (2.27)) in Section 7 as the proof is

technical and relies on sharp estimates on the Frozen Density and on the Parametrix

Kernel (see Lemmas and [3.7). Assuming estimates (2.26) and (2.27), we prove
estimates ([2.28]) and (2.29) by induction. The bounds may not be very precise, as we

will sometimes bound t** < 1, but they are sufficient to prove the convergence of the

Parametrix series (2.24)).

Initialization:
Since t“(p + p) > 0, we clearly have:

P& H(tz,y)| < Grm(E5+ o+ (5 + p) ) (8,2, ).
Now, using equations and , we have:
poHD(tay)| < CGem(tlpe H| +[pe H])(t.y)
Chro( Clet™ 5 + Gl + Gt “p) (8, 9)
CCm)* (£p + (0+ p) ) (t,2,9).

IA

IN



64 CHAPTER 2. TEMPERED STABLE SDE

Induction:
Suppose that the estimate for 2k holds. Let us prove the estimate for 2k + 1.

P HE|(ta,y) < (4Cmm™ e (#1p @ H|(t.2.y) + (5 + p) @ H|(t,2.y))
< (4Gt (G (5 + p) (1,2, )
+ Gt + p)(t,2,y) + Camt Bt 2,) ).

Recalling that ¢ < 1, we have t*“p < tp. Thus:

|Z§ ® H(2k+1)|<t7 €, y) < <4q3:m|)2ktkw <q3311|t(k+1)w13 + 2CEmt” (ﬁ + IO) + OIB:EIIP)) (t7 Z, y)
< (4G C)t™ (15 + (5 + p) + ) ) (1, 2,),

which gives the announced estimate.
Suppose now that the estimate for 2k 4+ 1 holds. Let us prove the estimate for 2k + 2.

pe H* (o) < (AGm)™ (15 p e B

4|5+ p) @ H| + |p® H| ) (t.7.9)
(4Ckm) ™+ ¢ Gt [t +

+ et [{#D + p} + Cernt D) + Gt ) (¢, 2, )

< (4G A (DG 1 (54 p)) (),

IN

where to get to the last equation, we used the fact that since ¢ € [0,7] with 7" small
enough, we have t“p < p, and t*p < p.
O

3 Proof of the estimates.

In order for the Parametrix technique to be successful, we must obtain some sharp
estimates on the quantities involved in the Parametrix expansion . This is usually
done in two parts, first, we give two sided estimates on the density of the frozen process,
as well as a similar upper bound on the Parametrix kernel H, up to a time singularity.
Then, we prove that those bounds yield a smoothing effect in time for the time space
convolution p® H appearing in . In the following, we take v = d if [H-1a] holds.
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3.1 Estimates on the Frozen Density
We first give the estimates on the frozen density.

Proposition 3.1. Assume [H] is in force. There exists C > 1 s.t. for all t € [0,T],
(z,y) € (RT):

—d/a t
ﬁtvy(thv’Z) S C a+fyq <C1 Z—=T = / F(eu,t<y>)du ) .
<1+ |z—z— fO )du|) 0
tl/a
(3.30)
Moreover, when [H-LB] holds, for all z —x — fo +(y))du € Ay, the lower bound

holds:
C_lt_d/a (
; aty 4
(1 S F(eu,t(y))dm) =

tl/a

C

. F(Busl0)

) <p"(t,r,z). (3.31)

Proof. Recall that XY = z + fo +(y))du + o(60+(y))Z:. From assumption [H],

we know that Z; has a density pz(t, ) Also the density of (X;)i>o can be expressed
in terms of pz(t,-) (see equation (2.20))). Now, under [H], the conclusion of Theorems
1 and 2 in Sztonyk [Szt10] holds, namely:

t—d/a
e
(1+#)

and when [H-LB| holds, for all u € Aj,,,

pz(t,u) <C “ul),

t_d/a
Wﬂ
(1 + t—/>

Thus, replacing u = (6o, (y)) " (z —2 — [} F(6,,(y))du), and recalling that o is elliptic
and bounded yields the announced result. O]

o (Clul) < pa(t, u).

Remark 3.1. Observe that the upper bound on the frozen density is exactly the one
given by Sztonyk in [Szt10]. However, in Theorem , the upper bound is different.
This is due to the fact that in our approach, the Parametrix Kernel presents a different
concentration index. In order to correct this concentration, we have to deteriorate the
tempering function, replacing ¢ by Q. See also Proposition [3.3] Anyhow, since we
have in general g(s) < Q(s), we trivially have:

t—d/a )

~t,y -1
#(t,2,2) < C =a(c
|z—z— f (Ou,t(y))du| aTy
<1 + Otl/a : y >

— F(fu(y))du
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Now, we state a Dirac convergence Lemma for the Frozen process when the freezing
parameter changes. This convergence will be used in the proof of the well posedness
of the martingale problem. The difficulty comes from the fact that when integrating
with respect to the freezing parameter (as it is the case in a parametrix procedure),
the Dirac convergence does not follows from the Chapman-Kolmogorov equations.
However, since we have good estimates on the frozen density, we manage to prove the
following lemma:

Lemma 3.2. For all bounded continuous function f : R? — R,x € R? and a given
t() S [0, T] N

f( )Pt @, y)dy — f(x)

that is, for all (x,y) € ]Rd x RY, phy(t, 2, y)dy = 6,(dy) weakly when t — 0.

— 0, (3.32)
10

Proof. For notational convenience, we take ty; = 0. The general case can be proved
similarly. Let us write:

[ TW )y () = /R 1) (702.9) - 70020 )l
+ /R AW (ﬁt,at,o(x)(t,l’,y))dy ~ f(x).

From the usual Dirac convergence in the Kolmogorov equations (2.6) in Chapter
the second term tends to zero when ¢ — 0. Let us discuss the first term. Define:

1= / @) (P y) =50 () ) dy, (3.33)

For a given threshold K > 0 and a certain (small) 3 > 0 to be specified, we split R?
into D; U Dy where:

0 — 4 -
Dlz{yERd;WgKtﬁ}, DQI{yERd;W>Kt’B}.

We have from Proposition [3.1},

t*d/a

9 t —T a+'y
<1+|ot§% |)

a(C™bo(y) — =),

P (t, x,y) <

and
t—d/a

<1 | it

PO (1,2, ) < e a(C 7y = buo()]).
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Observe that we used the fact that:
t t
v=a = [ F@ubao)du=y =z~ [ Plouoa)du=y—buala).
0 0

Now, from the Lipschitz property of the flow, we have |0o:(y) — z| < |y — b:0(2)|.
Consequently, the same upper bound for the two densities in (3.33)).

The idea is that on Dy, we use the tail estimate, and on Dy, we will explicitly exploit
the compatibility between the spectral measures and the Fourier transform in the

Fourier representation of the densities. Set fori € {1,2}, Ip, :== [, f(y) (ﬁt’y(t, x,y)—
ptoeo@ (¢t o, y))dy. We derive:

t1/a

t*d/a o
ol < Clils | = 0(C 7y — Ouola) iy
Dy (1 n |y—9t,o<x>|>

+oo Td_l
< Clfle [ et/ )ar

thﬁ 1 + Ta+’y
< Ctﬁ(’H-Ot—d)'
To get to the second inequality, we changed variables to z = y_it;2($), then pass to
the polar coordinates z = rg, for r € R, and ¢ € S9!, Thus, since v + a > d, for
B >0, Ip, w 0. On Dy, we will start from the inverse Fourier representation of

Pt 2, y), 2 = Opo(x),y. Recall we denoted ¢z the Lévy Khintchine exponent of Z,
that is ef?#(P) = E(e!PZ4))  denoting o* the transpose of o, we have:

]. . t *
1,z _ il fi F(0ut(2))du—z) tp7(0(2)"D)
prE(t x,y) = dpe 0 e :
(2m)d / d

Consequently, we have:

Ptz y) — PP (¢, 2, y)

1 —ipay—f F(Out () du—z) 1oz (0(00,4(1))*D)
@m) Jea )
T Rd

iy Ji FOro@)du—) oz (0 (6r0(=)P) gy,

(2m)4

+(271r)d / ¢ FOuo@)du—s) (o2 (o)D) _ ctoz(e®un@)n) gy
Rd

= Fl(tax7y) + Fg(t,l',y).

_ 1 / (e—z«p,y—fgqu,t(y))du—m_e—z'<p,y—f;F(et,o<w>)du—z>> et22(o(00.:))"P)
Rd
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Thus, we have:

/f(y)(ﬁt’y(t,9:7y)—15t’9“°(“)(t,I,y)>dy— FTa(tz,y)dy+ [ f(y)Ta(t, 2z, y)dy.
D, Dy Dy

Note first that when a@ < 1, we assumed F' = 0, so that the term I'(¢,z,y) = 0 in
that case. We now treat this term, with o > 1. Using the mean value theorem, we
write:

Fl(t7 T, y)

1 1 ) «
— W /Rd/ d)xi(p, ([ _ 9t70)(90’t(y) _ x))6—1(py[/\1+(1—/\)Gt,O](Go,t(y)—xDewz(a(y) p)dp,
0

where we denoted by I the identity map of R?. Recall that from the Lipschitz property
of the flow and Gronwall’s Lemma, there exists C' > 0 such that for all t < T, z € R,
|(I —0:0)(2)] < Ct(1+ |z|). Thus, since y € Dy, we have for § < 1/a,

|F1(t7177y)| < Ct/ |p|6_Kt|p|adp < Otl_é_%_
R4

Integrating on Dy, we obtain:

f(y)Fl(M,y)dy‘ < Ot =5 — 0,
P t—0

when 1/d(1 —1/a) > 5. For I'y, we write:

1
1 d/ dpe—i<p7y—0z,o(x))/ A\ 2(0(00,6(y))"P)+(1=Ntez (0 (0:,0(2))"p)
(2m)d Jga 0

xt(pz(0(00.4(y))"p) — pz(0(0r0(2))"D)).

We know from assumption [H-2] that the Lévy-Khintchine exponent is bounded by
— Kt|p|®, thus, we obtain independently of A € (0, 1):

FQ(tv xz, y)

eNtvz (0(60,t(¥))"P)+(1=Ntoz (o(6z,0(x))"P) G—Kﬂﬂa .

On the other hand, using the bound on the Lévy-Khintchine exponent and the Holder
continuity of o, we can rewrite the increment:

Ho2(0(60.0))'D) — 92(0 01 ())D)
| cost(o0us).€)) = cosllo Brof@))'p. (a2

< Ctlp|*|z — Ho,t(y)’n(a/\l)-

=t
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To summarize, we obtained:

f(y)FQ(t,CL’,y) S |f|oo/ dy|F2(t,x,y)|
D, Dy

IN

O/ dy/ t|p|"‘|x —Ho,t(y)|n(aA1)€_Kt|pladp-
D1 Rd

Changing variables, and integrating over p yields

c .
FOTaltny) < glfle [ dolbuaty) = e
D1 t Dy

C t=7
— |f‘oo/ dpy(@A)+d—lyd/atn(Inl/a)
te/e 0

n(1/anl)
d+n(anl)

Choosing now > [ > 0 gives that |Ip,| w 0, which concludes the proof. [J

3.2 The Smoothing Properties of H(¢,z,y).

First, we investigate an upper bound for the Parametrix Kernel. Recall that:
VE2 0, (0,y) € (RMP, H(t2,y) = (L, V) = Ll6ooy), Ve) )51, 3).

Proposition 3.3. Assume [H] is in force. There exists C' > 0 s.t. for allt € (0,T],
(,y) € (RT)2:

SN |r—0 n(aAl)
(o) < € (7 oy + A g,
where we recall that
- t*d/a
p(t,x,y) = a7 Q00,4 (y) — 1), (3.34)

9 t —T
<1+|o,t§z//i |)

where
o when the drift F' is bounded, 0 is the identity map: O,(x) = x, and

— under [H-1a], v = d and for all s > 0, Q(s) = q(s),
— under [H-1b], for all s > 0, Q(s) = min(1, 7 1)g(s),
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e when the drift F' is Lipschitz continuous, 0s.(x) denotes the solution to the or-
dinary differential equation:

d
Eﬁs,t(x) = F(b54(2)), Ope(x) =2, VO <t , s <T,

and

— under [H-1a], v =d and for all s > 0, Q(s) = min(1, s)q(s),
— under [H-1a], for all s > 0, Q(s) = min(1, s, s71)q(s).

Thus, the upper bound on the Kernel H is the same as the upper bound on the
Frozen density p*¥(t,z,y) up to the additional multiplier (8 A [z — 6o (y)[7))t~2,
that can be seen as the singularity induced by the difference L(z, V,) — L(60+(y), V)
applied to the frozen density. The proof is proceeds following the lines of Sztonyk
[Szt10], splitting the large jumps and the small jumps. The small jumps are dealt
using Fourier analysis techniques, whereas the big jumps are dealt more directly.

Proof. From the definition of the generators, the operator naturally splits into three
parts. Let ¢ be a test function,

(L2, 92) = LBo.(9), V) ) () = (Vep(w), F(2) = F(bo.(y)))
+ / (e +2) = o) = (Vple). 2) ) Loy (v, d2) = v(B0a(y), d2))

+ /Rd (SO(JC +2) = 90($>) Ljzz/oy (V(@, d2) = v(6o4(y), d2))-

Recall that we defined v(¢, A) = v{z € R% 0(£)z € A}. Also, observe that by symme-
try of v, we changed the cut-off function to exhibit the intrinsic time-scale. Note that
the first order term in the operator is present only in the case a > 1. Otherwise, we
assumed that F' = 0.

We proceed as Sztonyk in [Szt10]. We split at the characteristic time scale the
process Z; = M,; + N, with its Lévy-It6 decomposition, where M is a martingale and
N is a poisson process. Specifically,

E(e"PM)) = exp (t/ (e —1 —i(p, 77))1{|z|<t1/a}’/(d77)) ;
Rd B

and since this Fourier transform is integrable and regular (see Sztonyk [Szt10] and the
references therein), we can say that this term produces the density in the Lévy-Ito
decomposition. Also, we have the following decomposition for the law of the Poisson
Process N;:

+T0 Lk —xk
. ttv*t(dz)
Py, (dz) = e ") E —k‘( >, v(dz) = 1y, sp/av(dz),

k=0
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that will give the heavy-tailed behavior when we make the convolution between the
laws of M; and N;. Specifically, denoting by pj; the density of the martingale and Py,
the law of Ny, the density of Z can be written as:

pz(t,u) = /deM(t,u — &) Py, (d§).

Recall that p(t,z,y) = det(o(0o.(y)))  pz(t,0(00+(y)) *(bos(y) — x)). Thus, a
derivative along z of p(t,z,y) acts in fact on the density of the martingale, and we
have to control V,pas(t,0(00+(y)) " (6o (y) — x) — ). Borrowing the notations of the
proof of Lemma 2 in [Szt10], we have:

py(t,x) = t’d/agt(t’l/o‘x).

Formally, since we chose to split at the characteristic time-scale t'/¢, the density of
the martingale presents a time space separation, and defining g; as above allows to
have estimates independent of ¢. Thus, uniformly for all ¢ > 0, ¢,(y) is in Schwartz’s
class. Therefore, we have for all m > 1:

1 —d/a |l’| -
Tt < grCut e (14355

and we recovered Lemma 2 in [Szt10]. Thus, a derivative on the density yields a
singularity in t~'/® which is integrable when o > 1. See also Lemma in Chapter .
Specifically, when the drift F' is bounded and o > 1, we write:

|<V1p<t,$,y),F($) - F(Qo,t(y)»' < 02’F|m|vmp(tax7y)|
t—d/a

(1 n |90,z£g‘);33\)

On the other hand, when F' is unbounded, we have to deteriorate the tempering
function:

< ot = (1004(y) — ).

[(Vap(t, 2, y), F(x) = F(bo(y))] < Cle = b0u(y)[[Vap(t, 2, y)|

e tfd/a B
<ctV Portm e\ O 2 — 00,4 (y)|q(100,(y) — xI)
(1 + Losly)—al )
—d/a
<ct e Y Oot(y) —
< a7 Q004 (y) — )

(1 n |90,;§?//();$\>
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Consider now the integro-differential part of the kernel. For the small jumps part,
once again, we observe that the operator acts on the variable z, and thus can be put on
the density of the martingale. We use the representation in terms of symbols, denoting
by ¢:(x, p) the symbol of an integro-differential operator ®;(x, V,):

@, Voo (10 (B0 (1)) (Boaly) —2) =€)

1 —i(p,o -1 —z)— vk a—1/an
e (27T)d /d e <p7 (GO,t(y)) (90,t(y) ) €>¢t($, _<0—(907t(y)) ].) pt ]_/ )gt(p)dp
R

Now, when ®(z,V,) = LM(z,V,) — L™ (6y+(y), V.), the small jump part of the
difference of the generators, that is:

(LM(as, Vi) — LM (0o (y), Vx))so(x)

B /Rd <¢(x +2) = plz) = (Vela), Z>> Ljoj<oray (v (@, d2) — v(0oa(y), dz)),

denoting by ™ (x, p) — M (0y+(y), p) the corresponding symbol, we have that:
1M (2, p) — 1M (Bo.4(y), p)| < C6 A Bos(y) — 2" |p|*.

Moreover, this quantity ¢;(z, — (o (0o (y)) 1) *pt=+/*)g:(p) is smooth (in its p argument)
because of the truncation (see Sztonyk [Szt10] and the references therein). Conse-

quently,
t

0 A 0o (y) — [t
is infinitely differentiable as a function of p and uniformly bounded with all its deriva-

tives. Therefore, it is in Schwartz’s space as well as its Fourier inverse. We have
vYm > 1:

su(@, —((Go0(y) 1) Pt ) i)

(L (2, V2) = LY (Bo,(y), V) par (400, (9) ™ (Boa(y) = 2) = €|
< oS osly) ="y, (1 19 (00(9) ™ (Boaly) —) 51)"”_

t tl/a

Consequently, we recovered Lemma 2 in [Szt10] for the Parametrix kernel, up to
the additional multiplicative term (8 A [6o;(y) — z|"@"D)¢~!, which is the expected
singularity for the Kernel (see Kolokoltsov [Kol0Ob]). The upper bound follows from
this upper bound and the control of the measure of the balls for Py, similarly to the
derivation of the upper bound for the density, see Corollary 6 in [Szt10] and the proof
of Theorem 1 in [Szt10]. See also Section [§ in Chapter . The upper bound for the
small jumps part of the kernel follows.
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Finally, for large jumps, we see that the measure 1y¢51/0y (v(z, d€) —v(00,4(y), d€))
is no more singular. Thus, we can write:

[ (5460 = 3290 Ly (0. ) = (B0 )

<.
Rd

+00 ~
o . q(s
<O A |x — g4 (y) 7@ (/d / p(t,x + sc, y>1{szt1/a}sl(—+id8u(d<)
Sd—1.J0

ﬁ(ta T+ 57 y) - ﬁ(tv Z, y))1{|£|2t1/a}|y(x7 dg) - V(HO,t(y)v d€>|

1.
+;p(t7 z, y)) :

For the last inequality, we exploited [H-5]. We focus on the remaining integral term
above. When the diagonal regime holds, the estimate is straightforward, as we can
directly bound p(t,z + s¢,y) < Ct~¥* < Cp(t,z,y). The integral then yields the
singularity t~1. Therefore, we assume that |0y,(y) — x| > t*/*. The regime of p(t,x +
ss,y) is given by |0p+(y) — x — s¢|. Thus, thanks to the triangle inequality, when
160+(y) — x| < 1/2s, or when s < 1/2(60,(y) — x|, the density p(t,z + s¢,y) is off-
diagonal with p(t, z + s¢,y) < Cp(t, x,y).

Consequently, the problematic case is when s < |0y,(y) — x|. Indeed, in this case,
p(t,z + s¢,y) can be in diagonal regime, whereas p(t, z,y) is still in the off-diagonal
regime.

Assume first that [H-1-a] holds, and let us simply denote ‘;—‘:(g) the density of
on the sphere. Then, we have:

3/2100,:(y)—x| ( ) d'u
Pty + 56, Y) L sp1/ar——ds—(s)ds
/1/290,t(y)—x /Sd 1 (st} 4o de

3/2100,+(y)—x| _
’ ~ q(s) dp, | 44
= x4 56,Y) i sp/or——=—(<)s" "dsds.
/1/200,t(y>—m /sdlp( W oz Fsotd dg ©)
Now, since s < |6p+(y) — x|, we can take f(fi)d out of the integral. Also, the density
(¢ is bounded, so that we obtain:

ds
3/2|60,¢(y)—=| ( ) dlu
Ptz + 86, Y) Lisp/a ad 6)ds

/1/2|90,t(y) z| /Sd 1 { bl de

q(|00s(y) —x|) [T
0’0015( ) — x|otd ], gi- P Y(t, o+ s, 2)1{s>t1/04}5 Ydsds.

Finally, the remaining integral can be bounded by some constant as the integral of the
density . Consequently, we obtained:
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3/2|600,¢(y)—x| ( ) du
Pt x4 56, 9) L sp/ay —=ds——(<)ds
/1/2|90,t(y)—x /Sd 1 (st} Gta de

q(160,(y) — |) " i
< ) n J—
B C|90,t(y) — g|otd Ct 100.¢(y) — x|a+dq(|00,t<y) zl),

which is the off diagonal estimate for p when [H-1a] holds, up to the singularity 1/¢.

Now, assume that [H-1-b] holds. In this case, we can take out S‘fl(fl and integrate

a density to get:

3/2|00,+(y)—=l ~ a(s)
/ / p(tv T + s6, y)l{SZtl/a}md‘SM(dg)
1/2|60,¢(y)—z| JS¢-1

q 7] ’ e +o0
< |9(0|té)t)(_x|1la/ /Sd Nz Y(t, o+ 56, 2) L p/aydsp(ds)
< Cv ("90,15( )—ID

|90,t(y) - x’Ha'

Rewriting the right hand side to make the time dependencies appear :

q 3—d
Mol —el) T haly) = o) x £
|00.4(y) — x|+ t160.4(y) — x|1+aq 0ty

1

< t q - .
= 100, (y) — x’lmq(’eo,t(y) )

In the last inequality, we recall that v < d, so that s < 1. Now, we write:

A+ ) A+ L
|00t<y) - x|1+QQ(|00,t<y) - $|) - |00t(y) _ x|a+,y X ’607t(y) - xl’Y Q<|80,t(y) - I|>

Recalling we denoted by Q:

Q(|00,(y) — =|) = max(1, 00,4 (y) — |, 100.:(y) — J7|7_1)€7<|90,t(y) —zl),

we finally obtain:

1 t1+7%d 1 t“%‘i

o O wPM@(!é)O,t(y) —z[) < C~ IO mlaﬂQ(wO,t(y) — 2|)

In other words, we can correct the wrong decay by deteriorating the temperation.
Consequently, the global upper bound for the kernel is the one announced.
To sum up, we deteriorated the tempering function in the following cases:
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e when the drift is bounded and [H-1b] holds. In this case, we replaced ¢ by
Q(s) = max(1, 51 1)qls).

e when the drift is unbounded and [H-1a] holds. In this case, we replaced g by
Q(s) = max(1, 5)q(s).

e when the drift is unbounded and [H-1b] holds. In this case, we replaced g by
Q(s) = max(1, 5,57 )q(s).

Note that when the drift is bounded and [H-1a] holds, we do not need to deteriorate
the tempering function.
O

Remark 3.2. In the above proof, the temperation only serves to compensate the
bad concentration in the generator. Also, we see that when the spectral measure p
dominating the Lévy measure v has a density on the sphere, then, the large jump part
of the difference of the generators becomes:

/Rd Ptz + & y)1gsnrev(dE) < O/ Ptz + 579)1{I£|2t1/a}|q§(|’T§+|¢)1d§'

Rd

Thus, when s < |6y:(y) — x|, as in the last case discussed above, we have directly
the good concentration index and the temperation is not needed. In particular, when
g = 1, we recovered results in Kolokolstov [Kol00b].

We have obtained the same type of estimate on the kernel and on the frozen density.
Let us observe that the upper bound satisfies a "semi group" property in the following
sense.

Lemma 3.4. Fizt € [0,T]. Let us denote
t—*d/a

po(t, x,y) = - Cl6 —x|).
Polts) = T CHcds) =21
1/

Let Cy,Cy > 0. For all T € [0,t], there exists C3 > 0:

/de&(T’va)pCQ(t - T, Z»?/)dz S O]jC;;(t?x?y)‘
R

Proof. The proof follows by an application of the triangle inequality and the Lipschitz
property of the flow plus the fact that () are non increasing.
]
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We exhibit here some smoothing properties in time of the Parametrix Kernel.
These properties will become crucial when investigating the convergence of the series
(2.24) on the one hand and the lower bound of Theorem on the other.

The following lemma is a regularizing effect in time of the Parametrix kernel.

Lemma 3.5. There exists C > 1, w >0 s.t. for allt > 71 >0, (z,y) € (R?)?:
/ O Ao — 0o, (2)|" " Vp(7, 2, 2)dz < Ct*,
Rd
SN0 (y) — 2" p(t — 71, 2,9)dz < Ot — 7).
R4

As a corollary, we get that

t
/ |H(t — 7, 2,y)| < Ct~.
0 Jrd

Thus, when integrated in time, the parametriz Kernel yields has a smoothing property
i time.

Proof. The two estimates are similar, we shall only prove one. Besides, it is enough to
prove the property for Q(s) = max(1,s,s?"!)g(s). Also, under [H-1a], we set v = d.
Let us denote by [ the integral:

T—d/a

(1 n |szf/,g<z>|)

We split RY = {2 € R |z — b, (2)| < 77/} U {2 € R% [z — 0o(2)] > 7Y/} =
Dy U Dy. We write Ip, for the integral over z € D;. For z € D; we have:

I = /Rd dz6 N |x — 0077(2)|’7(O‘/\1) a+7Q(|x —0p.-(2)])-

de/a

B 5 a+y
<1 4 ot )|)

Qlz — 0y, (2)]) < 7Y, |& — Oy, (2)|1@ND < FrINL),

T

Also, D; is a compact and its Lebesgue measure is exactly 7%¢, thus, we obtain
Ip, < 71ant/a),
When z € D5, we have:

y—d

e
|z = 0o (2)]*

Ip, < / dz6 A | — Oy, (2) 7D
Do

R / RN 97,0<x>|n+<m>
|z—0:0(z)|>CT1/ |Z - 97_70($)|o¢ 7

IN
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Observe that we used the Lipschitz property of the flow to switch from = — 6y .(z) to
2 —0.(z). This allows us to change variables and set X = (z — 0,0(z))7~ Y, we get:

1/\%) n(anl)
, < e / X1 dX
| X[>1 |*X|OﬁmY

Thus, the result follows when oo+ — d > n(a A 1). When it is not the case, we split
again:

S A |z — Or0(z) 1) SN |z — Or9(z) @)
/ 2 = Ol / I
|z—0y.0(z)|>T1/ |2 — Oro(z)|*H 1>|2—0, o(z)|>71/e |2 — O 0(x)[

S A |z — 0. ()@
+/ |Z ,O(x)olH_ dz
et o@)>1 |7 — Oro(x)]*T

The second part of the right hand side is clearly a constant, bounding § A |z —
0, 0(x)|"@") < §, since a + v > d. For the first part, we change variable again to
Y = (2 — 0,0(x)), which yields when a+v —d < n(a A 1):

Y [n(@nl)
/ LdY <C.
1

Sy [sri/e |Y[AH

On the other hand, when a +v —d =7n(a A1)

1
——dY = [log(|Y )1/ < —|log(7)].
L Y = Dos(1Y Dl < g

Thus the proof is complete.
]

3.3 Proof of Theorem [1.1; Uniqueness to the Martingale Prob-
lem

We are now in position to prove the uniqueness to the martingale problem. Our
approach is largely inspired by [Menll]. It relies on the smoothing properties, of the
Parametrix kernel H.

Proof. We focus on uniqueness. Indeed, the existence stems from Theorem 2.1 in
Bass |[Bas88]. It relies on compactness arguments, in the lines of those developed in
the diffusive case in Chapter 6 in Stroock and Varadhan [SV79], or Stroock [Str75]
for a Lévy process with a Brownian part. The main idea consists in proving that
the measures (P, ),en+ induced by the Euler-Maruyama schemes are tight. We also
mention the semigroup-based approach to existence of Komatsu [Kom84].
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Suppose we are given two solutions P! and P? of the martingale problem associated
with L(-,V.), starting in = at time 0. We can assume w.l.o.g. that ¢ < T, the fixed
time horizon. Define for a bounded Borel function f : [0,7] x R — R,

Sif =F (/Tf(s,Xs)d8> , 1€ {1,2},

where (X;)i>o stands for the canonical process associated with (P');eq12y. Let us
specify that S?f is a priori only a linear functional and not a function since P* does
not need to come from a Markov process. We denote:

SAf=S'f = S*f,

and the aim of this section is to prove that S2f = 0 for f in a suitable class of test

functions.
If fe CS’Q([O, T) x R% R), since (P")ieq1,2 both solve the martingale problem, we
have:

f(t,z) +E' </t (0s + L(z, Vm))f(s,Xs)ds) =0, i€ {1,2}. (3.35)

As a consequence we thus have that for all f € Cy” ([0, T] x R", R),

SA(@S 4 L(x, V) f) —0. (3.36)

We now want to apply (3.36)) to a suitable function f. For a fixed point y € R¢
and a given £ > 0, introduce for all f € C3*([0,T) x R% R) the Green kernel:

T
Y(t,z) € [0,T) x R, GV f(t, x) :/ ds/ dzp* ¥ (s — t,x, 2) f(s, 2).
t Rd

We define for all f € Cy*([0,T) x R% R):

T
M f(t x) = / ds / dzL(0y,s4c(y), Vo) PV (s — t, 1, 2) f (5, 2).
t R4

We derive from the Backward Kolmogorov equation for the frozen density that the
following equality holds:
OGVf(t,m) + MY f(t,x) = —f(t,x), V(t,z) € [0,T) x R (3.37)
Now, let b € Cy*([0,T) x R™ R) be an arbitrary function and define for all
(t,z) € [0,T) x R™:

GVt 2) = PV (e, 2 y)h(ty), Ut ) = / dyGEY (67 (1, ).

R4
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Then, by semigroup property, we have:
T
U (t,z) = / dy/ ds/ dzp*teY(s — t,x,2)p* Y (e, 2, y)h(s,y)
R4 t R4
T
= / dy/ dsp*™=¥(s + & —t,x,y)h(s, y).
R4 t
Hence, we can write:
OV.(t,3) + L, V) W.(t,0) = [ dy(0,Go0(t.2) 4 Mo (0,1)
Rd

o [ an(La Ve ) - Mo o))
R4
= i (t,2) + I5(t,2).

Observe that from ([3.37]), we have:
i) =~ [ (e myhtt )iy
R4

Now, from Lemma [3.2] when ¢ — 0 we have the convergence:

/WWW@W%@HMM)
R4 e—0

Consequently, I5(t,z) allows us to recover the test function hA(t,z) when ¢ tends to
zero, that is:

lim | S2(I5)| = |S®h).

e—0

On the other hand,
I / dy(L(z, V)GV (8, 2) = MEPo™ (1)
R4
T
- /d dy/ ds <L(£E, VCL‘) o L(Qt,s-i-zs(y)a VI))];ZFEJ/(S +ée— t> €, y)h($> y)
R t
T
:/ dy/ dsH(s+e—t,z,y)h(s,y).
Rd

t

From the controls of Subsection [3.2] specifically, Lemma 3.3 we have for all (¢,z) €
[0, 7] x R%:

T
1I5(t,2)] < \h\oo/ dy/ ds|H(s +¢—t,2,y)] < C(T + ¢ = 1)*|h]o
R4 t
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Thus, denoting by [[S?|| := sup;_<; [S*f|, we have:

. A £ A . . £ <: A _ w

lim | S2(I5)] < (|82 Tim inf | 5], < Cl[SHI(T — )|
Now, from ({3.36]) with f(t,x) = V.(t,z), we have

S2((0+ L(, V)W) = 0= [S2(15)] = |S2(55)].
Thus, for T'— t small enough,
|S2h| = lim [S2(I7)| = lim |S2T5| < 1/2(|5%||[h]c-
e—0 e—0

By a monotone class argument, the previous inequality still holds for bounded Borel
functions h compactly supported in [0,7) x R?. Taking the supremum over |h|s < 1
leads to ||S2| < 1/2||S2||. Since ||S2|| < T — t, we deduce that ||S?|| = 0 which
proves the result on [0, T']. Regular conditional probabilities allow to extend the result
on R*, see e.g. Theorem 4, Chapter II, paragraph 7, in [Shi96]. O

3.4 Proof of Lemma [3.10l

In Subsection [3.I} we have obtained estimates for both the frozen density and the
Parametrix Kernel. In this section, we expose how these estimates are used to deduce
the convergence of the Parametrix series through the controls of Lemma |3.10}

Lemma 3.6. Fizt € (0,T]. There exists C > 1, w > 0 such that for all (z,y) € (R%)?:
5 Ht,a,y)| < C(#0(t,9) + plt,2,1)),

where we recall the notation p(t,z,y) = 0 A |0o:(y) — 2["p(t, z,y).
Proof. We follow the ideas of Kolokolstov [Kol0Ob]. Recall that

3 A |z = Gy(y)]"
t

\H@ansc(tvﬂmﬂy+ )ﬂt%w,

where:
t—*d/a

p(t, z,y) = = ) —xl),
plty) = e ) =)
t1/a

and @ is non increasing. Under [H-1a], we take 7 = d. Observe that the following
upper bound p(t,z,y) < Cp(t,z,y) holds trivially by definition of @). Also, when
a > 1, the singularity ¢t~/ is integrable, and from Proposition , this term yields
the contribution t“p(t, x,y), with w =1—1/a > 0.
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When a < 1, we write:

5/\ o n(anl)
p® H(t,z,y)| < / dT/d T, T, %) |2 ; 7(_)‘ p(t —71,2,y)dz
& _

—d/oz
< d b,
) / T/Rd 14 L= eoTz>|)aHQ(‘x Oo.r(2)])

7-ID<

OALz— T,t< et (¢ — )i

t—T |z 07 ()l

a7 Q2 = Ore(y)])d>.

Assume first that |0y ;(y) — x| < Ct/*. Then, we split the time integral in fot/2 dr+
ftt/Q dr, and we use the fact that the Diagonal estimate is global. In the integral over
[t/2,t] we have that 7 =< ¢, so that

p(r,z,2) < 7 <=V < f(t,z,y).

Consequently, we take p(7, z, z) out of the integral and use the smoothing property of
Lemma [3.5}

) ' S Az = O u(y)er) (= r)-d/e
Bt 7. 1) / ar / 2 = () ) (e — bru(y)))dz
t/2 R4 t—

T —020(0)
(1 R )

< Ct*p(t, 2, y).
When, 7 € [0,t/2] we have t — 7 < t, and we have

_ \—d/a —d/a
(t—r) < Ct

1 1

t—T t—T1

Next, we can bound

S A2 = 00 () "N < CL(8 Aoz — MM 4§ A |z — 0o, ()",

Thus, we finally obtain:

7d/a
p(t, z d ClOy,(2) — x
Y / T/Rd 1+ \9of(z> x)‘””@( 0.r(z) — )

x (8 lor(2) - x|"<a“ 6 A l6o4(y) — ol )dz

< C(t 46 Aloaly) — 2" )p(t, 2, ).
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Assume now that |0 (y) — x| > CtY/*. In this case, the off-diagonal estimate holds
for p(t, x,y), that is:

A+
p(t, 2, y) < e )_WHQ(I@o,t(y) —zl).

