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Abstract

The topic of this thesis is the study of R?-valued stochastic processes defined as solutions
to stochastic differential equations (SDEs) driven by a noise with a jump component. Our
main focus are SDEs driven by pure jump Lévy processes and, more generally, by Poisson
random measures, but our framework includes also cases in which the noise has a diffusion
component. We present proofs of results guaranteeing existence of solutions and invariant
measures for a broad class of such SDEs. Next we introduce a probabilistic technique
known as the coupling method. We present an original construction of a coupling of
solutions to SDEs with jumps, which we subsequently apply to study various stability
properties of these solutions. We investigate the rates of their convergence to invariant
measures, bounds on their Malliavin derivatives (both in the jump and the diffusion case)
and transportation inequalities, which characterize concentration of their distributions.
In all these cases the use of the coupling method allows us to significantly strengthen
results that have been available in the literature so far. We conclude by discussing
potential extensions of our techniques to deal with SDEs with jump noise which is
inhomogeneous in time and space.
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1 Introduction

The theory of stochastic differential equations traces back to the paper [It651] by It6 and
is by now a classical subfield of probability theory. Initially its development was focused
on equations driven by Brownian motion. However, from the late 70s there was a surge
of interest in SDEs driven by semimartingales with discontinuous paths, see e.g. [DD76]
or [Jac79]. There are by now numerous monographs treating the subject of stochas-
tic equations with jump noise, see e.g. [App09] and [Sit05] for SDEs driven by Lévy
processes (or, more generally, by Poisson random measures), [Pro05] for SDEs driven
by general semimartingales or [PZ07] for SDEs with Lévy noise in infinite dimensional
spaces. One of the most important reasons behind the development of this new theory
were applications of SDEs in mathematical finance. It was realized that stochastic mod-
els with jumps can represent certain kinds of financial markets better than the ones with
continuous paths, see e.g. [CT04] and the references therein. However, the theory of
SDEs with jumps has found numerous applications also in other fields such as non-linear
filtering (see e.g. Section 7 of [Sit05] or [GM11]), self-similar Markov processes ([Dor15]),
branching processes ([BLG15b]) and mathematical biology ([PP15]).

The main contribution of this thesis to the literature is an introduction of some novel
techniques based on the so-called coupling method, which allow for studying certain
stability properties of a broad class of jump SDEs. At the core of the coupling method
lies the idea that one can compare two random objects (on two potentially different state
spaces) by defining a new object on a product state space in a way which prescribes a
specific joint distribution of the given two marginals. It turns out that by considering
two copies of the same object and making them have an appropriately chosen joint
distribution, we can obtain valuable information on the behaviour of the initially given
object. The coupling method, although by now a widespread tool in probability theory
(see e.g. [Lin92], [Tho00] or [Vil09]), has not been applied to study continuous-time
processes with infinite jump activity to the same extent as to diffusions or Markov chains.
Papers dealing with couplings of Lévy processes or, more generally, jump SDEs, started
appearing regularly in the past decade. Kulik in [Kul09] applied couplings to study
ergodicity of a certain class of SDEs with jump noise. This was followed by the paper
[SW11] by Schilling and J. Wang, where they considered couplings of compound Poisson
processes based on some couplings of random walks, and subsequently by their joint
work with Bottcher [BSW11], where they studied a coupling of subordinate Brownian
motions based on the coupling of Brownian motions by reflection. In parallel, F. Y. Wang
in [Wanl1] considered couplings of Ornstein-Uhlenbeck processes with jumps, whereas
Xu in [Xul4] used couplings to study ergodicity of two dimensional SDEs driven by a
degenerate Lévy noise. Other examples of papers concerning couplings of Lévy processes
or jump SDEs include e.g. [SW12], [SSW12], [LW12]|, [PSXZ12] and [Sonl5]. The
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1 Introduction

two most recent instances are the paper [JWal6] by J. Wang considering a coupling of
solutions to SDEs driven by Lévy processes with a symmetric a-stable component and
his joint work [LW16] with Luo, where they constructed a coupling for SDEs with quite
a general, not necessarily symmetric jump noise. However, the topic has certainly not
been exhausted and there remains a lot of space for further contributions. By employing
a novel coupling construction inspired by the optimal transport theory, we show in this
thesis how to significantly improve some existing stability results for a broad class of
SDEs with jumps.
The most basic type of SDE that we consider is an equation on R? of the form

dX; = b(X;)dt + dLy (1.0.1)

where b : R? — RY is a (possibly non-linear) drift function and (L;);>o is a pure jump
Lévy process on R? (i.e., it does not have a diffusion component). SDEs in which the
coefficient near the noise does not depend on X; are called equations with an additive
noise. For such equations we present a novel coupling construction in [Maj15] and then
apply it to investigate their ergodic properties. As long as the noise in the SDE has a
pure jump additive component, it may be possible to extend the methods from [Majl15]
to more general equations of the form

where g : R? — R4 is a sufficiently regular coefficient. For SDEs of the type (1.0.2) we
say that the noise is multiplicative. By the Lévy-Ité6 decomposition (see Theorem 2.2.4),
we can write (1.0.2) as

dX; = b(X;)dt + /

9(X;_YoN(dt, dv) + / g(X;oN(dt, dv),  (1.0.3)
{Jvl<1}

{lv[>1}

where N is a Poisson random measure on Ry x R? and N (dt, dv) = N (dv, dt) —dt v(dv) is
the compensated Poisson random measure with v being the Lévy measure of the process
(Lt)¢>0, see Sections 2.1 and 2.2. We can generalize (1.0.3) further by considering any
o-finite measure v on R? and a corresponding Poisson random measure N on R, x R?
with intensity dtv(dv), two sets Uy, Uy C RY such that v(U) < oo and v(U;) = oo
and two functions f : R x Uy — R% and ¢ : R? x U; — R?. Then we can consider an
equation

dX; = b(Xy)dt + / g(Xe_, v)N(dt,dv) + | f(Xi—,v)N(dt,dv).
Uy UO
Finally, we can include a diffusion component by considering a Brownian motion (W3):>0
in R™ and a coefficient o : R* — R?*™_ Then we arrive at
dX; = b(Xt)dt + O'(Xt)th + / g(Xt_, U)N(dt, dv) + f(Xt_, U)N(dt, d’l)) . (104)
Uy Uo

We study such equations in [Majl6] and [Majl6b]. In [Majl6b] we combine methods
from [GK80] and [ABW10] to extend some of the results from the latter regarding
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existence of solutions and invariant measures for a certain class of such SDEs. The
paper [Majl6b] does not make use of the coupling method. However, couplings lie at
the core of all the other parts of this thesis. Even though we do not construct a coupling
directly for equations with such a general multiplicative noise as in (1.0.4), if there is an
additive component of either the Gaussian or the jump noise, we can use the methods
from [Ebel6] or [Majl5] to treat also the case of (1.0.4).

The first kind of a stability result that we consider is the problem of quantifying the
rate of convergence of solutions of such SDEs to their equilibrium states. Namely, if
(pt)e>0 is the transition semigroup for a solution to jump SDE, we show that

We(pape, pope) < e “Wi(u1, p2)

holds for all ¢ > 0 and all probability measures p; and po with some constant ¢ > 0, where
Wy is a specially constructed Wasserstein distance associated with a concave function
f, see Section 3.1. This allows us to quantify the rate of convergence to equilibrium
both in the total variation and the standard L'-Wasserstein distances under quite mild
assumptions on the noise and the drift in the equation. Hence we improve some of the
results available in such papers as [Kul09], [PSXZ12], [Sonl5], [JWal6] or [LW16], see
Section 1 in [Maj15] for details. The second stability result concerns obtaining bounds
on Malliavin derivatives, which describe the sensitivity of solutions of jump SDEs to
perturbations of the driving noise in the equation. Namely, a solution X; to an SDE
with both a Gaussian noise induced by a Brownian motion (W;);>0 and a jump noise
induced by a Poisson random measure N can be considered as a functional of these
two noises, i.e., Xy = F(W, N) for a suitably chosen function F. Thus we can consider
quantities

Lo FOV.+ e [y hods) = F(W)

e—0 IS

and F(N + 5(t,u)) — F(N),

which describe changes of F' with respect to perturbations of (W;):>o in some specific
directions and with respect to perturbations of N by adding an additional jump at time
t of size u, respectively. The third stability problem that we consider is the problem
of obtaining transportation inequalities which characterize the level of concentration of
the distributions of these solutions. These inequalities relate the Wasserstein distance
between d,.p; which is the distribution at time t of a process with a transition semigroup
(pt)e>0 and initial point x € R?, and an arbitrary probability measure 7, with a functional
of their relative entropy, i.e.,

Wi (n, 0zpt) < cu(H (1]02pr))

for some function oy : R — R. If this holds with a fixed t > 0, z € R% and a function
oy for every probability measure 1, then d,p; is said to satisfy an a;-W71H inequality.
The results from [Majl6] on the latter two topics extend the ones obtained in [Wul0],
[Mal0] and, to some extent, also in [DGWO04], see Section 1 in [Majl6] and Section 3.5
in this thesis.
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1 Introduction

In addition, in the last chapter we study a different type of SDEs, where the jump
noise is inhomogeneous in both time and space, meaning that the distributions of jump
times and the jump vectors depend on the time and the position of the process before
the jump. We consider a problem of investigating stability of a specific class of such
processes with respect to perturbations of their initial distributions. We present an
outline of an attempt to solve this problem by employing the coupling technique.