On the other hand, we have:
00.4(y) = 21 < Co(100(2) = 2] + 1674(y) = =)

In other words, we have either |0, ,(y) —z| > C|0p+(y) — x|, or |6 (2) —x| > ClOo+(y) —
z|. Consequently, we split R? = D; U D, with

Dl = {Z € Rdu ‘97,t<y> - Z| S |00,7’<Z) - ZE|},
D2 = {Z € Rda ‘67,t<y) - Z‘ > ’90,7(2) - iIZ”}

Now, when z € Dy, we have that |6p+(y) — z| < |0p(2) — x|, thus p(7,z,2) is
off-diagonal and we can bound:
d

-
R

5(771:72) < C|907( )_x|a+,yQ(|00,T(z) —ZE|>

i

|90t( ) — [t

Q([60.4(y) — =[) < p(t, z, y).

For the last inequality, we used the fact that @) is non increasing and that v+« > d
so that the exponent in 7 is positive. Thus, we can take out p(7, x, z) of the integral,
and use the smoothing property of H, Lemma [3.5] Denoting by Ip, the convolution
|p ® H| where the space integration is over Dj, we have:

t ON 10, — z[1(erD) t — )"/
Ip, < Cp(t,z,y) / dT/ | tiy) | ( ) a+7Q(|9T,t(y> — z|)dz
0 Dy -T <

107.¢(y) 2|
1+(ty)1/a)

< Ct“p(t, x,y).

When z € Dy, we have [0,:(y) — z| < [0p+(y) — x|. In this case, observe that we
have:
1 (t—7)7%"

Pt =T, 2,y) <
t—Tp( T,z y) ‘07,t<y) _ Z‘O‘+’Y

QUori(y) — 2 < (t— 1) \Cés |t9(t;t>(?i) x—‘i!j ‘
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Thus, the integral becomes:

1, < Qo) ~ = /t(t_TW [ #r

100,:(y) — x|>t
><(5 A |97,t(y) _ Z|n(a/\1) +5A |90,t(y) N x|77(a/\1))

< O(t+ 3 A lBoaly) — 2l p(t, 2, ).

To get the last inequality, we used Lemma |3.5| and integrated in time to recover
p(t, z,y). In every case, we obtained the announced bound, thus the proof is complete.
m

The following Lemma controls the second step of the iterated convolutions.

Lemma 3.7. Fizt € (0,T]. There exists C > 1, w > 0 such that for all (z,y) € (R%)2:
o @ H(t,z,y)| < Cp(t, z,y).

Proof. The proof is similar to the previous one, but now, due to the presence of
S A 0o+ (2) — x|"*"D) multiplying the first density, we do not use the triangle inequality
anymore, because we are always in position to use Lemma [3.5 O

3.5 Proof of the Lower Bound.

Observe first, that due to the controls on the Parametrix series, the convergence of
the series actually yields a diagonal lower found for the density of (X;);>o. Indeed, we
have p(t,z,y) = p(t,z,y) + p @ H(t,x,y). Also, we have the upper bound p(t, z,y) <
p(t, x,y), which yields

t 5/\ 97_ _ o|n(and)
p® H(t,z,y) < /du/dp(u,w) | ’t(ty)uz‘ p(t — u, z,y)dz
0 R -

< (B4 0 A lBoay) — 2" )bt 2, y).

d/a Tn other

Thus, in diagonal regime, we have for ¢t small enough p(t,z,y) > Ct~
words, we have a diagonal lower bound for the density of .

We now turn to the off-diagonal regime. The idea for giving a lower bound for
the density is to say that in order to go from z to y in time ¢, we stay close to the
transport of x by the deterministic system, for a certain amount of time, then, a big
jump brings us to a neighborhood of the pull back of y by the deterministic system

and the process stays in a neighborhood of this curve.
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For large |0y, (y) — x| > t'/*, we write from the Chapman-Kolmogorov equation:
p(t,r,y) = / dep(t/2, 2, 2)p(t/2, z,y) > / p(t/2,2,2)p(t/2, 2, y)dz
R B(Qt/Q’t(y),Ctl/a)

> (X € Bllis(y). 1) inf - p(t/2,2,9)
ZEB(et/Q,t(y)thl/a)

> pe (Xt/z € B(0y24(y), Ctl/a)>0t‘d/‘”‘.

Consequently we have to give a lower bound for P* (Xt/g € B(02:+(y), C’tl/o‘)).

To this end, we introduce the process (X?);>o with jumps larger than § removed.
Specifically, (X?)¢>o solves the SDE:

t t
Xf:x+/ b(Xg)ds+/ o(X0)dz?,
0 0

where (Z?) is the process (Z;);>o with jumps larger that ¢ removed. Its Lévy measure
is 1{;)<sv(dz). Now, observe that we can recover the process (X;)i>o from (X7)i>o
by introducing the arrival times of the compound poisson process:

No= > AZ1yaz s

0<s<t

Let us denote by (7})r>1 the arrival times of the process N;. We know that the
variables Ty, — T} are independent and have exponential distribution of parameter
v(B(0,6)°). Then, we have:

VE< Ty, X, =X
g 9
XT1 = XT1_ + O-(XTI—)AZTl
VI <t <Ty, X, = Xp, + X — X),
1

and so on. We refer to the Theorem 6.2.9 in Applebaum |[App09] for a proof of this
statement. We now split:

P (Xt/2 c B(et/g,t(w,otl/a)) — P <Xt/2 € B(Byos(y), CtY*); Ty > t/2>
P (X2 € Bluaa(y), C#/*) Th < 1/2)
We thus focus on:
pe (Xt/2 € B(Byas(y), CtY*); Ty < t/2>

= E* [Pz (Xt/z € B(0y2,(y), Ct'*) fT1>1{Tlst/2}} ;
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where we denoted Fr, = o(X?;s < Tj), the filtration generated by X? until time T7.
Now, by the strong Markov property, we have that

]."T1> — PXn (Xt/g,Tl € B(et/2,t(y)70t1/a)>

= / p(t/Q_TlaXsz)dZ'
B(Qt/Qyt(y),Ctl/a)

pe (Xt 12 € B(0y12,4(y), C+)

Thus, we have:

pe (XW2 € B(0y,4(y), CtY*); Ty < t/2)

— E°

/ p(t/? — Tl, XTl, z)dzl{Tlgt/Q}
(02/2,¢(y),Ct! /)

Now, since we have Xp, = X;, +0(X;,)AZT1, and since 77 is the first jump larger
1 1
that 0, conditionally to X we have that U(XTl—)AZT1 + X7 is a Poisson process on
R4\ B(0,§). Thus, we have for all test function f, given X, the law of X7, is:
]E[f(XTl)‘XTf] = E[f(U(XT;)AZTl + XT;)‘XT;]
v(dw)
= flo(Xp)w+ X ) ————.

/{|w|za} ( )V(B(Q 0)°)
Consequently, we obtain:

E* / p(t/2 = Th, X, 2)dz| X,
B(03 /2,4 (y),Ct/®)
v(dw)

dz p(t/2 =Ty, o w4 X0, 2)————.
/Rd/ B(04 /2,4 (y),Ct1/@) ( / ' ( ) h >U(B(O76)c>

Now, we exploit the fact that 7T} in independent and exponentially distributed with
parameter v(B(0,0)¢) to write:

P (X, € B(6yjai(y), CH/) Ty < 12

{/ ds/etm(y)CtW)dZ/Rd%

xp(t/2 — s, 0(X)w + X!, z)v(B(0, 5)C)BSU(B(O’6)C>:| .

Observe that the quantity V(B (0,5)0) gets cancelled. Now, we can give a lower
bound by localizing the integral over w so that o(X?)w + X? is close to 05,/2(z). That
is, where the density p(t/2 — s,0(X%)w + X?, 2) is in diagonal regime:
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Ipﬁc(xt/2 € B(0yo4(y), CtY/°): Ty < t/2)

> {/ ds / . v(dw)
0 B(# Cta {lo(X)w+X2 -0 %(z)\SC(%—S)E}
xp(% —s5,0(X)w + X?, ) ”(3(0’5)6)}
>

—d/a
[/ o= 8 / dz
B9y ,(y).Ct/*)
" 1/a
(B (a<X§>*l<95,%<z> xie(§-s) )]

Additionally, we can lower bound the last probability by localizing X? close to 6, (z):

pe <Xt/2 € B(0y2,(y), Ct/%); Ty < t/2>

. % t —d/a
= [ / ds1{1x3 6, 0(x)|<Cs1/o} (5 ~s) / dz
0 By ().C0/%)
¢ 1/
><1/<B <U(X§)’1(98é(z) - X%, C (5 — s) )

Now, from assumption [H-LB], we have that v(B(0,60)¢) < 1/5a so that taking
§ = tl/o‘ yields e=*¥(B09)) > (. Also, since z € B(by,:(y), Ct &), by the Lipschitz
property of the ﬂow,

Os/2(2) € Qs,t/z(B(Qg,t(y), Cti)) C B(b,,(y), Ct?).
On the other hand, X? € B(bs(x), s1/) thus,
U(Xg)_l(es,t/z(z) - Xf) € B(U(Xg)_l(eo,t(y) — 1), Ctl/o‘),

Note that the constant C radius Ct"/® have changed. Now, using the Holder continuity
of o, since | X? — 0,0(x)| < 5%, we have up to a modification of C:

B(o(X2)™ (Busly) — 2).C17%) C B(o(0uo(x)) " (Bouly) — ), C1/°).
so that we obtain:

U(Xf)*l(es,t/z(Z) - X)) e B(0<9570($))71(90,t(y) —2), Ctl/a)
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Thus, if we have:
Vs € [0,t/2], B(U(Gsyo(x))*l(ﬁo,t(y) — ), Ctl/"‘) C Ajow,

then o(X?) ™ (0s./2(2) — X?) € Ajpp. Consequently, we can use the lower bound in

[H-LB] to get:
’ (B(a<xf>-1<es,t/2<z> e (y-) W))

L, 7 (o (X)) Bsep2(2) — X2)))
°(5) Tt

v

2

We thus obtain:

P* (Xt/Q € By, Ct'/*), Ty < t/2>

t/2 t »
CE” [/ dSl{\Xﬁ—Gs,o(x)\gcsl/a} (5 _ S>
0

y / 2D (01,4(2) —Xfm]
B(0y/2,:(y),Ct1/ ) 0(X3) "1 (0rs(2) — X2)|7He |

v

Consequently, since the function u + g(u)|u|~7~® is decreasing, the lower bound
will follow from the upper bound:

|o(X) ™ Osa2(2) = X < Cly = buo()].
We write from the ellipticity of o:

(X)) T Osap2(2) = XD < Clbsyya(z) — X7
< Cllfsey2(2) = Oso(@)] + [0s0(x) — X{I)-

Now, in the considered set, |0, () — X°| < Os'/* < Ct/* < C|04(y) — x|. Thus, we
have:

(X ™ Os/2(2) = XDI < C(lsy2(2) = Os0(2)] + Clboy) — ).

On the other hand, we can write:

|95,t/2(z) - QS,O(I)| S |057t/2(z) - es,t(y)| + |95,t(y) - 05,0(‘%”'

Thus, from the Lipschitz property of the flow,

105.1(y) = Os.0(x)| < Crlfos(y) — .
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On the other hand, from the homogeneity of the system, we have 0,,(y) = 05¢/2 ©
01724 (y) so that:

0s.6/2(2) = Os¢(y)| = [0s0/2(2) = Os172 0 O1/2,4(y)| < Cpl|z — O24(y)|,

where to the get the last inequality, we once again relied on the Lipschitz property of
the flow. We recall that |z — 0;0,(y)| < Ct/* < |0,(y) — x|, consequently we finally
obtain:
|0(X2) ™ (Os/2(2) = X < Crlbou(y) — -
Using this last inequality to estimate the probability:

p* <Xt/2 € B(fo5, CtY/°): Ty < t/2)

~y—d

H2 t £l q(100.(y) — x|)
dslyixs_g. (z)<sl/a <— — s) / dz=——+
/0 {IX2=0s,0(x)|< } 2 B(032.(4),C11/) |00,t(y) _ x|'y+oc

q(|604(y) — z[) /2 ¢ e
Ctife / 5 P(| X% — R < l/a
Ooaly) —ape J, “la™* (1X8 = O,0(x)| < sY/*),

> CE”

v

where t%® comes from the volume of the ball B(6;/2+(y), Ct"/®) obtained from the
integral in dz. Using the diagonal lower estimates for the density, we actually see that
P(|X? — 0,0(z)| < s'/%) < 1, therefore:

2-a ¢(|004(y) — )
v Vay. o« 4\ > Oopd/og 4757 q((8.s
P (Xt/z € B(by2u(y), Ct/"); T < t) > Cti o (y) — TP

Returning to the first estimate on the density yields:

p(t,z,y) > Ct=Yepr (Xt/Q S B(et/2,t(y)70tl/a);T1 < t)

=/ apdfapi+75 (160 (y) — )
100,:(y) — [t
ot l1004(y) — )
100, (y) — xfrte’

>

= (Ct

which is the off-diagonal lower bound announced.

Remark 3.3. We point out that the assumption [H-LB| appears quite naturally in
this procedure as it serves here to give a lower bound on the v-measure of balls.



Chapter 3

A Parametrix Approach for some
Degenerate Stable Driven SDEs

We consider a stable driven degenerate stochastic differential equation, whose coeffi-
cients satisfy a kind of weak Hormander condition. Under mild smoothness assump-
tions we prove the uniqueness of the martingale problem for the associated generator
under some dimension constraints. Also, when the driving noise is scalar and tem-
pered, we establish density bounds reflecting the multi-scale behavior of the process.

1 Introduction.

The aim of this Chapter is to study degenerate stable driven stochastic differential
equations of the following form:

dth — (ai’lth + e+ ag’nth) dt —+ O'(t7 Xt—)dZt (11)
dX? = (o' X} 4+ 0" X]) dt
dX} = (a”XP+ -+ a)"X]) dt

dxX; = (af" 7' XPT 40" XP) dt, Xo =z € R,

where Z is an R? valued symmetric a stable process (possibly tempered and with
a€(0,2),0: RTxR"™ - RIQR? o : RY — RIQRY, i € [1,n], j € [(i—1)V1,n].
Observe that (X;);>0 = (X}, -+, XI*)>0 is R™ valued. We will often use the shortened
form:

dXt = AtXtdt + BU(t,th)dZt, XO =X, (12)

39
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where B = (Idxd O(n—l)dxd)* denotes the injection matrix from R? into R™, with
standing for the transposition, and A; is the matrix :

1,1 1,n
at DY DY DY Cl/t
21 -, 2n
at . at
_ 32 - 3,
Ar=10 a - a;™
n,n—1 n,n
0 ... 0 a a;

The previous system appears in many applicative fields. It is for instance related for
n = 2 to the pricing of Asian options in jump diffusions models (see e.g. Jeanblanc
et al [JYCO09| or Barucci et al [BPVOI] in the Brownian case). The Hamiltonian
formulation in mechanics can lead to systems corresponding to the drift part of
(still with n = 2). The associated Brownian perturbation has been thoroughly studied,
see e.g. Talay [Tal02] or Stuart et al. [MSHO2| for the convergence of approximation
schemes to equilibrium, but to the best of our knowledge other perturbations, like the
current stable one, have not yet been much considered. For a general n, equation (|1.1])
can be seen as the linear dynamics of n coupled oscillators in dimension d perturbed
by a stable anisotropic noise. Observe also that in the diffusive case these oscillator
chains naturally appear in statistical mechanics, see e.g Eckman et al. [EPRB99).

Equation is degenerate in the sense that the noise only acts on the first
component of the system. Additionally to the non-degeneracy of the volatility o, we
will assume a kind of weak Hormander condition on the drift component in order to
allow the noise propagation into the system.

A huge literature exists on degenerate Brownian diffusions under the strong Hor-
mander condition, i.e. when the underlying space is spanned by the diffusive vector
fields and their iterated Lie brackets. The major works in that framework have been
obtained in a series of papers by Kusuoka ans Stroock, [KS84|, [KS85], [KS87]|, using
a Malliavin calculus approach.

For the weak Hormander case, many questions are still open even in the Brownian
setting. Let us mention in this framework the papers [DM10], [Menll] and [KMM10]
dealing respectively with density estimates, martingale problems and random walk
approximations for systems of type or that can be linearized around such systems.
In those works a global multi-scale Gaussian regime holds. For highly non-linear first
order vector fields, Franchi [Fral4] and Cinti et al. [CMP15] address issues for which
there is not a single regime anymore. A specificity of the weak Hormander condition
is the unbounded first order term which does not lead to a time-space separation in
the off-diagonal bounds for the density estimates as in the sub-Riemannian setting,
see e.g. |[KS87|, Ben Arous and Léandre [BAL91| and references therein. The energy
of the associated deterministic control problem has to be considered instead, see e.g.
[DM10]. We have a similar feature in our current stable setting.
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In this work we are first interested in proving the uniqueness of the martingale
problem associated with the generator (L;);> of (L.1)), i.e. for all p € CZ(R™ R)
(twice continuously differentiable functions with compact support)

Ve € R, Lip(z) = (Ayx, Vip(x))

+ /Rd (‘P(x + Bo(t,x)z) — o(z) — (Vp(z), Bo(t,z)z)

1+ 2|2

)g<|z|>u<dz>,
(1.3)

under some mild assumptions on the volatility o, the Lévy measure v of a symmetric
a stable process and the tempering function g (which is set to 1 in the stable case).
To this end, the key tool consists in exploiting some properties of the joint densities of
(possibly tempered) stable processes and their iterated integrals, corresponding to the
proxy model in a parametriz continuity technique (see e.g. Friedman [Fri64] or McKean
and Singer [MKS67]). Following the strategies developed in [BP09|, [Menll]| we then
derive uniqueness exploiting the smoothing properties of the parametrix kernel. For
this approach to work, we anyhow consider some restrictions on the dimensions n, d.
Let us indeed emphasize that the density of a d-dimensional a-stable process and its
n — 1 iterated integrals behaves as the density of an « stable process in dimension
nd with a modified Lévy measure and different time-scales. The first point can be
checked through Fourier arguments (see Proposition and Remark . Also, the
typical time scale of the initial stable process is t/* and t¢~D+Ve for the associated
(i — 1) integral. One of the difficulties is now that the associated Lévy measures (on
R"?) have spectral parts that are either not equivalent or singular with respect to the
Lebesgue measure of S™~!. The link between the behavior of the stable density and
the corresponding spectral measure is discussed intensively in Watanabe [Wat07] and
can lead to rather subtle phenomena. Roughly speaking, the lower is the dimension
of the support of the spectral measure, the heavier the tail. This is what leads us
to consider some restrictions on the dimensions. Also, using the resolvent]] associated
with the ordinary differential equation obtained from setting o = 0, i.e. LRy =
AiRy, Ro = ILgxna, the mean of the process is R,z at time ¢ (transport of the initial
condition by the resolvent). The process will deviate from its mean accordingly to the
associated component wise time scales.

When turning to density estimates, one of the dramatic differences with the Gaus-
sian case is the lack of integrability of the driving process. For non-degenerate stable
driven SDEs, this difficulty can be bypassed to derive two-sided pointwise bounds for
the SDE that are homogeneous to the density of the driving process. Kolokoltsov
|[Kol0Ob] establishes in the stable case the analogue of the Aronson bounds for diffu-
sions, see e.g. Sheu [She91| or [Aro67|. For approximation schemes of non-degenerate
stable-driven SDEs we also mention [KMI0]. In our current degenerate framework,

"'We carefully mention that we use the term resolvent in the sense of ordinary differential equations.
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working under somehow minimal assumptions to derive pointwise density bounds, that
is Holder continuity of the coefficients, we did not succeed to get rid of those integra-
bility problems. We are also faced with a new difficulty due to the degeneracy and the
non-local character of L. Namely, we have a disturbing rediagonalization phenomenon:
when the density p(¢, z, -) of X, =z + fg A,X,ds+ BZ, is in a large deviation regime,
estimating the non local part of L;p (which is the crucial quantity to control in a
parametrix approach), the very large jumps can lead to integrate p on a set where it
is in its typical regime. This phenomenon already appears in the non-degenerate case,
but the difficulty here is that there is a dimension mismatch between the tail behavior
of p(t,z,-), density of X,, multi-scale stable process of dimension nd, and the one of
the jump, stable process of dimension d.

This quite tricky phenomenon leads us to temper the driving noise in order to ob-
tain density estimates through a parametrix continuity technique. For technical rea-
sons that will appear later on, we establish when d = 1,n = 2 (scalar non-degenerate
diffusion and associated non-degenerate integral) the expected upper-bound up to an
additional logarithmic contribution, when the coefficient o (¢, ) = o(t, z?) depends on
the fast variable. This constraint appears in order to compensate an additional time
singularity deriving from the rediagonalization. Roughly speaking, the dependence
on the fast variable only gives a better smoothing effect for the parametrix kernel.
Eventually, we derive the expected diagonal lower bound, see Theorem To this
end we use a parametrix approach similar to the one of Mc Kean and Singer [MKS67].
Working with smoother coefficients would have allowed to consider Malliavin calculus
type techniques. In the jump case, this approach has been investigated to establish
existence/smoothness of the density for SDEs by Bichteler et al. in the non-degenerate
case [BGJ8T|, and Léandre in the degenerate one, see |[Léa85],[Léa88al. Also, we men-
tion the recent work of Zhang [Zhal4a| who obtained existence and smoothness results
for the density of equations of type in arbitrary dimension for smooth coefficients,
and a possibly non linear drift, still satisfying a weak Hormander condition. His ap-
proach relies on the subordinated Malliavin calculus, which consists in applying the
usual Malliavin calculus techniques on a Brownian motion observed along the path of
an a-stable subordinator.

Let us eventually mention some related works. Priola and Zabczyk establish in
[PZ09] existence of the density for processes of type (|1.1]), under the same kind of weak
Hormander assumption and when o is constant, for a general driving Lévy process Z
provided its Lévy measure is infinite and has itself a density on compact sets. Also,
Picard, [Pic96| investigates similar problems for singular Lévy measures. Other results
concerning the smoothness of the density of Lévy driven SDEs have been obtained by
Ishikawa and Kunita [IKO6] in the non-degenerate case but with mild conditions on
the Lévy measure and by Cass [Cas09] who gets smoothness in the weak Horman-
der framework under technical restrictions. Also, we refer to the work of Watanabe
[Wat07] for two-sided heat-kernel estimates for stable processes with very general spec-
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tral measures. Those estimates have been extended to the tempered stable case by
Sztonyk [Szt10].

The article is organized as follows. We state our main results in Section 2] In
Section [3, we explain the procedure to derive those results and also state the density
estimates on the process in when o(t,z) = o(t) (frozen process). We then prove
the uniqueness of the martingale problem in Section [4l A non linear extension is
discussed in Appendix [9] Sections [f| and [0] are the technical core of the paper. In
particular, we prove there the existence of the density and the associated estimates for
the frozen process and establish the smoothing properties of the parametrix kernel.
Appendices [7] and [§] are dedicated to the derivation of stable density bounds and
kernels combining the approaches of [KolOOb| and [Wat07], [Szt10] in our current
degenerate setting. We emphasize that the tempering procedure allows to get rid of the
integrability problems but does not prevent from the rediagonalization phenomenon.
This difficulty would occur even in the truncated case, thoroughly studied in the non-
degenerate case by Chen et al. [CKKO08|. The truncation would certainly relocalize
the operator but the rediagonalization would still perturb the parametrix iteration in
the stable regime.

2 Assumptions, and Main Result.

We will make the following assumptions:

About the Coefficients: The coefficients are assumed to be bounded and measurable
in time and also to satisfy the conditions below.

[H-1]: (H8lder regularity in space) 3H >0, n € (0,1], Va,y € R and Vt > 0,
lo(t,2) —o(t,y)l| < Hlz =y,

[H-2]: (Ellipticity) 3 x > 1, V¢ € R?, ¥z € R™ and Vt > 0,
KTEP < (6 007(t,2)€) < wlE]* (2.1)

[H-3]: (Hérmander-like condition for (A;)o) 3o, a € R, V¢ € R™ and Vi > 0,
alé]® < (ap"7'¢,€) <@, Vi€ [2,n = 1]. Also, for all (i, 5) € [1,n]*, [la)’|| < @.

About the Driving Noise.

Stable Case: Let us first consider (Z;);>0 to be an « stable symmetric process, defined
on some filtered probability space (§2, F, (F;)t>0, P), that is a Lévy process with Fourier
exponent:

Ee' P4 = exp (—t /d |(p, §>|aﬂ(d§)) , Vp e R™
S -1



94 CHAPTER 3. DEGENERATE STABLE SDE

In the above expression, we denote by S¢~! the unit sphere in R%, and by u the spectral
measure of Z. This measure is related to the Lévy measure of Z as follows. If v is the
Lévy measure of Z, its decomposition in polar coordinates writes:

dp

p1+a

v(dz) = f(ds), z=ps, (p,s) € RT x St (2.2)

Then, p = C, qft ( see Sato [Sat05] for the exact value of C, 4). In that case we suppose

[H-4]: (Non degeneracy of the spectral measure) We assume that u is absolutely
continuous w.r.t. to the Lebesgue measure of S with Lipschitz density h and that
there exists A > 1, s.t. for all u € R?,

Al < [ () < Al 23)
gd—1
Tempered Case: In the tempered case we simply assume that (Z;):>o has generator:
Vo(z
Laote) = [ ot +2) = ota) - SEDDYg(alwtaz). o€ CRELR),  (24)

where the measure v is as in the stable case and the tempering function g : R™ — R**
satisfies

[T]: (Smoothness, Doubling property and Decay associated with the tem-
pering function g) We first assume that g € C*(R*, R**) and that there exists a > 0
s.t. g € C*([0,a],R™) if a € [1,2). We also suppose that there exists ¢ > 0 s.t. for all
7> 0,9(r) +78up,ep-1 9 (ur) < cf(r) for k as in [H-2] and where 6 : R™* — R** is
a bounded non-increasing function satisfying:

dD > 1, Vr >0, 0(r) < D(2r), (1+7r)0(r) :=0O(r) T 0.

Typical examples of tempering functions satisfying [T] are for instance r — ¢(r) =
exp(—cr),c>0,9(r)=1+7r)"", m>2.

We say that [HS] (resp. [HT]) holds if conditions [H-1] to [H-4] are fulfilled and
the driving noise Z is a symmetric stable process (resp. a tempered stable process
satisfying [T]). We say that [H] is satisfied if [HS] or [HT] holds, i.e. the results
under [H] hold for both the stable and the tempered stable driving process.

Our main results are the following.

Theorem 2.1 (Weak Uniqueness). Under [H], i.e. in both the stable and the
tempered stable case, the martingale problem associated with the generator (Li)i>o,

defined in (1.3), of the degenerate equation (1.1)):
dXt = AtXtdt —+ BU(t, Xt,>dZt,
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admits a unique solution provided d(1 —n) + 1+« > 0. That is, for every x € R™,
there exists a unique probability measure P on Q = D(R*,R™) the space of cadlag
functions, such that for all f € C&’Q(]RJr x R™ R), denoting by (X;)i>o the canonical
process, we have:

t
P(Xo=2x)=1 and f(t,X;) —/ (0w + Ly) f(u, Xy)du is a P- martingale.
0

Hence, weak uniqueness holds for .

Now, if d = 1,n = 2 and o > 1, the well-posedness of the martingale problem
extends to the case of a non-linear Lipschitz drift satisfying a Hormander-like non-
degeneracy condition. Namely, weak uniqueness holds for:

¢ t
X! = x1+/ Fl(s,XS)ds—i—/ o(s, X-)dZs,
0 0
¢
X2 = x2—|—/ Fy(s, X,)ds, (2.5)
0

provided F = (Fy, Fy)* : Rt x R? — R? is measurable and bounded in time, uniformly
Lipschitz in space and such that 0, Fy € [co,cy'],co € (0,1] and O Fy is n-Holder
continuous, n € (0, 1].

Remark 2.1. The dimension constraint comes from the worst asymptotic behavior
of the stable densities in our current case. Viewing the density of the stable process Z
and its iterated integrals as the density of an nd-dimensional multi-scale stable process
yields to consider a Lévy measure on R™ for which the support of the spectral measure
has dimension (d —1)+1 = d. Thus, from Theorem 1.1 in Watanabe [Wat07] we have
that, at time 1 (to get rid of the multi-scale feature), the tails will behave at least as
|z| =@+ 1+9) for large values of |z|,2 € R™. The condition in the previous Theorem
is imposed in order to have the integrability of the worst bound in R™. We refer to
Section for details. In practice the condition is fulfilled for:

-d=1,n=2for ae(0,2).

-d=1n=3forac(1,2).

-d=2,n=2forac(1,2).
Remark 2.2. We point out that the tempering function g does not play any role in the
proof of the previous theorem. Furthermore, it cannot be used to weaken the previous
dimension constraints. Indeed, it can be seen from the estimates in Proposition

that the additional multiplicative term in # makes the worst bound integrable but also
yields an explosive contribution in small time.
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Also, when d = 1 and n = 2 in (|1.1)) we are able to prove the following density
estimates in the tempered case.

Theorem 2.2 (Density Estimates). Assume that d =1, n = 2. Under [HT] and

for o(t,x) := o(t,x?), i.e. the diffusion coefficient depends on the fast component,
provided 1 > n > m, the unique weak solution of (L.1) has for every s >0 a

density with respect to the Lebesgque measure. Precisely, for all 0 <t < s and x € R?,
P(Xs € dy| Xy = x) = p(t, s,2,y)dy. (2.6)

Also, for a deterministic time horizon T > 0, and a fixed threshold K > 0, there exists
Cog:= Cgm([HT], T, K) > 1, st. V0 <t <s<T, V(z,y) € (R?*)?,

p(t,s,z,y) < Capae(t, s, z,y) (1+log(K V|(TE,) " (y — Ruw)]) | (2.7)
where for all w € R, T% := Diag((u'/*, u'*/*)), M, := Diag(1,u) and

2 det(Tg,) ™

pa,@(tu S,T, y) = C

« O(|IM_ L, (y — Ry .x))).
CUK V|(TY,) Yy — Ryuw)|}2te (IM~ (y 7))

Here, R+ stands for the resolvent associated with the deterministic part of (L.1), i.e.
%Rs,t = ARy4, Rit = Iyxo, and Cy g is s.t. fR2 Paol(t,s,x,y)dy = 1.

FEventually for 0 < T < Ty := To([HT], K) small enough, the following diagonal
lower bound holds V0 <t < s < T, V(z,y) € (R*)? s.t.:

|(T?—t)_1(y - RS,tx>| S Ku p<t’ 5, T, y) Z Oﬁdet(T?—t)_l' (28)

Under the current assumptions, Theorem is proved following the lines of [BP09]
and [Menll]. In the Gaussian framework, those assumptions are sufficient to derive
homogeneous two-sided multi-scale Gaussian bounds, see [DMI10]. However, in the
current context, we only managed to obtain the expected upper bound up to a loga-
rithmic factor and a diagonal lower bound for d = 1 and n = 2 for a tempered driving
noise and o(t, r) = o(t,2%). This is mainly due to a lack of integrability of the stable
process and the rediagonalization phenomenon which becomes really delicate to handle
in the degenerate case. Precisely, the parametrix technique consists in applying the
difference of two non-local generators of the form to the density of some process
which is meant to locally behave as and for which estimates are available. Such a
process is known as the parametriz or proxy. The density of the stable nd-dimensional
process we will use in the degenerate setting as parametriz will have decays of order
d+ 1+ « in the large deviation regime. It is indeed delicate to use other bounds than
the worst one in a global approach like the parametrix. Let us mention that this is not
the decay of a rotationally invariant stable process in dimension nd (which would be

nd+ «) except if n = 2,d = 1. Observe now from (|1.3)), (2.2)) that we have a dimension
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mismatch between the decays of the densities of the parametrix and those of the jump
measure v, which are in d+«. We recall that the large jumps can lead to integrate the
density on a set on which it is in its diagonal regime, when applying the non-local gen-
erator to the density. This is what we actually call rediagonalization and leads in our
degenerate framework to additional time-singularities in the parametrix kernel. We
manage to handle those singularities when o depends on the fast component, yielding
a better smoothing property in time, see Section [0]

Observe that, in the non-degenerate context, the decays of the rotationally invari-
ant stable densities and the jump measure in correspond. This allows Kolokoltsov
[Kol00Db] to successfully give two sided bounds for the density of the SDE which are
homogeneous to those of the rotationally stable case provided the density of the spec-
tral measure is positive. The technical reasons leading to the restriction of Theorem
2.2 will be discussed thoroughly in the dedicated sections (see Sections[3.3]and [6)). Let
us mention that the above results could be extended to the case of a d-dimensional
non-degenerate SDE driven by a tempered stable process and the integral of one of its
components. We emphasize as well, that our estimates still hold if we had a non-linear
bounded drift in the dynamics of X' if & > 1 (see Remark [5.5). We conclude this
paragraph saying that the uniqueness of the martingale problem and the estimates of
Section [6] allow to extend in the non-degenerate case, the stable two-sided Aronson
like estimates of [Kol0ODb| for Holder coefficients.

Constants and usual notations:

e The capital letter C' will denote a constant whose value may change from line to
line, and can depend on the hypotheses [H]. Other dependencies (in particular
in time), will be specified, using explicit under scripts.

e We will often use the notation < to express equivalence between functions. If f
and ¢ are two real valued nonnegative functions, we denote f(x) =< g(z), = €
I C R?, p € N, when there exists a constant C' > 1, possibly depending on [H],
Ist. C7Hf(z) < g(x) < Cf(x), Vo e I

e For # = (w1, ,2n9) € R™ and for all k € [1,n], we use the notations:
% = (Tg-1yar1,  ,2ka) € RY Accordingly, z = (2',--- ,2"). Also 2*" :=
(:[;2, . ,xn)'

From now on, we assume [H] to be in force, specifying when needed, which results
are valid under [HT] only.
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3 Continuity techniques : the Frozen equation and
the parametrix series.

For density estimates, a continuity technique consists in considering a simpler equa-
tion as proxy model for the initial equation. The prozy will be significant if it achieves
two properties:

- It admits an explicit density or a density that is well estimated.

- The difference between the density of the initial SDE and the one of the proxy can
be well controlled.

For the last point a usual strategy consists in expressing the difference of the
densities through the difference of the generators of the two SDESs, using Kolmogorov’s
equations. This approach is known as the parametriz method. In the current work,
we will use the procedure developed by Mc Kean and Singer [MKS67|, which turns
out to be well-suited to handle coefficients with mild smoothness properties.

We first introduce the prozy model in Section [3.1] and give some associated density
bounds. We then analyze in Sections [3.2] [3.3/how this choice can formally lead through
a parametrix expansion to a density estimate, exploiting some suitable regularization
properties in time. These arguments can be made rigorous provided that the initial
SDE admits a Feller transition function. The uniqueness of the martingale problem
will actually give this property.

3.1 The Frozen Process.

In this section, we give results that hold in any dimension d, and for any fixed
number of oscillators n. Let T > 0 (arbitrary deterministic time) and y € R™® (final
freezing point) be given. Heuristically, y is the point where we want to estimate the
density of (1.1)) at time T provided it exists. We introduce the frozen process as
follows:

dXTY = A, XT¥ds + Bo(s, Ryqy)dZ,. (3.1)

In this equation, R,y is the resolvent of the associated deterministic equation, i.e. it
satisfies L R, r = A R, 7, with Rrp = Lygxng in R™ @R". Let us emphasize that the
previous choice can seem awkward at first sight. Indeed, a very natural approach for
a proxy model would consist in freezing the diffusion coefficient at the terminal point,
see e.g. Kolokoltsov [Kol00b]. In our current weak Hormander setting we need to take
into account the backward transport of the final point by the deterministic differential
system. This particular choice is actually imposed by the natural metric appearing in
the density of the frozen process, see Proposition [3.3] This allows the comparison of
the singular parts of the generators of and applied to the frozen density,
see Proposition [3.6] and Lemma [3.10]
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Proposition 3.1. Fiz (t,x) € [0,T] x R™. The unique solution of (3.1)) starting from
T at time t writes:

Xﬁ,l‘,T,y = Rs,tx—i_/ RS,uBU(u7Ru,Ty)dZU' (32)
t

Proof. Equation (3.1)) is a linear SDE, with deterministic diffusion coefficient. As
such, it admits a unique strong solution. The representation (3.2)) follows from It6’s
formula. [

Introduce for all w € R™, the diagonal time scale matrixes:

us Iy 1 0
o — 0 ute I 0 ’ (3.3)
0 u S I
Taxa 0
M, — u‘éng 0  ulgua 0
0 | Tk P

These extend the definitions of Theorem [2.2] for n = 2. The entries of the matrix T¢
correspond to the intrinsic time scales of the iterated integrals of a stable process with
index « observed at time u. They reflect the multi-scale behavior of our system. The
matrix M, appears in the tempered case. We first give an expression of the density of
X?%Tvy in terms of its inverse Fourier transform. We refer to Section for the proof
of this result.

Proposition 3.2. The frozen process (X;f’va’y)sZt has for all s > t a density w.r.t.
the Lebesgue measure, that is:

P(XTY € d2| X1 = x) = GLY(t, s, @, 2)dz.
For 0 <T —t <T,:=To([H]) <1 we have:

det (M,_,) ™"
(27)n¢

. / e T ) exp (—<s 1) / (1- Cos<q,5>)v5(d£>> dg.
R"d Rnd

where vg = vs(t, T, s,y) is a symmetric measure on R™ s.t. uniformly in s € (t,t+Tp)]

for all A C R™:

(3.4)

ﬁg’y(t7 S? x? Z) =

)< [ [ daoattde)

" p1+a
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with @i satisfying [H-4] and dim(supp(iz)) = d. In the stable case, i.e. g = 1, we
have the equality in the above equation, so that vs indeed corresponds to a stable Lévy
measure.

Remark 3.1. The above proposition is important in that it shows in the stable case
[HS] why the density of a d-dimensional stable process with index a € (0,2) and its
n—1 iterated integrals actually behaves as the density of an nd-dimensional multi-scale
stable process, where the various scales are read through the matrix T®. Also, the fact
that the associated spectral measure is either non equivalent or singular w.r.t. the
Lebesgue measure of S™"¢~! leads to consider delicate asymptotics for the tails of the
density which yields the dimension constraints in Theorem and the restrictions of
Theorem 2.2,

From the previous remark and the dimension of the support of i in Proposition [3.2]
we derive from points ¢) and i) in Theorem 1.1 in Watanabe [Wat07] the following
estimate in the stable case.

Proposition 3.3 (Density Estimates for the frozen process under [HS]). Fiz T > 0,
a threshold K > 0 and y € R™. For all (t,x) € [0,T) x R™ the density pL¥(t, s, z, 2)
of the frozen process (X;””’T’y)se(t,ﬂ m satisfies the following estimates. There
ezists Cgmg := Gy (H-2,H-8,H-4,K)> 1, s.t. for all0 <t <s<T, (z,2) € (R™)2:

Cﬁ]_}a(t,s,x,z) < pLY(t, s, x, 2) < Cgapalt, s, 1, 2), (3.5)

where we write:

~ det(T2_,)~!
o ta 5 by - Ca - 5
Palt 5. 2) = Ca g i (2 — Ropa)Jo0

(3.6)

and also

, Co = Co([H]) > 1.

det(T2_,)~?
" _ 1 s—1
Ba( , S, T, Z) Ca {K vV |(T?_t)_1(z . R57tx)|}nd(1+a)

We refer to Section for the proof of this result. Observe that p,(t,s,z,.) can
be identified with a probability density only under the condition d(1 —n)+1+a >0
appearing in Theorem . Roughly speaking the upper-bound in is the worst
possible considering the underlying dimension of the support of the spectral measure
in S™~! which is here d. On the other hand, the lower bound corresponds to the
highest possible concentration of a spectral measure on S™~1 satisfying [H-4], see
again Section This control would for instance correspond to the product at a
given point of the one-dimensional stable asymptotics in each direction.

From Proposition |3.2/and Theorem 1 in Sztonyk [Szt10] we also derive the following
result in the tempered case.
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Proposition 3.4 (Density Estimates for the frozen process under [HT]). Fiz T > 0,
a threshold K >0 and y € R™. For all (t,z) € [0,T) x R", the density p,¥(t, s, z, z)
of the frozen process (Xﬁ’z’T’y)Se(nT] in (3.2)) satisfies the following estimates. There
exists Cgg := Cgg (H-2,H-3,H-4,K)> 1, s.t. for all0 <t <s<T, (z,2) € (R™)2:

b (t: 5,7, 2) < Caabalt, 5,7, 2), (3.7)

where:

_ det(’]r?—t)il
Palt,s,m,y) = Cy o
(t:5:2:9) = Co Ty e ) 11y — Rog)]

As a corollary, we have the following important property.

}d+1+a9(|(Ms—t)_l(y — Rour)]). (38)

Corollary 3.5 (“Semigroup" property). Under [H], when d = 1,n = 2, which is
the only case for which nd+a = d+14« so that p, can be identified with the density of
a, possibly tempered, multi-scale stable process in dimension nd whose spectral measure
is absolutely continuous with respect to the Lebesque measure of S™~1, there ewists

Ceg = Ggg (H-2,H-3,H-4,K) > 1 s.t. forall0 <t <71 <s, (z,y) € (R™)2:

/ Dalt, 7, )Pl 5, 2 y)d= < Cgpalt, 5, 2, y).
Rnd

The above control is important since it allows to give estimates on the convolution
of the frozen densities with possible different freezing points. Namely, for all 77,75 > 0,
y1,y2 € R™ forallt <7 < s and z,y € R™:

/ ﬁgl’yl (t,r,x,z)ﬁ%’y? (1,8,2,y)dz < Ggmpa(t, s, z,y). (3.9)
Rnd

3.2 The Parametrix Series.

We assume here that the generator (L;)¢>o of generates a two-parameter Feller
semigroup (Ps)o<i<s- Using the Chapman-Kolmogorov equations satisfied by the
semigroup and the pointwise Kolmogorov equations for the proxy model, we derive a
formal representation of the semigroup in terms of a series, involving the difference
of the generators of the initial and frozen processes. Let L, (already defined in (1.3))
and LY denote the generators of X% and X“*7¥ at time ¢ respectively. For ¢ €
C2(R™ R), from (2.4)) (setting g = 1 in the stable case), we have for all z € R™:

Lp(z) = (Vp(z), Arx) (3.10)
# [ (oot Bot) - ot - THDEZEDD) o),
Eo(0) = (Vipla), ) 3.1)

(Ve(z), Bo(t, Riry)z)
1+ [2]?

+ /Rd (gp(m + Bo(t, Riry)z) — ¢(x) — ) g9(|z))v(dz).
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Observe that for X:»7¥ defined in (3.2), its density p2¥(t, s, ,-) exists and is
smooth under [H] for s > ¢ (see Proposition [3.2| above).

Proposition 3.6. Suppose that there exists a unique weak solution (X%*)o<i<s to (1.1
which has a two-parameter Feller semigroup (Pys)o<i<s- We have the following formal
representation. For all 0 < t < T, (z,y) € (R"™)? and any bounded measurable
f:RY 5 R:

Pur (@) = Ef (X)X, =] = [

Rnd

(Z(ﬁa © HO) (¢, T, y)> fly)dy,  (3.12)

r=0

where H s the parametriz kernel:

VO<t<T, (z,y) € (R™)? H(t,T,x,y):= (L — L )pa(t, T, x,y).  (3.13)
In equations ([3.12)), (3.13)), we denote for all 0 < t < u < T, (x,2) € (R™)%
Dalt,u,x,z) = pL*(t,u,x,2), i.e. we omit the superscript when the freezing termi-

nal time and point are those where the density is considered. Also, the notation ®
stands for the time space convolution:

T
fohtT zy) = / du/ dzf(t,u, x, 2)h(u, T, z,y).
t Rnd

Besides, HO =T andVr e N, HO(t,T,z,y) = H"V @ H(t,T, z,y).

Furthermore, when the above representation can be justified, it yields the existence
as well as a representation for the density of the initial process. Namely P[Xr €
dy| X, = x| = p(t, T, z,y)dy where :

+o00o
VO<t<T, (z,y) € R p(t,T,2,y) = (fa® H)(t, T, z,y). (3.14)
r=0

Proof. Let us first emphasize that the density pL¥ (¢, s, z, 2) of Xﬁ"’”’T’y at point z solves
the Kolmogorov backward equation:

a ~g}y . 7Ty ~Ty
5t (t,s,2,2) = —L;'p,(t,s,x, z),
for all t < s, (z,2) € R™ x R limy, pL¥(t, s, -, 2) = 6,(-). (3.15)

Here, f}tT’y acts on the variable x. Let us now introduce the family of operators
(P;.s)o<t<s- For 0 <t < s and any bounded measurable function f : R" — R:

P f(z) = /Rnd Pa(t, T z,y) f(y)dy = /W LYt T, z,y) f(y)dy. (3.16)
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Observe that the family (Pts)ogtgs is not a two-parameter semigroup. Anyhow, we
can still establish, see Lemma [£.1], that for a continuous f:

lim Py, f(x) = f(x). (3.17)

This convergence is not a direct consequence of the bounded convergence theorem
since the freezing parameter is also the integration variable.

The boundary condition (3.17)) and the Feller property yield:

P~ Bl 0) = [ gL P Puse) )

Computing the derivative under the integral leads to:

(Pir = Pur)so) = | du{aupt,u@m(x)) +a,u<au<ﬁu,Tf<m>>>}.

Using the Kolmogorov equation (3.15)) and the Chapman-Kolmogorov relation 0, P; ,p(z) =
Pru(Lup(x)), Yo € CF(R™,R) we get:

(P = B 0) = [ o (L) @) = P ([ 7T R0 Ty ) 0)

Rnd
Define now the operator:

Hure(2) = /

Rnd

o) (L — LTV polu, T, 2, y)dy = / o) H(u, T,z y)dy. (3.18)

Rnd

We can thus rewrite:

P.rf(x) = Purf(x) +/t Py (Hur(f)) (z)du.

The idea is now to reproduce this procedure for P,,, applied to H, r(f). This recur-
sively yields the formal representation:

5 T ul Ur—1 B
Prf(x) = Prf(z)+) / duy / dus . .. / i Py oy (Hoy iy, 0 -0Hou 1) (f) ().
=1/t t t
Equation (3.12)) then formally follows from the following identification. For all r € N*:

Uy
t

T up 1 B
/ duy / dus . .. / du, P, ,, (Humupl 0---0 ”Hul,T) (f)(x)du
t t

= | fWp® HO T, 2, y)dy.
Rn
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We can proceed by immediate induction:

T Ul Up—1
/ du1 / dUQ R / durPt e (Hur,u,«_l ©---0 HuhT) (f) (ZU)dU,

/dul o /Wdz

ur Ur—1 O%U1 T( pa t u?"71" Z (319)

/dul/ dus . . / /dz/ dy
]Rnd Rnd

u,n 1,Ur—2 oHul T( H(urauT 17’2 y)pOZ(t uT‘ux Z)

Upr—2
/ dul/ du2.../ dur_l/ dy
t Rnd

Hup yup 500 Huy 7()(Y)Da @ H(t, w1, 2, y).
Thus, we can iterate the procedure from (3.19) with p, ® H instead of p,.

O

]

Observe that in order to make the identification above, we have exchanged various
integrals. Hence, so far the representation (3.14)) is formal. It will become rigorous
provided that we manage to show the convergence of the series and get integrable
bounds on its sum.To achieve these points, one needs to give precise bounds on the
iterated time-space convolutions appearing in the series. Such controls are stated in
Section [3.3] and proved in Section [6] below.

3.3 Controls on the iterated kernels.

From now on, we assume w.l.o.g. that 0 <7 < Tj := Ty([H]) < 1. The choice of Tj
depends on the constants appearing in [H] and will be clear from the proof of Lemma
| Theorems 2.1 and [2.2] can anyhow be obtained for an arbitrary fixed finite 7' > 0,
from the results for T sufficiently small. Indeed, the uniqueness of the martingale
problem simply follows from the Markov property whereas the upper density estimate
stems from the semigroup property of p, (see Corollary and Lemma for the
convolutions involving the logarithmic correction). From now on, we consider that the
threshold K > 0 appearing in Proposition [3.3] is fixed.

We first give pointwise results on the convolution kernel, that hold in any dimension
d, and for any number of oscillators n.

Lemma 3.7 (Control of the kernel). Fiz K,6 > 0, 3Cgz := Ggz([H], K,5) > 0
s.t. for all T € (0,Tp] and (t,z,y) € [0,T) x (R")2:

S A |z — Ry py|ne)
T —t

[H(t, T, z,y)| < Gz {Pa(t, T, 2,y) + Dot Ty 2,9) ), (3.20)
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where Do is as in (3.6) in the stable case [HS] and as in (3.8)) in the tempered case
[HT]. Also,

Lo Ry ) |/ (T—t) /<TG ) =Y (r— Re ) [> K

ﬁa(taTw’an) = o—R, T
e e
1
x B oM, (z — Rury))),
(T — 1) 2 (L (T ) (@ — Rogy)2n)) e

recalling that under [HS], g(r) = 1,7 > 0.

The contribution in p, comes from the rediagonalization phenomenon which is
specific to the degenerate, non-local case and only appears when the rescaled first
(slow) component is equivalent to the energy |(T%_,) '(z — Ryry)|. Observe that
if |(T$_,)""(z — Ryry)| < K, diagonal regime, both contributions p and p can be
upper-bounded by (T' — ¢)~"#/a+n(n=1d/2 Tp the off-diagonal case, we also have that
if there exists i € [2,n] s.t. [(T$_,) *(z — Rezy))’| < |((T$_,) ' (z — Ryry))'| then
Pa(t, T 2,y) < Pa(t, T, 2, y).

Once integrated in space, under the dimension constraints of Theorem [2.1] this
pointwise estimate yields the following smoothing property in time.

Lemma 3.8. Assume that d(1—n)+1+a > 0. Then, there exists Gzg := Cgm([H], K)
and w = w(d,n,a) >0 s.t. for all T € (0,Ty], (x,y) € (R™)?, 7 € [t,T), we have the
estimate

SN |2 = Regy|" ™ (o + po) (7, T, 2,y)dz < Cag(T —7)%,  (3.21)
S A |z — Repa| "™ po(t, 7,2, 2)dz < Cgg(t —t). (3.22)
Rnd

Also, when d = 1,n = 2 one has the following better smoothing property for the fast
variable:

S A (2 = Regy)* "™ (Pa + o) (7, T, 2, y)dz
Rnd
< Cga(T —7)°, (3.23)
n(anl)
) Pa(t, 7,2, 2)dz

/Rnd d A ((7‘ —)|(z = Rry2)'| + (2 — Rysx)?|
< Cgg(T — t)°, (3.24)
with o = (1+ 1/a)n(a A 1).

The proof of these results will be given in Section [5.3] and Appendix [§]
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Remark 3.2. We can now justify from this Lemma our previous choice for the prozy
model. Indeed, the contributions |z — R, 7y["®\V |z — R, ,x|"*") come from the
difference of the generators and turn out to be compatible, up to using the Lipschitz
property of the flow, with the bounds appearing in Proposition for the frozen
density. This is what gives this smoothing property and thus allows to get rid of the
diagonal singularities coming from the bound .

Remark 3.3. The lLh.s. of equations , naturally appear in the case
o(t,x) = o(t,2*) which is the one considered for the density estimates in Theorem
2.2] Intuitively, the higher smoothing effect in this case permits to compensate the
difficulties arising from the rediagonalization in the degenerate case.

When dealing with convolutions of the kernel and the frozen density we restrict to
the case d = 1,n = 2 for which we have the semigroup property, which is important
to handle the off-diagonal regimes. In this framework, the technical computations in
Section [0}, based on the previous controls on the kernel H, yield the following bound
for the first step of the parametrix procedure.

Lemma 3.9. There exist Ggg = Cgg([H], K), w = w([H]) € (0,1] s.t. for all
T € (0,Tp] and (t,z,y) € [0,T) x (R")2:

pa @ HET,2,y)| < Caa(palt T, y) (7 - 1)
+0 A |z — Ry py|"@) (1+log[K V [(TF_,) ' (y — RT,tx)H))

+5 A |z — Repy|"p(t, T, x, y)}),

where
p(t, T, x,y) =
1(R tx— R py)l
e x|(T$_ )~ (R tx— Ry 7y)|

. (T7t>1/o¢ T—t ) 1

T+ (T vz~ B M P = Rery))
1

X = = 5 . (3.25)

(T_t)l—i-l/a(l + |(Rrtz—Rr 1Y) \)1_5_04

(- a

The contribution in p, comes from the bad rediagonalization which is intrinsic to
the degenerate case. It first generates a loss of concentration in the estimate, which
leads us to temper the driving noise. It also turns out to be very difficult to handle in
the iterated convolutions of the kernel. Up to the end of section we thus restrict under
[HT] to the case d = 1,n = 2 and o(t,z) := o(t, 2?), for which we have been able to
refine the above results and to derive the convergence of . This restriction will
be discussed thoroughly in Section [6]
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Lemma 3.10 (Control of the iterated kernels). Assume under [HT] that d =
I,n=20(tz)=0c(t,z?) and 1 >n > ((a A1)(1+«))"'. Then there exist Cgy :=
Cem([HT], K), w := w([HT]) € (0,1] s.t. for allT < Ty and (t,z,y) € [0,T) x (R?)?:

|]5a ® H(ta T7 X, y)| S %ﬂ((T - t)wﬁa,@(ta TJ x, ?/) + Cja,@(ta T7 x, y)) )

|Qa X H(tv T? z, y)| S Chjﬂ(T - t)w <ﬁa,@<t7 Tv z, y) + qoc,G)(ta T7 x, y))?
where we denoted

Gao(t,T,2,y) = §A{(T —t)l(z = Ryry)'| + (2 — Riry)* [}
x{ Bt T,2,y) (1 + log(K V [(T§_) " (y = Rra))) ) }.

Now for all k > 1,

pa® V(T y)| < (4G (T = 0" (T = “Pae(t. T.2.y)
+H(iao + G0 (LT, 3,1))
Pa® HE (4 T,y < (G (1 = 0™ (1= % poe
H(T = ) (Pao + Ga) + Gae ) (T, 3,1).

The above controls allow to derive under the sole assumption [HT| an upper bound
for the sum of the parametrix series (3.14)) in small time.

Proposition 3.11 (Sum of the parametrix series). Under the assumptions of

Lemma[3.10, for Ty small enough, there exists gy := Cgm([HT], K, Ty) s.t. for all
T € (0,Ty] and (t,x,y) € [0,T) x (R?)?:

Z|ﬁa®H(r)(taT7$ay)| S Omﬂ(pa,@(taTaxay)+QOc,®<t7T7x>y)>>

r>0

Camdet(TS )™ < > pa @ HO(t, T, 2,y), for [(T5_ ) (Rruz — y)| < K.

r>0

The proofs of Lemmas and are postponed to Section [6.4. Using those
controls on the iterated convolutions, we can prove Proposition |3.11}{

Proof. The upper-bound can be readily derived from Lemma for Ty small enough
(sum of a geometric series). To get the diagonal lower bound, we first write:

> Bo ® HO (1T, 2,y) = palt. T2, y) + (Zﬁa ® H“f)) ® H(1,T,z,y).

k>0 k>0
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Now, since

> pa @ HO (T, 2,y)| < Cpae + Goe)(t.T.7,y),
k>0

we derive:

S C|<po¢7® + (ja,G)) ® H(ta T,,T, y)|

(Z Pa ® H““) ® H(t,T,,y)

k>0

Using once again the first part of Lemma [3.10, we thus get that

‘(Zﬁa@H(m) ®H(t7T7I7y)

k>0

S O{<T - t>wﬁa,@(t7 T: z, y) + q%@(t, T7 z, ?J)

+(T - t)w(]joz,(% + Qa,(%)(tv T7 xz, y)}

Now, if the global regime is diagonal, i.e. |(T$_,) " '(y — Ry x)| < K, the logarithm
contribution vanishes in g, . Observe also that

S A ’SU . Rt,Ty’n(a/\l) Cn(a/\l)‘Rﬂtl' . y’n(a/\l)
Cm(a/\l) (T . t)n(l/a/\l)|(T%_t)_1(RT,t$ . y) |n(aA1)

(CK)n(a/\l)(T . t)ﬂ(l/a/\l)‘

VAN VAN VAN

Hence | (Zkzo Poa ® H®) @ H(t,T,z,y)| < C(T—t)* det(T$_,)~". Taking T'—¢ small
enough yields the announced bound. O

We conclude anyhow the section stating a Lemma that allows to extend the upper
bound in Theorem to an arbitrary given fixed time. The arguments for its proof
would be similar to those of Lemma [6.3]

Lemma 3.12 (Semigroup property for ¢, o). With the notations of Proposition

for any T € [0,Tp), we have that there exists Cgry := Cgz([HT], Tp) > 1 s.t.
V(x,y) € R Vn € N:

/ Go0(0,nT, 2, 2)Gao(nT, (n + )T, z,y)dz < CB%@Q,@(O, (n+ 1T, x,y).
Rnd

Observe now that Theorem yields that (X;);>0, the canonical process of P,
admits a Feller transition function. On the other hand, when d = 1,n = 2 we have
from Proposition that the series appearing in equation of Proposition
is absolutely convergent. This allows to derive that the Feller transition is absolutely
continuous, which in particular means that the process (X;);>o admits for all £ > 0 a
density, satisfying the bounds of Proposition [3.11]
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4 Proof of the uniqueness of the Martingale Problem
associated with (|1.1)).

In this section, d and n satisfy the conditions d(1 —n) 4+ 1+« > 0. As a corollary to
the bounds of Section [3.3] specifically Lemmas [3.7 and [3.§] (controls on the kernel and
associated smoothing effect), we prove here Theorem . The existence of a solution
to the martingale problem can be derived by compactness arguments adapting the
proof of Theorem 2.2 from [Str75|, even though our coefficients are not bounded.

Uniqueness of the Martingale Problem associated with . Suppose we are given two
solutions P! and PP? of the martingale problem associated with (Lg)sep, 7], starting in
x at time . We can assume w.l.o.g. that T" < T := To(|[H]). Define for a bounded
Borel function f : [0,7] x R™ — R,

T
Sf = ( / f(s,Xs)dS) e {12},

where (X;)sep, stands for the canonical process associated with (P');eq12y. Let us
specify that Sif is a priori only a linear functional and not a function since P* does
not need to come from a Markov process. We denote:

SAf=8tF—S2f.

If f e Cy?([0,T) x R™ R), since (P")ieq1,2y both solve the martingale problem, we
have:

f(t,x) +E' (/tT(as + L) f(s, Xs)ds> =0, i € {1,2}. (4.1)

For a fixed point y € R™ and a given ¢ > 0, introduce now for all f € Cy”([0,T) x
R" R) the Green function:

T
Y(t,xz) € [0,T) x R GV f(t, x) = / ds/ dzpste¥(t, s, z, 2) (s, 2).
¢ Rnd

We recall here that pSte¥(¢, s, z, z) stands for the density at time s and point z of the

[0}

process X5tV defined in (3.2) starting from x at time ¢. In particular, € can be equal
to zero in the previous definition. One now easily checks that:

V(t,z,2) €0,s) x (R™)?, <8t + [Njf%’y)ﬁgﬁ’y(t, S, T,2) = O,Iiglﬁife’y(t,s,x, ) =60).
(4.2)
Introducing for all f € C3([0,T) x R", R) the quantity:

T
MY (t,x):/ ds/ ddszJrE’yﬁZ“’y(t,s,z,z)f(s,z), (4.3)
¢ R
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we derive from (4.2) and the definition of G*¥ that the following equality holds:
HGVf(t, ) + MY f(t,x) = —f(t,x), V(t,z) € [0,T) x R™. (4.4)

Now, let h € Cy*([0,T) x R™ R) be an arbitrary function and define for all
(t,z) € [0,T) x R

7Y (t, ) = P (Lt + e, 2, y)h(t,y), Uo(t, ) = / dyG=¥(¢=Y)(t, ).

Rnd

Then, by semigroup property, we have:

T
U (t,z) = /Rddy/ ds/Rddzﬁ“;fe’y(t,s,x,z)ﬁZJrE’y(s,s+£,z,y)h(s,y)
n t n

T
= [y [ s e b )
Rnd t

Hence,

(at + Lt)qja(ta x) = /I;nd dy(at + Lt)(G&yng’y)(t: 3:)
_ / dy{BGEV (1, 0) + MEVSN (1, 7))
Rnd

+ / A LGV (b, ) — MEYS(t, 7))
Rnd

=
112

[+ [ anG e - Mo )
Rnd Rnd
= [T+ L.
We now need the following lemma whose proof is postponed to the end of Section [5.2

Lemma 4.1. For all bounded continuous function f :R"™ — R,z € R":

FW)plt(t, T, x,y)dy — f(x)

Rnd

T—J,t> 0. (4.5)

We emphasize that the above lemma is not a direct consequence of the convergence
of the law of the frozen process towards the Dirac mass when 7" | t. Indeed, the
integration parameter is also the freezing parameter which makes things more subtle.
Lemma {.1| yields I5 v —h(t,z). On the other hand, we have the following identity:

T
5= [ as [y Bpenes e i)
t Rnd

T
= / ds/ dyH(t,s +¢e,z,y)h(s,y).
t Rnd
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The bound of Lemmas [3.7 and [3.§ now yield:

S A |z — Ry gpey|"@NY) 5
I3 < / s / 2= Rt o s+ 2 ) (s, )
Rnd s+e—1

= C|h|°°/ (s + & — )1 D" Lds < Clhluo[(T — £) V ] 1D
t

Hence, we may choose T" and ¢ small enough to obtain
II5] < 1/2|h]wo. (4.6)
Observe now that gives 52 ((3 + L.)\Il€> = 0 so that |S2(If)| = |S2(I5)]. From
Lemma and (f@.6)), defining ||S2(| := supy_<; [S? f], we derive:
52| = Ly [ S415| = L [S4 15 < |5 lmusup |15 < 1722 .

By a monotone class argument, the previous inequality still holds for bounded Borel
functions h compactly supported in [0,7") x R™. Taking the supremum over |h|o, < 1
leads to [|S2| < 1/2[|S?||. Since [|S?]| < T —t, we deduce that ||S?|| = 0 which
proves the result on [0, T]. Regular conditional probabilities allow to extend the result
on RT, see e.g. Theorem 4, Chapter II, §7, in [Shi96|, see also Chapter 6 in [SV79)
and [Str75].

]

5 Proof of the results involving the Frozen process.

Introduce for a given ¢ > 0 and all s > ¢ the process:

A ::/ R, .,Bo,dZ,, (5.1)

t
solving dA, = A,Ayds + Bo,dZ,, Z; = 0, i.e. A, can be viewed as the process of
the iterated integrals of Z weighted by the entries of the resolvent. In , (Ow)u>t
is a deterministic R? ® R%valued function s.t. (0,0%),>; satisfies [H-2] (uniform
ellipticity). It can be seen from Proposition that the frozen process will have a
density if and only if A does for s > ¢. This is what we establish through Fourier
inversion. The structure of the resolvent is crucial: it gives the multi-scale behaviour
of the frozen process and allows to prove in Proposition that the Fourier transform
is integrable. Recalling as well that B stands for the embedding matrix from R? into
R™ we observe that only the first d columns of the resolvent are taken into account in
T v
. Reasoning by blocks we rewrite: R,; = : . : , where the entries
Ry - R
(Ri,t)(” Jenp? Delong to R @ R
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5.1 Analysis of the Resolvent.

Lemma 5.1 (Form of the Resolvent). Let 0 <t < s < T < Ty := To([H]) < 1.
We can write the first column of the resolvent in the following way:
Ry,
(s — t)Ri,t
R.& = : ’ (5.2)

(S_t)n;1 N
(n—1)! s,t

where the (Ri,t)ie[[l,n]] are non—degenemte and bounded matrices in RT@R?, j.e. IC =
C([H],Ty) s.t. for all § € 471, C~' <|RL £ < C.

Proof. We are going to prove the result by induction. Let us first consider the case
n = 2. We have, for i € {1,2}:

d d
d_th_allth_i_alQRig’ d_R2t—a21R1t+a22R21
In order to obtain, for i € {1,2}, a semi-integrated representation of the entry Ri’;,

we use the resolvent I}, , satisfying = d A, =ayTi ,, T, = Igq. This yields:

s
1,1 _ 1 1 1,2 p2,1 2,1 2 2,1 pl,1
Rs,t - Fs,t+/ Fsu u R du Rst _/ Fs,u{au Ru,t}du'
t t

Hence for all 0 <t < s < T

rit = s [ e e b,
IRy < 1+/ IRy |(s — t)dv) < Cr, |RY/| < Op(s —t),

using Gronwall’s lemma for the last but one inequality. This in particular yields

R = [ 12+ Ol — ) du
t

From the non-degeneracy of a®! (Hérmander like assumption [H-3]) and the resolvents
on a compact set we derive that for 7" small enough Rgtl = (t — )Rgt where RQt is
non- degenerate and bounded. Rewriting Rst =T, + O((s —t)*) we derive similarly
that R, = R!,, R!, being non-degenerate and bounded. This proves for n = 2.
Let us now assume that holds for a given n > 2 and let us prove it for n + 1.

We first need to introduce some notations to keep track of the induction hypothesis.
To this end, we denote by A7*! := 4, and R!'7"' := R, the matrices in R"*DIgRM 14
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associated with the linear system %Rs,t = AiRgy, Ry = Iing1)ax(nr1)d- Observe now
that:

1,1 1,n+1
at’ at

At

where A} is an R™ ® R™ matrix satisfying [H-3]. Hence, denoting by R, the as-
sociated resolvent, i.e. LR", = A'R", R, = I,axnd, RY, satisfies (5.2) from the
induction hypothesis, so that

(S _ t)i—l

(i—1)!

where the (R");cn are non-degenerate and bounded. Let us now observe that the
s,t [[ , ]] g

Vie[ln], VO<t<s<T, (R)" = Ry,

differential dynamics of (R}")%" 0 = ((RIFH>, -+, (RZ}fl)er’lyk writes:

d : . x
£(R?7—ti-l)2.n+l,l — AZ(R?II)Z”HJ + G?:t‘rl, Gz—tf—l — (ag,l(Rzi-l)l,l Onxn . Onxn) 7
where

s n+1
(RN =T + / I {Z ai’j(RZf)j’l} du, (5.3)
t

=2

I"+h1 standing for the resolvent associated with a''. Using now the resolvent R?,,
the above equation can be integrated. We get:

(R = / R G du. (5.4)

t

From the above representation, using the induction assumption, (5.3)) and Gronwall’s
lemma we derive:

(R < o / (5(‘“ {1+ / R”+1“|dv}du.
t

By induction one also derives for all i € [2,n + 1]:

u =1
n+1yi,1 (s — U) - n+1 ]1
[(Rey )" [ < Cr —(i E |(R; |dv pdu
t - s
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up to modifications of Cr at each step. These controls yield that for all ¢ € [2,n],
0<t<s<T: ‘ ‘
(R =0((s =)' ™). (5.5)

Now from (p.4), (5.3) and the induction assumption, we obtain, for all i € [2,n],
0<t<s<T:

S 7 n+1
(R;L;rl)i,l _ / %Rz 1,n 21{Fn+11 / FnJrl 1{Za1] Rn+1 ”dv}}du.
) ] i —

From the non degeneracy of R\=1" %! I'*L! and (5.5)), we can conclude as for the
case n = 2. O

We can also mention some related analysis, emphasizing various specific time-
scales, in Chaleyat-Maurel and Elie p. 255-279 in [AT81], Kolokoltsov [KolO0Oa] and
IDM10]. These procedures were performed to derive small time asymptotics of the
covariance matrix of, possibly perturbed, Gaussian hypoelliptic diffusions.

To conclude our analysis of the resolvent R, ;, we give here a technical lemma that
will be useful for the controls of Section [Gl

Lemma 5.2 (Scaling Lemma). Under [H-3], the resolvent (Rsr)scje, for 0 <t <
T associated with the linear system d%R&T = A;Rs 7, Rrr = Inaxna can be written as

o Ht, T o -1
Rs,T - TT—tR;;i (TT—t> )

where R, s non-degenerate and bounded uniformly on s € [t,T] with constants

T—t
depending on T'.

Proof. The proof of the above statement follows from the structure of the matrix A,
(Assumption [H-3]), setting for all w € [0,1], R, := (T$_,) ' Rirur—nrT_, and
differentiating:

O RET = (T —t)(T$_) " Ao Risur—orTH_,

= ((T_t)(T ) At+u(T t)TT t) RtT AtTRtT

]

Remark 5.1. Let us observe that the scaling Lemma already gives the right orders
for the entries (R;Zi)ie[[l,n]] of the resolvent. However for the analysis of the Fourier
transform of A, we explicitly need that those entries write in the form of equation

6-2.
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5.2 Estimates on the frozen density.
Existence and first estimates.

The main result of this section is the following.