The biggest and the most important part of this thesis consists of the following three
papers.

e [Majl15] Coupling and exponential ergodicity for stochastic differential equations
driven by Lévy processes, Stochastic Process. Appl. (2017), in press, DOL:
10.1016/j.spa.2017.03.020, arXiv:1509.08816.

e [Maj16] Transportation inequalities for non-globally dissipative SDEs with jumps
via Malliavin calculus and coupling, 2016, submitted, arXiv:1610.06916.

e [Majl6b] A note on existence of global solutions and invariant measures for jump
SDEs with locally one-sided Lipschitz drift, 2016, submitted, arXiv:1612.03824.

These papers constitute Chapters 4, 5 and 6, respectively. In addition, there is a large
introductory part consisting of Chapters 2 and 3, which serve a twofold purpose. On
one hand, they present definitions and results which are important for understanding
the material in the papers. This puts the papers in a wider context and increases their
readability. Whereas the papers themselves are aimed at an experienced reader who is a
researcher in stochastic analysis, the material from the first two chapters should make it
possible for the thesis to be understood by an advanced graduate student in probability.
Moreover, Chapters 2 and 3 contain some extensions of the results from the papers.

The structure of these two chapters is as follows. In Chapter 2 we introduce all
the necessary definitions required to study stochastic differential equations with jumps.
Sections 2.1, 2.2 and 2.3 serve a purely introductory purpose. In Section 2.4, in addition
to providing background information, we present the results from [Majl6b| regarding
existence of solutions and invariant measures to a certain class of jump SDEs. We
also introduce the interlacing technique, which allows for extending some of the results
presented in [Majl6b]. Section 2.5 presents briefly the theory of martingale problems
for processes with jumps and thus lays the groundwork for the next chapter, where it is
used to extend some results from [Majl5].

Chapter 3 starts with a general introduction to the coupling method. Next, in Section
3.1.1 we present some results obtained by Eberle in [Ebel6] for diffusions without jumps
by using the coupling by reflection, which served as a motivation for the paper [Majl5].
Afterwards, in Section 3.2.1 we construct a coupling by reflection for SDEs driven by
rotationally invariant pure jump Lévy processes, by analogy to the coupling used in
[Ebel6]. While it turns out that such a coupling is not very useful for obtaining the
kind of results that we are interested in, understanding its construction may help the
reader to better prepare for what comes next. Namely, in Section 3.2.2 we present in
detail the much more sophisticated coupling construction from [Maj15], which lays at the
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foundation of the results from both [Maj15] and [Majl6]. Section 3.2.3 is a new material
which explains how to improve the results from [Majl5] by employing the theory of
martingale problems for jump processes presented earlier in Section 2.5. Afterwards, we
present applications of the coupling construction from [Majl5] to investigate ergodicity
(Section 3.3), Malliavin derivatives (Section 3.4) and transportation inequalities (Section
3.5).

The thesis is concluded by Chapter 7, where in Sections 7.1 and 7.3 we present an
outline of a possible application of the coupling technique to study diffusion processes
with jumps that are inhomogeneous in time and space. Such processes appear e.g. in the
theory of sequential Monte Carlo methods, see Section 7.2 for a brief discussion about
such connections. This designates some future research goals and showcases the power
and flexibility of the methods presented earlier in this thesis.

Even though the most important part of the thesis is comprised of the papers [Maj15],
[Maj16] and [Majl6b], we would like to stress that the remaining part, in addition to the
introductory and explanatory material, contains the following extensions of the contents
of the papers.

e A detailed explanation of the interlacing technique for constructing solutions of
SDEs with jumps by including an additional jump noise with finite intensity (Sec-
tion 2.4.1), which is used in Section 2.4 in [Majl5] and can be used to extend
Theorem 1.1 from [Majl6b], cf. Theorem 2.4.5.

e A full proof of Theorem 2.4.8, which is a result guaranteeing that a solution to a
jump SDE satisfying necessary conditions for uniqueness in law is a Markov process
(which is used in [Majl16], see Remark 2.5 therein).

e A discussion of the results and methods from [Ebel6], which motivate our tech-
niques in [Maj15] (Section 3.1.1).

e A description of a coupling by reflection for Lévy-driven SDEs with rotationally
invariant jump noise (Section 3.2.1).

e An extended presentation of the construction of the coupling from [Majl15] (Section
3.2.2).

e An alternative approach via the theory of martingale problems to the proof that the
process (X, Y;)i>0 considered in Section 2.2 in [Majl5] is a coupling of solutions
to (1.0.1), which allows for weakening of the assumptions from Theorem 1.1 in
[Maj15] (Section 3.2.3).

e An extended presentation of different approaches to Malliavin calculus (Section
3.4).

e An extended discussion of various types of transportation inequalities and their
characterization (Section 3.5).

All these additions should help the reader to better understand the contents of [Maj15],
[Maj16] and [Majl6b] and to put the results obtained there in a broader context.
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2 Stochastic differential equations with
jumps

In this chapter we introduce the notion of a stochastic differential equation with noise
induced by a stochastic process with jumps. Examples that are the most important for
us are the noise induced by a Lévy process (with or without a diffusion component) and,
more generally, noise induced by a Poisson random measure.

However, before we can start considering stochastic differential equations, we need a
suitable notion of stochastic integration. For stochastic integrals with respect to Brow-
nian motion, we use the classical theory, available nowadays in almost every textbook
on stochastic analysis (see [Kuo06], [IW89] or [Pro05], to name but a few). Since the
theory of stochastic integration with respect to Poisson random measures, although by
now also classical, is considerably less known, we present here a brief account of all the
necessary definitions and give more specific references. Our presentation in Sections 2.1,
2.2 and 2.3 is based mainly on the monographs [App09], [IW89], [Sat99] and [PZ07]. We
start by defining Poisson random measures.

2.1 Poisson random measures

Let (E, £) be a measurable space. Consider the space M of all Z; U{oc}-valued measures
on (E,&). Equip M with the smallest o-field M with respect to which all the mappings
M > p— u(B) € Zy U{oo} for B € £ are measurable.

Definition 2.1.1. Let A be a o-finite measure on (E,&). An (M, M)-valued random
variable N on some probability space (Q, F,P) (that is, a F/M-measurable mapping
N :Q — M) is called a Poisson random measure on E with intensity measure \ if

1. for every B € & the random wvariable N(B) has the Poisson distribution with
parameter A(B), i.e., P(N(B) =n) = A(B)" exp(—A(B))/n! forn € Z4;

2. for any disjoint sets By,..., By € £, the random variables N(By),..., N(By) are
independent.

For any given o-finite measure A on (E, &), there exists a Poisson random measure N
on E which has X as its intensity, see Theorem I-8.1 in [IW89], Theorem 6.4 in [PZ07]
or Proposition 19.4 in [Sat99]. Moreover, we can easily deduce a representation of such
a Poisson random measure as a sum of Dirac masses at points randomly distributed
according to the measure A\. More specifically, since A is assumed to be o-finite, there
exist pairwise disjoint sets E,, € & such that A\(E,) < oo for n € N and | J;7, E, = E.
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2 Stochastic differential equations with jumps

We can consider a doubly indexed sequence of independent random variables &, on
some probability space (2, F,P) for m, n € N such that £ has values in E, and
P(gr, € A) = AM(ANE,,)/A(Ey). Then we can consider a sequence of random variables gy,
with the Poisson distribution with parameter A(E,,), such that ¢, and & are mutually
independent for m, n € N. We set

oo qn

n=1m=1

Then we can show that IV is indeed a Poisson random measure on E with intensity A. In
other words, IV can be represented as a sum of independent Poisson random measures
N,, with finite intensities, where for each n € N we have N,, = > 1", d¢n and its intensity
is the measure A, defined for B € £ as A\, (B) := A(BN E,,). As a corollary, we can infer
that any Poisson random measure N on (F, ) can be represented as

N(A)(w) =) bgw(d), weQ, Ack,
k=1

for some sequence (§)3; of random elements in E. Hence N can be interpreted as a
random distribution of a countable number of points & in £ and for any set A € £ the
quantity N(A) is the number of points in A. Moreover, the expected number of points
in A is given by the intensity measure \, in the sense that EN(A) = A\(A), which follows
straight from Definition 2.1.1.

From now on, we will consider Poisson random measures N on (0,00) x U equipped
with the product o-field B((0, 00)) xU, where (U,U) is a measurable space and B((0, c0))
denotes the Borel sets in (0,00). Moreover, we will focus on the case in which the
intensity A is of the form

Adtdx) = dtv(dz),

i.e., it is a product of the Lebesgue measure on (0,00) and some o-finite measure v on
(U,U). For each B € U we can consider a stochastic process (N¢(B))¢>0 defined by

Ny(B) := N((0,4] x B), (2.1.1)

which is the Poisson point process associated with the Poisson random measure N (cf.
Section I-9 in [IW89]). In Section 2.3 we will define stochastic integrals with respect to
such processes. It is possible to define stochastic integrals with respect to a more general
class of point processes, see e.g. Section II-3 in [IW89]. However, here we focus only
on integration with respect to Poisson point processes (or, equivalently, with respect to
Poisson random measures) defined above.

Natural examples of such Poisson random measures arise as counting measures of
jumps of Lévy processes, see Example 2.2.3 in the next section. Before we end the
present section, let us briefly discuss the behaviour of Poisson point processes on sets
whose intensity measure is finite.

18



2.2 Lévy processes

Remark 2.1.2. Let N be a Poisson random measure on Ry x U with intensity A(dt dv) =
dt v(dv). If we consider a set A € U with v(A) < oo, then almost surely N((0,¢]xA) < oo
for every t > 0 and the process (N¢(A))¢>0 defined by N¢(A) := N((0,¢] x A) is a Poisson
process with intensity v(A) (see e.g. Lemma 2.3.4 and Theorem 2.3.5 in [App09], the
discussion in Section 6.1 in [PZ07] or the proof of Theorem I-9.1 in [IW89]). Therefore
N¢(A) can be written as

Ni(A) =) gpacy,
n=1

where T2 are the times of jumps of the process (Ny(A));>0 and for every n € N the

random variable Tfﬂ — T4 is exponentially distributed with parameter v(A) (i.e., with
mean 1/v(A)).