Proposition 5.3 (Existence of the density). Let Ty := To([H]) be as in Lemma

. The process (Ag)sep1+m], t > 0, defined in (5.1]) has for all s € (t,t+To] a density
pa, given for all z € R™ by:

d M_lt . -1
() = S [ oty (<) [ {1 costa O s(a) ) i

where vs = vg(t,T,s,0) is a symmetric measure on S"~1 s.t. uniformly in s €
(t,t +Tp] for all A C R™:

i) < [ [ damateotan), 5.6

where i satisfies [H-4] and dim(supp(ir)) = d. As a consequence of this representa-
tion, we get the following global (diagonal) estimate:

3C = C([H], Ty), Vs € (t,t + Ty}, ¥z € R™, pp,(2) < Cdet(T5_,)"".  (5.7)

Remark 5.2. The previous result emphasizes that the process (A,)sep ¢+, can ac-
tually be seen as a possibly tempered a-stable symmetric process in dimension nd,
with non-degenerate spectral measure, (left) multiplied by the intrinsic scale factor

(Msft>56[t,t+To] .
Proof. The proof is divided into two steps:
- The first step is to compute the Fourier transform.

Starting from the representation (/5.1)), we write the integral as a limit of its increments.
Let 7, := {(ti)icon]; t = to < t1 < --- < t, = s} be a subdivision of [t, s|], whose mesh
|T,| == max;efon_1] [tit1 — t;| tends to zero when n — co. Write now for all p € R":

n—1 n—1

<p7 As> = |T11|I£1>0 <p7 Rs,tiBati(Zt - Ztl» = | h|I£1>O <O-Z~B*R:,tip7 (Zti+1 - th)>
T =0 =0

141

Since Z has independent increments, we get from ([2.4) and the bounded convergence
theorem that Vp € R"%:

on) = B exp ([ [ foostlp RunBons)) = Dahwdsdae) . (59
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- The second one is to prove its integrability.

Setting v = (s — u)/(s — t) and denoting u(v) := s — v(s — t), the exponent in (5.8)
writes:

/ts Rd{cos(<p, RyuBoyz)) — 1}g(|2])w(dz)du =
(t — S)/O Rd{COS<<p> R;,lit(v)au(v),z)) — 1}g(|2])v(dz)dv.

Now, from Lemma [5.1] we have the identity

setting with a slight abuse of notation R, = , where the (R¥)pepin €

v"*i Dn
eyt

R? @ RY are non-degenerate and bounded. The exponent in thus rewrites:
[ [ teoslp Rusou2) — Da(lzwtaz)a 59)
t
= (-9 [ [ ool R )~ Doll=Dwlaz)in
= t-0) [ feosto ML)~ Va(wdz)av

Observe now from [H-4] and [T] (recall that g is C* for a € (0,1) or C? for a € [1,2),
in a neighborhood of 0) that:

/ts /Rd{CoS(<P7 RsuBo,z)) — 1} g(|z])v(dz)du
- / Ad{608<<02<v>RZMstp, 2)) — 1hg(0)w(dz)dv

+(t - S)/O Rd{COS(<UZ(U)R$Ms—tp, z)) = 1}g(l2]) — 9(0))v(dz)dv

IA

1
clt =)~ [ loio BiMcpldo + 1)
0

IN

c(t — s){—/o |R*M,_;p|*dv + 1}, ¢ = ¢([H]), (5.10)
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using the uniform ellipticity of ¢ in assumptions [H] for the last inequality. In the
above computations, introducing ¢(0) allows to exploit the explicit expression for the
integral of the Fourier exponent of the stable Lévy measure v and to do Taylor expan-
sions in a neighborhood of 0 for the term g(|z|) — g(0) thanks to the smoothness of g.
Now, the lower bound of the following lemma, whose proof is postponed to Subsection
5.2 gives that ¢, € L'(R") and therefore yields the existence of the density.

Lemma 5.4. There exists a constant Cgg = Cga([H],Ty) > 0, such that for all
S & [t,t+Tg]

1
/ |R*M,_p|*dv > G M,_pl”. (5.11)
0

Since @y, is integrable, we can write by (5.10) and Fourier inversion that for all
z € R

1 D,z
pa(2) = W/Rnd dpe™'®?)

X eXp (—(t —3) /01 /Rd{l — cos(({M_p, Rvau(v)z))}g(|z|)u(dz)dv>

1

= (@ny

/Rnd dp exp ( — c(t — ) (CrnM.—p|* + 1)),

using (5.10)) and ([5.11)) for the last inequality. This readily gives the global (diagonal)
upper bound for the density. Now, let us also write from (2.2)) and ([2.4])

1 z
pa(2) = W/Rnddpe Hp2)

dp [ ) )
< e (<= 9) / [ st R atpitas)an )

1
_ dpeP-2)

Rauvg~
<o (~t0-0) [ A8 [ [ 0 o R gy

g (L) \Rvau@)d‘“ﬂ(dc)dv) : (5.12)

‘Rvau(v)g‘

We now define the function

[ [0,1] x St — Gt

Ruo'u(v)C
(U7 g) — |Rv0'u(u)§|7
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and on [0, 1] x S?°! the measure:

p _ N
a,p d 7d - = RU w(v *n(ds)dv.
ot 5) = o (s ) s

The exponent in (5.12]) thus rewrites:

| [0 = cost@m Ry bo(lwldz)ae

/]R+ 1+a/ /Sd 1{1_COS< s—tDs f(v,6)p)) yma 5(dv, ds)
= [ o),

denoting by w5 the image measure of m, ; by f (which is a measure on Snd=1) . Sym-
15 A) s~ A)
2

metrizing p3 introducing p 5(A) = , by parity of the cosine, we can write

the exponent as:

/0 1= cos((M, -, R 2)) Yol (=)o
= [ [ 0= cos( i) s ),

We eventually derive:

_ 1 e~ Hp:2)
a2 = Gy /Rnddp
T / {1 — cos((M;_p, nﬁ>)}u§,,s(dn))
Snd—l

X exp (—(t —s) /]R+ ﬁd,ﬁ

—1
L) [t
(27T)nd Rnd

x exp ((t — s) Rnd{COS(<p’ £)) — 1}vs(de)), (5.13)

where vg is a symmetric measure on R". Also, from (5.12)) and Lemma we get
that there exists a symmetric bounded measure i on S"~! and a constant ¢ > 0 s.t.

for all A C R":
A< [ S L), (5.14)

where [ satisfies [H-4] and dim(supp(iz)) = d, recalling for this last property that
fi is absolutely continuous w.r.t. the Lebesgue measure of S4~!. In the stable case,




5. PROOF OF THE RESULTS INVOLVING THE FROZEN PROCESS. 119

corresponding to g = 1 the equality holds in (5.14)), and f is the spherical part of vg.
In that case i = p5 ; := ps since the measure p ; introduced above would not depend
on p. In the general case, the domination in (5.14)) can be simply derived from the

fact that in (5.12) one has g (|RUU " )§‘> > g(cp), Y(v,s) €10,1] x S,

]

Final derivation of the density bounds.

Diagonal controls. We first consider the case |(T ,) ' (R,x — y)| < K. The upper-
bound in (3.5) has already been proven. To obtain the lower-bound we perform com-
putations rather similar to the ones in [Kol0Ob| which are recalled in Appendix .

Off-diagonal controls. We now consider the case |(T¢ )"} (Rsxz — y)] > K. We be-
gin this paragraph recalling some results of Watanabe [Wat(7]. The striking and
subtle thing with multi-dimensional stable processes is that their large scale asymp-
totics highly depend on the spectral measure. Namely, for a given symmetric spectral
measure ji on S"~1 satisfying [H-4], implying that the associated symmetric stable
process (S;)¢>o has a density on R™ for ¢ > 0, the tail asymptotics of S; can behave,
when |z| — +00, as pg(1,z) < |z|™ for b € [(1 + a),nd(1 + «)]. Indeed, the behavior
in |x|*(1+a) would correspond to the decay of a scalar stable process and can appear
if o = Zl 1 Ci(0e; + 0_¢,), where the (¢;)icpinagy are positive and (€;)icp1,nq) stand for
the vectors of the canomcal basis of R™, when considering the asymptotics along one
direction. On the other hand, the fastest possible decay of ||+ is also associ-
ated with this kind of spectral measure when investigating the large asymptotics for
all the directions. Generally speaking, in the current framework, if z has support of
dimension k € [0,nd — 1] the asymptotics of S; satisfy that there exists C' > 1 s.t.:

c-! C

We refer to Theorem 1.1 points i) and 4ii) in [Wat07] for the proof of these results.
The strategy to derive those bounds consists in carefully splitting the small and large
jumps. This approach turns out to be very useful for us to investigate the kernel H
and is thoroughly exploited in Appendix [§]

From the representation (3.4) of the density of X T2y and (5.15]) we readily get the
indicated controls in the stable case. We refer to Appendix [§]for a thorough discussion
on the general case.
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Proof of Lemma [5.4].

It is enough to show that there exists (g := Cgz([H], Tp), s.t. for any § € S™4-1
fol |R:0|*dv > Cgz. We define

1
Cm in / R0 dv.
gesnd-t [o

By continuity of the involved functions and compactness of S"@~!  the infimum is
actually a minimum. We need to show that this quantity is not zero. We proceed
by contradiction. Assume that C' = 0. Then, there exists 6, € S™! such that for
almost all v € [0,1], |R:6y| = 0. But since R} is a continuous function in v, the
previous statement holds for all v € [0, 1], i.e. 30y € S™~1 Vv € [0,1], |R:0| = 0, or
equivalently, that 30, € S™~!, Vo € [0,1],6, € Ker(R;). Take now arbitrary (v;)ie[i,n]
in [0, 1]. We have for each i € [1,n]:

0o
(R ) - @) | | = One
05
This equivalently writes in matrix form:
(R’Ll}l)* U1 (R?}l)* U (nv—ll)! (Rgl)* 0(]5
: : : © | = Ogna.
(BL) wa(R2) o (R ) \G

Now, taking v; — 0 in the first line yields (R )*0§ = Oga. Since the (R!);eq1,,] are from
Lemma non degenerate, we have that 6} = Oga. Hence, the second line becomes:

n
Uy

(n—1)!

on(B2 )02+ + (R)*600 = Opa.

Dividing by vy, and taking vy — 0, we get (}_ﬁ?)*@g = Oge. Hence, 2 = Oga. By
induction, we have that all components i = Oga, but this contradicts 6, € Sm¢1.
This yields C' := (g > 0, which concludes the proof.

O

Remark 5.3. In the previous argument, the fact that the powers are increasing plays
a key-role. Indeed, we rely on the multi-scale property reflected by the scale matrix
Te.
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Proof of Lemma [4.1].

Let us write:
PR T o)y = @) = [ F) (P T o) - P (T ) )y
R™

+/Rndf(y)<~§:RT,tx(t,T,x,y))dy ~ f(a).

Rnd

From Proposition [3.2] the second term tends to zero as T tends to ¢. Let us discuss
the first term. Define:

A =/ ) (ﬁg’y(t,T,x,y) — ~Z’RT’“’r(t,T,a:,y))dy- (5.16)
]Rn

For a given threshold K > 0 and a certain S > 0 to be specified, we split R™ into
D U Dy where:

Dy ={y e R"; [(T$_,) "' (y — Rrya)| < K(T — 1)},
Dy = {y € R";[(TF_,) " (y — Rry)] > K(T —1)~"}.
From Propositions [3.3] the two densities in ((5.16) are upper-bounded by

Cdet(Tg )7t
KV I[(T¢_,) Yy — Ryga)|dtite’

The idea is that on Dy they are both in the off-diagonal regime so that tail estimates
can be used. On the other hand, we will explicitly exploit the compatibility between

the spectral measures and the Fourier transform on D;. Set for ¢ € {1,2}, Ap, :=
~T,RT¢$

Ip, fW) <]5£’y(t, T,2,Y) — Pa (¢, T, x,y))dy. We derive:
det(Tg_)"!
py KV [(T7_)~(y — Ryya)|d+i+e
+o0o ,rnd—l
= O|f| o
‘f‘ \/K(T—t)ﬁ TK \Vi rdJrlJra

< C(T i t)ﬁ((l*ﬂ)d‘i’l‘i’a).

|AD2| < C|f|oo

dy

Thus, for g > 0, Ap, ? 0. On Dy, we will start from the inverse Fourier represen-
t

tation of p2* deriving from ((5.12)), for w = y or Ry;x. Namely,

1

T —ilpMzl (y—FRro
Po" (T 2,y) = det(My_¢)(2m)d /Rnd dpe™ M= W) exp (Fr_y(p, w))
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where the Fourier exponent writes V(p, w) € (R")?2:

Froatp) = =0 =0) [ [ {1 cosip, Ruotulo). B )22t

We thus rewrite:

1
~Ty ~T R t T —_ d PM (Z/—RT,tu’U)>
AR A (R det (M, _;)(2m)" /R e

1
0

The key point is now to observe that from [H-2] the proof of Proposition and the
bound of Lemma [5.4] we have:

V(p,w) € (R")?, Pr_(p,w) < Gga(T — t)(—|p|* + 1).

Hence, exp(AFr—¢(p,y) + (1 — A)Fr—i(p, Rrpx)) < exp(Gea(T — t){—[p[* + 1}), in-
dependently on A € [0,1]. Now, the smoothness of the tempering function ¢ in [T
yields:

\Fr—¢(p,y) — Fr—(p, Rryz)| < (T —1t) /0 /R dCOS(<J(U(U)7Ru(v),Ty)*R:;p7Z>)

— cos((o(u(v), Ruwyiz) Rip, 2))g(|2])v(d)|dv

i f /Sdl

_|<pa Rva(u<v)7Ru(v),tl’ S | ‘,U d§ dv + ]_}7

VAN

(p, Ryo(u(v), Ruw)r9)s)|*

using the notations of the proof of Proposition [5.3] On the other hand, since o is
n-Holder continuous in its second variable (see [H-1]), we have:

1
[F(p.y) — Fp, Rrgx)] < (T - t){/ 11* [ Ru) 19 — Rugey " do + 1}
0
< C(T = t){Ip|*ly — R + 13,

using the Lipschitz property of the flow for the last inequality.
To summarize, we get in all cases:

Ap| < |f|oo/ dy |PEY(t, T, 2, y) — FL(8, T, )|
Dy

1
< O—n— d dp(T —t @y R | M@AD) 41 o~ CE(T=)lp|*
= det(Myp_ /D1 y/nd p( HIp*ly el + 1}e
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Changing variables, and integrating over p yields

C

|Ap,| < o /
' det(TS_,) Jyirg_ )1 (y—Rpsa) <K (T—t)-5}

dy{ly — Rrpx|"™) + (T — 1)}

< C/ dY {|TS_, Y[ (T — 1)} < O(T — t)ﬁ(é/\l)*ﬁ(ndJrn(a/\l)).
{lY|<K(T—-t)-8}

1
n(3A1) 7 > B> 0 gives that [Ap,| ™ 0, which concludes the proof. [J

Choosmg now W

5.3 Estimates on the convolution kernel H.

In order to derive pointwise bounds on the kernel H (¢, T, x,y) := (Lt—if’y)ﬁg’y(t, T,x,y),
it is convenient, since p.¥ is given in terms of Fourier inversion, to compute the sym-
bols of the operators L;, L} . Precisely, we denote by l;(p,z) (vesp. I} ¥(p,z)) the
functions of (p, z) € (R"¥)? s.t.

Ve € CHR™), Yo R, Liple) = oo | dpexp(=ilp,a)p.0)2(0).
Evola) = o [ dpesp(=ito.a))¥(p.0)20).

We refer to Jacob [Jac96] for further properties of the symbols associated with an
integro-differential operator. From usual properties of the (inverse) Fourier transform,
we derive the following expressions.

Lemma 5.5. Let (p,x) € (R"™)? be given. Recalling that B stands for the injection
matriz of R? into R™, we have:

bp,x) = (p, Awx)+ | {cos((p, Bo(t, x)z)) — 1}g(|z)v(d2),

Y (pa) = (p,Aw)+ Rd{COS(<paBU<t>Rt,Ty)Z>)_1}9(|Z’)V(dz)'

From Lemma we rewrite:

1 —1 — T
HTy) = g [ dperto e

] [ teostlp, Bot,2)2) — cos(p, Bott, B2l vl |
<o (= [ du [ 11— coslp ot Rur())hallz0d2) )
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Remark 5.4. Observe the interesting fact that since the drift is linear, it disappears
in the difference of the generators.

Let us now derive the diagonal bounds on the kernel, i.e. when |[(T$_,) ' (y —
Rr:x)| < K. Observe first from the proof of Proposition that we can write:

H(t,T,2,y)] < C / dp

Rnd

/Rd (cos(p, Bo(t,x)z) — cos(p, Bo(t, Rt,Ty)z>>g(\z|)l/(dz)
X exXp (_C’T%—tma) :

Assume first that o € (0,1). We then perform a first order Taylor expansion in the
variable z = pg associated with a radial cut-off at threshold :

VA{Ip" Ao (t, o, Ryry)}, Ao(t,x, Ryry) = |o(t,z) — olt, Rury)l.
Recalling that o is n-Holder continuous, we obtain:

5 dp
Ht ey < C [ dp{ / P At 7, Rury)oi(ds)—2
Rnd |2|<1/{Ipt|Ac(t,z,Rs, 7y) } P

dp o a
+2 / e (&P (=7 p|")
p>1/{Ip"|Ac(t2,Re,7y)} P

C | dplp'|*{Ac(t,z, Ryry)}* exp (—c|T7_,p|%)

Rnd
6 N |x — Rypy|™”
T—1
N |z — Rypy|®"
T—1
N |z — Rypy|®"
T—1

IN

C

IN

[ o =l exp (~efT5_pl)
R

C

IN

det(T%_t)_l

= O pa(t7T7x7y)'

The case o € (1,2) can be handled as above performing a Taylor expansion at order
2 for the small jumps and 1 for the large ones if for the threshold 1/|p'|. The case
a = 1 is direct in the stable case and can be extended to the tempered one performing
a first order Taylor expansion for the small jumps using the smoothness of g around
the origin.

This gives the claim of Lemma in the diagonal regime. The off-diagonal case
is much more involved and leads to consider a quite tricky phenomenon of rediagonal-
ization. These aspects are considered in Appendix [§

Remark 5.5. We emphasize here that we could also consider an additional bounded
drift term in the first d components when o > 1. Denoting this term by b : RT x R"¢ —
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R?, we could still use the previous frozen process as proxy. Exploiting the above symbol
representation, the additional term coming from the difference of the generators would
write

1

(b(t,x), Vaupa(t,T,z,y)) = W/R ) dpe=iPY=Fram) (b4 3, ph)

<o (- | Cau [ 1o B Rua) Do) )

where V, 1 stands for the derivative w.r.t. to the first d components. Observe that
[p*|(T — )"/ is homogeneous to the the contributions associated with p! in the expo-
nential. This actually yields:

_ bl _
[(b(t, ), Varpa(t, T, 2, y))| < 7aPa(t, T, 2, y),

(T—1)

on the diagonal which for @« > 1 gives an integrable singularity in time. The off-
diagonal case can be handled as in Appendix [§

6 Controls of the convolutions.

In this section we assume w.l.o.g. that T' < Ty = Ty([H]) < 1, as in Lemma 5.1 We
first prove Lemma [3.§ that emphasizes how the spatial contribution in the r.h.s. of
(3.20) yields, once integrated, a regularizing effect in time.

6.1 Proof of Lemma [3.8.

We prove the first estimate only, the other one is obtained similarly. Let us naturally
split the space according to the regimes of p,, and p,. With the notations of Proposition
[3.3] we introduce the partition:

Dy = {z € R™;|(T5_,)"\(y - Rr,2)| < K,
Dy = {z € R™ |(T5_) "y — Rr.2)| > K.

On D,, the diagonal control holds for p, + p,, that is, for z € D; and recalling the
definition of T4, in Theorem [2.2}

(o + 5a)(7, T, 2,y) < Cirdet(T§_,) ™" = Ca(T — 1)~ “@+570.
On the other hand, denoting by || - || the matricial norm, we have from the scaling

Lemma 5.2}
2= Ry < R T, (T, )y — R ) e
< C(T —7)"am,
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where the last inequality follows from the boundedness of the resolvent on compact
sets and the definition of TF.__ .

Besides, the Lebesgue measure of the set D; is bounded by C'det(T%__ ), compen-
sating exactly the time singularity appearing in the bound of p, + p,. In conclusion,
we obtained on Dj:

/ § A |z = Regy[" ™ (Bo + Pa) (7, T, 2, y)dz < C(T — 7)1,
D,

Similarly, for z € D,, the off-diagonal bound holds for p, and p,, i.e.:

~ det(Tg_ )t
« + vOl 7—7 T? Z’ S C .
§2 Pa)( Y) {\(T%_T)‘l(y — RT7TZ)|d+1+a

L Rr ) /(@ =) V<TG (= Rrrw)]

z—R; 1ry)! a
(T _ T)d/a(l + ‘((T,T;}jcz |)d+

1
(n—1)d | n(n—1)d

(T — T)TJrf(l + |(T}i(z _ RT,Ty)Q:"DHO‘ }

X

From the scaling Lemma we derive:
1
|2 = Regy["®"Y) < Oly = Rpp2["") < O(T — 7)"&"D|(T5,) " (y — Rpz) "M

Hence setting ¢ := |(T$_ )"y — Rr,2)| we first get

/ 5 ALz — Rygy"® D pa(r, T, 2, y)d=
Do

1 d
< C /£>K (5 AT — T)n(a/\l)én(a/\l)])gnd_l£d+§+a' (6.1)

Now if f:= (1 —n)d+ 2+ a—n(a A1) > 1, we directly get:

giminaTe = &

When g < 1 we have to be more subtle. We refine the partition introducing:

/ (AT —rydmgnenn) & < (p_ gyt / o=y,
E>K ¢

Dyy ={({ €eR; K <E < K(T— 7)Y}, Doy ={{ € R;¢ > K(T —7)7}
On Dy, writing 6 A [(T — 7)7@ADENOD] < [(T — )@ D@D we get:

d (1-—n)d+1+a
(1 =yt [ o= ) L (7 = 7 (T 7))
€21
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On Dy, using 6 A [(T — 7)"GADE@D] < § we derive Jeen,, Mﬁ < Cs(T —

r)((I=n)dt+l+a)/a  Plygging the above controls in (6.1]) yields the stated control. Let us
now turn to:

/ 6 Az — Ry " V(7 T, 2, y)dz
Do

L 1< d¢
C ) T — A\GEAD | [n(and) 1<t I=I¢
SO = ) e e

where we have set ¢ := (T$_,)"'(y — Rr,z). We can now somehow tensorize the two
contributions. We obtain on the considered events:

/ 0 A |Z - RT,Ty|n(a/\1)ﬁa(T7 T7 Z, y)dz
Do

1 ¢t
C ) T — (5 A1) |1 n(anl)
= {/ICll>cK( 4 [( T) K | ]) ’Cl‘dJra
1 , 11w dc
5 T _ \1(EAD |2 n(and) [SES(S
+/<|>K( M = I ) Gy ety (1 Jemyea )

= Tl + TQ.

For the term T}, we directly have 7y, < C(T — 7)) provided a > n(a A 1).
Otherwise, i.e. the only possible case is @« = n(a A 1), considering the partition
|C'| € Dyy U Dy as above replacing K by ¢K, one can reproduce the previous argu-
ments. Namely, on Dy,

(T — 7)"&AD / pm(te)tn(en) g < C{(T — 7)1 )| log(T — 7)|}.
D2y

On the other hand, on D, ,

| @Al = ppaigrptenn) e < / To<om-m).
Do C1|dte = > (T—r)~ Flta =

For T, on {|¢¥"| < K} we directly get the estimate. Now, for {|¢|*" > K} we get:

1 . 1 1< dg
— A\(GAD) | ~2mn(anl) <=l
S T = )

1 dCl ) dCQ:n
= (T B 7_)77(‘1*/\1)/ —/ |g2-n|n(a/\1)—.
|¢l|>eK (1 + |C1|)d+a cCl>|c2m > K (1 + |C2.n|)1+a

1 dCI «@ n— —l-«
< Oy [ O g 1)
l>e
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for 5 as above. Thus

Ty < O(T — 7)™+ / dr {0 Eszecnlen) ) g log(r)1 54}
r>cK

< O(T =),

using again the condition d(1 —n)+ 1+ « > 0 for the last inequality. The smoothing
bounds of equations , for d = 1,n = 2 when the fast component is
considered can be derived similarly. O

A useful extension of the previous result is the following lemma involving an ad-
ditional logarithmic contribution which is explosive in the off-diagonal regime. This
anyhow does not affect much the smoothing effect.

Lemma 6.1. There exists Ggq := Cgn([H],Ty) > 0 s.t. for all T € (0,To), (x,y) €
(R™)2, 7€ (t,T):

Gl = )8 = [ g VI(T) (= Ree2))
R'n
X {5 A |(Z - RT,Ty)Q‘n(aAl)}(ﬁa + ]504)(7_7 Ta 2, y)dz7
OIE:D<T _ t)(l-&-é)n(a/\l) > / d log(K V. |(Tg_t)—1(z . Rnt@")D
Rn

x {0 A (T = 1)|(z = Rey)'| + |(z — Ropz)?|"D}
XPa,0(t, 7,2, 2)dz

Proof. The proof does not change much from the previous one. Observe first that,
from the supremum in the logarithm, the only difference arises for off-diagonal regimes,
that is, for z € Dy referring to the partition in the previous proof. The argument in
the logarithm is however the same as the denominator of the off-diagonal estimate.
After changing variables to £ or { with the notations of the previous proof, it suffices to
observe that for any ¢ € (0, «), there exists C. > 0s.t. forallr > K: log(KVr) < C.re.
Taking € > 0 s.t. d(1 —n)+1+a—¢c > 0 allows to proceed as in the proof of Lemma
B.8 O

We now state a key lemma for our analysis. It gives a control for the first convo-
lution between the frozen density p, and the parametrix kernel H. The result differs
here from the expected one: we get an additional logarithmic factor, w.r.t. the bounds
established for this quantity in [DMI0] for the Gaussian degenerate case, or [KolOOb]
for the stable non-degenerate case, as well as another contribution coming from the
rediagonalization phenomenon.
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Lemma 6.2 (First Step Convolution.). Assume d = 1,n = 2. There exist Cgg :=
Gez([H]) > 0, w := w([H]) € (0,1] s.t. for all T € (0,Ty], Ty := To([H]) < 1,(x,y) €
(R™)?, ¢ € [0,T),

|Da @ H|(t, T, x,y) < OEZ(‘a(t,T,:E, ) ((T — 1)
+O A |z — RLTy]"(O‘M) (1 + log[K Vv |(T%7t)’1(y — RT¢:L’)|]))

+[5 A |x - Rt,Ty|n(a/\1)]p(t7 T7 z, y)) 9

with p as in (3.25). Suppose now that [HT] holds, that o(t,z) = o(t,z*) and n >
1/[(a A1)(1 4 «)]. We can then improve the previous bound and derive:

‘ﬁa ®H’(t7 Tuxvy) S %:Z((T_ t>wﬁa,@(t7T7x7y) +6a,®(t7T7x7y)>7 (62)
where we denote:

q_a,@<t7 T, y) = O0A {(T — t)l(x — Rt,Ty)l‘ + ‘(:L‘ _ Rt,Ty)Q‘}n(aM)
% [pae(tT,2,9) (14105 [K V|(T) (v — Rraa)]) ]

Remark 6.1. The first part of the Lemma gives the bound of Lemma Let us
emphasize that this bound is not sufficient to derive the convergence of the parametrix
series . The difficulty comes from the term in p deriving from the rediagonal-
ization phenomenon that induces a possible loss of concentration in the stable case
and also prevents from a regularizing property in the tempered one if o depends
on both variables. Namely, the additional time singularity in p can be compen-
sated if o only depends on the fast variable, which gives a higher order smoothing
effect, but does not seem to be easily handleable in the general setting. The con-
trol is actually sufficient to imply the convergence of the parametrix series when
d=1,n=2, o(t,z) = o(t,2?) under the indicated condition on 7. It gives the first
statement in Lemma [B.10l

Proof. To perform the analysis, we first bound H using (3.20)). We thus obtain:
o @ H|(t, T, 2, y) <

6 A _ 77 oc/\l
/ dT/ Dalt, T, 2, 2) |2 = Ry (Pa + Do) (7, T, z,y)dz.  (6.3)
Rnd

T—71

For the proof it will be convenient to split the time interval [t, 7] into two subintervals

L= [, %) I = [BELT]. We observe that for 7 € I, T — 7 < T — t whereas for



130 CHAPTER 3. DEGENERATE STABLE SDE

Te€ly, T—t=x<T—1t.

The leading idea for the proof is to partition the space in order to say that one of
the densities involved in (6.3)) is homogeneous to the global one p,(t,T,x,y), and to
get some reqularization from the other contribution, using thoroughly Lemma [3.8]

Diagonal Estimates. When the global diagonal regime holds, i.e. |(T$_,) ' (Rrx —
y)| < K, we will prove the following global diagonal estimate:

[Pa @ HI(L, T y) < C((T = )% 4 5 Ao = Rupy" )pa(t. T,2,y). (6.4
Indeed, on Iy, if |(T$_, )" (y—Rr.2)| < K, from Propositionthe diagonal estimate
holds for p,(7,T, z,y). Since T — 7 < T — t, we have:

Pa(T, T, 2,y) < Cdet(T_ ) < Cdet(T§_,) " < Cpult, T, x,y).
On the other hand, if |(T$_,)"*(y — Rr,2)| > K, the off-diagonal expansion holds for
Po(T, T, z,y) and from Proposition
det(Tg_)"!
(T$_.)""(y — Ry-2) |t H
< COdet(Tg )t
< Cdet(T3_,) "' < Cpalt, T, z,y).
Observe that we could have used here that the diagonal control is a global bound. We

introduced the dichotomy on the regime to emphasize that it is a crucial argument in
this section Additionally, the boundedness of the resolvent yields:

pOl(T7T7 Z?:l/) S C

|z — Repy| < |z — Rypx| + | Ry — Reqpy| < C’<|z — Ryz| + |x — RtyTy|>. (6.5)
On the other hand, on I;:
P, T, z,y) < Cdet(TG_ )" < Cpo(t, T, 1, y). (6.6)

Denoting by ®j;, the time-space convolution, where the time parameter is restricted

to the interval [;, we have from @ @ . and Lemma
S A |z — R, x|
Rnd

T—1
| t,Ty| 1) l

T—t
< Cpa(t,T,z,y)
B SN | — Ry Ty|’7(a’\1)
d — )t ’ 1
></]1 T((T ) + T 1 +
< Chalt. T y) (T =) +6 Ale = Repy™™V).  (6.7)
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Now, when 7 € I, we have p,(t, 7,2, 2) < pa(t, T, z,y), so that from Lemma [3.8}

|ﬁ0< ®|12 H|(t7T7I7y) < Opcx t T,z y

ON |z = ‘r n(aAl) .
< [ar [ SREEIIEE s )Tz
Is Rnd

T—T1

< Cpa(t,T,x,y)/ dr(T —7)°~" < C(T = )*pa(t, T, 2, y).
Iz
Off-Diagonal Estimates. We consider here the case |(T$_,) " '(y — Rr.z)| > K.
Since we will need in the proof to exploit the semigroup property of Corollary we
restrict for the off-diagonal estimates to the case d = 1,n = 2.

Contributions involving ps(t, T, x,y).

We first consider the contributions involving p,(t,T,z,y) which is in the off-
diagonal regime. In our current degenerate setting, several scales are involved in
the term [(T_,) "' (y — Rr4x)|. The slow time scale, associated with the first compo-
nent of the process, induces in the off-diagonal regime additional time singularities in
the density w.r.t. to the non-degenerate case. We thus need to be very careful when
comparing the two contributions in p, appearing in the convolution p, ® H. Observe
anyhow from the scaling Lemma [5.2] that:

(Tg_) " (y — Reex)| < [(TF-,) " (y — RTTZ)\ (6.8)
+H|(T_) ™ (T tR (T7_) H{z = Ry}

(TF_) " (y — RT,TZ)\ +C(TF_y) " (2 — Rry)|

<
< [T5_.)"'(y — Rrr2)| + CI(T2) " (2 — Rryz)l, (6.9)

where C' := C([H],T,). Hence, at least one of the two densities involved in the
convolution is off-diagonal. As emphasized below, the main difficulty w.r.t. the non
degenerate case consists in suitably controlling the multi-scale effects that prevent
from handling directly the time singularity of H in the convolution p, ® H, see e.g.
Proposition 3.2 in Kolokoltsov [Kol0Ob]. Assume now that the component number
k € {1,2} dominates in p,(t,T, z,y) when considering the flow at the current time 7
of the convolution, the off-diagonal estimate becomes:

poz<t7 T7 z, y) < 6(‘M;£t(RT,tx - RT,Ty)D

-1
|Rk7tI _ Rk ’2+a (|I\\/HT—t(RTﬂfm - RT,Ty)|)7

setting: ((k) = (% +1)—((k—1)+ é)(2 + a).
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According to the sign of the power of T'—¢, two cases arise. Set for k € {1,2}, ~v(k) :=
((k) — 1. For the second, or fast, component, the exponent v(2) = ((2) -1 =1+«
is non negative. For the first, slow component (1) = —1. This is the aforementioned
slow/fast dichotomy.

- When the fast component dominates, as the off-diagonal estimates are not singular
in time anymore, no major problem arises. We refine in the following sense:

K(T = )"% < |Rlzy — Rl < Ry — 2| + |2 - RS al.

Thus, at least one of the two densities in (6.3)) is off-diagonal through a fast component.
On the one hand, if 1/2|R2 ;y — R2 x| < |2* — R2 x|,

det(T7_,)~"
[(T2_)~ (2 = Rrpa)[*
— )7@)+1
< (1 —1)
N | 2% — Rﬁ,tm|2+a
(T _ t)w(2)+1
= P

Pa(t,T2,2) < C e(lMT_—lt(Z_RT,tx)D

O(M;2, (2 — Rr))

< O(IM7L(Rr i) — Reryl).

On the other hand, if 1/2|R2 jy — R2 x| < [2* — R2 1y,

1 (T —7)®@

m 701 7T7 ’ S
T_ P (7. T, 2,y) 22 — RZ y?*e
C (T _ t)’y(2)+l

= T —t|Rpy — Rl

O(IM7L, (2 — Rrry)l)

O(IMzL,(Rrry — Rre)).

In both cases, we are in position to apply Lemma directly in the first case, or
similarly to in the second one. The proof is then the same as in Kolokoltsov
|[Kol00b]. Observe that in the second case, we have compensated the singularity asso-
ciated with the contribution p, in the kernel H, independently of the position of the
time parameter 7.

- We now focus on the second case, that is when the slow component dominates so that
~(1) is negative. We consider the partition [t,T] = I; U I, and start with 7 € I5. In
this case, we have T'—t < 7 —t. In other words, this is the case where the singularity
induced by the kernel H is the worst.

We split R? into

Dy = {z € R% (T = 1) |(T5_) " (y — Rraar)| < [(T2) 7 (= = Rpua)]},
Dy i= {2 € R% (T = 7)|(T3_) " (y — Rraa)| > |(T%) "' (= — Rga)l},  (6.10)
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for a parameter § > 0 to be specified later on. We define accordingly, for i € {1,2}:

5 A |z — Rypy|"er)
Aarop,(t,T,3,7) = / dr / Baltrya, 2) 2 B S e (611)
I D, T —71

Observe first that since:
|R71—,tx - Ri,T?J| < |R71—,t‘7; - Zl| + |Z1 - Ri,Tyla

and since the first and slow component dominates, we have that the tempering term
for the convolution can be obtained taking out of the integral one of the tempering
functions appearing in the densities. Precisely, we have either

O(IM L, (R — 2)]) < CO(MGL (R — Rygy))),
or

(M7 (Rrry — 2)|) < CO(MzL(Rrpz — Rrey))).

Let us first deal with z € D; assuming w.l.o.g. that the first above condition holds,
since otherwise the other tempering function in the bound of p, (7, T, z, y) can be taken
out of the integral without altering the smoothing effect of the kernel. Since 7 € Is,
we have:
det(T2_,) "
(Tg) ' (z = Repx)PHe
det(T_,)~"

(T = 7)PCH[(T5_,) "My — Rygz) [P+

ﬁa(t,T,l’,Z) < C 6(|M;—1t(RT,tx_z)|)

< C 0(M7L,(y — Rr))).
Hence, as we did in the first part of the proof, we take out p,(t, 7, x, z) off the integral
(6.11). This is done here up to the additional singular coefficient (7" — 7)~#+) Still
from Lemma [3.8, we get:

A1,y (t, T, 2, y) < Cpa(t,T,x,y)/ dr(T — 1)~ A@te)-1
Ip)

Then, in order to get an integrable bound, we must take:
0<B<5—. (6.12)
o

On D,, we have to be more subtle. From the previous partition, the idea is to
say that if T € |1y, T] for 79 close enough to T, then the diagonal bound holds for the
first density on D,. In such cases we manage to get the global expected bound in the
convolution. However, the previous 79 will highly depend on the global off-diagonal
estimate |(T$_,) ' (Rrx —y)|, and for 7 € I, T < 75, we did not succeed to do better
than integrating the singularity in (7' — 7)~! yielding the logarithmic contribution.
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e Let us fix dp € (0, K). Observe that for fixed (t,T,x,y), if :

==~ (=)
T>T =1 —
- [(TF_) " (y — Rryx)]

then &y > (T—7)?|(T_,) " (y— Rrsx)|. Then, since z € Dy, we have 6y > |(T¢_,) "1 (z—
R.,z)|, and the diagonal estimate holds for p, (¢, 7, z, z). We write:

A0 (im0, (6T, 2, Y)
§ A |z — Rypy|"e™D
. / dr det(T®_,)~! / |2 = By T2 )
Ln{r>m} Dy T—r1

Lemma
<

CO(M;L, (y — Rrsx)|) / dr det(T® ) T — 1)~

I,n{r>70}

Now 65+ > (T — 7)) |(T$_,) Y (y — Rrsx)|*+®, so that:

A bgroroy,0s (6T, y) < / dr det(TS_,) (T — )~ #te)-1
Iz

05 0(MzL,(y — Rrex)])
(T7_)) " (y — Ro)[*+e

Thus, as long as 3 satisfies (6.12)), Ao nrsny.0s (6T 2, y) < (T—1)%po(t, T, 2,y), @ =
w— B2+ a).

1
e Assume now that 7 <79 =T — ( 0 )ﬁ. The singularity induced by H
[(T_,)~H(y—Rr,2)]

is then integrable, and yields the logarithmic contribution. Specifically:

Aa,]gﬂ{T<To},D2 (t7 T7 T, y)

§ A |z — Ry p(y)|mend
S O/ d’7']_7—<7—0 / pa(t,T,fE,Z) ’z T 7T(y)| pa(7_7 T,Z,y)dz
- — T

IQ D2

Now, the key-point to get a smoothing effect is to keep the § A |z — Rt7Ty|’7(a/\1)

part in the control of the convolution. In order to keep track of this term, we need to
determine which component dominates in | — R, ry|. This can be rather intricate in
the multi-scale setting. In the case n = 2, the only slow component is the first one.
Saying that it dominates at a given integration time 7 is asking:

B gy — B 2] < (T — )| Rl gy — R . (6.13)
Furthermore, we can write:

Ry —y'| = |Ryw— Ropyl = | Ree = Il Reiw — Regyl.
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From Lemma [5.1 and observing from its proof that we could also establish that
> i1 lBrr = IV + (B = DM < C(T = 7), €= C([H], Tp), Ty < 1 we get
using (6.13):

|R%“,tx - y1| > |Ri’t$ — R;Ty|(1 _ O(T _ 7_))
Thus, for T" small enough we get:

T —t

1
(T = Ry — 'l 2 = |Rbyo — Ryl = SR 0 — B ol

We then derive similarly that:

|R2 o — Ryl > |Rya—y°| — |Rer — I|||Rrya —
|R% @ — o7
> + — C(T = 7)|Ry e — o'l

This finally yields that

R2 .2
(T )|Rb o — | = T =V

> 050 (6.14)

that is, the first component dominates in the contribution |(T$_,) " *(Rr.x — y)| ap-
pearing in Dy. Write now:

|z — Rrqy| < |2' — RL,a| + |2° — RZ, x| + |Rryx — Repyl. (6.15)

o Suppose first that (7 —t)|[z' — RL,z| < [2* — RZ,z|. Since z € D,, we have from
(16.14):
2~ Bl < C(r — (T - 1) |Rhya — ')

Consequently, plugging the last two inequalities into (6.15]), we get:

1

T —

|z — Ryl < < ; + 1) |22 — Ritx\ + |Rrix — R 1yl

IN

(1 + (T - t)) (T - T)B‘R%‘,tx - y1| + |R7,tx - RT,Ty‘
S C|ZL’ - Rt,Ty|7
using the Lipschitz property of the flow for the last inequality.

o Assume now that |2* — RZ x| < (7 —t)|2! — RL,z| < |2' — R} ,z|. We exploit that

z € Dy and (6.14)) to write:

o'~ Rlya| < C(T = 1) Rbye — o'l
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Plugging the last two inequalities into (6.15)) yields:

|Z - R’T,Ty| 2|Z1 - Ri,tm| + |R7'7t$ - RT,Ty|
20(T — T)5|R%tx — |+ |R-1x — R-1y|

C"I - Rt7Ty|7

INIAIA

using again the Lipschitz property of the flow for the last inequality.

Thus, in both cases,
|2 — Repy| < Clz — Rypy| = 6 A |z — Regy|"®™) < C5 A |z — Ry py|"®. (6.16)
It could similarly be shown that when o (¢, z) := o(t, 2%):

oA |(Z - RT,Ty)2|n(a/\1) (617)
CON{(T = )|(x — Rezy)'| + |(x — Ryry)?[}7"D

<
< COA(T = Ol(Rea = 9)'| + [(Brew = )7,

using a direct modification of Lemma for the last inequality. Taking out this
contribution from the spatial integral we get:

A S A |z — Rypy|nend)
Ao, rfr<r},0o (LT, 2,y) < C/ dr | - + 7Y
I -7

X ]-TSTO /poc (ta T,T, Z)]joz (T7 Tv 2, y)dZ

CO A |z — Ry log (K V[(T3_) " (y — RT’tI)D
Xpa(t7 T’ x? y)’

IN

using the semigroup property of Corollary [3.5 for the last inequality.

To complete the analysis for this contribution, it remains to consider the case
7 € I,. In this case, T'—t < T — 7, and we have by triangle inequality:

5 Az — Reqy["™) < C (S A |z — Rey ") + 6 A |z — Rypy["™) .
Recalling that T'— 7 is not singular and splitting the integrals accordingly yields:

S A |z — Ry 2|
T—1

AaIl(tTa:y < C/ dT/ dzpa(t, 7, x, 2) Do, T, 2,Y)
Rnd
+C8 A | — Rupy|" ™ po(t, T, x, y),

where we used the semigroup property of Corollary for the last term in the r.h.s.
Now, for the first term in the above r.h.s., the previous arguments apply. Similarly
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to one of the two terms |(T®_ )" (R,;x — 2)|, |[(T$_, )" (Rr,2 — y)| is in the
off-diagonal regime. If it is the second one, then p, (7, T, z,y) < Cpu(t, T, z,y) and
we conclude using Lemma [3.8] If it is the first term, then we can still perform the
previous dichotomy along the dominating component in |(T%_,) (R, ,x — 2)|. If the
fast component dominates, the density is not singular. When the first component
dominates, we modify the previous partition (D;);cq1,2}, considering:

={z e R (1 = t)°|(TF_,) " (y — Rruz)| < |(T§_.) "' (2 — Rery)|},

Dy = {z € R"; (7 = )°[(Tf_,) "' (y — Rrex)| > [(T7_,) 7 (2 = Rezy)|}-

From this point on, the proof is similar: on D;, we compensate the singularity, as long
as (3 is like in (6.12)). When z € D,, we subdivide along y < or > (7—1)?|(T%_,) "' (y—
Rryx)|. The first case is dealt as above. In the second case, we can integrate the time
singularity.

Contributions involving p(t, T, x,y). We first focus on the contribution

o 5 A _ n(anl)
Apr, = / dT/pa (t,7,,2) |z~ Brry] Do, T, 2, y)dz
I

T—r

< /dT/PatT$Z5/\|Z— Ry y|™ M1 . Ry vl
Iz

e <) = Rery) 2K
dz

X ‘(Z _ RTTy) |1+a (’MT t( - R.,-Ty)’) (T _ T)lJrE(l N |(z—Rr.7v)2|
’ (T—7)'

)1+oz'

Using again the partition in equation (6.10)), we readily get from Lemma , similarly
to the previous paragraph, that:

N 5 A _ n(anl)
Awrnp, = /1 dT/D Dalt, T, 2, 2) |Z Ty| Do, T, 2, y)dz
2 1

< T —1)°pa(t, T, x,y).

On D, the previous arguments also apply for {7 > 74}, with the same definition of 7.
Hence:

V)

Aa,Izﬂ{T>To},D2 < O(T - T)wpa(t> T7 xz, y)

The only remaining case to handle is when the slow component dominates at the
current time 7, i.e. |(Ry4x — Rrry)'| > co(T — t)|(Rrsz — Ry1y)?|.

On the considered set, it has previously been proven on D, (see (6.16)) that 6 A
|2 — Ropy|" ™M) < C§ A |z — Ry py|" ™) which can be taken out of the integral. Thus
on the considered set, recalling that |(z — R.ry)'| > ¢|(R.sx — Ry.1y)*|:
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Aa,lz N{r<70},D2 <

CéN|lr—R "(O‘M)/ drl, < / Do(t, 7,2, 2) X 1 (,_ 1
| t,Ty| I <70 D2p ( ) l((Tf:;{/yi |X|(T%_T)_1(2*R7,Ty)‘ZK
1 dz

(2 = Regy) (T — 7)1 (1 4 [ ferrflyiga

(T—7)\* &

X (ML, (Rrry — 2)])

1.«
< OO Az — Rypy|" " Vo(IM-L (R 7y — / d T=T0
< | Y| (IM72, (Rery — x)]) . T|(RT¢$ "Ryl

1ieor, poti_

/ e (T—r)1/e A|(T%77)71(Z_RT,T:’J)IZK
8 2 Ryz—2)! Rrtx—2)2 1 z—R, 2
Do (T - t>a+1(1 + |((7-;tt)1/o? ‘ + ‘((Ti,tt)1+1/)cx|>2+a (T — T)1+a (1 + %)14*&

O(M;2,(Rery — 2))

< CO A |x — Ry py|"eM)
< [ = Ry T e £ (T, (Rrgr — g

/ d ]_7-<7-0 / d22 1
L 27S
L I—t (r — t)éﬂ(l + [(Rrtz—2)?] )ita (T — 7_)1+§(1 + |(z—Rr,7y)?| )+

()T (T—r)i+a

0(IM7L,(Rery — 2)))
(T — t)V/(1 + [(TS_,) " (Rruw — y)|) 1+

< OO A |x — Ryqy|"eD

/ dr Lr<n :
B Tt — )+ (14 ey’

(T_t)1+1/a
From this last inequality we deduce that if
[(Rrix — Rrry)?| 2 ei(T = )[(Rrpw — Rezy)'l,

i.e. the components are equivalent, we get the expected control, which could have
already been deduced from the fact that the fast component is equivalent to the global
energy. If such an equivalence does not hold, the natural control is:

(M7~ (Rery — 2))
(T =)/ (1 + [(Tg_,) " (Rrex — y)[)'*+e
1

. rtr—R, 2 a.
(T — )11+ infrepy gy Uty 1

AQ,IQH{TST()},DQ S C(S AN |LE’ — Rt7Ty|77(a/\1)

X

Now in the stable case [HS], we obtain:
i < CS A |Rpe v — Ry py|"@MD
TSk = (T — V(14 [(T§_) " (Ry g — R )+
1

1 |(RT*, CL’_RT*, )2‘ O!’
(T~ (1 4 Rl

X
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where 7* achieves the minimum. In the tempered case [HT], the control reads:

Aa Jon{r<70},D2 < Co N |$ - Rt Ty|77 poc G(t T x, y)
1

1 RT* ZE—RT* 2 a.
(T = )= (1 + Bt

X

Similar controls could be established by symmetry for fulm 1,- These bounds thus yield
in both cases an additional time-singularity in (T — ¢)~Y* if [(Ry- i — Ry 7y)?| <
K(T — t)"*1/2 and a possible loss of concentration in the stable case. They also turn
out to be difficult to exploit in order to iterate in the series to establish the existence
of the density and related bounds.

Now if o(t, ) := o(t, z2) we can get rid of the additional singularity in the tempered
case, writing:

Aa,{TSTg},DQ <

T—19 6 2|n(anl)
c/ dT/ pualt T2, A‘K Boag P g MY (o — Rogy))
Do

(2 = Ryry)t|tte
1 dz
X
(T — 7.) (1 + |(( r)liF+y) |)1+a
T—1 a
Mz R T—10
<C (‘ T— t( Ttx / dT/ 1 _
- [(Rrs — |1+a + [(Bree—2lly1ga
(r—t)'ta
1 dz?

. 2|n(aAl)
><5/\|(Z RT,T?J) | (T—T)H'i (1+ |(z—R,.1y)? |)1+a.

(T—r)Fa
Observe now from [HT] that we have the control:

O(M; L (Rrye —y)l) _ [(Rrgw — )" |0(IM 2, (R — y))
| Ry — y|1+ - |(Rrex —y)![*+e
O(IML, (R — y)l)
N | Rz — y|tTe

- ﬁa,@(ta T7 X, y)7

on the considered case (i.e. the first component dominates in the off-diagonal regime).
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Hence:

V)

Aa {r<n}.Dy <

o ! (r =) (+3)gz2 v
Chaolt, T, 2,y) / ar 4 (7 — )0+ DD /
) ? Y Y ‘(Z—Rf,t:lj)2| o
t (1 + m)(l‘f' )q
1/p
_ (14 3) g2
_ {01y B smantyy (L —1) VTe)dz
X (T 7') /[5 A |(Z RT,Ty) | ] (1 i ‘(Z*RT,T922|)(1+a)p (618)

(T-m)'*ta

T—7o
< Chao(t, T, 7,) / dr(r — ) (1 — 7) DD —p)radnterny,
t

where p,g > 1,p' + ¢ =1landst. p>1+2Lfor7eft, B and ¢ > 1+ L for
7 € [BL, T]. Also, the regularizing term (7' — £)A+3In(@AD) iy the last control can be
derived following the proof of Lemma [3.8, We thus derive:

Aogrcmypy < Chaolt, Tz, y)(T — gyt (p _ py=(+3)
< Chaolt,T,z,y)(T — t) 0T @@r)=1),

Therefore, the last contribution gives a smoothing effect provided:
1
(an])(1+a)

The controls associated with p,, when o(t,z) = o(t, 2?), yielding the contribution in
Ja,0 in the Lemma, could be easily deduced in the current case from the previous

analysis, exploiting (6.17)) instead of (6.16)).

(1+$)(77(oz/\1)—1)>—1 — >

]

The convergence of the parametrix series ((3.14) will now follow from controls in-
volving the convolutions of H with the last term g, o(t, T, x,y). The following lemma
completes the proof of Lemma [3.10

Lemma 6.3. Assume d =1,n=2,0(t,xz) = o(t,x2) and n > m There exist

Gez:= Ggz([H]) > 0, w:=w([H]) € (0,1] s.t. for all T € (0,Ty], T := To([H]) < 1,
(z,y) € R™)?, t € [0,T),

|(ja,® X Hl(t7T7xvy) S C(T - t)w [ﬁa,@(ﬁﬂ%”

n(aAl)

5 A (T = 1)l = Rerw)] + |2 — Regu)?])

xlog (K V |(T5) 7y — Rryo) ) paco(t T, ).
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Proof. Recall that ¢, e(t, T, z,y) writes as the sum of

>TI(0‘/\1)

Goo(t,T,2,y) =05 A <(T —t)|(z = Rery)'| + |(z — Rizy)’| Pao(t, T, z,y)

and

n(anl)

pao(t, Toa,y) =6 A (T = Dl(@ = Ryry)'| + (2 = Rizy)?|)

X log <K V |<T%_t)_1<y - RT,th)|>]§a,@(t7 T: xz, y)

Though the lines of the proof are similar to those of Lemma [6.2] we treat the two
convolutions separately, to emphasize the difficulties induced by the rediagonalization
and the logarithmic factor. First, for |g,o ® H|(¢,T, z,y), we bound |H| using Lemma

[B.7], to get:

T ) o\ (@A)
oo ® H(.Tag) <C [ dr [ 57 ((=0l(: = Reaa)!| +1(z ~ Rra)?)
t Rnd

3 Al = Roay)]re
T—71

XPae(t, 7,7, 2) (Pa + Da)(7, T’ 2,).
The above contribution can be handled as in Lemma [6.2], in the diagonal case
(T%_,)""(y— Rrsz)| < K, or in the off-diagonal case |(T$_,) ' (y— Ry z)| > K when
for a given integration time 7 € [¢,T] the fast component dominates, i.e.

|R37T?J - Rf,txl > (T - t)|R71-,Ty - Ri,t$|'

The only difference is that we do not need to use the triangle inequality in order to
apply Lemma Indeed, regularizing terms & A |[(z — R, 7y)?|"*") and § A {(T —
(2 — Ry2)'| + |(z — Ryyx)?}7 @) already appear for both densities.

When |[(T$_,) ' (y — Rrx)| > K and

|R72-,Ty - Ri,t$| <(T- t)‘R}-,Ty - R}',txla

we split as in the previous proof the time interval into I, U I, := [t, T U [T, T7.
Suppose T € I,. We consider the spatial partition introduced in ((6.10)).

For z € Dy, we have pyo(t,7,7,2) < C(T — 7) P p, o(t, T, x,y). This yields
a regularization property from Lemma when [ satisfies . For z € D, and a
given § > 0, we use again the partition (T — 7)?|(T%_,) "} (y — Ryx)| > or < &. The
case (T —7)°|(T%_,) " (y — Rryx)| < & yields a regularization in time similarly to the
previous proof.
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In order for (T'— 7)%|(T%_,) ' (y — Rrsx)| to exceed dy, we see that 7 must be
5 5
~1(y—Rr )]

logarithmically explosive but integrable. We are led to consider:

lower than 7y := T — (KTQ ] )B. In that case, the time singularity is still
T—t

1
F:—/dT 1< SA{(T —t)|(z = Ryz)Y| + |(z — Ryyx)?| 31D
| drgteen [ OA =01 = R 1= B

X Do (t,7,,2)0 A (2 = Rer)* "D (o + o) (7, T, 2,9)dz.
Using iteratively the scaling Lemma we derive:

|y1 - R%’,Tz’ |y2 - R%,TZ‘
(T—t)=  (T—t)*=

> ol(T§_) "y — Rr.2)]

> 0,07 ([(T) ™ (Regw = Rery)| = |(T§-) 7 (= — Rpa))

> 6 (CTHTE) " (Beyw = Rery) = CHT = 7)%)(T5_) " (Ryyr = ) )
> e(C7 = (1= 7)) (T5)7 (e = R

where ¢o > 0,C := C(T) > 1 and recalling that z € Dy for the last but one in-
equality. Thus, for 7" small enough and up to a modification of ', we have either
ly' — Ry 2| > C]R & — Ryl or |y* — R} 2| > C(T —t)|R} ;v — Rl 7y|. In both

cases, o (7, T, 2,y) < WGQM;L(R;J—R;TMD. This yields from Propo-

sition Pa(T, T, 2,y) < C’pa(t,T ,x,y). In our current case, we then derive from

6.17) that:

0 A (z = Rey)?[" " Vpa(7, T, 2,y)

n(anl)
saA«T—wKx—Rﬂmw+ux—Rﬂ@ﬂ) Palt, T,2,y).
Consequently, we can bound (6.19) by:

r S C(T - t)wﬁa(t,T,ZL‘,y)
1
/ dTT 1< / IN{(T=1)|(z — Rﬂtm)1| +|(z — RT,t$)2|}n(a/\1)
_ b

Xpa,@ (ta T, T, 2)5 A |<Z - RT,Ty)2|n(aA1)ﬁa(Ta T7 Z, y)dz
= Fl -+ FQ.
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It thus remains to handle I'y which derives from the rediagonalization. We write:

T
I, < Cﬁ%@(t,T,%y)/ dT/ Dao(t, 7,2, 2)
¢ R2

n(anl)

(50 (1= 01 = Rega )" 6 A1 = ooy

1 ON[(z — TT?J)QW(MU

X 1 z
(T—T)lJra (1+ |(TP:)1T+93 |)1+
1 SA |(Z _ )2|n(aA1)
< Cpae(t, T2,y / dT/alZ2 1+§ (1+ [(z— RTTy) |)1+§

(T-7)'Fa

(anl
% ((T . t)(1+§)[n(a/\1)—1] 4 ON|(Rrpr — Z) |77 ) )

1 z—Rrix @
(r —t)”a(l + I(( t)lj'g |)1+

proceeding as in (6.18). Now, from Lemma [3.8] we obtain:

T
Iy < Chaelt,T,z,y) / dT((T — )@ (r — ) n(ant) ]
t
(7 — ¢) B Inenn 12} (p _ T)(1+é){n(a/\1)*1/2})

< Cﬁa,@ (t, T, T, y) (T _ t>2(1+é)n(a/\1)—é7

This indeed gives a regularizing effect recalling that we have assumed 1 > n >

Wl(lm)' Note that the case 7 € I} could be handled similarly, see Lemma ﬂ The

controls become:

Ga,© X |H‘ <t7 T7 x, y) S C(T - t)w <pa,®(t7 T; T, y) (620)

+1og (K V(570 = B Janalt. T 0) )

We point out that the important contribution in the above equation is the factor (7' —
t)“, whose power will grow at each iteration. This key feature gives the convergence

of the series ((3.14]).
Now, for pae @ |H|(t, T, z,y), we still bound |H| using Lemma [3.7}
T
poe @ (0 T0y) < C [ dr [ detog (KVI(T2) 7 - Russ))
t R?

(anl)
% A (7= 0)l(z = Rega)!| +1( = Brgar)?])

5/\‘2_ 7_Tylnoz/\l
T — T

XPao(t, 7,1, 2) (Pa + Pa)(7, T’ 2, ).
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W.r.t. the previous contribution, the main difference comes from the logarithm. How-
ever, the lines of the proof remain the same. Suppose first that |(T%_,) ' (y— Rrx)| <
K. Depending on the time parameter 7, we can show that we always have either
Pao(t,T,2,2) < CPao(t,T,x,y) or po(1,T, 2,y) < Cpu(t,T,2,y) < Cpao(t,T,x,y).
The second case occurs when 7 € I;. Using the notations of the previous proof, this
yields:

pocs O, [HI(0T,.9) < Cpoalt. Toay) [ dr [ log (KVI(T2)7 = Reso)])
I R

I = DIz = Brgr)!| + (2 = Reyg)? 7MY
T—1
and we conclude by Lemma . In the case when p,o(t, 7,2, 2) < Cpao(t,T,x,y),
which happens for 7 € I3, we have:
(Te_) " (2 = Regr)| < C(T_) " (y — Res)| + [(T5_,) " (y — Rr2)|)
S C(K + ’(T%—‘r)il(y - RT,T’Z)D'

ﬁa,@(ta T, T, Z)dZ,

Plugging this inequality into the logarithm and taking out the first density, we can
bound:

o O [HIET.0.9) < Cuolt.Toa) [ ar [ dog (K VI(TE ) 0= Rero)])
I R2

AT = 1)I(z = Rery)'] + (2 = Rory)* [}
T—71
X (Pa,o + Do) (1, T, 2,y)dz,

and once again, we conclude by Lemma [6.1] Thus, we have so far managed to show
that in the global diagonal regime,

Pae @ |H|(t, T, z,y) < C(T —t)“Pae(t,T,z,y).

It remains to deal with the case when |(T$_,)"'(y — Ryx)| > K. Suppose first
that 7 € I, and that the first component dominates in the global action |(T%_,) ' (y—
Rr.x)|, ie.

1 1
o —1 — |y - RT,tx|
[(T7_)" (y — Rraz)| < T
We still consider the partition in (6.10). When z € D;, we can bound
ﬁa,@(t T, T, Z) S C(T - T)_6(2+a)pa,@(t> Ta €, y) (621)

On the other hand, the triangle inequality and the scaling Lemma [5.2] yield:

(Te_) 7 (2 = Rogw)] < C(I(T2) ™ (y = Bie2) |+ [(T2) ™ (y = R
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Consequently, up to a modification of C', we have either:

(T2_) "Mz = Rey)| < C(TS_) "' (y — Rrya)|
or

(T2~ (2 = Rry)| < CUT5_) "' (y — Brr2)|.
Define accordingly,

Dy ={z € Di;[(Ty_) "' (2 = Rrpx)| < C|(T2_,) "' (y — Rre)[},
Ty )~ (y — Rrr2)|}.

. However,

Dy ={z € Dy |(T7_)"'(2 — Rrew)| < C(

Observe that with this definition, D;; and D, is not a partition of D,

D1 C Dl,l U DLQ.
When z € D, we can bound

log (K V(7)™ (2 = Resa)|) <log (K V|(T5)7 (y = Rraa)]) + C.

On the other hand, for 7 € I5, we get from the definition of D; :

0 A{(T = t)|(z = Reyx)'| + | (2 = Reg)?| 17N
< COEA{T —t)|(x — Rory)'| + [(x — Reqy)?}1MD).

From (/6.21]), we thus have:

Pa,© ®|IQ,D171 |H| (ta T7 xZ, y)
< O (log (K VI(T_) ™y — Rraw)]) +1)
5 AT = B)l(z = Riry)' |+|<x—RtTy> |}”<a“>

5 /\ _ 2 7](06/\1)
/dT/ ool ra, ) Rt ) 2. )i
I D1 -7

“(pa + ), T, 2,y),

choosing [ satisfying (6.12]).

When z € D, 5, we can bound:

log (K V[(T2,) ™ (= = Rega)| ) < log (K V|(TS,) " (y = Rry2)]) + C.
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Bounding also roughly § A {(7 — t)|(z — R,:x)'| + |(z — R, x)?|}7"@") < 4, and using
the bound (6.21]), we can write:

Pa,® ®|12,D1,2 |H|(t7 Ta z, y)
< ¢ [ar [ puettrez) (log (K VI (o= Ree2)l) +1)
Iz D12

AL = Ryg)?pieny
T—71

< Cﬁa,@(t, T, y) / dT(T — 7')_5(2'*‘0‘)

I

< /D (1o (K VI~ Rec)l) +1)

y S A |z — R py|"erD)
T—1

(Do + Do )(7, T, 2, y)dz

(P + Pa) (7, T, 2, y)dz.
Thus, using Lemma [6.1], we have
Pa,© Olr,py,y |t T, 2, y) < (T'—1)“pa(t, T z,y).
We have to deal with z € D,. In this case, and because d = 1, we have
DT, T, 2,y) < Cpa(t, T, z,y).

As above, we split for a given Jy > 0, the time interval I, in (T — 7)°|(T$_,) ' (y —
Rrx)| > 8 and (T — 7)°|(TS_,) "y — Rrax)| < .

Assume first that (T — 7)?|(T$_,) ' (y — Ryx)| < 8. Then, taking 6, < K gives
that the first density is diagonal. Hence, the logarithm part disappears, and we have
to deal with:

1 SA |(Z o )2|r](a/\1)
Pa,© ®12,D2 |H’<t7 Ta :Evy) S / dr /D2 . t 2.9 —r
X (Do + Do) (T, T, 2 y)d
Lemma B.8 §g+a

(T = 1) (T$_) " (y — R[>+

T
x/ d7_<T_7_)(1+i)7](a/\1)717,8(2+a)

70

S (T - t)wﬁa(t,T,Qf,y)-

Finally, we have to deal with the case (T'—7)°|(T%_,)"*(y — Rr.4x)| > dp. Observe

that, on I, this imposes that 7 € [M 7o), with 7y defined above. In the considered
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set, we have from ((6.16)):

(= RerwP| < (2= Reg)?| + C{T = Dl(@ — Rrw)'| + |(z — Reru)?])

<
< COA+(T=1)D)UT = )|(z = Ryry)'| +(x — Rery)’|}-
Plugging this estimate into the convolution and recalling for z € Dy, po (7,7, 2,y) <

Cpa(t, T, x,y), we obtain from Lemma and the previous controls for the contribu-
tion in pg:

o @1y, |HI(E.T.2,9) < Opoo(t. T, .0)

((5 AN(T = t)|(x — Rery)'| + |(z — Rt’Ty)Zl}Ti(a/\l))
T0 d 1

—t w T_t w )

X/T;rt TT—T<T )*+ ))

Hence, integrating over 7 yields the logarithmic contribution:

Pae @p,p, [H|(t, T, z,y) < C(T —1)*pae(t,T,z,y).

In order to complete the proof, we have to specify how to proceed in the remaining
cases, that is when 7 € I, and the second component dominates or when 7 € I;.
When a fast component dominates, as we have seen in the previous proof, we can
compensate the singularities brought by the kernel H, and conclude directly with
Lemmas and When 7 € I, we can adapt the previous strategy following the
procedure described in Lemma [6.2 O

Using the previous lemmas, we get the following result.

Corollary 6.4. Under the Assumptions of Lemmal6.3, there exists Ggg := 4Czm > 0,
s.t. for all T € (0, Ty], To = To([H]) <1, (z,y) € (R*)?, t € [0,T), Vk € N:

Pa @ HO Tz )| < YT =0 (T = )*bae(t, T, 2,1)
+(Pae + Ga0)(t, T, , Z/))
o ® 2+ (4, T,z,y)| < CAL(T — p)k ((T _ t)(k+1)w25a,@
(T = 1)*(Pa0 + da0) + %,@) t,T,z,y).

Proof. We prove the estimate by induction. The idea is to use the controls of Lemmas
and [6.3] gathered in Lemma to get from an estimate to the following one. The
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bounds may not be very precise, as we will sometimes bound (7' — t)* < 1, but they
are sufficient to prove the convergence of the Parametrix series (|3.14]).

Initialization:
Since (T' — t)¥(Pa.0 + Ga.0) > 0, we clearly have:

Po @ H(t,T,z,y)| < OBIO](( t)“Pa,o + Gao + (T —1)*(Pae + %,e))(t,T, z,y).
Now, using Lemmas [6.2] and [6.3], we have:

[po @ HP (1, T, 2,y))|
qm<(T — 1)*|Pae @ H| + |Gae ® HI) (t, T, z,y)

Cezn( Gl T — 10 + CrnnlT — e + CGnlT — 1) (Bne + o)) (LT, 7,9)
(T — 1) ((T = 1)Fao + (Pao + duo) ) (T, 2,9),

INIA

IN

Induction:
Suppose that the estimate for 2k holds. Let us prove the estimate for 2k + 1.

[P ® HPD|(t, T, 2, y)
(4%13)2k( )kw((T - t)kw“ja,@ ® H|(t7 T7 x, y) + |(]joc,@ + %,9) ® H|(t7 T7 x, y))

(1 (T~ 1) (Cea(T — 1" ((T ~ 6)*Pue + Guo)(t, T>2,9)
+CBI(II((T - t)wﬁa@ + q_a,@>(t= T> x, y) + q3311|(T - t)w(ﬁa@ + q_a,(%)(ta T? xz, y))

IN

IN

Recalling that T'—t < 1, we have (T — t)*¢o0 < (T — t)“Ga.0. Thus:

|Z§Ol ® H(2k+1) ’ (t7 T7 z, y) < (4%)2]6( ) v <%:IB<T - t)(kJrl)wpa,@
+20n(T — 1) (Paso + da0) + Cmniao) ) (T, 3, )
(4Ckm)* (2Cem) (T — ) ((T = )

H(T = 1) (pae + duo) + due) ) (LT, 2,1),

IN

which gives the announced estimate.
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Suppose now that the estimate for 2k + 1 holds. Let us prove the estimate for 2k + 2.

Po ® HE (1, T, 2, y)|

< (4™ (T — 1) (T = )" e © H]
+(T - t)w|(ﬁa,9 + Qa,@) & H| + |Cja,® X H|) (tv T7 z, y)
< (ACEm)™ (T — 1) (Cam(T = )T = 1)bae + o)

+

qﬂﬂl(T t) [{(T - t) Da,® *+ qa @} + ql’::ﬂ]( ) (ﬁa,e) + ga,@))]
+ (T — 1 (Pue + Gae) ) (4T, 7,9)

< (4G (T = )6 (T = ) p,0 + (e +dae) ) (6T, 2.9),

where to get to the last equation, we used the fact that (7" — t)“poe < Dae, and
(T — )™ Ga0 < a0 0

7 Proof of the diagonal lower bound for the frozen
density.

In this section we prove the diagonal lower bound for the frozen density. Recall from
Proposition , that the frozen density ps, writes for all z € R as

N = det(M,_)~" il (M)~ 2)
pAs( ) (27T)nd /Rnd
X exp (—(s —t) Rnd{l — cos((q,{))}us(d§)> d
_ Get(M)™ [ icre
(2m)nd /R"d
X exp (—(5 —t) Rnd{l — COS(<(3 _qt);’@)}Vs(df)) d

The complex exponential can be written as a cosine. Denoting & the projection of
x € R™ on the sphere, we change variable to the polar coordinates by setting ¢ = |¢|g,
where (|q|,q) € RT x S™~1. Also, we take a parametrization of the sphere by setting
g = (0,¢) € [0,7] x S"2 along the axis defined by (T® ,)"'z. Set finally 7 = cos(6),
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the density writes:

det(T2 )=t [*e° Lt nd—
pufz) = SO / dlqllq"* / dr(1—7%)"5 / ~do
0 — Snd—2

(27r)nd 1
x cos(|ql|(Ts_,) " 2l7)

X exp (—(3 —t) Rnd{l — COS(<$,€>)}I/§(d€)) ) (7.1)

The idea is the following: since |(T¢,)~'z| is small, we can expand the cosine and
show that the first term is positive, giving the two-sided diagonal estimate. We focus
on the diagonal lower bound.