2.2 Lévy processes

Definition 2.2.1. Let (X¢)¢>0 be a stochastic process on R?. We call it a Lévy process
if the following conditions are satisfied.

1. Xog=0 a.s.

2. The increments of (X¢)i>0 are independent, i.e., for anyn > 1 and any 0 <ty <
t1 < ... < t, < oo the random variables Xy, Xy, — Xyg, ..., Xy, — Xt,, are
independent.

3. The increments of (Xt)i>0 are stationary, i.e., for anyt > s > 0 we have Law(X;—
X;) = Law(X;_s).

4. (Xt)e>0 is stochastically continuous, i.e., for all a >0 and all s > 0 we have

lim P(|X; — X[ > a) = 0.

Every Lévy process defined in this way has a cadlag modification, see e.g. Theorem
2.1.8 in [App09] or Theorem 4.3 in [PZ07]. Hence we can consider a process (AX¢)i>0,
which is the process of jumps of (X¢)>o, i.e.,

AXt = Xt - Xt, ;

where X;_ is the left limit of X; for any ¢t > 0.

The most important examples of Lévy processes include the Brownian motion and the
Poisson process. They are in fact building blocks for all more general Lévy processes, as
we shall see in the sequel of this section.

It is easy to show that if (X;);>0 is a Lévy process, then for each ¢t > 0 the random
variable X; is infinitely divisible, in the sense that for all n € N there exist i.i.d. random
variables Y7, ...,Y, such that

Law(X;) = Law(Y1 + ...+ Y,),
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2 Stochastic differential equations with jumps

cf. Proposition 1.3.1 in [App09] or Example 7.3 in [Sat99]. This connection between the
notions of Lévy processes and infinitely divisible distributions allows for a very useful
characterization of the former.

There are two ways of characterizing Lévy processes, either via their characteristic
functions or via properties of their paths. The first one is the famous Lévy-Khintchine
formula (see e.g. Theorem 1.2.14 and (1.19) in [App09] or Theorem 8.1 in [Sat99]).

Theorem 2.2.2. Let (Li);>0 be a Lévy process on Re. For any t > 0, denote the law of
Ly by pug. Then the Fourier transform [y of g is given as

fie) = [ explile, o)u(de) = exp(t(2)), = € Y,
where

, 1 ; .
¥(2) = ifl,2) — 5z, A2) + /Rd(ezw> —1—i(z,2)1qp)<1y)v(d2) (2.2.1)
or z € R*. Herel 1s a vector in R®, A 15 a symmelric nonnegative-definite d X d matriz
f R?. Herel i mR%, A ' we-definite d x d j
and v is a measure on R? satisfying

v({0}) =0 and /Rd(|x]2 ADv(dr) < oo.

We call (I, A,v) the generating triplet of the Lévy process (Lt)i>0, whereas A and v are
called, respectively, the Gaussian covariance matrix and the Lévy measure (or jump
measure) of (L¢)>0-

Conversely, if ¥ : R? — C is a function of the form (2.2.1), then there exists an
infinitely divisible distribution p such that fi(z) = exp (¢(2)) for z € R

Moreover, if p is an infinitely divisible distribution on R?, then there exists a Lévy
process (Ly)i>0 on R? such that Law(L;) = u (cf. Corollary 11.6 in [Sat99]).

Note that the result above is often stated in the literature for Fourier transforms of
infinitely divisible distributions and not for Lévy processes. Obviously the formulation
for Lévy processes presented above is then a straightforward corollary if we use the fact
that for a Lévy process (Lt)¢>0 we have

Eexp(i(u, Li)) = exp(te(u)),

where 1(u) = logEexp(i(u, L1)), and that L; is an infinitely divisible random variable
(see Section 1.3 of [App09)]).

We can now discuss a very important class of Poisson random measures of the type
considered in Section 2.1.

Example 2.2.3. Consider a Lévy process (X¢)i>o in R? with Lévy measure v. We can
define

N0, ] x A):= Y §sax,)((0,] x A),
s€(0,t] ,AXs#0
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2.3 Stochastic integration for processes with jumps

i.e., N((0,t] x A) counts the number of jumps of (Xi)i>0 of size within the set A that
happen up to timet. We can then show that N is a Poisson random measure on (0,00) X
RY with intensity \(dt dz) = dt v(dz) (see Theorem 19.2 in [Sat99]). In particular, for
any set A € B(RY) we have EN((0,t] x A) = tv(A), i.e., the product of the Lebesgue
measure on (0,00) and the measure v describes the average number of jumps up to time
t of size within the set A (see e.g. Theorem I-8.1 in [IW89] or the proof of Proposition
19.4 in [Sat99)).

The other way of looking at Lévy processes is the Lévy-Itd decomposition of their
paths (see e.g. Theorem 2.4.16 in [App09] or Theorem 19.2 in [Sat99]).

Theorem 2.2.4. If (X¢)i>0 is a Lévy process, then there exist | € R?, a Brownian
motion (B{")¢>0 with covariance matriz A and an independent Poisson random measure
N on Ry x R? such that for each t > 0 we have

t ~ t
X, =1t+ B+ / / vN(ds, dv) + / / vN(ds, dv) .
0 J{v|<1} 0 J{v[>1}

The choice of 1 in the domain of integration above is arbitrary. It can be replaced with
any number m > 0 by modifying the drift [ accordingly (cf. Section 2.2 in [Majl15]).
Note that the Poisson random measure appearing in the representation above is the
counting measure of jumps of the process (X)i>0, cf. (19.1) in [Sat99).

There are two alternative ways of approaching the proofs of the results presented
above. We can start by proving the Lévy-Khintchine formula in an analytic way (see
Section 8 in [Sat99]) and then use it to obtain the Lévy-1t6 decomposition of the paths
(Section 20 in [Sat99]). The other way is to start by proving the Lévy-It6 decomposition
in a probabilistic way and then to obtain the Lévy-Khintchine formula as a corollary
(Section 2.4 in [App09]).

2.3 Stochastic integration for processes with jumps
Let us fix a filtered probability space (2, F, (Ft)t>0,P), a measure space (U,U,v) and

consider a Poisson random measure N on Ry x U with intensity A(dtdv) = dtv(dv).
We can assume that N has the representation

N=> 68rep - (2.3.1)

=1

where (73)72, and (§;)72, are sequences of R and U-valued random variables, respec-
tively (cf. the discussion in Section 2.1). By

N(dt,dv) := N(dt,dv) — dt v(dv)

we denote the compensated Poisson random measure.
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2 Stochastic differential equations with jumps

We need to make sense of the following two types of integrals

/Ot [ (s, 0N (s, dv) - and /Ot /U (s, )N (ds, ), (2.3.2)

where Uy, Uy C U, v(Up) < oo, v(Uy) = oo and f and g are random functions satisfying
certain assumptions which will be specified in the sequel. By a standard practice, we
suppress the dependence on the random parameter w € € in our notation.

Let us first define predictable processes.

Definition 2.3.1. Let (U,U) be a measurable space. A real valued stochastic process
f = f(t,z,w) defined on [0,00) x U x Q is called (F¢)>o-predictable if it is S/B(R)-
measurable, where S is the o-field on [0,00) x U x Q generated by all the functions g on
[0,00) X X x Q such that

1. for all t > 0 the function (z,w) — g(t,z,w) is U X Fy-measurable;

2. for all (x,w) € U x Q the function t — g(t,z,w) is left continuous.

For any predictable f it is possible to define an integral of f with respect to N as a
Lebesgue-Stieltjes integral. For any set A € U we have

/ / f(s,v)N(ds,dv) = Zf 8,8k) Lin <t, ec A} (2.3.3)
k=1

(recalling the representation (2.3.1)), whenever the sum is absolutely convergent. We
can rigorously define this class of integrands in the following way.

M = {f :[0,00) x U x 2 — R such that f is predictable and for each ¢ > 0 we have

/ot/U |f (s, 2)|N(ds, dz) < oo a.s.} .

If we additionally assume that

IE/Ot/U\f(s,a:ﬂdsy(dx) < 00

then we obtain a class of integrands f for which

//]fs:z:\Ndsdx //\fsx]dsydx)
and we can define

/Ot/Ulf(s,x)!N(ds,dw :=/ / |f(s,x)|N(ds, dx) / /|f3 )|ds v(dz),
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2.3 Stochastic integration for processes with jumps

which is then a martingale (cf. Section II-3 in [IW89]). Note that the predictability
condition for the integrands is related to the fact that in order for a function f to
be Stieltjes integrable with respect to a right continuous integrator, f has to be left
continuous (see e.g. Section 6.3 in [Kuo06]). Note also that if v(Up) < oo, then any
predictable function f belongs to M, as the sum appearing in (2.3.3) has in such a case
only a finite number of terms, cf. Remark 2.1.2. Moreover, in the case of v(Up) < oo
we can actually drop the predictability assumption (we can integrate any function, since
the integral in such a case is just a finite sum), but then for integrals with respect to the
compensated Poisson random measure we lose the martingale property of the integrals,
cf. e.g. Exercise 4.3.3 in [App09]. Thus we have already achieved our goal of defining
the first integral in (2.3.2).
Now we can define

M? = {f :[0,00) x U x Q — R such that f is predictable and for each ¢t > 0 we have

E/Ot/U]f(s,x)stu(d:c) <o}

As usual in the theory of stochastic integration, we can show that every process from
M? can be approximated by a sequence of step processes, for which the definition of the

stochastic integral
t ~
/ / f(s,x)N(ds,dz) (2.3.4)
0 JU

is natural, i.e.,

/ / Z fr(sj)1 (s7,5;41) LAk ds dx) Z fr(s;)N SJ,S]_H] Ar),

Ji:k=1 7,k=1

for some 0 = 81 < ... < sy, = ¢, sets Ay,..., Ax € U and Fg,-measurable random
variables fi(s;). Then for integrals of step processes we can show the isometry

E(/Ot/Uf(s,x)ﬁ(ds,dx)>2 :E/Ot/[]|f(s,:v)]2dsu(dm),

which allows us to extend the definition to f € M?2. The details of such a construction
can be found e.g. in Chapter 4 of [App09].

Having defined the integral (2.3.4) for f € M2, we can extend the definition to locally
square integrable integrands. Namely, let us define

M, = { f:]0,00) x U x 2 — R such that f is predictable and there is a sequence

of (F¢)e>0-stopping times oy, such that o, — oo a.s. and

(t,m,w) = Lo, @) () f(t,7,0) € M? for n € N} .
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2 Stochastic differential equations with jumps

We can show that an equivalent description of the space ./\/ll20c is given by

M. = {f :[0,00) x U x © — R such that f is predictable and for all t > 0 we have

P(/Ot/[]|f(s,x)|2dsy(d;v) < oo> _ 1}.

In order to see that these two definitions are indeed equivalent, it is sufficient to consider
a sequence of stopping times defined as

op(w) := inf {t >0: /Ot /U |f(s,2)|?ds v(dx) > n}

for w € © and n € N (see also the remark after Definition 83 in [Sit05]). The integral
(2.3.4) defined for f € M3 is a local martingale and has a cadlag modification (cf.
Theorem 4.2.12 in [App09]). If we assume that f € M?, then the integral (2.3.4) is a
true, square integrable martingale (see Theorem 4.2.3 in [App09], cf. also the discussion
in Section II-3 in [IW89]).

As the last remark in this section, note that if (X;):>0 is an (F;)i>0-adapted cadlag
process, then the process (X;—)i>0 (the process of left limits) is predictable according
to Definition 2.3.1. Thus the framework of stochastic integration presented here covers

integrals such as
t ~
/ / f(Xs—,v)N(ds,dv),
0 JU

for sufficiently regular f : R¢ x U — R, which will play an important role in the next
section. Finally, note that even though all the definitions in this section have been for-
mulated for real-valued integrands, extending them to the vector-valued case is straight-
forward by considering integrals defined in a component-wise way.

2.4 Stochastic differential equations

We consider equations of the form

dXt:b(Xt)dtJra(Xt)dWmL/ g(Xe_,w)N(dt,du) + [ f(Xe—,u)N(dt,du), (2.4.1)
Ui Uo

where (W3)¢>0 is an m-dimensional Brownian motion, N is a Poisson random measure
on Ry x U for some o-finite measure space (U,U,v), N(dt,dv) = N(dt,dv) — dt v(dv),
Uy, C U with v(Uy) = oo, Uy C U with v(Up) < 00, b: R — R?, o : R — R>™ and g,
f:RIx U =R

We start this section by providing the classical definitions of two types of solutions to
(2.4.1).
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2.4 Stochastic differential equations

Definition 2.4.1. We say that a process (X¢)i>0 defined on a filtered probability space
(Q,F, (Ft)t>0,P) is a weak solution to (2.4.1) if there exist a Brownian motion (W;)i>o
and a Poisson random measure N adapted to (Fi)e>0 such that almost surely

X, = Xo+ / CB(X)ds + /0 (X)W,
(2.4.2)

0
t t
+/O /Ulg(Xs,u)N(dt,du) +/O o f(Xo_,u)N(dt,du).

Equivalently, a weak solution is a tuple (Q, F, (Ft)e>0,P, (Wi)i>0, N, (X¢)e>0) satisfying
the conditions above.

For more information on the concept of weak solutions to SDEs see e.g. Section 6.7.3
in [App09], Definition 127 in [Sit05], Definition 3 in [BLG15] or Definition IV-1.2 in
[IW89] (the latter only for the Brownian case). Here we implicitly assume that the
coefficients in the SDE (2.4.1) are sufficiently regular so that all the integrals appearing
in (2.4.2) are well-defined. We also have the concept of a strong solution.

Definition 2.4.2. Suppose we have a given filtered probability space (2, F, (Ft)t>0,P)
with an (Ft)t>o0-adapted Brownian motion (Wy)i>o0, an (Fi)i>o-adapted Poisson random
measure N and a random variable & € R? independent of (Wi)e>0 and N. Then a strong
solution to (2.4.1) is a process (X¢)i>0 defined on (Q, F,P), adapted to (]:E’W’N)tzo,
which is the augmented filtration generated by &, (Wi)i>0 and N, such that (2.4.2) holds
almost surely.

The reader is encouraged to compare this with Definition IV-1.6 in [IW89], Definition
112 in [Sit05], Definition 11 in [BLG15] or Section 6.2 in [App09]. It is obvious straight
from the definition that every strong solution is also a weak solution.

Now we turn our attention to two different concepts of uniqueness of solutions to
(2.4.1).

Definition 2.4.3. We say that uniqueness in law holds for solutions of (2.4.1) if for ev-
ery two weak solutions (X;)i>0 and (X;)i>0 of (2.4.1) with the same initial law on R?, the
laws of the processes (X;)¢>0 and (X¢)i>0 on D(]0,00); R?) (the space of cadlag functions
from [0,00) to R?) coincide. More precisely, if (0, F,(Ft)i>0,P, (Wi)i0, N, (Xt)i>0)
and (Q, F, (F)e>0, P, Wy)i>0, N, (X¢)i>0) are two weak solutions to (2.4.1) such that
P(Xo € B) = P(Xo € B) for all B € B(RY), then P(X € C) = P(X € C) for all
C € D([0,00); RY).

For the concept of uniqueness in law, see e.g. Definition IV-1.4 in [IW89] or Definition 9
in [BLG15]. The other notion, which turns out to be stronger, is the pathwise uniqueness.

Definition 2.4.4. We say that pathwise uniqueness holds for solutions of (2.4.1) if for
every two weak solutions (X¢)i>0 and (Xi)i>o of (2.4.1) defined on the same filtered
probability space with the same Brownian motion and Poisson random measure and
such that P(Xo = Xo) = 1, we have P(X; = Xy for allt > 0) = 1. More precisely, if
(Q, ./_", (]:t)tzov P, (Wt)tZ()a N, (Xt)tZO) and (Qj .F, (ft)tZ()?Pa (Wt)tZOlN7 (Xt)tZO) are two
weak solutions to (2.4.1) such that P(Xo = Xo) = 1, then P(X; = Xy for all t > 0) = 1.
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2 Stochastic differential equations with jumps

As a reference, see e.g. Definition IV-1.5 in [IW89] or Definition 7 in [BLG15].

It is known that pathwise uniqueness for equations of the type (2.4.1) implies unique-
ness in law. In the case of equations driven by Brownian motion, this is a classical result
of Yamada and Watanabe. For the case including jumps induced by a Poisson random
measure, see e.g. Theorem 137 in [Sit05] or Theorem 1 in [BLG15]. This result can be
also inferred from Proposition 2.10 in [Kur07]. Note that this result does not require
any explicit assumptions on the coefficients of (2.4.1), but an implicit assumption is that
all the integrals appearing in 2.4.2 are well defined.

Many different versions of results guaranteeing existence and uniqueness of various
types of solutions to SDEs of the form (2.4.1) can be found in the literature. In the most
classical case, existence of a strong, pathwise unique solution is obtained under Lipschitz
continuity of the coefficients, i.e.,

[b(z) = b(y)|* + lo(z) — o (m)l7rs + /U l9(z,w) = gy, w)Pv(du) < Cla —yf*.

is required to hold for all z, y € R? with some constant C' > 0, where || - ||zs is the
Hilbert-Schmidt norm of a matrix (see e.g. Theorem 6.2.3 in [App09] or Theorem IV-9.1
in [IW89]). An additional linear growth condition is also required to hold, see Section 2 of
[ABW10] for a detailed discussion on what assumptions are actually needed in Theorem
IV-9.1 in [IW89]. Note, however, that the coefficient f is not included in the formulation
of the Lipschitz condition above, and in Section 2.4.1 it will become apparent why this
is the case.

A stronger result, providing existence of a pathwise unique, strong solution under a
relaxed condition of one-sided Lipschitz continuity for the drift, i.e.,

(b(@) = b(y),z — ) + llo(z) — o ()| Fs + /U l9(z,w) = gy, uw)Pv(du) < Cla —yf*,

was obtained by Gyongy and Krylov in [GK80], see Theorem 2 therein. The paper
[Majl6b] contains an alternative proof of a specific version of this result (see Theorem
1.1 in [Maj16b]), using methods developed by Albeverio, Brzezniak and Wu in [ABW10],
where they obtained yet another result of similar type (see the discussion in Section 1
in [Majl6b] for details).