Proposition 7.1 (Diagonal Lower bound). For K sufficiently small, there exists
Ck s.t. for all z € R™, |(']I‘§‘_t)_lz| <K:

pa.(2) 2 Cr det (Te,) ™

Proof. There is no difference with the non degenerate case for the diagonal expansion,
see [KolOOB]. For small |(T%_,) "2|, we expand cos(|q||(T®,) "2|7) using Taylor’s
formula in equation ([7.1)):

det (T?_ )71 oo nd— 1 nd—3
pa(2) = W [ dalar [ ara-

(Z ) e E’N(I(T?t)_ld)>

k=

<[ dves (—<s o) [ o ws(at))

det (T2 ) 7! o~ (= 1) -1 2k/+oo 2k -+nd— nd=3
= 2 T¢ z d nd 1/ dr(1—72)"2 7%
)y Z |0 | dlall (=)

X /Snd? d¢exp <_<5 —t) Rnd{l — COS(<% €))vs (df))
+Ry(|(To,) " 2).

The estimate on the coefficient also serves to estimate Ry(|(T¢_,) "z|). To bound
the coefficient, we use the domination condition in (5.6) and the property that g is
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non-increasing:

@D

(=510 Rnd{l—(’OS“( A st

> e (~s-000) [ [ - ot 0 nyatan )
= o (o0 [ / {1 = cos(flal. (e} )

= exp <—cag )lq|® / dﬁ))

> oxp(eld®), 7 = el [H]) > 1

using that g satisfies [H-4] for the last inequality. The above control can be used to
give a lower bound for the even terms in the previous expansion ([7.2). On the other
hand, similarly to the proof of Proposition we get

qlq e

oxp (=5 =0) [ 11 costl 20 st ) < xp (=l
R

for |¢| > 1, which can be used to derive lower bound for the odd terms of the expansion

(7.2). Note that the coefficient aj((T® ) 'z) depends on (T®,) 'z because of the

choice of the parametrization of the sphere S™4—2

]

8 Off-diagonal Estimates on the Kernel H.

We thoroughly exploit the decomposition of the density used by Watanabe [Wat07]
in the stable case followed by Sztonyk [Szt10] in the tempered one. From the identity

(5.13)), we have:
Va € R™, py (=) = det(M5_,) " ps(T — £, (ME)"12), (8.1)

where (S,)u>0 has Lévy measure vg.
For a fixed T' — ¢ we can write Sp_y = Mr_4 + Np_; where (M,),>0 and (N,)u>0
are two independent processes with respective generators:

o) = [ - o) - TEE 1 st

£N<p(z) = /Rnd(g0<z +&) —p2) — (Vip(2),€)

Trje ) Hea—oyevs(dd),
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for all z € R"™ and ¢ € C2(R™ R). We have separated the jumps that are at the
typical scales, i.e. (T' — t)"/®, from the big ones which induce a compound Poisson
process. It can be proved similarly to Proposition that Mr_; has a density, intu-
itively the small jumps generate the density. We therefore disintegrate ps(7 —t,.) in
the following way:

Vz € R™ po(T —t,2) = / pu(T —t,2 — 2)Py,_,(dZ2), (8.2)

Rnd

where Py, _, stands for the law of Ny_,. Now, the following properties hold for the
Lévy-1t6 decomposition.

Lemma 8.1 (Density estimate on the Martingale part and associated derivatives.).
For all m > 1, there exists Cy, > 1 s.t. for all T —t > 0,z € R,

_ < _ 4\—nd/a |Z| _m'
pu(T —t,2) < Cp(T — 1) <1 + T—)ie

Also, for allm > 1 and all multi-index 3, |5] < 2,

8 m A< a1, L\
|02 pa (T —t,2)| < Cpo (T — 1) <1 + (T = 1)/ .

Proof. Similarly to the proof of Proposition [5.3] we write:

1 —i(p,z
pu(T —t,z) = W/Rddpe ®:2)

oxp (=) [ (1= cosltp. )L ggerrpeypsde) )

Changing variables in (T — t)!/®p = q yields:

pu(T —t,2) = (T — )™ /R dge T (8.3)

(2m)nd

X exp <—(T 0y [ {1—costq, ﬁ>}1{,£,g(mw}ys<d5)) |

Rnd

Let us now denote

§

fr-i(q) == exp ((T — 1) | {cos(q, m) - 1}1|g|g(T_t)1/aV5(d§)) :

Rnd

Since the Lévy measure in the above expression has finite support, we get from The-
orem 3.7.13 in Jacob [Jac05| that fr_; is infinitely differentiable as a function of g¢.
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Moreover,

oufra@l < (00 [ Eltsinte, g g vsta
§

X exp ((T — 1) /Rnd{COS(@, m)) - 1}1|g<(T_t)1/al/S(df)> :

Write now:

T [ st g st

prd-=1 T T

< C T - t d 1(1 ]-a -

rTe r
: CT_t/ dr——— 5 (Lact + Lozl m—p70) = €L+ ]al).
( ) A (T—t)a( <1 21|Q|(T_t)1/a) ( |Q|)

Thus there is C' > 1:

el < Ctlaess (=0 [ feostla o=y = Dosae))

x exp(2(T — t)us(B(0, (T — 1)1/%)%)) < C(1 + |q|) exp(~C~]q|"),

since from (5.6), vs(B(0, (T — t)/*)¢) < C/(T — t) and that the proof of Proposition
also yields that

exp ((T —t) /Rnd{cos((q, ﬁ)) — 1}1/5((15)) < Cexp(—C~Hq|™).

Similarly, for all [ € N:
0y fr—(@)] < Ci(1+al') exp(=Cg|*), G > 1.

Thus, fT_t belongs the Schwartz space. Denoting by fr_; its Fourier transform, we
have:

VYm >0, ¥z € R™ 30, > 1s.t. : | fr_(2)] < Cou(1+ |2])7™.

Now since py (T —t,z) = (T —t) " fr_,(z/(T —t)"/*), the announced bound follows.
The control concerning the derivatives is derived similarly.
[

Besides, the following control holds for the Poisson measure.
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Lemma 8.2 (Controls for the Poisson measure). For allT —t > 0, Py,_, is a Poisson
measure. Since dim(supp(ji)) = d we have the following estimates. There ezists a
constant C' > 0 s.t. For all z € R™,r > 0:

C
P (B(2,7) < g gy

ro _ A\1l/a
T_t9<<T9(T§) ))|Z|_(d+1+a)9(|z|).
(8.4)

Proof. In the stable case, i.e. 8 = 1, this result is a consequence of Lemma 3.1 in
[Wat07] and the intrinsic stable scaling. In the tempered case, it follows from Corollary
6 in Sztonyk [Szt10]. O

(T — t)r*+i (1 +

Let us observe that the above control also yields the upper-bound estimate for the

density in Propositions in the off-diagonal regime. Precisely from ({8.1]), (8.2)),
Lemma and (8.4) one gets:

Pa(t, Tyx,y) < Codet(My_g) (T — )~/

ML (R —y) — 2]\ _
« /R ) (1 + Py, .(d2)

1
< Oy det(’]I‘%_t)l/ ds
0
71 _ —m
- nd . My, (Rrgx —y) — 2|
X Pn,._, ({ZE]R : <1+ T — )/ > s
< Cpdet(Tg )™
1
% / PNT—t(B(M%it(RT,tm — ), Sil/m(T - t)l/a))ds
0
T — t)i+@+D)/a
< - det Ta 71(
= OOt g
1 (T — 1))
—(d+1)/m 1 —a/m d
X/o s (1+s 9<<T—t>1/o‘8_1/m>> s
XML (Rrpx — )|~ g (IMZL, (Rryx — y)])
< &C det(’]l‘% t)fl 0 (‘M;it(RT,tx - y)|)

0(1) (1 4+ [(Tg )~ (Rrgx — y)[ )+ 1+e

1
X/ [S_(d+l)/m+S_(d+1+a+ﬁ)/md5],
0

using for the last inequality that 6 is non-increasing and exploiting that the doubling
condition in [T] is equivalent to the fact that there exists ¢ > 0, 7 > 0 s.t.

99((;)) = C(%)_ﬁ’ O<r<k
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see e.g. [Bas95]. Choosing m > d + 1 + « + 7 then gives the result, i.e. there exists
C>1st forall0<t<T, (z,y) € (R"2 p(t, T,2,y) < Cpu(t,T,x,y).

Moreover, the previous procedure, associated with Lemma 8.1, allows to handle
the small jumps in the estimation of

(Lt - iz,y)ﬁa(ta T7 xz, y) = (Liw - Lgy’M)ﬁa(tu T7 xz, y) + (Li]EV - -Ziv)ﬁOz(ta Ta Z, y)

Introducing
v(z,A) :==v({z € R?: o(2)z € A}),

we write for a given parameter a € (0,1 A K) and z € R"%:
(L = L )e(a)
= /Rd(SO(iv + B2) = p() = (Varp(2), 2)) 1z <airyve (v(7, d2) = v(Riry, d2)),
(LY = LT N)p(a)

= [ 6@+ B2) = o@D a0, 82) = o Razy ).

The Lipschitz property of the density of the spectral measure p in [H-4], the non-
degeneracy and Holder continuity of ¢ and the properties concerning the tempering
function in [HT] yield that v(.,dz) is n(a A 1) Holder continuous w.r.t. its first
parameter and there exists C' > 1 s.t. uniformly in z € R,

’(V('CE? dZ) - V(Rt,Tya dz))‘ < C((S VAN ’.CE — RmTy‘n(a/\l))e(‘ZD’Z‘—(d—&-a)dz'

The condition that for all 7 > 0, 7sup,e,-1, ¢ (ur) < cf(r) appearing in [HT] is
needed here to control the difference on the tempering functions. We now get:

(LY = Ly ) pa(t, T, 2, y)]

= ‘/d (ﬁa(t,T,fE + BZ,y) —ﬁa(t,T,x,y) - <Vx1pa(t,T,$,y),Z>)
R

(v(z,dz) — v(Re 1y, dz))‘

_ o dz
C det(My—y) ' [§ A |z — Rypy|" "] /Rd 1\z|§a(T—t)1/a9(’z|)W

IN

X {pM(T —t, M;it(RTix +Bz—y)—z) —pu(T — t, M;it(RT,tx —y)—2)

Rnd

—(Vpu(T — t, M7 (Rrwx — y) — 2), 2) 1051 } Py, (d2)

The idea is now to perform a Taylor expansion on py; to compensate the singularities
in z. We assume for simplicity that o € (0,1) which allows to perform the Taylor
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expansion at order 1 only. It suffices to expand at order 2 to handle the case a € [1,2).
We get from Lemma 8.1

(L = L )pa(t, T, 2, y))|

C det(Myp_,)7'[0 A |z — Rypy|")]

dz
X 1 a T P dz
/Rd |z|<a(T—t)1/ |Z|d+a /Rnd NTft( )

X sup |Vx1pM(T—t,M;£t(RT,tx+B%—y) —2)||#]
12|€(0,a(T—t)1/ <]

CC,, det(Ts_,)~*
(T —t)Y/e
dz

1 o|2|—— P, dz
X/Rd |z|<a(T—t)1/ |Z|‘z|d+a /Rnd NT—t( Z)
ML (Rpyw + BZ —y) — 2)|\
X sup (1+| 7 Téw Nija v )‘)
|2|€(0,a(T—t)1/«] ( - )
CC,, det(T%_,)™*
(T — 1)1/

) / ((1 s MR ) - z>|)‘”‘ Pe (&)

(T —t)l/e
Cl6 A |z = Ryry|" V]
T—1t
This therefore gives the expected control for the small jumps in the kernel, i.e. the

operator LM — LM acting on Pa(t, T,x,y) yields a bound homogeneous to the

upper-bound p,(¢,7T, z,y) up to an additional multiplicative singularity of the form
C[5A|z— Ry ry|"* D]
T—t :

IN

IA

[0 A |z — Ryqy|""V)

IA

atl/a
[0 A |z — Ry py|" V] / drr™“
0

<

Pa(t, T, x,y). (8.5)

The delicate part, yielding the rediagonalization phenomenon which might dete-
riorate the estimates in the degenerate framework, comes from the large jumps. We
now specify how in the off-diagonal regime, when

[(x = Riry)’
(T — )i/

o _ Lemma (.2 o _
=|(T_,) (& = Riey)l = [(Tg_,) " (R — y)l,

that is when the slow component dominates, a bad rediagonalization phenomenon can
occur. Let us now discuss the various possible cases. Fix ¢ > 0.

-Ifz ¢ B((Rt,Ty —x)e|(x — Rt’Ty)1|> := By 1.4y, then

|z — (Rery — 1‘)1| > €|($ - Rt,Ty)1|
(T —t)t/e (T =)l

(T5_)~"(z + Bz — Rery)| >
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Hence p,(t, T, x+ Bz,y) is off-diagonal and p,(t, T,z + Bz,y) < Cpu(t, T, z,y). Thus:

/¢B Hﬁoc(ta T7 T+ BZ, y) - ﬁa(t7 Ta €, y)}|1|z|>a(T—t)1/a |l/(ZL‘, dz) - V<Rt,Ty7 dz)|
& De t,T,x,y

dz
< OB A= Rl T) [ Liair T
R

C[6 A |z — Rypy|merD]
T —t

S ﬁa(taT7$ay>' (86)

- If 2 € B.y1r4, We can write:

/ |ﬁa(t7 T) T+ BZ7 y) - ﬁa(t T, Z, y)|1|z|>a(T—t)1/0‘ |V(I7 dz) - V(Rt,Ty7 dz)|
ZeBE,t,T,ac,y

0(|(x — Riry)'])
< COAN|lz—R n(al) ,
< Clonle vy ] |(x — Ry ry)t|dte
D T
></ ﬁa(t,T,x+Bz,y)dz+ZM}
ZeBs,t,T,x,y T _t
_a t7T7 9
< CloN|r— RtTy’n(aAl)]{p (t, T, ,y)
’ T—1t
0(|(x — Rery)'l) / det(T5._,)~! dz} (s7)
@~ Rery) 72 Jocp,, ., A 1(Tg_) (@ + Bz — Ryrg) )0 0+9)
pa(t, Ty, y) | 0((x — Rery)')
< Cl5§ N - R n(anl) p(7 ) by ,
< [ |x t,Ty’ ] T _¢ |($ _ Rt,Ty)lld“‘
1
X (n=1)d | n(n=1)d o 1 ol
(T'—t) = = (1 + {(T3_) "z = Rery) P> [)
C v
< —[5 A |[E - Rt,Ty|na/\1]<]§a +pa>(t7 T7 z, y)» (88>

T—1
using Propositions 3.3} [3.4 and Lemma [5.2] for the last but second inequality.

From and (8.8) we derive:

- R C N B 5
(LY = LPN)palt, T ) s l6 A o = RrgV)(pa + o) (8. T2, 9),

which together with (8.5)) gives the statement of Lemmal[3.7)in the off-diagonal regime.

Remark 8.1 (About the rediagonalization). Observe that a similar rediagonalization
phenomenon occurs in the non-degenerate case as well. The fact is that, in that case we
integrate a density in and not a marginal. The decay of the jump measure gives
in that case up to a multiplicative singularity in (7' —t)~! the asymptotic behavior of
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the stable density. Namely when n = 1 we would have d + « instead of d + 1 + « in
(8.7) and in the off-diagonal regime:

1 _ 1 o T —t¢
|z — Rypylite T —t |z — Rypyltte
C 1
S 7 jo— Ry ryl | T
C
= —_a t7T7 ) )
7Pt T, 2,y)

where p, indeed corresponds to the upper bound for the large scale asymptotics of a
stable process whose spectral measure is absolutely continuous, see again Proposition
B.3l In that framework, our proof provides an alternative to the Fourier arguments
employed in [Kol00Ob].

Remark 8.2 (Loss of Concentration in the stable case). From equations (8.7)-(8.8) we
see that when [{(T$_,) *(z — Ry 7y) }*"| < K, i.e. the fast component in the backward
dynamics are diagonal, we have a loss of concentration w.r.t. to the worst asymptotic
bounds given in Proposition [3.3] Note also that in this case the lower bound in that
proposition yields:

[Tt o) = 50T ) - i | =~ el T

ct 1
(@ = Bury)' I (1 — ) 555 (0 [{(T5) (o = Ry Y2

1
T )R
-1
><{ (2 — Rt,Ty)1|d+C;(1 + K )nd(ira)—d - (z — Rt,fy)1|d+a+1 (T — t)l/oz}
1 c-!

> 3
2T - t)mflil)ﬁw (2 — Reqy)t[tto(1 + K)rd0te)—d

if |(x — Rery)t| > K (T —t)Y/« for K large enough. Hence, if d = 1 the previous bound
is sharp provided o(t,z) — o(t, Ryry) > 6 > 0.

9 Steps for the proof of Theorem [2.1{in the nonlinear
case.

We specify in this section how to modify the previous arguments to prove the well
posedness of the martingale problem for the generator of (2.5). We focus on the case
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n = 2. The constraint d = 1 will appear clearly during the proof. The first step
consists in choosing a suitable parametrix. This is done similarly to the Gaussian case
in [DM10]. Namely, we introduce for given (T,y) € RT x R? and (¢,z) € [0,T) x R?
the frozen process:

L T / Fy (s ()t + / o (11, bur () dZe,

ety = o [ (Fau,dur) 9.9
Vol i (9) (KE77)! = G ()') ) du

denoting ¢, 7(y) the solution to ¢r.r(y) =y, dur(y) = F(u, dur(y)), ie. backward
flow associated with the deterministic differential system. This is a linear dynamics
which once integrated through the resolvent yields:

it = p(w) + [ BLIBolu, b (w)iZ (9.10)

t

where recalling F'(t,z) = (F\(t,x), Fa(t,x))*:
W) = o+ [ Flubur@)da
t

+/:(vx1F2<u(,)¢u,T<y>> 8)@53(@ o (y)) du

AR R O e G S L

aségj%y - )0 thy’ Rtt - 12><2'

( 0
:ElFZ( gbs T( )) 0
It can be shown, similarly to Section 2.3 in [DM10] that:
(T3_) M (077 () = )| = [(TF_) "M — dur (W) = [(TF_) " (dre() — )| (9-11)

It can now be derived from equations ({9.10)), (9.11)) similarly to the proof of Proposition
b.3 that

ﬁa(fuTaxay) S C 2 ”;
(T = )T (1 4+ [(Tg_,) ~Hor) (x) — y)[)dHi+e
C 1

IA

( — )0+ ) (14 |(T_,) Nz — ¢pr(y))|)dtite
t,
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From the desintegration of the density in Appendix [§| (see equation ({8.2)), Lemma
and estimate (8.4)) we also derive the global gradient bounds:

‘axlﬁa@?Tax?y)‘ S ﬁa,qﬁ(t?Tax)y)a

(T —t)s

. C _
|002Da (t, T, z,y)| < (T_pr(t;ﬂw,y)-

On the other hand, the control of Lemma concerning the kernel H now writes:

S Az = @or(y)["")

[H(t,T,z,y)| <C {Pas(t, T, 2,y) + Pao(t, T2, y) } +

T—t
cllz=dr@l |- G ()] | 1@ = dur ()6 Al = dur(y)']")
(T —t)= (T —t)*s (T —t)\+=
Xpa,¢(t7T7x7y)7 (912)
where

1 e -
o o [(@—¢e, 7 () H/(T—)V*[=|(TF_ )~ e~ (y) > K
pa,¢(t7 T; x, Z/) = (T _ t)d/a(l n |($—¢t,T(y))l|)d+a
(T—t)1/e

1

(n—1)d | n(n—1)d 2:n

1+a”
7 -0 (1m0 - o))
We emphasize that in the above controls on p,, Vp,, H, we have bounded the tem-
pering function, appearing in the case [HT], by a constant. Indeed, this term is not
useful to investigate the martingale problem. Also, the additional contribution in H
coming from the gradient term, which vanishes in the linear case, is derived writing:

(F(t2) = (Fltour) + (g gy 6 ) @ 6D, Tult )

<0 { | N G2 ) N () M N e ¢t,T<y>>1|">] }
(T —t)= (T —t)ta (T —t)ta

The contributions in (9.12]) coming from the non-local part of H can be analyzed as
previously. Let us now focus on the term

pa,(b(ta T7 x, y) = G(ta T7 T, y)?
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which is the trickiest among the new contributions. Indeed, it involves the first com-
ponent, which has typical scale in (7' — ¢)*/®, renormalized by the singularity deriving
from the sensitivity w.r.t. the second one, i.e. (T —t)~(+/®) Following the proof of
Lemma [3.§ we write:

(T — 1)« |Z"|(6 A (T — t)=|Z"])") dz

G, T,x,y) < C’/
RQd

(T —t)*+= (1+[2Z])dt1+e
C 1 dzt

< 7t T—t|Z2"V"))———

< T_t/RJ O AT =12 D) g7

< C{T-pEi (Y7 A (T — 14120122y

- T—t |Z1>K |Zl|a
1 1 Azt

< — g_l - 1/77 _ P 1 £

< C{T -0+ ey IZM(& AT =12 D) 7

for any € € [0,7n]. Now, the above integral only converges if d =1, > 1 and a —¢ > 1
giving
G(t,T,w,y) < C{T —t)="" + (T —t)a'},

which, once integrated in time yields the needed smoothing effect.

We conclude saying that it seems anyhow difficult to consider this case, i.e. a fully
non linear unbounded drift, for the density estimate, since the additional contribution
in gives non-integrable singularities which we cannot here compensate as for the
diffusion with a dependence on the fast variable.

However, it can be proved under [HT] for d = 1,n = 2,a > 1 and

F(t,x):( F(t ) )

oy + Fz(t, z?)

where the coefficients are bounded measurable in time and s.t. a; € [co, ¢y ", co € (0, 1],
and Fi, F, are Lipschitz continuous in space, that the density exists and that the
estimates of Theorem 2.2 hold with the non-linear flow. In that case, the most singular

term is linear and vanishes in H. Assumption [HT] is here crucial and would give
instead of the previous control ((9.12) that:

§ A |z — gpp(y)[7@)

|H(t7 T’ 'Z‘7 y)l S O |: {ﬁa,¢(t7 T’ :L‘7 y) + ﬁa,(b(t? T’ x? y)} +

T—1t
s ot 0 1)

The first contribution can be analyzed as previously, see Section [6] On the other hand
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the definition of ©(r) := (1 +7)0(r),r > 0 gives:

@ = dur@W)l | [z = 9ur(y))’]
(T —t)w (T —t)'*s

} pa,(ﬁ(t? T x, y)@(\M;}(w - ¢t,T(y))D

C

= —1]50[, ,© t7Taxay )
(T pyile ( )

where pa,qﬁ,@(t? T: x, y) = ﬁqu(t, Ta z, y)@(lM;%(ZL‘ - ¢t,T(y))|)



Chapter 4

A Multi-step Richardson-Romberg
extrapolation method for stochastic
approximation

We obtain an expansion of the implicit weak discretization error for the target of
stochastic approximation algorithms introduced and studied in [Fril3|. This allows
us to extend and develop the Richardson-Romberg extrapolation method for Monte
Carlo linear estimator (introduced in [T'T90] and deeply studied in [Pag07]) to the
framework of stochastic optimization by means of stochastic approximation algorithm.
We notably apply the method to the estimation of the quantile of diffusion processes.
Numerical results confirm the theoretical analysis and show a significant reduction in
the initial computational cost.

1 Statement of the Problem

The aim of this paper is to combine a multistep Richardson-Romberg extrapolation
method with stochastic approximation (SA) algorithms which are recursive simula-
tion based procedures commonly used in the framework of stochastic optimization.
Introduced by Robbins and Monro [RM51], SA algorithms aims at computing a zero
of a continuous function h : R — RY which is unknown to the experimenter but can
only be estimated through experiments. In this general context, the function h writes
h(0) := E[H(0,U)] where H : R? x R? — R? and U is a R%valued random vector. To
estimate a zero of h, one devises the following recursive algorithm

Ops1 =0, — Yo H(0,, UPT™), p>0 (1.1)

where (UP),>; is an i.i.d. sequence of random variables with the same law as U defined
on a probability space (2, F,P), 6y is independent of the innovation of the algorithm

163
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with E[|6p]?] < +o0 and v = (7,)p>1 is a deterministic and decreasing sequence of
non-negative steps satisfying the usual assumption

va = 400, and 275 < +o00. (1.2)

p=>1 p>1

When the function h is the gradient of a convex potential, the recursive procedure
is a stochastic gradient algorithm. Indeed replacing H(6,, UP™) by h(6,) in (1.1)
leads to the usual deterministic descent gradient procedure.

In many applications, notably in computational finance, the sequence of random
vectors (UP),>1 is not directly simulatable (at a reasonable cost) and can only be
approximated by another sequence of easily simulatable random vectors ((U™)P),>1,
n > 0, where U™ (weakly or strongly) approximates U as n — 400 with a standard
weak discretization error (or bias) E[f(U")] —E[f(U)] that can be expanded in powers
of n™%, a > 0, for a specific class of functions f € C. One typical situation is when U =
X7, X := (Xi)iep,r) being a g-dimensional diffusion process solution of a stochastic
differential equation (SDE) and U™ = X} where X" := (X}')cp) stands for its
standard Euler-Maruyama discretization scheme with time step A = T'/n, n € N*.

Since we are interested in the computation of the zero 6* of h given by h(f) :=
E[H(0,U)] where H : R x R? — R? and the function h is generally neither known nor
computable since the random variable U cannot be easily simulated, estimating 6* by
devising directly the recursive scheme is not possible. Therefore, two steps are
needed to compute 6*:

- the first step consists in approximating the zero 6* of h by the zero 8" of the function
h" defined by h™(6) := E[H(0,U™)], € R%. It induces an implicit discretization error
which writes

Ep(n) :=0" — 6"

Under mild assumptions on h and h™, it is proved in [Fril3] that 6™ converges to * as
n goes to infinity. Moreover, if the standard weak discretization error is of order n™?,
a € (0,1), that is V8 € RY h"(0)—h(0) = AY(O)n~+o(n~*), with A9 : R — R?, then
(under additional mild assumptions) this rate of convergence transfers to the implicit
discretization error that is Ep(n) = ©;n~* + o(n™?) for some ©; € R%.

- the second step consists in approximating 6" using M € N* steps of the following
SA scheme
;T)LJrl - 9; - 7p+1H<927 (Un)p+1)7 pE |107 M — 1ﬂ7 (13)

where ((U")P)pep,mq is an ii.d. sequence of random variables with the same law as
U™, 0% is independent of the innovation of the algorithm with sup,,-; E|07]* < +oco and
7 = (7p)p>1 Is a sequence of non-negative deterministic and decrea_sing steps satisfying
(1.2). This induces a statistical error which writes

Es(n, M) == "™ — 07,
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Regarding the statistical error, it is well-known that under mild assumptions the
Robbins-Monro theorem guarantees that for each n € N*| limy; , o Es(n, M) = 0.
Moreover, under additional technical assumptions, a central limit theorem (CLT) holds
at rate y~/2(M) that is v~ /2(M)Es(n, M) converges in distribution to a normally
distributed random variable. The reader may also refer to [FM12] and |[FF13] for some
recent developments on non-asymptotic deviation bounds for the statistical error.

The global error between 6*, the quantity to estimate, and its implementable ap-
proximation 6%, can be decomposed as follows:

e, M) = 6% — G0 1 67— g1,
= 8D(n) =+ 55(”, M)
The first aim of this paper is to prove the existence of an expansion for the implicit

discretization error, that is, under mild assumptions (see Section[2) on h and k", Ep(n)
can be expanded as follows

* *,M * Cl CR 1
VR e N*, 0" —0 :E+"'+naR+0(naR> (1.4)

where (Cy,---,Cg) € (R)%. Then taking advantage of we devise a multistep
Richardson-Romberg extrapolation method for stochastic optimization by means of
stochastic approximation algorithm. The principle of Richardson-Romberg extrapola-
tion is to reduce the bias produced by the implicit discretization error by combining
two estimators with different step size. To be more precise, one considers the two
following weights wy = (—1/(2% — 1))I; and wy = (2%/(2% — 1))1y, I, is the identity
matrix of dimension d and the Richardson-Romberg SA estimator

n2n n 2n
@M = U)10M + UJQQM

where (637, 6%,) is obtained using M steps of two SA schemes devised with the i.i.d. se-
quence ((U*",U™)P)peqi,my of random variables with the same law as (U**,U™). Under
standard assumptions, this linear combination of SA estimators a.s. converges to the
target w;0*™ +wy0%?" as the number of steps M goes to infinity. The key observation
is that this new target satisfies the following implicit error expansion of order 2

Cy 1 1
W 0" 4wl — 0= -2 4o ( ) :

Qo n2a n2a

Moreover, in the spirit of [Pag07], we show how to control the asymptotic L' (P)-
norm of the distance between the new estimator @X/’[Q" and its target w,0%" +w,0*?" as
n goes to infinity. Then, it is natural to iterate this extrapolation to obtain a new SA
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estimator with an implicit discretization error of order n=*% for any R € N*. This ex-
tension called multi-step Richardson-Romberg extrapolation is deeply investigated in
|Pag07] for Monte Carlo linear estimator in the framework of discretization of diffusion
processes.

The aim of this paper is to investigate the Richardson-Romberg SA method. Our
purpose is to show that the principle of multi-step Richardson-Romberg extrapolation
for Monte Carlo linear estimator can be extended to the framework of stochastic
optimization by means of SA algorithm. We notably prove that the new estimator
outperforms the standard SA estimator in terms of computational cost.

The paper is organized as follows: in Section 2 we provide an expansion of the
implicit discretization error in powers of n™* under mild assumptions. Then we take
advantage of this expansion to propose a multi-step Richardson-Romberg method by
means of SA. In Section 3 is presented an illustration of the method to the estimation
of the quantile of a stochastic differential equation (SDE) driven by a stable process. In
Section 4 numerical results are carried out to confirm the theoretical analysis. Finally,
Section 5 is devoted to theoretical results which are useful throughout the paper.

2 Main results

This section is divided in two parts. In the first one we obtain a general result con-
cerning the expansion of the implicit discretization error. In the second one, we take
advantage of this result to develop a Richardson-Romberg extrapolation method for
stochastic optimization by means of SA algorithms.

2.1 Expansion of the implicit discretization error

We first provide a result concerning the convergence of the sequence (6*"),>1 towards
0*. For a proof the reader may refer to [Fril3].

Proposition 2.1. For all n € N*, assume that h and h™ satisfy the mean reverting
assumption.:

YO £ 0%, (0 —0°, h(0)) >0 and VO £ 0", (0 — 0", K"(6)) > 0.

Moreover, suppose that (h™),>1 converges locally uniformly towards h. Then, one
has

" — 0* as n — +oo.

Here we will investigate an expansion of the error term #*" — 6* in powers of n=?.

Through the document, we will refer to [H-k] the following set of assumptions:
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1. For all 4 € R,

n AJ(0) AR(9) 1
h(ﬁ) —h (9) = e + -+ nak +o0 (W) . (25)
2. h,h" € C*(R4,RY) and for all | < k — 1, for all § € RY,
AL(9) AL () 1
I3n I _ N ke
Dh(&)—Dh(Q)_ o ++W+O<W) (26)
where for all # € R? AL(6),--- AL _,(9) and o(n=2*=D) are multilinear maps

from (R%)! to R
3. For all [ € [1,k], (D'h™),>1 converges locally uniformly towards D'h.

4. Dh(0*) is invertible.
Proposition 2.2. Assume that 6*" — 6* as n — +o00. Under [H-1], one has

n® (0" — %) —s Dh(6*)~'A%(6"). (2.7)

Proof. Observe that one has h"(6*") — h™*(0*) = —h™(0*) = h(6*) — h™(6*). On the
one hand, writing Taylor’s formula with integral remainder yields:

hr (0™ — hM(0F) = /0 1 dtDR™(t0"" + (1 — £)0%)(0"" — 6%). (2.8)

On the other hand, from the discretization error, we have h(0*)—h™(6*) = A%(0*)n~>+
o(n=%).
Since 0*™ — 0*, Dh(0") is invertible, and (Dh™),>1 converges uniformly locally to
n—oo -
Dh, for n large enough, the matrix fol Dh™(t0*"+(1—t)0*)dt is invertible. Multiplying
both sides of ([2.8]) by n® finally yields

n (6" — 6 = (/01 Dh™(t0*" + (1 — t)Q*)dt) (A%(6%) + o(1)) — Dh(0") " A%(6").

n—oo

O

Let us note that Proposition provides a first order expansion of 8*™ — #*, that
is %" — 0" = Cin~* 4+ o(n™*). We now give a generalization of this first result.

Theorem 2.3. Assume that 0" — 0*, n — +oo, and that [H-p] holds for some
p € N*. Then, 0™ —0* has an expansion up to order p, that is, the following expansion

holds: o o |
9*’”—6*:—;+---+—p+o<—>.

n nop nop
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Proof. 1f [H-p], p € N*, holds then Proposition gives a first order expansion for
0" —6*. We now prove the inductive step that is if #*™ — 6* has an expansion of order
k — 1 then an expansion holds at order k, for £ < p. The basic idea does not change
from the previous computation. From the development of the discretization error, we
have:

h(é)*)—h”(ﬁ*)z%Jﬁ”*‘%*’o(%) . (29)

On the other hand, we write a Taylor’s expansion of h™ up to the same order k —1:

1 k=17 n/px* xn k) (k—1)
oo P -0
YR (077 — 07, (2.10)

with the remainder in integral form satisfying:

1 (1 _ t)k:fl
P (0" —07) = / DR (07" + (1 — 4)07) (0" — 67) Pt

1 * *,n * 1
= Eth(O )(0 0 >(k) “+ o0 (W)

where we used that (D*h™),>; converges locally uniformly to D*h, k € [1,p], and
0" — 0* = O(n™?) for the last equality. Let us note that for I € [1,k], D'h(6*) (as
AL(6%), j =1,--- k—1) is a multilinear maps from (R?)" to R?. The expansions (2.6
allow us to replace the derivatives of h™ by the derivatives of h in (2.10)) at the cost of
an error term, that is:

(O~ (0"
— Dh(0*) (0" — ") + (% P =10 +O( 1 )) 0 6

@ na(k—1) na(k—1)
1 A0 1
. Dkfl * S Y - xn _ x\(k—1)
+ +(k_1)!( h(0%) + o +O<na)>(9 ")
1 k * *,1 *\ (k) 1
+ D)0 =09 o (— ).