Using the interlacing technique, which we will present in detail in Section 2.4.1, we
can extend the existence result presented in [Maj16b]. Namely, Theorem 1.1 in [Maj16b]
was formulated only for a noise induced by a compensated Poisson random measure with
possibly infinite intensity, i.e., it works for an SDE of the form

X, = b(X,)dt + o (X,)dW; + / (X, u) N (dt, du)
U

Its natural extension would be to add noise induced by a (non-compensated) Poisson
random measure on a set of finite intensity and consider the equation (2.4.1). Usually,
when we consider Poisson random measures on Ry x R? this corresponds to adding

26



2.4 Stochastic differential equations

large jumps to the equation, i.e., we have SDEs of the form

dX; = b(X,)dt + o(X,)dW, + /

(X u) N(dt, du) + / F(Xo_ u)N(dt, du)
{ul<e}

{lul>c}
for some ¢ > 0. In the more general setting of (2.4.1) we get the following result.
Theorem 2.4.5. Consider the equation
dX; = b(Xy)dt + o(Xy)dW, —|—/ g( X, u)ﬁ(dt, du) + f(X¢—,u)N(dt,du). (2.4.3)
U1 UO

Assume that the coefficients b, o and g in (2.4.3) satisfy the following local one-sided
Lipschitz condition, i.e., for every R > 0 there exists Cr > 0 such that for any =, y € R?
with |x|, ly] < R we have

<b($)—b(y)7w—y>+H0'(x)—0(y)H%s+/U lg(z,u)—g(y,u)|*v(du) < Crlz—y[*. (2.4.4)

Moreover, assume a global one-sided linear growth condition, i.e., there exists C' > 0
such that for any x € R? we have

(b(x), ) + llo (@) s +/ lg(z, w)[Pv(du) < C(1 + [z?). (2.4.5)
U

Furthermore, f is only assumed to be measurable. Under (2.4.4) and (2.4.5) and an
additional assumption that b : R® — RY is continuous, there exists a pathwise unique
strong solution to (2.4.3).

This result follows easily from Theorem 1.1 in [Maj16b] after applying the interlacing
procedure presented in detail in the next section.

2.4.1 Interlacing
Suppose we have a solution to the SDE
dY; = b(Yy)dt + o(Y;)dW; +/ g(Yi_, u)N(dt, du) (2.4.6)
Uy

and we would like to use it to construct a solution to the SDE

dXt = b(Xt)dt + O'(Xt)th + / g(Xt_, U)N(dt, du) + f(Xt_, u)N(dt, du) y (247)
Ux Uo

where v(Up) < oo, v(Uy) = oo and the sets Uy and U; are disjoint. We can do so by

employing the so-called interlacing technique. The main idea is that since v(Uy) < oo,

there is almost surely only a finite number of jumps that the Poisson point process

t — N((0,t] x Uy) makes on any finite time interval (cf. Remark 2.1.2). Hence we can

define a sequence of stopping times 71 < 72 < ... denoting the times of these jumps and
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2 Stochastic differential equations with jumps

add the quantity defined by the last integral in (2.4.7) to the solution (¥;)¢>¢ of (2.4.6)
by modifying (Y;)¢>0 at times (7,,)72; accordingly. This method is briefly explained in
the proof of Theorem IV-9.1 in [IW89] and is used more extensively throughout the
book [App09]. However, the formulas given in Theorem 6.2.9 in [App09] in the context
of SDEs of the form (2.4.6) and (2.4.7) are incorrect. More precisely, the formula for
the process Y (t) for m; < t < 79 appearing there does not define a solution to the
equation it is supposed to, cf. the online errata [AppErr]. Therefore we give here a
careful explanation of the interlacing technique which is based on the presentation from
Section 4.2 in the paper [BLZ14] where it appears in the context of SDEs driven by
Poisson random measures on infinite dimensional spaces.
Consider a stopping time 7 such that P(7 < oo) = 1. Define

W/ =W — W,

and
Ng- = Nt+T )

where (IV;)¢>0 is the Poisson point process defined in (2.1.1). Then we can prove that
(W )e=0 is an (F] )¢>0-Wiener process and (N )¢>o is an (F] )¢>o-Poisson point process
with intensity measure v, where F] := Fyi, for t € [0,T — 7], see e.g. Theorems I1-6.4
and I1-6.5 in [IW89]. Using this fact, we can quite easily prove the following.

Proposition 2.4.6. Let 7 be a stopping time with values in [0,T] and let X; be an F;-
measurable random variable. Then, under the assumptions sufficient for the existence of
a solution to (2.4.6), there also exists an (Fi)i>0-adapted process (Y)e>o0 such that

;=Y + /Tt b(Ys)ds + /TtU(Ys)dWS + /Tt /Ul g(Ys_,u)N(ds,du) forte [T,(T] . |
2.4.8

The way to prove the statement above leads first through showing that for any = € R?
there exists an (F] )¢>o-adapted process (Y;""):>¢ such that

¢ t t _
Y, = x—l—/ b(YST’x)ds—i—/ J(Y;T’“)dWsT—i—/ / g(Y"" u)N7(ds,du) for t € [0,T—71] .
0 0 o Ju

(2.4.9)
This can be done by following the proof of the existence of a solution to (2.4.6) and
replacing all the expectations with conditional expectations with respect to F.. Then
we can replace the initial condition z € R? in (2.4.9) by an F,-measurable random
variable Y;, using the fact that the solution Y;”" of (2.4.9) is a measurable function of
x. This way we obtain a process (Y;")cj0,7—r satisfying (2.4.9) on [0, 7 — 7] with initial
condition Y;. Finally, setting V; := Y,"_ for t € [r,T], we obtain a solution to (2.4.8).
See the proof of Corollary 4.6 in [BLZ14] for details of a similar reasoning.
Now we are ready to proceed with our construction. We will denote by Y, (&) for
t € [a,T] the solution to (2.4.6) on [a,T] with initial condition £. Due to our reasoning
above, we know that we can also replace a number a € [0,7) with a stopping time 7.
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2.4 Stochastic differential equations

We will denote by 71 < 70 < ... the stopping times that encode the times of jumps of
the Poisson process N¢(Up) (recall once again that for a Poisson point process evaluated
at a set Uy with v(Up) < oo there is almost surely only a finite number of jumps on any
finite time interval, cf. Remark 2.1.2). Denote by &, &o, . . . the sizes of respective jumps,
i.e., we have

N((O,t] X U(]) =

Nk

5(Tk7£k)((0’t] X U(]) .

B
Il

1

We will first construct a solution to (2.4.7) on the interval [0, 71]. We set

Xax(e) = {10000 oro<t<n,
YbyTl (33) + f(}/o,‘l‘l ($),£1) fOI' t= 71,

where &1 is the jump of Ny(Up) that occurs at time 7. Hence we get

XOJ’l (l’) = Yb,Tl x)+ f()/o,ﬁ (l')ygl)

(v)
ot [ b0t [ o),
.

T1
+/
0

Observe that the process (Yo,:(7))scpo,r] has no jumps at time 7, since the sets Uy and
Uy are disjoint. Thus Yy, —(x) = Yy -, () and we have

9(Yos— (), w)N(ds, du) + f(Yor, (z),&1).

¢ o for t € [0,71),
/0 e f(YO,S_(I‘),u)N(dS,dU) = {f(yb,n (x),&) fort=m.

Hence for t € [0, 7] we have

Xot(x) —x—i—/o b(Yo,S(m))ds—i—/O o(Yo,s(x))dWs
+ /0 [ 00, 0)N s, )+ /0 [ #0050, 0)N (s, )

and in consequence

Xo t( =x+ b Xo s ))ds + t (XO’S(SE))dWS
/ / (2.4.10)

/ (Ko (), u) N (ds, du) + /t F(Xos_(2), )N (ds, du)
Uy 0 JUo

Thus we get a unique solution to (2.4.7) on [0, 71].
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2 Stochastic differential equations with jumps
Due to Proposition 2.4.6, there exists a process Y7, (Xo - (x)) for t € [r1,T], which is
a solution to (2.4.6) on [y, 7] with initial condition X r, (x) at time 7. Hence we have
t

Yo (X (2)) = Xo (2) + / b(Yo (X0 (2)))ds

T1

t t ~
" / oK ()W, + / | /U 400 (Ko, (), 1) s )
(2.4.11)

for t € [, T] and we can define

X07t([E> for 0 <t <m,
XO,t(x) = YTht(XO,Tl (z)) for m <t <,
Y7'177'2 (XO,Tl ($)) + f(}/‘f'177'2 (XO,Tl (x))a 52) fort =1.

Now it is easy to see that so defined Xy ¢(x) satisfies the equation (2.4.10) for ¢t € (71, 72).
Namely, it is sufficient to split all the integrals appearing in (2.4.10) by writing, as shown
on the example of the drift component,

/0 " b(Xo.s(2))ds = /0 " b(Xos(2))ds + / b(Xo.s(2))ds

T1

_ / " b(Xos(x))ds + / b(Yry s (Xom (x)))ds
0

T1

and then combining (2.4.10) for ¢ € [0, 71| with (2.4.11) for t € (1, 72). Moreover, since
Xo,r—(2) = Yoy 1y (Xor, (2)) = Yoy 17 (X0, (%)), we have

/0T2 . f(Xos— (z),u)N(ds,du) = f(Xo7—(2),&1) + f(Yr 7 (Xo,m (z)),&2)
= f(X0,7'1—<x)7€1) + f(XO,TQ_($)7§2>
and hence we get
Xom (@) = 2 + /0 " b(Xo.s(2))ds + /0 C o (Xo.s(2))dW,

—i—/o /U1 9(Xo,s—(x),u)N(ds, du) +/0 o f(Xo,s—(2),u)N(ds,du) .

Thus we showed how to construct a solution to (2.4.7) on the interval [0, 72]. By iterating
this procedure, we obtain a solution on every interval [0, 7;,] for n € N and hence on the
entire [0,7]. Note that, by construction, if the solution (Y:)¢>o to (2.4.6) is pathwise
unique, then the solution (X;);>0 to (2.4.7) built from (Y;):>0 is also pathwise unique.
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2.4 Stochastic differential equations

2.4.2 Solutions of SDEs as Markov processes

Here we keep considering SDEs of the form

dXt = b(Xt)dt + O‘(Xt)dBt +/ g(th, U)N(dt, du) + f(th, U)N(dt, du) . (2412)
U1 UO

Recall that X ;(¢) denotes the value at time ¢ of the solution to (2.4.12) started at time
s with initial condition (.
For a solution (X¢)i>0 to (2.4.12), let us define the transition semigroup

psif(x) = Ef (Xsi(x))

for any bounded measurable f : R — R and any = € R?. If Ds,t is time-homogeneous,
i.e., if we have ps ¢ = po—s for all 0 < s <t, then we use the notation p; := po ;.

In the present section we would like to show that in our setting, solutions to (2.4.12)
are Markov processes. In other words, we want to show that

]P)(Xs,t(C) € A|fu) = P(XS,t(C) € A‘Xs,u) . (2'4'13)

for any 0 < s < u <t and any JFs-measurable random variable (. We will in fact prove
something stronger, i.e., we will show that

E (SD(X&t(C))‘}—u) = pu,t(P<Xs,u(C)) (2‘4'14)

for any ¢ € By(RY). Tt is trivial to see that (2.4.14) implies (2.4.13), since

E (@(Xs,t(C)”Xs,u(C)) =E (E (@(Xs,t(C)”‘Fu) |Xs,u(<)) =E (pu,t(p(Xs,u(g))‘XS,u(C))
= Putp(Xsu(C)) = E (0(Xs2(0))|Fu)

and then it is sufficient to take ¢ = 14.
Before we proceed with the proof of (2.4.14), let us cite a useful theorem, which is an
original result from [Maj16b].

Theorem 2.4.7. Consider an SDE

dX, = b(X,)dt + o (X,)dW; + / (X, w) N (dt, du) (2.4.15)
U

with coefficients satisfying (2.4.4) and (2.4.5). Additionally assume that there exists a
constant L > 0 such that for all z € R% we have

lo(2) 172 +/ l9(z, w)[*v(du) < L(1+ [2]?) (2.4.16)
U

and that b is continuous. Then the solution (Xi)i>o to (2.4.15) depends on its initial
condition in a continuous way, i.e., if £, — x in RY, then for any t > 0 we have
Xot(xn) = Xo(z) in probability.
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2 Stochastic differential equations with jumps

This result follows from the proof of Lemma 2.5 in [Maj16b]. It implies that if we show
that (X;):>0 is a time-homogeneous Markov process, we will automatically know that its
transition semigroup (pt):>o is Feller, i.e., we have p,f € Cy(R?) for every f € Cy(RY).

It is worth noting that if (X;):>0 is a Feller process (i.e., it has a Feller transition
semigroup) and has cadlag paths, then the Markov property automatically implies strong
Markov property (see e.g. Theorem 16.21 in [Bre68|, which is formulated for Feller
processes with continuous paths, but the proof also works with only right continuity).
This obviously applies to solutions of (2.4.12), which are cadlag (cf. e.g. Theorem 6.2.3
in [App09]). Hence, if we show the Markov property for solutions of (2.4.15), we will
know that under assumptions of Theorem 2.4.7 they are strong Markov, Feller processes.

Theorem 2.4.8. If the solution to (2.4.12) is unique (either pathwise or in law) and if
1t depends continuously on the initial data, then it is a Markov process.

Proof. Our proof is based on Theorem 9.30 in [PZ07] and Proposition 4.2 in [ABW10],
see also Theorem 9.14 in [DPZ14] and Theorem 5.1.5 in [SV79] for similar reasonings.
Let 0 < s < wu <t and fix an Fs-measurable random variable (. We consider the process
(X5,4(€))t>0, which is a solution to (2.4.12) started at time s with initial condition (.
We will show that

E (o(Xst(O)|Fu) = Pupp(Xsu(C)) (2.4.17)
for any o € By(R?). First, let us observe that X ;(¢) = Xy¢(Xs.(¢)). Indeed,

t -
XS = Xs r— ) N(d 7d
(<) <+/s /Ulg< +=(0), v)N(dr, dv)
= Xs r— ’ N d ’d
<+/s /Ulg( (), v)N(dr, dv)
t -
—|—/ /U g(Xs,T—(C)’U)N(dT7 d'l))
t ~
= Xsu Xsr—(C), 0)N(dr, dv).
W@t [ 00N )
On the other hand,
¢ -
XX O) = Xl [ [ 08y Xon )00 ),
but the solution to (2.4.12) is unique, and hence Law(Xs:(¢)) = Law(Xy,¢(Xsu(C)))-

Thus
E (@(Xs,t(é)”fu) =E (@(Xu,t(Xs,u(C)))‘Fu)

and we see that in order to prove (2.4.17) it is sufficient to show that

E (¢(Xu7t(n))|}_u) = pu,tw(n) (2'4'18)

for any F,-measurable random variable 7, and then to take n = X, ,(¢).
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2.4 Stochastic differential equations

We can use approximation arguments in order to show that it is actually sufficient to
prove (2.4.18) for continuous ¢ and for simple 7, i.e., n of the form

N
n=>Y z;la,, (2.4.19)
j=1

where x; € RY, A; € Fu, UA; = Q, A; pairwise disjoint (see Theorem 9.30 in [PZ07]
or Theorem 9.14 in [DPZ14] for details of these approximation arguments and note that
in order to consider a simplified version of the initial condition 1 we need to use the
continuous dependence of X, ; on the initial data).

For n given by (2.4.19) we have

and

N
E (o(Xut(m)Fu) = ZE (‘p(Xu,t(xj))lAj ‘]:u)
N
= 3 B(Xuala)) 14,

N
= pusp(@i)1a; = Pusp(n),

where we use the fact that X, ;(z;) is independent of F, and 1 A, are JFu-measurable.
Now we show that the laws of X; ;14 (¢) and X 4 (¢) are the same based on Proposition
4.2 in [ABW10]. This shows that the Markov process is time-homogeneous.
We have

t+h t+h
Xppan(Q) = C+ / b(Xew)(O))dr + / (X0 ()W,
t+h B t+h
+ / 9(Xe0(0),0) N (dr, dv) + / F(Xer(O),0) N(dr, d)
t Uy t Uop
h h
—¢4 /0 b(X 1) ()l + /0 0 (Ko truy— () AW

h _ h
+/0 /U 9o (04~ (), )N (du, dv) + /0 /U K er-(©), 0N e )

where W]j = Wigy — Wp and Nfb := Nyt — Ny are a Wiener process and a Poisson point
process with the same laws as W and N, respectively (cf. Theorems I1-6.4 and 11-6.5 in
[IW89]). Now it is easy to see that the process (Xon(¢))n>0 satisfies the same SDE as
(Xt,t+n(C))n>0. Since its solution is unique in law, our assertion follows.

O
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2 Stochastic differential equations with jumps

Corollary 2.4.9. A solution (Xt)i>0 to (2.4.15) under the assumptions of Lemma 2.5
in [Maj16b] is a time homogeneous Markov process. Moreover, it is strong Markov and
Feller.

For a Markov process (X¢):>0 with transition kernels p;(x, dy) we denote its distribu-
tion at time t, provided its initial distribution is u, by ups. More precisely,

ppi(dy) = / p(da)py(z, dy) .

We say that a measure pg is invariant for (X;);>o (or, equivalently, for the transition
semigroup ()=o) if
Hopt = Mo

for every ¢ > 0. This means that [ po(dz)pi(z, A) = po(A) for every ¢ > 0 and for every
set A € B(R?). This is equivalent to the fact that

[ it @als) = [ f)nafao)

for every f € By(R?).
The following theorem is an original result from [Majl6b].

Theorem 2.4.10. Assume that the coefficients in (2.4.15) satisfy the local one-sided
Lipschitz condition (2.4.4) and the linear growth condition (2.4.16) for o and g. More-
over, assume that there exist constants K, M > 0 such that for all x € R% we have

(b)) + o (@) 35 + / |9z, w)Pr(du) < —Klaf? + M. (2.4.20)
U

Finally, let the drift coefficient b in (2.4.15) be continuous. Then there exists an invariant
measure for the solution of (2.4.15).

The result above is proved based on the Krylov-Bogoliubov method, see Section 2
in [Majl6b] and the references therein. While it guarantees existence of an invariant
measure, it does not tell us anything about quantitative behaviour of the process. In
Chapter 3 we will explain how to use the coupling method to obtain explicit convergence
rates of the distributions of solutions to (2.4.15) to the invariant measure, while replacing
the condition (2.4.20) with a stronger assumption of dissipativity at infinity.

2.5 Martingale problems for processes with jumps

In 1975, Stroock in [Str75] considered operators of the form

Lo=L + K, (2.5.1)
where
1< 52 d 9
Lif(x) = B z‘JZ=:1 a;(t, x)mf(fﬂ) + ; bi(t, x)aTcif(x)
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2.5 Martingale problems for processes with jumps

with some sufficiently regular coefficients a;;, b;, and

th(l') = / (f(l’ + y) - f(iU) - <y¢ Vf(x)>1{\y§1|}) V(t,ZL', dy) :

Here v : [0,00) x RY x B(RY) — [0, c] is a kernel such that for each (¢,7) the measure
v(t,z,-) is a Lévy measure, i.e.,

/]Rd (1A ly|?) v(t, z,dy) < co.

We say that there exists a solution to the martingale problem for £, if for each (s,z) €
[0,%) x R? there exists a probability measure P on D([0,00); R?) (the space of Re-valued
right continuous functions with left limits) such that P(Xs = x) = 1 and the process

FX0) / Lof(X,)du

is a P-martingale for all f € C§°(RY), where (X;);>0 is the canonical process on the
space D([0,00); R?%). If there is at most one such measure, we say that the solution
to the martingale problem for £; is unique. A martingale problem having exactly one
solution is said to be well-posed. In [Str75], there are conditions guaranteeing existence
and uniqueness of solutions to martingale problems for generators of the type (2.5.1), see
also Theorems 8.3.3 and 8.3.4 in [EK86]. However, in this thesis we focus on processes
defined as solutions to stochastic differential equations and hence we are interested in
martingale problems mainly through their connection to SDEs.