Since h"(0*™) — h™(0*) = —h™(0*) = h(0*) — h"(6*) and Dh(6*) is invertible, the
previous equality implies
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Dh(6*)71AY(9* Dh(6%)7 AL (0 1
CUNE) | DU (1)
n n n
en _pe o [ Dh(E)TTAL(67) Dh(0") "' Ay, (0%) 1 o e
o*" — 6 +< s ! + -+ ak—1) +o0 m (6’ —9)
1 *\—1 k—1 * Dh(e*)ilA]f_l(e*) 1 xn __ ox\(k—1)
SRR (Dh(e) D (%) + — +o(=)) 0 —0)

1 *\ — * *,M * 1
+ HDh(e )TIDRR(6%) (07" — )P 4o (W) _

The last equation should be seen as a "bootstrap" for 8™ — 6*, that is:

*\—1 AO/p* *\—1 AO/px*
gon_ge_ DRO)IASO)  Dh(e) Ak<e>+o( 1)

ne nak nak
Dh(6*)~1AJ(6%) Dh(6*)71A;_,(6%) 1 o

—( — —t ot — ey o\ ey ) ) (= 6)

Dh(6")™" (5 A7) 1 -
—— 7 (D * S . xn _ gx\(k—1)

) ( MO") + = ——+o( =) )67 =0")

1 1
_ HDh(@*)—leh(e*)<9*,n —6)® 1o (W) , (2.11)

The idea now is to plug the expansion of 8™ — #* in the right hand side of (2.11))
and check that the first remainder term comes at order o(n=%). It is clear that on

the first line the remainder term is of order o(n=**). Moreover, for any [ € [2, k], the
generic [-th term writes in the ¢-th component:

I ((Dlh(e )+ 1n—a Tt no(k=0) +o <na(kl))> (0" -6 )(l)>i

i1+ Fig=l
1 *,1 *\1 *,m *\1%
+O<W)(6’ —9>11X"'X<9’ —0>dd

1 *,m *\ 21 *n %\ 1 1
N Z i1 ]Ailﬁ"'vid(e’ _9)1 ><~~~><(9’ —Q)dd—Fo(W) (212)

1 *.n *\17 n N
g a0 = O X (07 = 67
1: 14:
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*\Y . l *)Y .
where A = L(@*)—i—ma(—i))l—k- ~ ~+% with (AL(6%)); for j € [1,k—1]

1,52 8011“-89;(1 n

. . Ly, . * 8lh? * * 6% * o —
satisying o (0) — i (07) = (AL(87)i/n™ + - 4 (A (67))s/n070 +

o(1/n**=V) and where we used that (6" — )" x - - - x (05" — %) = O(1/n°) for the
last equality. Now, replacing (6*™ — 6*); by its expansion, we observe that the generic
term in (2.12) satisfies

! cl, 1 i
Ai1,--'7id (n—a—i‘""'—m—i‘O m X

where C' = (CH)" x --- x (C%)i. We clearly see that the expression above yields an
expansion in powers of n~% with a remainder at order o(n~=°*). Formally, as the power
in the expansion goes down, the power in the derivatives grows, compensating
exactly and giving the right order in the remainder.

Finally, we expand the previous equation and group together the different terms
with respect to the power of n=®. As we observed above, the remainder term is at
order o (n*ak), because of the compensation between the power in the expansion ([2.6))
and the order of the Taylor expansion. This completes the proof. ]

2.2 Multi-step Richardson-Romberg extrapolation for stochas-
tic approximation

Multi-step Richardson-Romberg extrapolation was successfully applied in the context
of Monte Carlo linear estimator for the computation of E[f(Xr)], where f : R? — R
(with possible extension to the case of path-dependent options) and X is the (unique)
strong solution to an SDE, see [Pag07]. In this section, we propose a multi-step
Richardson-Romberg SA estimator with a control of the statistical error. We proceed
as follows. Let R > 2 be an integer. To devise a SA estimator whose target has an
implicit discretization error of order n=*® as n — +oo, we introduce a sequence of

R random vectors {U™,r € [1, R]}, n € N*. Throughout this section we will assume

that this sequence satisfies U™ LU asn — +oo with U" £ U, r € [1, R], all

variables being defined on the same probability space. If assumption [H-R] holds
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then for all r € [1, R] one gets

R-1

*,71 * Cp 1 CR 1
9 :8 + WTPW_’_M_Rﬁ(l—’_ET(n))
p=1
with €.(n) — 0 as n — +oo. Then, one defines the Vandermonde Rd x (R — 1)d
matrix
V- [&]
T | <r<Rr1<p<R—1

and the extended Rd X d unit matrix I = (Ig,-- -, Id)T where [, is the identity matrix
of dimension d. Now we write

g =10+ V 'ni‘r’“ + M_I}?WLR (1 + Er(n))
: 1<r<R : 1<r<R-1 : 1<r<R
(2.13)
We consider the Rd x d weight matrix w = (wy, -+ ,wg)?, w; being a d x d matrix
for i € [1, R] satisfying
WTI == Id and WTV = ded(Rfl) (214)
which is equivalent to 3
Vw = E, (2.15)
with By = (14, 04xa(r-1))" and V is the Vandermonde matrix defined by
I, Iy e I,
o I, é_g . %
Ii swtve  poetve
Thanks to Cramer’s rule, the solution w to (2.15)) is explicitly given by
T.aR
Vre{l,--- R}, w,=(-1)FT" 14, (2.16)

[ (e — o) TIE, 0 (o = )

where we use the convention Hf:RH(ja —r®) = 1. Let us note that when o = 1 this
last expression simplifies to w, = (=1)%"(rf/(rl(R —r)))) 14, r = 1,--- , R. The first
condition in reads Zle w, = I3 which implies that lim,, . Zle w05 =
Zle w,.0* = 6*. Moreover, multiplying on the left by w’ yields

R
Z L
WTH*’ML = f* + CRWWR-Fl (1 + ER_H(TL)) (217)
r=1
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where
R aR R—1
- _ r 1 (—1)
Writ =) (1) — ; ; T (2.18)
; Hj:(l)(ra —J%) Hf:r-l—l(ja — o) f Rl
and
R
1 (_1)R—r
€rr1(n) = = — . = . e(n) — 0, as n — 4oo.
WhR+1 ; Hj:O(Ta —J%) Hj:r—i—l(]a —r®)

(2.19)
We now approximate the new target Zle w,.0%"™ by means of M € N* steps of
R SA schemes which write

vre[l,R], 0% =0"—ypaH(,", (U™Pth, p e 0, M —1] (2.20)
where (U™)?,r =1,--+ , R)pepi,mq is an i.i.d sequence with the same law as (U™, r =
1,---,R), 65", r = 1--- | R are the initial conditions independent of the innovation

sequence satisfying sup,; E|f§|> < +00 and the sequence (7,),>1 satisfies (1.2)). Now
the new statistical error of the Richardson-Romberg extrapolation estimator writes

(‘:R R n M ZWT 0* rn an)

We are looking for an efficient estimator among the family

{Z w04}, (n, M) € (N*)2} :

r=1

To be more precise, we will minimize the computational cost for a given L!(P)-error
e > 0. We assume that the cost of a single simulation of U™ is proportional to n and
is given by K x n, where K is a generic positive constant independent of n. It notably
corresponds to the case of discretization schemes of a stochastic process. In the case
of the Richardson-Romberg method for SA, at each step p € [1, M] of the procedure,
for every r € [1, R], one has to simulate the random vector (U™, U?*, ...  U%") so that
the global computational cost is given by

R
Cost(R-R) := KM Y rn = KMn

r=1

R(R+1)
—

Hence the problem of interest writes

(n(e), M(e)) = argmmE‘Eﬁ;bR|§ECost(R—R).
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gR—R

Jiob | < e is not tractable since

From a practical point of view the constraint: E|
one does not have any explicit control on E|E g}lzo’bR . Hence one is led to consider some

sharp upper bound of this L*(P)-norm, namely

R R
S w0t — g > w, (07— 03

E|&gq | < +E ]
r=1 r=1
| -
R *,TN rn
< (RInf)e (L+[er1(n)]) + E ;1 w (67 — 0h7) ] : (2:21)

Note that the bound is not tractable since we do not have any closed form
expression for the last term appearing in the right-hand side, namely the L'-norm (or
L2-norm) of the statistical error of the Richardson-Romberg SA estimator. Again we
will consider some sharp upper bound. In order to derive an explicit control we assume
that the following conditions are in force:

(HUI) 36 > 0, such that V0 € R?, sup,,cn E[|H (6, U™)|*7] < +o0.
(HC1) 3C > 0 such that Vn € N*,V8 € RY, E[|H(9, U")[2] < C(1 + |6 — 6°7]?).
(HC2) VO € R, P(U ¢ Cy) = 0 with Cp := {z € RY: .+ H(6,x) is continuous at z}.
(HRG) There exists a € (0, 1],
E|H n\ _ (g n\|2
| EHOUY - HELU7)

< +00.
neN*,(6,0")(R4)2 |0 — 0|2

(HUA) For each n € N*, the map h" : § € R? — E[H(6,U")] is continuously dif-
ferentiable with DA™ Lipschitz-continuous uniformly in n and there exists A > 0
s.b. inf,ene gerd Amin ((DR™(0) + Dh™(0)7)/2) > X where Apin(A) denotes the low-

est eigenvalue of the matrix A. (Uniform Attractivity).
(HS) The step sequence is given by 7, = v(p), p > 1, where v is a positive function
defined on [0, +o00[ decreasing to zero satisfying one of the following assumptions:

e 7 varies regularly with exponent (—p), p € (1/2,1), that is, for any « > 0,
limy sy oo y(tx) /7y (t) = 7.
o fort > 1, vy(t) = 70/t and 7o satisfies 2Ayy > 1.
Remark 2.1. Assumption (HUA) already appears in [Duf96]| and [BMP90], see also
[FM12] and [FE13] in another context. It allows to control the L*-norm E[67" — ™ |?,
r € [1, R] with respect to the step v(p) uniformly in n, see section 5, lemma[5.2]. As

discussed in [KY03|, (Chapter 10, Section 5, p.350, Theorem 5.2) if one considers the
projected version of the algorithm (1.3]) on a bounded convex set D, namely

Op1 =1p [0 — v H(0,, (UM))], p e [0, M —1],
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where I denotes the orthogonal projection operator on D (for instance one may set
D = T4, [a;, b;], —00 < a; < b; < +00) and Vn > 1, 0*" € int(D), as very often
happens from a practical point of view, then assumption (HUA) can be localized on
D, that is inf,en gep Amin ((Dh”(@) + Dh”(Q)T)/Q) >\

We also want to point out that if assumption (HUA) is satisfied then passing to
the limit as n — 400 one easily shows that Ay, ((Dh(6*) + Dh(6%)7)/2) > A.

Proposition 2.4. (LY(P) control of the statistical error) Let R € N*. Suppose that
forr e [1,R], U™ = U and 0y 25 6y, as n — +oo. Under (H-R), (HUI),
(HC1), (HC2), (HRG), (HS) and (HUA), one has for some positive constant
C:=C(7,2)

o 1/2

Y2(M) (14 ¢ (n) + ¢5(M))

R

ZWTH(Q*, Un)

r=1

El£5 "] < CE

where ¢f, ¢t are two positive functions satisfying: ¢F(n) — 0 and ¢S (M) — 0 respec-
tively as M — 400, n — +oo and ¢¥ is non-increasing.

Proof. We define for all p > 1,

AM;n - hrn(e;rll)_H(ern (Urn>p)

p—D
= E[H(0,",, (Um)p)] Fpa] = H(O",, (U™)P).
Recalling that (U™, U?",--- U™, -+ , U™)P),cp.uq is a sequence of i.i.d. random
variables we have that (AM]"),>1, r € [1, R], are sequences of martingale increments
w.r.t. the natural filtration of the stochastic approximation schemes F := (F, :=

Oy, (U™, - (U™P,r = 1,--- ,R);p > 1). Using Taylor’s formula we get for
p>0andre€[l,R]

917;7_:_1 — g — 917;71 — g ’Yp—i—lhrn(e;n) + ")/p_HAM;;il
_ Q;n _ g ’Yp-i—th(e*)(Q;n i 9*,rn)

1
TR (Dh<9*> = [ xpire -y - 9*7*”))) (o — )
0
+ Y1 AMY,.

Hence by a simple induction argument one has for (r, M) € [1, R] x N*

M M
O — 0% =T g (05" — 0" + > Wl AM™ + Y Il i By (2.22)
k=1 k=1
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where R}" = <Dh(9*) — JFAADR™ (5 4 (1 — A) (6 — e*m)) (07" —6") and Ty -

Hj]\ik(ld — v;Dh(6%)), with the convention that I1j;4q s = I5. Multiplying (2.22)) on
the left by w, given by (2.16) and summing w.r.t r lead to

R M R
LI | Y (Z w, (07" — 9*%)) + ) Il (Z W,,AM,:n)
r=1 r=1

k=1
M R
+ > el (Z W, ’,;L) . (2.23)
k=1 r=1

Ought to the Minkowski inequality it is sufficient to bound the L!'(P)-norm of
each term in the above decomposition. First, since —DAh(0*) is a Hurwitz matrix,
VA € [0,), there exists C' > 0 such that for any k < n, [[Tl,[| < CT[_.(1 —Ay;) <
Cexp(—=A> 7. 7;). We refer to [Duf96] and [BMPI0] for more details. Hence, one
has for all n € (0, )

E[[ T () we(05" = 0] < [T [E] Y wi (65" — 0]

r=1 r=1

R
< Ce*(A*TI)Zkle 7kE[| Zwr(egn i 9*,7’11)“

r=1

where ||.]| stands for the matrix norm on R? @ RY. For the second term, recalling that
Zle w,AM;" is a martingale increment, one has

u R 97 1/2 u R o7\ 1/2
E Z%HHLM(Z w, AM") < ZW£||Hk+1,M||2E ZWTAMZH
k=1 r=1 k=1 r=1
(2.24)
Similarly for the last term, one has
M R M R
E Y wllkiam <Z WrR?h) “ < el ml[E D wo R | (225)
k=1 r=1 k=1 r=1

We now study the limit of each bound as n and M go to infinity. For the
first term, observe that 3.7 w,.(65" — 04™) N S w6y — 0%) = 6y — 0" as
n — +oo. Moreover, since sup,>; E|0j|> < +o0, by uniform integrability one has
E| 5w, (65— 04| — E|fy — 6*| as n — 4o0. If v(p) = 70/p we select 7 such that
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2(A =)y > 1 otherwise we set 7 < A which implies that exp(—(A — 1) >_7_, ) =
V(MG (M) with ¢F(M) — 0 as M — +oo. Hence we get

R
E[|T,a (Y wi (0" — 0™)]] < CF /2 (M)eg (M)
r=1
Let us now study the second term. Define for k& > 1, ANI™ = h™(0*) — H(0*, (U™)¥)
then by the Cauchy-Schwarz inequality and (HRG) one has
R
Z w,AN"
r=1

2 2

R
E | wAM" | -E
r=1

R 1/2
< Cp (Z lw, |[E [|AM" — AN,:;”F})

r=1
x (B[H (G2, (U™ P2 + B[ HG", (U™))F]V?)
< Cr pass E[J05", — ")

< Cr(y” +n77)

where we used lemmal5.2]and max; <, < [6*"" —6*| < Cn~* for the last inequality. Now
2 2
observe that E “Zle w,AN;" } = E “Eil w,(h"(0%) — H(G*,UT”))’ 1 so that

using (HC2) and U™ 5 U asn — +00, one has S w (W (6% = H(65,U™)) N

— % w,H(6*,U") as n — +o0. From (HUT) we deduce the L?-uniform integrabil-
ity of the family {Zle w,.(h"™(0*) — H(O*,U™)),n > 1} which yields

2 2

R R
E | wAN" | —E | w,HE . U")| |, n—+oo.
r=1 r=1
Plugging the above estimates into (2.24]), we derive the following bound

97 1/2

E

M R
D el (Y w AM™)
k=1 r=1

97 1/2

R M 1/2
<E||Y wH@O .U (ZvﬁHHW,MW) (1+ ¢ (n)) (2.26)
r=1 k=1

v 1/2

a/2

+ Cr 2%3%/ HHkH,MH2> ;
k=1
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with ¢f(n) — 0 as n — +oo. Using lemmal5.1] we successively derive that

o 1/2
(Z %3HHk-+1,M||2> < Cy'*(M)
k=1

for some positive constant C(v, A) and

v 1/2
(Z 'VZ'VZ/QHHk—s-l,MHQ) = o('/2(M)) = 4'/*(M) 5 (M)

k=1

as M — +oo. We now focus on the last term. Let us first observe that using (H-R)
and since Dh™ is Lipschitz (uniformly in n) one has

g = |(Dnte) — Do)

+ /0 L (D™ (6%) = DA™ (6% + (1 = X)(67" - e*ﬂ"”)))) (6" — ™)

<C (max ||Dh(0) — DR™(67)|| + |60 — 0*’T”|) |6, — 67|

1<r<R

so that plugging this estimate in (2.25) and using lemma lead to
M R
Z%HHLM (Z W, Z’h) ]
k=1 r=1

M
= C (Z(%‘:’/Q max [|Dh(6") — Dh™(67)]| +%§)I|Hk+17M|I> :

1<r<R
k=1

E

Finally lemma [5.1] and since max;<,<g || Dh(6*) — DR™(6%)|| — 0 as n — +o0 also
imply

M

* ™ n* 3/2

max || DA(6%) — DA™ (6")] (Z A ||Hk+1,M||) < 428 (n)
- k=1

and applying again Lemma with a = 1/2 and vy, = 7,1/ 2, one has:

Y il l] = oy (M) = 7 2(M)5 (M)
k=1
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From the previous computations we are naturally led to consider the following
suboptimal computational cost optimization problem

(n€), M(€)) = argmin, pn-an(isien s (m)+var /20140 +of () <= COSER-R) - (2.27)

2:| 1/2

Proposition 2.5. (Computational cost optimization) Let R € N*. Suppose that the
assumptions of Proposition are satisfied. Suppose that the step sequence 7y is given
by: v(p) = v0/0%, 7% >0, p >0, B € (1/2,1]. The multi-step Richardson-Romberg SA
estimator of order R satisfies

where ugr = |g£| and vg = CE [‘Zleer(G*, Ur)

inf Cost(R-R)

urn= B (1+legp1(n))+vryt/2(M)(1+o7 (n)+¢5 (M) <e
1 2
R(R+1) L 2 1 1 2R\ °R B \*
~ K— BB, aR ___ — 1 - 1 -
g o VriE 5§+;R(+ ﬁ) <+2aR
as € — 0. Fventually this asymptotically optimal bound may be achieved with param-
eters satisfying:

™[

as € — 0.
(2.28)

Proof. Let us note that the cost minimization problem ([2.27)) is lower-bounded by the
more tractable problem

2aR eR L Loz B
n(s)w(%le) pgte =R and M(e) ~ vy (1+%) £

_ —aR\2 R(R 1
inf Cost(R-R) = inf Ky7* (<€ ﬂR;ﬂL ) > n (F+1) (2.29)
urn—R4yp~y1l/2(M)<e upn~—*f<e Vp 2
with M =71 <(€_’“+7M)2> = é/ﬁué/ﬁ(e — upn~*®)=2/8_ This optimization problem
R
can be solved explicitly, more precisely the optimal parameters are given by
2
2R aR 1 12 B \? _a
TL(E):<T+1) M}O;ER(‘: aR, M(E):’}/Oﬁyg (1+m) g b,

The "liminf" side of the result clearly follows by plugging this solution into ([2.29)).
Now set

20R 2
n(e) = (%+1) ,u;;iRe_ﬁ,

(£ = pr(L + lera (n(2)) hn=*" ()

1 2 2 2
v (14 2 (1 T OR(n() + oREvE (14 ,2)F >)
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Since ¢f is non-increasing, the couple (n(g), M (¢)) satisfies the constraint
prn” (L [eri(n)]) + vpy 2 (M)(L + 67 (n) + ¢5'(M)) < €

so that the cost minimization problem ([2.27)) is upper-bounded by

1 2
R(R+1) 1 1 2R\ R & 2 BN\
K—,uRRéT aR <1+7> ’yéBV}g (1+ m)

xeé(1-«1+-k3{«n@»n§5g%;3)5

12 2 9 B
x@+ﬁ@@ﬂ¢%&%@+i%y5ﬂ>

and the result follows by letting € goes to zero.

Remark 2.2. (Choice of the step sequence) According to Proposition it is
optimal to set f = 1 to achieve a minimal asymptotic complexity. In this case a
constraint appear on yg: 2Ayy > 1. Let us note that for § = 1 a simple computation
shows that the constant C' appearing in v is equal to 7o/ (2Ayo — 1)/2 which reaches
its minimum (as a function of ) at 79 = 1/A. However the main drawback with this
choice is that the constant A is not known to the experimenter so that one is led to
make a blind choice in practical implementation.

Remark 2.3. (Control of the variance) Let us note that when one decides to
implement the Richardson-Romberg extrapolation SA scheme with an innovation sat-
isfying U" = U a.s. r = 1,---, R then one has H(0*,U") = H(0*,U) a.s. for every
r € [1, R] so that using yields

2 2

R

ZWTH(Q*, Un)

r=1

R

(D _w,)H (0", U)

r=1

E = =E[|H(®",U)]*].

Hence we clearly see that this choice leads to a control in the L'-norm of the
statistical error of the multi-step Richardson-Romberg SA estimator. On the opposite
considering mutually independent innovations U" lead to an explosion of the previous
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control with respect to R. Indeed one has

R

> w H(0,U)

r=1

2aR

- i E[|H (6, U)[>
(EZHrl 2) [|H (6", 0)]]

E . 2 R .
r=1 j:o(ra —J%) Hj:r+1(]a — %)

> (B e e o)

R 200
~ (ﬁ) E[|H(@",U)°] as R — +oo,
where we used for the first equality.

For instance when one is concerned with the discretization of a Brownian diffu-
sion, the first aforementioned case consists in implementing the Richardson-Romberg
method with R Euler schemes devised with the same Brownian motion W namely
Wr=W, r=1,---, R whereas the second case consists in implementing the method
with mutually independent Brownian motions W". The optimality of this choice is
discussed in [Pag07].

2.3 Comparison with the crude stochastic approximation esti-
mator

Under the assumptions of Proposition with R = 1, the global error for the crude
SA estimator satisfies

E[|Egion(M, 7y, H)[] = E[|67 — 67" + 6" — 03]

C *,M n
<Gl e e o o)

teA]
+ CE [[H(O7,U)]?]? 72 (M)(1+ 61 (n) + do(M)),

with a computational cost given by Cost(C-S) := K Mn. Hence a similar result as in

Proposition holds.

< — (I+lan))

Proposition 2.6. Assume that the assumptions of Proposition with R =1 hold.
Suppose that the step sequence 7y is given by: ¥(p) = v0/p”, %0 >0, p >0, B € (1/2,1].
The crude SA estimator satisfies

inf Cost(C-S)
|Crln=e (1+|er (n)]) +wayt/ 2 (M) (1+¢1 (n)+¢2 (M) <e

1 2
1 2 a B
e (1) (1 Y
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1
as € = 0 with vy, = CE [|H(6’*, U)|2} >, Bventually this asymptotically optimal bound
may be achieved with parameters satisfying:

2a é 1 1 12 6 % 5
n(e) ~ (? + 1) |Cy|ee™= and M(e) ~~5vy (1 + —) e 7 ase— 0. (2.30)

3 Application: Estimation of the quantile of a com-
ponent of an SDE

In this section, we show how the previous results can be applied to the estimation of
the quantile of a stochastic process solution to a stochastic differential equation. Also,
when the exact value of a constant is not important we may repeat the same symbol
for constants that may change from one line to next.

3.1 Notations and Hypotheses.

Let (2, F, (Fi)t>0, P) be a filtered probability space satisfying the usual conditions and
(Z1)1>0 be a d-dimensional (F;)¢>o symmetric a-stable process, for a € (0, 2], that is a

cadlag process with independent and stationary increments with the scaling property

d . .
Lot @ ct/*Z,. Note that the case o = 2 corresponds to the standard Brownian motion.

It is also the only case where Z is a continuous process. When a < 2, the Stable process
is discontinuous and its Lévy-Khintchine exponent writes for all p € R,

B (o) ~exp (~t [ (o) u(an)).

We refer to the measure p as the spectral measure of Z. It is related to the Lévy
measure of the process Z as follows. Denote by v the Lévy measure of Z, v factorizes in
v(dz) = C’a‘z‘ﬂ—i‘au(z), where z = (|2], 2) € R, x S9! stands for the polar coordinates.
For the exact value of C,, we refer to Sato [Sat05]. Let us consider a d-dimensional
process (Xy)i>0 = (X}, ..., X)> with dynamics:

t t
X, =x+ / b(Xs-)ds + / o(Xs-)dZs, (3.31)
0 0

where b : R? — R? and o : R - R? @ R%. We fix the time horizon T' = 1. Let us
denote by P, (resp. P, ., t € (0,1]) the conditional probability given {Xy = x} (resp.
{X; =xz}). For a given level £ € (0,1), we are interested in the computation of the
quantile at level £ of the random variable X{ defined as:

0* =inf{f € R: P, (X{ < 0) > (}.
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Since limg_s ;o Po(X{ < 0) = 1, we have {0 € R : P,(X¢ < 0) > (} # (. Moreover,
we have limy_, o P,(X{ < ) = 0, which implies that {# € R : P, (X < ) > ¢} is
bounded from below so that #* always exists. Assuming that the distribution of X¢
has no atoms, the quantile at level ¢ is the lowest solution of the equation:

P.(X{ <6) ="

If the distribution function is (strictly) increasing, which is notably the case if the
process X solution of admits a positive density p(1,z,.), the solution to the
above equation is unique, otherwise, there may be more than one solution. Now since
the law of X¢ is not known explicitly, the quantile #* cannot be computed and one
has to approximate the dynamics by a discretization scheme that can be simulated.
Let us note that the estimation of the quantile of a component of a Brownian diffusion
process has already been investigated in [TZ04]. For a given time step A = %, n € N*,

setting for all © € N, ¢; = ¢A, we consider the standard Euler scheme defined as follows:

t

t
X =x +/ b( X)) ds +/ 0(Xgs)dZs o(s) =sup{t;: t; < s}. (3.32)
0 0

Then one approximates 6* by 8*™ the quantile at level ¢ of X' 4 We denote by
[A] the following set of assumptions. Fix an integer m € N which will hereafter refer
to the regularity of the coefficients.

[A-1] b € C™(RY,RY) and o € C™ (R, R? @ R?) with bounded derivatives. Also, when
a <1, weput b=0.

[A-2] When o < 2 for all z, £ € RY, there exists C' > 1 such that:
CHEP < (& a(x)€) < Olel.

When a = 2, setting X(z) = o(x)o(z)7?, for all x,& € R? there exists C' > 1
such that:
CTHEP < {6, B(@)8) < Cle*.

[A-3] When a < 2, the spectral measure p has a C™ (S 1) surface density and satisfies:
for all £ € RY, there exists C' > 1 such that:

Cele < / (€, 0) () < Clele. (3.33)
Sd—l

Proposition 3.1. Assume that o € (0,2] and that [A] is in force. For every t > 0,
the solutions X;, X', of the SDE and have a strictly positive densities
with respect to the Lebesque measure. Consequently, the quantile is uniquely defined.
Moreover, those densities are in C™(R%, RY) if a > 1, and in C™ (R RY) when a < 1.
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We refer to the work of Kolokoltsov [KolO0Ob] for the proof in the Stable case, who
also derived Aronson’s estimates with time singularity depending on the index «. In
the Brownian case, i.e. a = 2, if the drift b is a measurable bounded function and
the diffusion coefficient ¢ is n-Hélder continuous, 7 > 0, and satisfies [A-2] then the
aforementioned densities exists, are positive and satisfy Gaussian Aronson’s estimates
(see e.g. [Eri64] and [LMI0] for the density of the Euler scheme).

Proposition 3.2. For a € (0,2) assume that [A] for m > 2. For a = 2, assume the

drift b and the diffusion coefficient o are Lipschitz-continuous bounded functions and
that o satisfies [A-2]. Then one has

05" — 0*, n — 4o0.

Proof. Let n € N* and denote by F, F" the distribution function of X¢ and X7’ “ re-
spectively. Since b and o are Lipschitz we know that (X7’ ’d)nzl converges in distribution
to X< Moreover, the function F is continuous so that (F ")p>1 converges uniformly
to F. Hence, we conclude that F(6*") — ¢, n — 4+o00. Now remark that from Propo-
sition since X{ has a strictly positive density the function F is one-to-one which
in turn implies that F'~! exists and is continuous so that 6*" — F~1({) = 0*. O

From Proposition [3.1] (existence of a positive density for X**) the quantile 6*" at
level ¢ of the random variable X' @ is the unique solution of the equation

P, (Xf’d < 9) — /.

In this section, we are interested in giving an expansion for the error 6* — 6" in
powers of n~!, using Theorem . Actually, we will prove that [A] implies [H-k], for
a desired k > 0. As we can see, Theorem requires an expansion of A" — h and its
derivatives up to order £ > 0 in order to have an expansion of #* — 8" at the same
order. Regularity of the function A may be obtained mainly by two means: either the
function H is smooth w.r.t. the variable 6 (with polynomial growth w.r.t 6 and z)
or the laws of X7 and X7 are smooth. Concerning the expansion of the difference
Ok h — OFh™ it may also be obtained by two means: in the regular setting i.e. when the
function x — OF H (6, x) and the coefficients b and o are regular (say b, o, OF H(0,.) are
C[*®) one may use standard tools such as the one developed in Talay-Tubaro [TT90]
(in the Brownian case); or in the (Hypo-)elliptic setting, the laws of X and X7 are
smooth. Here, we are in the latter case. Indeed, the estimation of the quantile of a
diffusion can be seen as an inverse problem, by setting H(0,z) = 1 — {551 {,a5¢,. We
thus see that regularity of H fails. However, for 6 € R, we have:

1

ho) = h"(0) = 17—

(Pr(x < 0) - Pr(x <)),
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Let p(T, z,0) be the density of the diffusion, and p, (T, x, ) the density of the Euler
scheme at time T'. The derivative w.r.t. # of the previous equality is Vk > 1,V(0,z) €
R x R%:

dk dk . 1 akfl xd akfl ned
Wh(ﬁ) - Wh (0) = 17 (a&k—lp (1,2,0) — HgF—Pn (175679)) 7

n,d
where we denote by p*t (1,2,0) and pfl (1,z,0) the marginal densities of X¢ and

X7 4, Consequently, we observe that in order to apply Theorem , we have to give
an expansion of the marginal densities and their derivatives, up to an order k£ > 1.
Actually, we will show that the expansion holds for p(1,z,6) — p,(1,z,0) and its
derivatives, the expansion for the marginals will follow from an integration over the
d — 1 first components.

3.2 Expansion for the densities.

Using a continuity technique known as the Parametrix expansion, Konakov and Mam-
men [KMO02], in the Brownian case, and Konakov and Menozzi [KM10], in the stable
case, successfully derive an expansion for the density of the solution of to an
arbitrary order, with explicit terms. The purpose of this section is to extend these
results to the derivatives of the densities.

The Parametrix expansion consists in representing the density of the solution of
(3.31) as a series involving the density of a frozen equation and the generators asso-
ciated with and the frozen density. We take a few lines here to describe this
technique.

We define the following process as the frozen process. Recall T = 1 is a fixed
deterministic time. For a given terminal point y € R?, the frozen equation at point y
is defined as:

X, =2+ byt +o(y)Z. (3.34)

Thanks to the uniform ellipticity of o, the process (3.34) has a density with respect
to the Lebesgue measure. Recalling that 3(z) = o(2)0(2)7, the density is given by:

Pt @, y)
o ~1/2
AN exp (~ 30— 2 = b S(0) =2 =)0 . i =2

1 - .
gt [ ae ey (<t [ Jpoaru@n). itac 0.
(2m)¢ Jpa §d-1

We will often drop the superscript y with the convention p, (¢, z,y) = p¥(¢, x,y), when
no ambiguity is possible. The distance between p(t,z,y) and p,(t, z,y) will then be
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quantified by the difference of the generators of (3.31) and (3.34). The generator of
the SDE (3.31)):

Lf(t,z,y)
11 (S0 F(2,)) + (b(x), 0 (1,7, 0), ifa—2,
- <b<x>’axf(t7$’y)>

+ » flt,x+o(x)z,y) — flt,z,y) — (Vof(t,z,y),0(x)z)

1422

v(dz), ifae(0,2).

Let us define the generator of the frozen process (3.34):

L*f(t,x,y)

tr (D)2 (1 2.)) + ((0). 0.1 (1,2, 0)) fa—2

== <b<y)7atcf(t7'r7y)>

+ /Rd flt,x+o(y)z,y) — f(t,xz,y) — (Vof(t,z,y),0(y)z)

1+ 2|2

v(dz), ifae(0,2).

When a = 2, these are differential operators of order 2. For o € (0, 2), these operators
should be seen as fractional derivative of order .

Theorem 3.3. Under the assumptions [A], the solution of (3.31)) exists and has
density with respect to the Lebesque measure. Let p(t,x,y) denote the density of (3.31]).
It admits the following representation:

plt,z,y) = po®HO(t, x,y),
k=0

where we denoted H(t,x,y) = (L — L*)pa(t,z,y), and ® is the space-time convolution:

t
f®g(t,w,y)=/ f(uy,2) g (- u, 2,y) dedu,
0 R4

and H® (t,z,y) = HED @ H(t, z,y), and fo @ HO(t, 2,y) = Pa(t, z,y).

This result has been investigated in the literature, let us mention Friedman [Fri64]
for the Brownian case and Kolokoltsov [Kol00b] for the stable case. The proof relies
on a precise study of the frozen density and its derivatives (fractional derivatives in
the stable case), and show that in the time space convolution, the time singularities
induced by the derivation can be compensated to get a convergent series.
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Similarly, one gets an equivalent result for the density of the Euler scheme. We

introduce the "frozen Markov chains" (X} )icjo,n:

X”—x Xn

tet1

= X, + WA+ 0(y)(Ziy — Zn)-
We denote the discrete generators:

Lo f(ty — tj,7,y)
= A (/pnm,x,z)f(tk —tiy1, 2,y)dz — [t — tj+1,x,y)) . (3.35)
L f(te — t,2,9)
= A (/ﬁy(A,x, 2)f(te = tiyr, 2, y)dz — f(ty —tjﬂ,x,y)) . (3.36)

We then obtain a representation of the density of the Euler scheme using the frozen
density and the discrete generators.

Theorem 3.4. The density p,(tg,z,y) of the Euler scheme admits the following rep-
resentation:

—J
pn(tk_tjaw y Z t]ax y)
r=0

where we denoted H,(ty, x,y) = (L, — L) p(ty, x,y), and ®, is the discretized space-
time convolution:

f®ng tkwxy Z ftZ,ZL'Zg(tk—ti,Z,y)dZ,

and HT™ (ty, @, y) = Hir—tn) @pn Hy(ty, x,y), where po, @ H )(tk, 2,Y) = pate, z,y).

Remark 3.1. We use the notation ng,n) (tg,z,y) to emphasize the dependency in
the discretization of the convolution. That is, the subscript n refers to the discrete
generators, whereas the super script (r,n) refers respectively to the number of steps

we iterate the convolution, and the number of discretization dates. Therefore, we have
J2rs ")(tk,a: y) = H,(t,z,y). Also, using the convention HI™ =0 for r > k — j, we
can write p,(ty — t;,7,Y) = >, "0 Pa @n a7 (te — tj,2,y).