Such a connection was provided in 2010 by Kurtz in [Kurll], where he considered
generators of the form

d

2
Af() = 3 3 aiy(w) g (@) + (), VT @)
i,j=1 v

+ /SA(% u) (f (@ +~(z,u) = f(x) = 1s, (u)(y(2, ), Vf(2))) v(du),

where v is a o-finite measure on some measurable space S, S; C S, whereas A : R¢x S —
[0,1] and 7 : R? x S — R? are such that

A (15l )P + Ly, 0) vl < .

Obviously, by taking A = 1 and ~(x,u) = u we obtain an operator of the form (2.5.1).
Kurtz proved in [Kurll] (see Theorem 2.3 therein) that if a process (X¢)¢>0 is a solution
of the D([0, 00); R?)-martingale problem for the operator A, then it is also a weak solution
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2 Stochastic differential equations with jumps
to
t t
X; = Xo +/ b(XS)ds—i—/ o(Xs)dWs
0 0
t ~
+/ / Lo (X)) Y (Xs—s w) N (ds, dv, du) (2.5.2)
0 J[0,1]x5;

t
+// Lo a(x. )Y (Xs—, u)N(ds, dv, du) .
0 J[0,1]x(S\S1)

In other words, if a process (X;);>o is such that for any f € C5°(RY) the process

t
F(X0) — F(Xo) — /0 AF(X,)ds

is a martingale, then we can construct a Brownian motion (W)¢>o and a Poisson random
measure N such that (X¢):>0 solves the equation (2.5.2), i.e., (X¢)s>0 is a weak solution
to (2.5.2). Note that the result in [Kurll] is proved under an assumption that the
generator A is such that it maps C2(R?) into Cy(R?). However, if A = 1 and vy(z,u) = u
(and if the drift and the diffusion coefficients are sufficiently regular) then this is indeed
the case, which can be inferred e.g. from Lemma 2.1 in [Kith17]. By applying the
It6 formula we can also show that every weak solution to (2.5.2) solves the martingale
problem for A. Hence we can infer that uniqueness in law of weak solutions for (2.5.2)
is equivalent to uniqueness of solutions to the martingale problem for A (cf. Corollary
2.5 in [Kurll]). This will prove to be useful in Section 3.2.3.
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3 The coupling method

In this chapter we introduce the coupling method. It is a widespread tool in probability
theory, with numerous applications in stochastic analysis, ergodic theory of stochastic
processes, stochastic inequalities, etc. There are by now many monographs treating
this subject in detail and the reader is encouraged to consult positions such as [Lin92],
[ThoOO] or [Vil09] and the references therein for a wider perspective. Here we focus on
couplings of stochastic processes which are given as solutions to stochastic differential
equations with jumps and we show multiple applications of the coupling method for
investigating various properties of such processes.

3.1 Couplings
We start with a measure theoretic definition of a coupling.

Definition 3.1.1. Suppose we have two probability measures pu and v on measurable
spaces (E1,&1) and (Eq, &), respectively. Then a probability measure ™ on the product
space (B x Eq,E1 ® &) is called a coupling of u and v if it has marginals p and v.
In other words, if we consider projections p1 : 1 X Ey — E1 and py : 1 X Ey — Fy
glen as pl(xl,xg) = x1 and pg(xl,xg) = x9, then we require the measure w to satisfy
U= mo pfl and v = T op;1 (or, using the push-forward notation, (p1)ym = p and
(p2)gm = v). Equivalently, for all sets A € £, B € & we have m(A x E3) = u(A) and
m(E; x B) =v(B).

The definition above will be used in the definition of the Wasserstein distances later
in this section. Meanwhile, we introduce a probabilistic definition of a coupling, which
we will use extensively in the context of couplings of stochastic processes.

Definition 3.1.2. Let (E1,&1, 1) and (E2,&2,v) be two probability spaces. Consider
random elements X : Qx — FE1 and Y : Qy — Ey defined on some probability spaces
(Qx, Fx,Px) and (Qy, Fy,Py), respectively, such that Law(X) = p and Law(Y) = v.
A coupling is a random element (X', Y") in (E1 x E2,&1 ® &) defined on a probability
space (2, F,P) such that Law(X') = Law(X) = p and Law(Y’) = Law(Y) = v.

Simply put, if we have two random objects (defined on possibly different probability
spaces) with some given distributions (laws), constructing their coupling amounts to
constructing two new random objects on a common probability space with these given
respective distributions. The important point here is that the original random objects
do not need to have any specific joint distribution, while constructing a coupling involves
choosing a right way in which the new random objects are jointly distributed.
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3 The coupling method

The second definition can be seen as a special case of the first one, if we consider
canonical random variables X and Y on (E4, &1, 1) and (E2, £2,v), respectively (i.e., X
and Y are identity functions on F; and Es with distributions p and v, respectively).
Then constructing a coupling of p and v in the sense of Definition 3.1.1 corresponds to
constructing a random vector (X', Y’) on (E; X F3,& ® &) with respective marginal
distributions (the law of (X', Y”) is a coupling of p and v). These definitions extend
naturally to any finite number of measures or random elements (see Section 2 in Chapter
3 in [Tho00]).

The simplest example of a coupling of two random objects is their independent cou-
pling, i.e., in Definition 3.1.2 we can choose X’ and Y’ as independent copies of X and
Y, respectively. Then their joint distribution is just the product measure p ® v. A
more interesting type of a coupling is what is called in [Vil09] a deterministic coupling,
i.e., a coupling in which the second random object is a deterministic function of the
first one. In other words, (X', Y”) is deterministic if there exists a measurable function
T : E; — Ej such that Y = T(X'). Using the push-forward notation, we have Tup = v.

Example 3.1.3. Let u and v be two atomless probability measures on R and denote by
F and G, respectively, their cumulative distribution functions. We can define their right
cONtINUOUS INVETSES aS

F7Yt) :=inf{x € R: F(z) > t}

and in an analogous way for G. Then we can define the map T = G~ o F and we
have Typ = v. This coupling can be called a coupling by monotone rearrangement (or
increasing rearrangement - cf. page 19 of [Vil09]), as it maps the left-most quantile of
w onto the left-most quantile of v.

In this thesis we will be mainly interested in constructing couplings of two copies of
the same random object, i.e., we will want the marginal distributions to be the same.
The challenge will be in choosing an appropriate joint distribution. Performing such
constructions turns out to be a powerful tool in studying stochastic processes and we
turn our attention now to this type of couplings.

If we consider a time index set I (usually in our case it will be the interval [0, c0) or
[0, T] for some T > 0), then we can interpret (E, £)-valued stochastic processes indexed
by I as random elements in (E7, 7). Since the distribution of a stochastic process as a
random element in (E7, £7) is uniquely determined by its finite dimensional distributions,
we arrive at the following definition, which is just a special case of Definition 3.1.2.

Definition 3.1.4. Let (Xt)¢>0 be an (E,E)-valued stochastic process on a probability
space (Q,F,P). Then an (E x E,€ ® &)-valued stochastic process (Y, Y;?)i>0 on a
(possibly different) probability space (', F', ) is a coupling of two copies of (X¢)i>0
if both the marginal processes (Y')i>0 and (Y)i>0 have the same finite dimensional
distributions as (X¢)i>0. Namely, for any n > 1, any ti,...,t, > 0 and any sets
Ay, ..., Ay € E we have

PV} € Ar,....Y} € 4,) =P (Y2 € Ar,....Y2 € A,) =P(Xy, € A1,.... Xy, € 4y).
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3.1 Couplings

See Chapter 4 of [Tho00] for this point of view on couplings of stochastic processes.

In the sequel we will focus on couplings of R%-valued Markov processes. It is a simple
observation that for a Markov process, its transition kernels uniquely determine its finite
dimensional distributions (see e.g. Section 1 in Chapter 4 of [EK86]). Hence, given an
Re-valued Markov process (X);>o with transition kernels (py(, ) erd >0, We can de-
termine whether an R??-valued process (X/, X/');>0 is a coupling of two copies of (X;)i>0
by comparing the transition kernels of (X});>0 and (X}');>0 with (p¢(z, ) era 4>0- This
formulation of the definition of a coupling is used both in [Maj15] and [Majl6], as well
as in papers by other authors such as [SW11] or [Wanll]. Observe that in this defini-
tion we do not require (X/, X}')i>0 to be a Markov process. In fact, if (X}, X})i>0 is a
Markov process, such a coupling is called Markovian, but there exist also non-Markovian
couplings, see e.g. [HS13]| and the references therein for examples.

A famous example of a coupling of two copies of a Markov process is the coupling of
Brownian motions by reflection (see Figure 3.1). If we have a Brownian motion (B})>o
with initial point 2 € R we can construct a new Brownian motion (B?);>¢ with initial
point y € R? (where y # x) by reflecting the path of (B})i>0 with respect to the
hyperplane orthogonal to the vector x — y, as shown in the picture below. In the case
of couplings of Markov processes we are usually interested only in the behaviour of the
path of the second process up to the first time when it meets with the path of the first
process (the coupling time 7). More precisely, for two processes (X;)>o and (Y;)i>0, we
have 7 = inf{t > 0 : X; = Y;}. For ¢t > 7, the path of (¥}):>0 is required to just follow
the path of (X;)>o (cf. the picture below).

MA%

Figure 3.1: Coupling by reflection of Brownian motions.

To make this rigorous, given a coupling (X4, Y;):>0 we can construct a new coupling
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3 The coupling method

(X, Y{)i>0 by setting

: =

, Y fort<rT
X; fort>rT.