Once again, these results have been investigated in the literature and we state
them here without proof. The reader may consult [KMO02, [KM10| and the references
therein.
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Roughly speaking, we see that the differences between the two expansions of The-
orems |3.3| and [3.4] come from the convolution and the kernel. Thus, in order to get an
expansion for p — p,, we introduce for all k € [0,n — 1]:

+oo
Pt ,y) = D Pa @0 HO (tr,2,y),
r=0

H(r7n)(tk7$a y) = H(T_Ln) Qn H(tkv .’L’,y), where 1504 X H(Om)(tk?xa y) = ﬁa(tk‘a xay)

Formally speaking, p? is the series of Theorem with discretized time integrals.
We then look for an expansion for the two differences p — p, = p — p? + p¢ — p,. To
that end, we define L, f(t,x,y) = L. f(t,z,y), where :

~ Sir (S 2.) + (), 0. (1, 2,v), ita—2,
Lef(t,2,y) =
0. 0uf b)) = [ 10D St p)(ad). i€ (0.2

Note that both generators L* and L, depends on the freezing parameter y. This
induces extra caution below, as we will be led to differentiate with respect to the
freezing parameter.

Extending the results of Theorem 1.1 in Konakov and Mammen in [KM02|, for the
Brownian case, and Theorem 21 in Konakov and Menozzi in [KM10], for the Stable
case, we have the following result.

Theorem 3.5. Assume that [A] holds. Let M € N* be such that when o = 2,
0< M <m/2, and when o < 2, we assume m > d~+4 and 0 < M <m —(d+4). Let
v € N4, with |y] < M. Then, for all z,y € R, we have:

M—1—]y|

1 .
-2 ma; (p O (L= L*)kﬂpd) (1,2,y) (3.37)
k=1 '
1 Do (7 Fryhil a1 R(z,y)

Also, there is a constant C' > 0 depending on the set of assumptions [A], T, v, and
M such that the following bound holds for each term and the remainders:

M—|y|-1

Cp%(t,x,y) > Z ‘8; (p ®y (L — Z*)k-&-lpd) (1,$,y))

k=1
+10) (pd @n (L — E*)Hlpn) (1, x,y)(
+|0) R(z, y)], (3.38)
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where for a given K > 0, we denoted p$(t,z,y) the following quantity:

t=42 exp (—K@) . if a=2,

p%(t,l‘,y) =q e if a € (0, 2)
[Kv‘y;f'}
ta
For v = 0, expansion is given in [KMO02] in the Brownian case, and in [KM10]
in the stable case. To get an expansion for 97 (p — pn)(1,2,y), we take the derivative
along y in each term in that expansion, and prove that each one is bounded by an «
stable density.
Formally, p% (¢, x,y) is a stable density (up to some normalizing constant depending
on K > 0). Observe that p* satisfies a semi-group property in the following sense:

Proposition 3.6. For all T € (0,t), for all z,y € R¢ for all Ky, Ky > 0, there exists
K,C > 0 depending on the set of assumptions [A] and the terminal time T, such that:

[ e m i = 75 ) < Cit ), (339)
R

Proof. Indeed, for all a € (0,2], we have that for ¢t > 0, for all z,y € R?, there exists
¢, Cy K > 0 such that:

itz y) < pa(t,x,y) < Cpg(t, ,y). (3.40)

For the gaussian case, we refer to the seminal paper [Fri64] or Sheu [She91] for a
stochastic control based approach. For the stable case o < 2, the reader may consult
and Kolokolstov [Kol0Ob]. Thus, one easily gets:

[ atr o= rade < C [ Bins o -z
R R

= Cpi(t,z,y) < Cpg(t,x,y).
O

Using the previous density, we are able to bound the various terms appearing above.

Lemma 3.7. For all multi index v,n € N¢ such that |y| + |n| < m if a > 1, and
Y|+ 1nl <m—1ifa <1, for all z,y € RY, for all t € [0,T], for all k € [0,n — 1],
there exists C'= C([A],T,~,n) > 0 such that the following bounds holds:

_ yvl+inl
0O (b 2, y)| + 10000 pu (b 3, 9) | < Oy Bt 3,), (3.41)

vl+Inl

00p(t, x,y)| < Ct™ o pr(t, x,y), (3.42)
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Moreover, for all ¢ € RY,
|0 (try 2, @+ E)| + |01 (th, 7, 2 + &) < CPf(th, 2 + ). (3.43)

Eventually, when o < 2, denoting ®(ty, x,y) = > o0, H"™(ty, 2,y), we have:

_ bt 1 _
‘87677(1) b, @ )| < Ctk ° p?((tk,l’,y) (1 + M) ) (344)
k
1A
D0z, z+6)| < Pty o,z +6) (1 ; #) . (3.45)
k

Remark 3.2. We point out that in equations and , despite the presence
of derivations, there are no singularities induced by them, as the derivation argument
appears in both the forward and the backward arguments. This will be a key point in
the proof of Theorem

Proof. For the Brownian case, all the above estimates are proved in [KM02]. We thus
focus on the stable case. In Konakov Menozzi [KM10)], the bound (3.41)) and (3.42)

are given. To get the bound (3.43), we prove (3.44]) and (3.45)), using the following

estimates proved in [KM10]:

Yy n 1 —
|87(‘377H ta,y)| < Cit” b lpK(t x,y) (1 + M) ; (3.46)
1A
OH(tr x4 6] < Gtz +6) (1 ¥ #) . (3.47)

We then derive ([3.43)) for the derivative of the densities using the expansion:

p (1,2, y) = Palt,z,y) + — Z/ Do (tiyx,2) P (1 —1t;,2,y) dz. (3.48)

To get the bound on p,, one may proceed similarly. Denoting &, (¢, z,y) =
5% HY™(ty, 2, y), we investigate its derivatives and prove

_ yl+Inl 1A |x—
|a$8;7q)n(tk,x7y){ <Ct, ~ px(te,z,y) (1 + %)

and

ty,

by proving a similar estimate to (3.46]) and (3.47)) with H,, instead of H. The estimate
on p, will then be given by the counter part of representation (3.48)) for p,. We do
not enter into the computational details.

1A
|VD,, (te, x,x + &) < Cp(ty, z,x + &) (1 + ﬂ) ,
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We begin with (3.45)). Observe that due to the presence of the derivation parameter
in both the forward and the backward arguments, the derivatives does not yield any
additional singularities. From (3.47]), we prove by induction the following:

1w+ )| < Gl P piltaa+9) (1425 5) )
k

where w = X A a, and the sequence of constants (C.),>o is defined recursively by:
1
Cr41 = C,C,C max (—, B((T —1lw+ l,w)), C; >0,
rw

where (] is the constant appearing in bounds and , and C' is a positive
constant independent of r,v,z,£. For r = 1, the bound is exactly . Suppose
that it holds for » > 1. We have using the induction hypothesis, equation and
Leibnitz’s formula:

|8;H(T“’")(tk, z, 3+ §)|

IN

¥ k—1

1
< C,C.C— Z/ e (4, @, :U—l—z)(l—l— /;|Z|>

IA|E—
X ﬁ?{(tk—tl,$+27$+§) (1+%) dz. (350)
k— U

We decompose, the integral:

LA LAJE—
/ Pic(ti, z, 2 +2) 1+ & Piclty — ti,x + 2,2+ &) TSt ) PR
=L+L+I13+ 14 (351)
where:
I = / p?{(ti,%m#-Z)ﬁ?{(tk—ti,x+z,x—|—§)d3
R4
INIE—2
‘[2 = / ﬁ?((tlvm7x+z)ﬁ?<(tk—tl,ﬁL‘—f—Z’l‘ﬂ—S)Ld’z
R4 tk —tz
1Az
_[3 = / ﬁ?((tz,x,.f—kz) | |ﬁ?{<t —ti,$+Z7I+£)dZ
R4 y
LA INAIE—2
Iy = / Py (tis v, 2+ 2) |2 ’ﬁ?‘((zﬁ ti7$+2,$+€)Ldz
R4 t; te —t;
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The first one I is bounded by Cp%(tx, x, z + &) thanks to the semi-group property
(Proposition . By symmetry, I, and I3 are treated the same way. We focus on I5.
In the rest, we denote by the symbol < the relation:

flz) < g(x) < 3C >1, Vo e R*: C'g(x) < f(z) < Cg(x).

We argue differently, according to the ratio |£|/ t,t/ .

e Suppose first that [¢| < C’t,lﬂ/ “. Then, the diagonal estimate holds: p%(ty, z,x +

§) =< t;d/a. On the one hand, if ¢ > k/2, then t; < t;. Since the diagonal
estimate is a global bound, one has:

Pty x+2) < Ot = Ot < Cp(t, z, x + €).
On the other hand, when i < k/2, then ) — t; < t;, and we have

1
T — 1

Pty —ti,xc+ 2,24+ &) <C

— [0 1 —Q
— (ty —t;) Y < Ct—pK(tk,x,x +£).
kE— U k

e Suppose now that || > Ct,lf/ “. Then, the off-diagonal estimate holds: p% (¢, z, v+
§) =< mtdﬁ Now, since [£] < |z| + | — z|, we have either 1/2[¢| < |z|, or
1/21¢] < |€ — z|. In the first case the off-diagonal estimate holds for the first
density:

t; 17

P (ti,x, o+ 2) < 2 < C!£|d+a = Cp%(tg, x,z +&).

In the second case, the second density is off-diagonal and we can write:

L ety tzisoid) < L b=t _1 &
— Z‘,ﬂf Z,.’I) ~ S ——
te— KU te — £ € — 2]ite = 1, |g[dre

1
= Ct_ﬁ%((tkv T, T+ 5)
k

Therefore, we always have the alternative:

Pyt z,x+2) < Cpyltp,z,x+E&), or (3.52)

1
Pty —ti,x+z,2+&) < C—pil(tp,x,z+E).
tk —ti tk

Combining this alternative with the smoothing effect of the Parametrix kernel H
reflected in the bound (see Section 3 of Kolokoltsov [Kol00b]):

1Ay —
Vr € (0,T), Vy € R%, / M@ﬁ;(n z,y)dz < 7ML (3.53)

Rd T
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gives that the second and third terms are bounded by:

a 1 1A
I+ I3 < Cp(te, v, @ + §) ( ML (e — t) D 4 t |£‘) _
k

We now turn to the last term in (3.51)), that writes:

1INz -z
]4:/ Jjﬁﬁé(ti,x,x—i—Z')M’“(tk—zfz,x%—z r+&)dz
i 1 t — 1,

1
When p% (tx, x,x + &) is in the diagonal regime, that is, when |¢| < Ctg, we have:

LAz

n Py (ti,z, o+ 2) < Ct; d/a

and 1AL — 2]
NIE— 2z, —d/a 1_
ﬁpl((tk—ti,x—i—z,x—l—f) < Oty — t) ™Yty — t;)a "1
kE — Ug

We prove the first inequality, the second one is obtained with the same arguments.

Let us assume first that |z]| < C’til/ “. In that case the diagonal estimate holds for
P%(ti, x, x + z), thus:

1Az IA |2l _a/a zZl _ a— _

| |]5?((t ZL’+Z)< | |t¢d/ Sutid/a<ct1/ 1 w1

t; 7 t; !

d/a

On the other hand, when the off-diagonal estimate holds for p% (¢;, z,z + z), that is
when |z| > Ct}/*, we have:

LAz, 1A |z|

ti 1 -1 a— _d 1_
Bl 2,0+ 2) < et :

<C—— < Ct,

ti |Z’d+a - ’Z|d+a71 — 2

Thus, in both cases, we obtained the announced bound.
Now, if i < k/2, t;, < t. — t;, one has:
IN|E—2
A A~ t 02,0 +8) < Ol 2+ €) (00— 1)
k— U

Then, using (3.53)), Iy < p%(ty, z,x + &)(ty — t; )’_125(%1 . Similarly, when ¢ > k/2,
we use that t, < t;, to get

1INz
t-| ’ﬁa (ti,z, x4+ 2) < Cpg(t, =, x+£)

1
Consequently, when [£| < Ctg, I, is bounded in the following way:

1_
Iy < Cﬁ%(tk, T, T+ g) ((tk — ti)%_ltga/\l)_l + i 1(tk _ 751,)(&/\1)—1) '
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1
Assume now that |{| > Ctg. In that case using similar arguments one may prove

that we have either:

INIE—2
#%(t toa e+ at€) < O |€’ﬁ%(tk>$’x+f)’
k= U

or:

1Az 1A
t~| |p°‘ (ti,z,x+2) <C |§|ﬁ?{(tk,x,x+§).

Thus, using (3.53)), I, is now bounded as follows.

1A .
L<c |€|pK(tk,x T+ 5)( AL (tr — ti)(“/\l)_1>.

Plugging this estimate in in turn implies:
LAz IN|ly —=
/p%((ti,%x%—z) 1+ | ’ Pty —ti,x+ 2z, 2+ &) L d
= ti te — i

1 _
< COpk(ty,z,x +§) (((tk - ti)é_lt@(am)il +1i7 l(tk - ti)(a/\l)_1>

1A [ -
4 ; <l ( AL (te — ti)(a/\l) 1)) (3.54)
k

Plugging bound (3.54)) in (3.50)) yields:

07 HTV) (4, 2, @+ 5)\
k—1

1
< C,C.Cp%(ty,x,x+&)— Zt(T 1)“((15 — ¢ )*—175(0%1) +te l(tk _ ti)(a/\l)—1>

??‘
)—l

LA¢]

1 r—1)w anl)— —
FO,0,C— > e 6 D (t§ AL (g — ¢,) @D 1). (3.55)
n

I
=)

7

Now, assume first that @ > 1. Recalling that w = é ANa = é, the above bound

becomes:

§I>—‘

k—1 11 ) L

(r—1)L [
E t; a(tk—ti)a Lyt )
=0

‘87Hr+1n)(tk7x :E+§)‘ <C CCpK tk,fE I""g

+C,C.C /\IEI_Q@M x4+ &)= Zt(r D

QH

< Crtg pi(ty, v,z + &) ( ! /t\k’ﬂ) ,
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where C,y; = C,CC,max (B ((r—1)2 +1,1),2) and we used that t,gr Da b < t,é,
since o > 1 and ¢, < 1.
On the other hand, when a < 1, w = a one similarly proves that:

1A
1 0,549 < itz +€) (14 255,
k

with C,4; = C,C,C max (%, B((r —Da+1, 04)>. This constant is coherent with the

previous one, setting C,4, = C,C,C max <%, B((T —w+1, w)) This concludes the
proof of bound (3.49). Observe that by definition of Euler’s Beta function, (C,),>o
produces a convergent series. To get the bound (3.45)), we sum bounds (3.49)). In order

to get the bound (3.43)), we now plug the bound (3.45)) in equation ([3.48)), and from

similar arguments, one derives (3.43)).
To prove ([3.44]), we show by induction the following bound:

Ivl+Inl 1A |z —
H et (14 2E=0) o)

For r = 1, this bound is exactly (3.46|). To get the estimate for r + 1, we proceed as
above.

(r—1w—

0700 H "™ (ty,, 2, y)| < Cit)]

0700 HU T (4, 2,y Z H ) (45 2, 2)H (b — ti, 2,y)dz| < T+ 11,

where

I = Z/ HU™ (4, 2, 2)H(ty, — b, 2,y)dz|

'L<k/2

I = Z/ HT") (ti,x, 2)H(ty — t;, 2,y)dz

z>k/2

In I, the time parameter t; is small, thus, the singularities induced by the derivation
of H™™(t;, x, z) are the worst. In order to get rid of them, we make use of a change
of variable to get:

I = Z/ HT(t 2)O0)H (ty — ti, 2, y)dz

z<k/2

= Z / H"™ (5,2, z+z)OJH(t, — ti, 2 + x,y)dz
z<k/2
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Now, from equations (3.49)), (3.46) and Leibnitz’s formula we derive:

Z/ ‘85H(r’”)(ti,x,z+:c)| |3gfﬁ(9;’H(tk—ti,Z+$7y)’dZ
]Rd

i<k/2

1

B

I < > cf-
=0

1 r—1)w IA _
< C,ycn—Z/ tr <1+ ‘Z|)p?‘<(ti,x,a:+z)
n R4 tz
i<k/2
1 IAN|ly—x—
x(tp—t;) " <1+ 'f - Z‘)p%(tk—ti,wz,y)dz-
k— b
rew— l+n] o
< Cn+1tk pK(tkE?xay)

where we used that t < ¢, — t; for i < k/2 for the last inequality. Note that once
again, the series ) ., C, converges. For I, we proceed with similar arguments. In
this case, we use the change variables w = z + y instead.

[]

Proof of Theorem[3.5. The coefficients are the sum of two terms. We only focus on
the first term, the second term can be treated similarly. From the definition of ®,,, we
have:

n—1
5 1 .
d)p @y, (L — L*)k+1pd(1,x, y) =0 — E / p(ti, z, 2) (L — L*)k+1pd(1 —ti, 2, y)dz.
no= R

To deal with the singularities coming from the derivatives we split the sum over ¢
in two parts:

~ 1 ~
873]7 On (L - L*)k+1pd<17 x7y) = a;ﬁ E /dp<tl7 Z, Z) (L - L*)k+1pd(1 —ti, Z7y)d’z
R

i<n/2

1 =\ k1
0= 2 /deui,x,z)(L— L)1~ iz y)de
i>n/2

= Sl +Sg

For Sy, the time parameter is small, thus the singularities brought by the derivation
in y and the generators are negligible. Indeed, exchanging the derivation and the
integral:

1 7\ b
Si=0 2. /de(u-,x, 2995 ((L—L)""' (1 ~ti.2.0)) d=

i<n/2
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From bound (3.41)) in Lemma we derive:

=\ kL —k-1-2 o
8;(([’_[’) pd(l—ti,z,y))‘ < C(l_ti) o apK(l—ti,z,y).
The right hand side of the previous equation is bounded uniformly in y, thus, from

the Lebesgue theorem, we can derive under the integral. Now, since p(t;,z,z) <
Cp%(t;, x, z), this sum yields by a semi-group property:

2/ (ti,z,z) (L — L)k+1 U1 —t;, 2,y)dz

z<n/2

< C- Z/pKtz,xz (L—t) 2" (L=t 2,y).
z<n/2

= Opx(l,2,y).

We now turn to the second sum. When i > n/2, by an integration by parts it follows

Sy = Z/ tl,[BZ L L*)kJrl A1 —t;,2,y)dz

z>n/2

= Z /d L L* k+1> p(t@,ilf Z)pd(l—fuzay)dz-
R

z>n/2

= kT - = k1 I
where <(L — L*) > stands for the adjoint of (L — L*) , which is well defined

thanks to the smoothness of the coefficients b and o. The operator L— L* is an integro—

differential operator (a derivative of order «), so that the operator ((L L )kH)

is still an integro-differential operator which yields singularity of the same order as
(L — L*)**!, thus, applied to p yields singularities which are still negligible since
i > n/2. However, the derivative ) will affect p?(1 — t;, 2,y), thus, giving additional
singularities so that beforehand we make use of the change of variable: z = y — u to
derive

Z Z C’”/ 9" [((L — i*)k+1>Tp (ti,x,y — u)] 8gpd (1 —t;,y —u,y)du.

z>n/2 n=0
Now, bound (3.43) of Lemma [3.7] gives: Vi € N*, 3C > 0 s.t.:

| ]-_tzay )‘Sc’p?(“-_twy_uay)

On the other hand, since i > n/2, the singularities of the derivatives on the first
density are negligible. We thus get from a semi group property:
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C u L+l o o
|S2’ < EZZC'?2 a +k+1/ pK(tlaaj?y_u)pK(]-_tl7y_u7y)du

i>n/2 n=0 R4
< Cypfk (Lz,y).

In order to prove that the expansion (3.37)) makes sense, it remains to prove the
bound on the remainder. Since the expansion (3.37)) is made of two contributions
p — p? and p? — p,, the remainder R(x,y) also splits in two terms

R(.T,y) = R1(17x>y) + R?(any)a

each being a remainder respectively of the expansion of p — p? and p? — p,,, with:

Ri(lLz,y) = Y (Qu @, H™)(1,2,y),
r>0
k—1

(i+1)/n
Qu(ti,z,y) = %2/ [n (u—i/n)]

1 B aM
y / (1 gy / it (s, ) H (s = 5,2 0)] gy A0,
0

and
1 ! - = \ M+
Ry(t,xz,y) = m/ (1—n)™ {Pd ®n (L* —L > pTA} (t,z,y)
+JO
PRt ay) = Y @ HIW (G2, y); Halt,z,y) = (Ly — L3)pa(t, 2, y),
r>0

where p,(t,2,y) = [pa PL(TA, 2, 2)pY(t — TA, 2,y)dz and L, and L stands for the
discrete generators defined in equations and . The reader may consult
Konakov and Mammen [KM02] and Konakov and Menozzi [KMI10] for more details.

We focus on the estimation of R;. The arguments for R, are similar and hinted at
the end of this proof. Observe that we can write:

n—1
Ri(l,2,y) = QM(l,:v,y)Jr%;/QM (ti,r,2) @ (1 —t;, 2,y) dz, (3.57)

+o0
®(1_tlvzay) = ZH(TW) (1_t17zay) (358)
r=1
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Using Kolmogorov’s forward and backward equations, one shows by induction on
M that Qs (¢, x,y) can be written as:

k—1

(i+1)/n 1
Quit 1) = 373 / n (u— ;)] / (15

=0

« /p (b6 (u— 1) 2, 2) (L — LYY (b — (t 46 (1 — 1)), 2,1) dzdodu.

See e.g. equation (4.5) in [KMO02| for the brownian case and equation (4.4) in [KM10]
for the stable case. Thus, apart from the additional integrations w.r.t. 0 and u, we
see that ()y; is of the same nature that the terms we already dealt with. Therefore,
adapting the above arguments allows us to derive a-stable estimates for this term. In
fact, a precise study of @y, allows us to derive that Vi € [1,n], Vy > 0, 3C > 0 such
that:

_ M1 o
100Qus (b, )| < C M Vps (1, 2,y). (3.59)

To get this bound, we actually show that it holds for

QM (tlwxay) = /p(twru Z) (L - -E*)M+1]§a (tk - t7Z7y) dZu

independently of ¢ € [0, 1]. The arguments differs depending if ¢ is closer to 0 or ;. In
the first case (say, t < t;/2), the singularities induced by taking the derivative along

_d_
y in p (ty —t, z,y) are bounded by to ¢, ° (M+1) , which is the announced singularity.
When ¢ is closer to t;, (say t > t;/2), we transfer the operator (L — L*)M*! on p by
taking the adjoint, and we change variables to z = y —u. The singularities in 9] ((L —

~ T _a_
L*)M“) p(t,z,y — u) then yields the announced ¢, © (M+1)

the semi-group property of Proposition . Thus, for t;, = 1, we have [9)Qn (1, 7, y)| <
Cp%(1,z,y), which is the announced bound.
Now, for the second part of (3.57)), we split the sum:

, and we conclude using

n—1
1 1
— d tia 5 o 1_tza y = - d tia 5 d 1_t17 5
”;:0/ 2Qnr (ti,x,2) D ( 2,9) néﬂ/ 2Qnr (ti,x,2) @ ( 2,9)

—|—%Z/dZQM (ti,z,2) D (1 =1, 2,y)

>z
= Sl(l,l’,y) + SQ(any)'

In Si(1,z,y), the time parameter is such that when differentiating along y, the
singularities are negligible. Thus, we derive under the integral, and use bounds (3.59)
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and ((3.44]), to get a convolution of p% functions. For Sy(1,x,y), we make use of the
change of variable z = y — u, to get:

So(1,z,y) = Z/duQM tyx,y—u)® (1 —t,y —u,y).

z>"

In the stable case, when taking the derivative along y the bounds (3.59)) and (3.45))
yield:

Y
035: (L) = 307> [ duldy Qu by~ )| [0 (1 iy — u.y)]
n=0

z>"
LA Jul
< C,— dup$-(t;, 1 1 —1,
< >Z/ upf (tisw,y — )( +1_tl)p( Y —u,y)
< Opx(1,2,y)
+Z/dupt:cy u) (A2 o~ by — ).
Z>n K\Y 1_tZ K (3]

Now, recall from definition of p$, we have either p% (¢;, x, z) < Cp%(1,z,y) or ﬁﬁ%(l_
tisz2,y) < Cpg(1,2,y), so that:

1A |u
—Z/dUPKthy U)< H)p (I—ti,y—uy) < p(l,z,y) L+ 1Ay — ).

i>g 1- tl
In the gaussian case, the proof is simpler, as the derivative of ® is estimated by:

1
and we can directly conclude comparing the sum over n to a Beta function.
For R,, we can take the derivative in y under the integral in the above expression
to get:

M+1

1 ! .
2 _ . M av|,.d T ~A
Oy Ro(t, ,y) = —<M+1)!/0 (1-7)"0, [p ®n (L* L) pT}(t,x,y),

which is a term of the same nature as the second part of the expansion (3.37)). In
particular, one can show bounds on p2(t,,y), similar to those of Lemma [3.7. With
these estimates at hand, we may use similar arguments to derive an a-stable estimate
on Ry, for a € (0,2]. We leave the remaining details to the reader.

m
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Remark 3.3. The terms in the expansion depends on n. As already pointed
out in [KM10] and [KMO02], it is possible to make this expansion independent of n,
using the bounds on the difference between the usual time space convolution ® and
its discretization ®,,. For M = 2, one derives the expansion:

1 ~
9 —p)(Lay) = 30 (p@n (L—L)%")(La,y)
I 1
50 (0 © (e~ B0 (L) + 0] Rl )

1 T *
= 20 (pe (L—L)%)(Lay)
im( @ (L.~ L)1 )+ Lo R, y)
_277/ Yy p ( * p 7$7y n2 Yy (‘rﬁ/y
1 -, 1. -
= 5-0;(p® (12 = (L)) (L,2,9) + — 0y R(w,y).

In the above expansion, 9 R(x, y) is a remainder term bounded by some stable density
as J) R(x,y).

Corollary 3.8. Assume [A] holds. Recall m denotes the regularity of the coefficients
of the SDE (3.31). Let M € N*, such that when oo = 2, 0 < M < m/2, and when
a <2, we assumem > d+4 and 0 < M < m—(d+4). Then, the following expansion

holds: o o .
R T +0(—).
n

1 nM—l

Proof. We prove that under the assumptions of Corollary , [H-(M-1)] holds. Let
M <m/2fora=2and M <m — (d+4) for a« <2 and let vy € N with v < M — 1.
From Theorem [3.5, under [A], expansion holds up to order M — 1. Moreover,
from Remark [3.3] this expansion can be made independent of n, namely

M—~—1 S
1 9y R, y)
Oup(L2,y) = apn(Lw,y) = 3 —Tl(w,y) + = (3.60)
k=1

Thus, integrating equation (3.60)) in the d — 1 first variables yields for all M < m/2
forao=2and M <m—(d+4) fora<2andy< M —1:

M'yl1

9” Ry (z,y%)

d — d+n )

azjdpx1 (Lmayd) adpn 1 z y kz TL_FZ T y - nM— '
=1

(3.61)

n,d
where we denoted prl , pfl the marginal densities of X¢ and X7’ 4 and

I (z,y%) = /d ) I (z,y)dy, - - - dyg_1.
Rex..-xR
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. . . . 0 Ry
The Gaussian bound on the remainder implies yan—(j:y =0 ( —(M- 7)), so that

we have for all M <m/2 fora=2and M <m — (d+4) fora <2 and v < M — 1:

. xe & v 1
o (1, z,y?) - 9] dpn (12,59 = ). n_F’“ z,y) (W)' (3.62)
k=1

Now, since h(f) — h*(f) = P*(X¢ < ) — P*(X*? < ), taking v = 0 in (3.62)
yields:

0 M-1
n,d A 6 1
h(o) — h"(9) = / (P (L) = 2" (L) ) dya =

— k=1

1)

7’L TL

where we denoted A (6) = ffoo [Y(x, ya)dyq. Thus, the first assumption in [H-(M-1)]
holds.

We now turn to the expansion of the derivatives. From expansion (3.62)) one easily
gets:

Qo — 1)) = (0~ 5 (L2.0) = 3 T TH.0) + o )

and VI < M —2,V(x,0) € R? x R

Obh(0) — Ashm(6) = AN (1,2,0) — O pX (1,2, 0)

= > %Al (0) + 0(%)

where we denoted for consistency Al(f) = I''"!(z,0). Consequently, expansions
and holds in [H-(M-1)]. It remains to check the local uniform convergence and
the invertibility of Dh(6*). For the latter, recall that Dh(6*) = p?(1,z,0%). Also, we
know that under [A], stable bounds holds for p(1, x,y) (see e.g. [Aro67] in the gaussian
case, and [Kol0Ob| for the stable case), that is p(1,z,y) < p%(1,z,y). Thus, the left
hand side of the previous inequality gives that p(1,z,y), and a fortiori p d(l, x,y), is
never equal to zero. Hence Dh(60*) is invertible. Finally the local uniform convergence
is a consequence of expansion (3.37)). n

4 Numerical illustration

To illustrate the method we consider a geometric Brownian motion (X;)ejo,r; With
dynamics given by

X; = zoexp((r — 0%/2)T + oVTW,), t € [0,T]
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for which the quantile is explicitly known at any level ¢ € (0,1). Indeed a simple
computation shows that

0" = zgexp((r —o*/2)T + oVTH™' (1))

where ¢ is the distribution function of the standard normal distribution A/(0,1). Let
us note that the assumptions of Section [3| are not satisfied in this example and that
nobody would devise any kind of Monte Carlo simulation in practice since the law
of Xr is explicitly known for any time 7. However the Black-Scholes model and its
Euler scheme appears as a natural and often used benchmark to test and evaluate the
performance of Monte Carlo methods. We use the following values for the parameters:
xo = 100, r = 0.05, c = 0.4, T =1, £ = 0.7. The reference Black-Scholes quantile is
0* = 119.69. We set vy(p) = vo/p with vy = 60.

Let us note that in order to implement the Richardson-Romberg stochastic approx-
imation estimator we need to simulate discretization schemes of the Brownian diffusion
with different steps A, = T/nr, r = 1,--- | R. We thus need to simulate consistent
Brownian increments on intervals of the form [(k — 1)T'/(rn),kT/(rn)],r=1,--- , R.
The coefficients to compute by induction the Brownian increments from small intervals
up to the root interval of length 7'/n have been computed up to R =5 for o = 1 and
up to R =3 for a = 1/2 in [Pag07], Section 5.

In order to illustrate the result of Theroem 2.3 we plot in Figure the behaviors
of Zle w0 — 0* for R = 2,3,4 and n = 2,---,15. We estimate 6™ by 0},
with M = 10° samples for R = 2 and M = 108 samples for R = 3,4 using the same
Brownian motion for each R (see Remark [2.3). We clearly see that the Richardson-
Romberg estimator efficiency increases with R and the method gives satisfying results
with R = 3,4 for small values of n.

Let us observe that the asymptotic optimal parameters in Propositions and
depend on the structural parameters: a, |Cr|, C(v,]), E[|H(0*,U)%], |C1]. Let
us note that in Proposition and Theorem one may show that the constants
|Cr| writes Cr = Dh(6*)"'Cgr. Here one has Dh(#*) = p(1,z,6*)/(1 — ¢) so that
|Cr| = |Crl(1 = 0)/p(1, x,6%). We estimate p(1,z,6%) by pa(1,z,07,) ~ (Py(X* <
07, 4 ) — Py (X" < 07, — €))/2¢ which in turn is approximated by the crude Monte
Carlo estimator (2M)~! Z,Af:l 1{(X{L,d)k§9*+5} — 1{(X?,d)k§9*_s} with M = 1000, n =

100, € = 0.1 leading to the value Dh(6*) = 2.56 x 10~2. Finally estimating |C}| for the
crude SA estimator and |Cg| for the Richardson-Romberg extrapolation method is a
challenging task. Consequently we implement these methods in a blind way setting
|Cr| = 1 for every R. We also set A = Dh(6*) and 7y = 1/A. Note that we have

E(HEO, U =E |1 = (1= 0T ?]

2| = ¢/(1—¢). The optimal parameters for
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Convergence of Romberg SA estimators

< |
Il
o

o

Implicit discret. error

4 6 8 10 12 14
discretization size n

Figure 4.1: Richardson Romberg SA estimators: Zle w,.0%"™ — §* with respect to
n=2,---,15for R=2,3,4.

the Richardson-Romberg extrapolation method are set according to Proposition [2.5}

n(e) = {(%—I—l)wugﬂa{&w and M(e) = {fy(%yé (14_%)&5 w

The target accuracy ¢ for the L'-error has been set at e =277, p=1,--- ,4. The
L'-error is estimated using 400 runs of the algorithm. The results are summarized
in Table for the Richardson-Romberg extrapolation SA method and in Table
for the crude SA method.ﬂ Note that as expected the Ll-error is always lower than
the specified ¢ for our estimators. Using the Richardson-Romberg SA scheme instead
of the crude SA method leads to a gain in terms of CPU-time varying from 12 (for
e =5.00 x 1071 to 66 (for € = 6.25 x 1072).

™[

5 Technical results

We provide here some useful technical results that are used repeatedly throughout the
paper. For a proof the reader may refer to [Fril3].

!The computations were performed on a computer with 4 multithreaded(16) octo-core processors
(Intel(R) Xeon(R) CPU E5-4620 @ 2.20GHz).
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Target accuracy: € | L'-error time (s) | R| n M
5.00 x 107! 321x 1071 0.9x 10" | 2| 14 | 8.69 x 10°
2.50 x 1071 4.80 x 1072 | 5.15 x 10 | 2 || 20 | 3.48 x 10°
1.25 x 1071 432 x 1072 | 1.70 x 10? | 3| 8 | 1.21 x 107
6.25 x 1072 3.48 x 1072 | 7.92 x 10?2 | 3 || 10 | 4.85 x 107
Table 4.1: Richardson-Romberg SA estimators for the quantile at level £ of a geometric
Brownian motion with a target accuracy e =277, p=1,--- ,4.
Target accuracy: € | L'-error time (s) n M
5.00 x 101 2.09 x 1071 | 1,09 x 10% || 235 | 1.25 x 10°
2.50 x 1071 3.84 x 1072 | 8.18 x 10% | 469 | 5.01 x 10°
1.25 x 107* 3.48 x 1072 | 7.09 x 10% | 938 | 2.00 x 107
6.25 x 1072 2.91 x 1072 | 5.25 x 10* | 1876 | 8.01 x 107

Table 4.2: Crude SA estimators for the quantile at level ¢ of a geometric Brownian

motion with a target accuracy e =277, p=1,--- 4.

Lemma 5.1. Let a,b > 0. Suppose that (HUA ) is satisfied. Let (7,)n>1 be a sequence
satisfying (HS). If y(t) = vo/t, t > 1, suppose bA\yy > a. Let (v,)n>1 be a non-negative

sequence. Then, for some positive constant C' := C()A, ), one has

n
limsup,, * ZV;WHHkJrl,ngUk < C'lim sup vy,
n n

k=1

where I, := H;'L:k(jd — v;Dh(0")), with the convention that 11,41, = I4.

Lemma 5.2. Let (0),>0 be the scheme defined by (1.3)), 0f being independent of the
innovation with sup,,, B|0f|> < +oo. Suppose that (HUA), (HC) and (HS) hold.

Then, for some constant C' > 0, one has:

Vp>1, supE[|gy —6°"*] < Cy(p)

n>1
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