It can be easily shown that (Y/);>0 has the same finite dimensional distributions as
(Y2)e>0 (and hence also (X¢)¢>0), e.g. under the assumption that (X;);>¢ is a solution
to a well-posed martingale problem, cf. Section 2.2 in [JWal6] or Section 3.1 in [PWO06].

Usually in the coupling method the main challenge is to construct couplings which
satisfy some specific optimality criteria. Consider two copies of a Markov process (X¢)t>0
with transition semigroup (p¢)i>0 and let their initial distributions be p and v, respec-
tively. It is well-known (see e.g. (2.12) in [Lin92] or Theorem 5.1 in Chapter 4 in [Tho00])
that every coupling satisfies the so-called coupling inequality

lppr — vpel|lrv < 2P(1 > t),

for any ¢ > 0, where 7 is the coupling time. It is natural to ask whether one can
construct a coupling for which this inequality becomes an equality. Such a coupling
is usually called the maximal coupling, see Theorem 6.1 in Chapter 4 in [Tho00] for a
detailed discussion about its existence. Another notion of optimality appears in [BK00],
where Burdzy and Kendall studied efficient Markovian couplings, i.e., couplings whose
coupling time gives a sharp estimate on the spectral gap A of the process’ generator,
in the sense that P(7 > ¢) =< exp(—At). Yet another optimality criterion appears in
[JMS14], where the authors try to minimize or maximize certain functionals of P(7 > ).

However, here we are interested in an optimality criterion motivated by the optimal
transport theory, where we consider a problem of transporting the mass of one probability
measure onto the mass of another in a way which minimizes a given cost function (the
Kantorovich problem). Rigorously, given two probability measures p on E; and v on
Es, the task is to construct a measure v on F; x Es with p and v as its marginals (i.e.,
a coupling of x and v) such that for a given function ¢ : Fy x Ey — R we minimize the
quantity

/ c(z, y)dy(z,y) . (3.1.1)
E{xEs

If we are only interested in deterministic couplings (in the sense defined above), i.e., if
we want to minimize

/ (e, T(x) u(d)
F1x FEo

by finding the right 7" : Ey — Ej such that v = o T~!, we call it the Monge problem,
cf. Chapter 1 in [Vil09].

A related notion which is widely used in many areas of probability theory is that of
the Wasserstein distance between two given measures. Assume we have two probability
measures p and v on E, choose p € [1,00) and let p be a metric on E. Then we define
the LP-Wasserstein distance between p and v by

1/p
Wp,p(ﬂv V) = <ﬂ—€1‘1'[r%£71,) /E><E ,0(.’17, y)pdﬂ—(xa y)) )
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3.1 Couplings

where TI(u, v) is the family of all couplings of i and v. Equivalently,
Wyo(i1,v) = inf { [E(X, V)77 s Law(X) = p, Law(Y) = v} .

If E = R? and the metric p is chosen to be the Euclidean metric, we denote Wp,p simply
by W,,.

In the sequel we will be interested mainly in the case when p = 1 and the underlying
metric p is specified by some concave function f : [0,00) — [0, 00) in the sense that

p(x,y) == f(lz —yl). (3.1.2)

It is easy to see that if f is increasing, concave, f(0) = 0 and f(x) > 0 for x > 0,
then p defined by (3.1.2) is indeed a metric on E. In such a case, we will denote the
L'-Wasserstein (Kantorovich) distance associated with f via p by Wy, i.e., we have

Wy, v) = inf [z —yldn(z,y). (3.1.3)
mell(pv) JExE

Consider now a Markov process (X¢)i>0 in R? with associated transition kernels
(pe(2,+))¢>0,2ere- Recall that if Law(Xo) = p for some probability measure 1 on R?, then
the distribution of the random variable X; for any ¢ > 0 can be denoted by up;, where
ppe(dy) = [ p(dz)pe(x, dy). We can then be interested in finding a coupling (Xy, Y;)i>0
of two copies of this process, with initial distributions, say, ¢ and v, such that for any
t > 0 the Wasserstein distance between up; and vp; is as small as possible. Note here
that finding a coupling of stochastic processes in the sense of Definition 3.1.4, gives us a
coupling of the laws of these processes at any time ¢ > 0 in the sense of Definition 3.1.1.
Note also that any coupling (X, Y;)s>0 gives us an upper bound on W), ,(up;, vps) for

any t > 0, i.e.,

Wio(kpr, vpe) < (Ep(Xy, Yi)P)'P .

Thus, if we want to find sharp upper bounds on Wasserstein distances between laws of
a Markov process, we need to find a coupling (X, Y:)¢>0 of two copies of this process,
for which the expressions (Ep(X¢, Yt)p)l/ P are as close to the infimum over all couplings
as possible. This will be our task in the sequel.

3.1.1 Coupling by reflection for diffusions

We start by recalling a classical construction of a coupling by reflection for diffusions
with non-linear drift, which is due to Lindvall and Rogers [LR86]. Namely, consider a
stochastic differential equation of the form

dX; = b(X,)dt + dB; , (3.1.4)

where (Bi)¢>0 is a Brownian motion in R% and b : R? — R? is a drift function. Then we
can consider another equation

dY; = b(Y;)dt + R(X,,Y;)dB, (3.1.5)
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where
R(X:,Y;) := I — 2ese] (3.1.6)

with I being the d x d identity matrix and

XY
= T (3.1.7)

Note that (3.1.5) makes sense only for ¢ < 7 where 7 = inf{t > 0 : X; = Y;}. For
t > 7 we can set Y; = X;. Under assumptions guaranteeing existence of a unique strong
solution to the system of equations given by (3.1.4) and (3.1.5), we can easily show
that the process (X¢, Y:)r>0 obtained this way is indeed a coupling. To this end, let us
notice that the random operator R(Xy,Y;) defined by (3.1.6) takes values in orthogonal
matrices, i.e.,

R(X0, YO R(Xy, Yi)T = (I = 2eel) (I - 2ee7) =1 (3.1.8)

and hence the process (Et)tzo defined as
_ t

B; = / R(Xs,Ys5)dBs
0

is a Brownian motion in R? due to the Lévy characterization theorem (cf. Theorem
I1-6.1 in [IW89]). To see this, observe that its i-th component is given as

Bl = / R™*(X,,Y,)dB"
0

and thus

(B}, B]] = / R*(X,,Y,) 7YX, Ys)d[ B, BY],
ki=1"0

t d
—/ > R*(X,, Y, R (X,, V) ds
0 k=1

t
= / (5ijd8,
0

where §;; is the Kronecker delta and the last equality follows from (3.1.8). Then we use
uniqueness in law of solutions to (3.1.4) to conclude that the solution (Y%)¢>o to (3.1.5)
has the same finite dimensional distributions as the solution (X¢);>0 to (3.1.4). We can
easily replace (3.1.4) by an SDE with a slightly more general additive noise of the form

dX; = b(Xt)dt + odB; , (319)

where ¢ is a constant matrix with det ¢ > 0. Then the construction presented above still
works after replacing the vector e; defined in (3.1.7) with e; = 0~ 5(X;—Y;) /|0~ (X; —Y})|
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and the noise in (3.1.5) with o R(X},Y;)dB; (see [LR86] or [Ebel6]). It is possible to
consider also the case of a multiplicative noise, i.e., an equation of the form

dXt = b(Xt)dt + O'(Xt)dBt

and to modify the construction accordingly, but the reflection coupling in this case does
not have as good properties as in the additive noise case, unless we impose some strict
assumptions on o. See Section 3 in [LR&6] for a detailed discussion.

The coupling by reflection introduced above can be used in order to obtain convergence
rates to equilibrium for solutions to equations of the form (3.1.9), under assumptions on
the drift which will be discussed in detail in the remaining part of this section. This has
recently been done by Eberle in [Ebell] and [Ebel6).

Let us denote by p;(z, dy) the transition kernels associated with the solution to (3.1.9).
We use the notation upi(dy) = [ p(dz)p(x, dy) to denote the distribution of X; at time
t > 0 provided that Xy is distributed according to a measure p. We are then interested
in properties of the mapping u +— up;. Now consider the following assumption on the
drift

(b(z) = bly),z —y) < —K|z —y/? (3.1.10)

for some constant K > 0. If there exists a K > 0 such that (3.1.10) holds for all z,
y € R%, then we say that b satisfies a global dissipativity condition. If there exists a
K >0 and an R > 0 such that (3.1.10) holds for z and y € R? such that |z —y| > R,
then we say that b satisfies a dissipativity at infinity condition.

An example which often appears in the literature is when the drift b in the equation
(3.1.4) is given in terms of a gradient of some potential function U. If b(z) = —VU(z) and
U is strongly convex, then b is globally dissipative. On the other hand, the dissipativity
at infinity assumption allows us to cover a much wider spectrum of examples, including
the double-well potential (also triple-well etc.) and other potentials which behave well
outside a compact set of arbitrary size (roughly speaking, the drift is supposed to “point
towards the origin” from large distances).

NS

U(z) = Mz? U(z) = M(Jz[* - 1)?

global dissipativity dissipativity at infinity

Figure 3.2: Comparison of the global dissipativity and the dissipativity at infinity
conditions.
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3 The coupling method

It can be easily shown that if the drift in (3.1.9) is globally dissipative, then the semi-
group (p¢)e>0 associated with the solution (X;);>0 to (3.1.9) is exponentially contractive
with respect to Wasserstein distances W), for all p € [1,00). Namely, let us use the
synchronous coupling (X, ¥;)¢>0 for solutions to (3.1.9) by defining the second marginal
process in the coupling via the equation

dY; = b(Y;)dt + odB; . (3.1.11)

This means that we apply exactly the same noise as in (3.1.9). Then obviously
Xi-Yi=Xo— o+ [ (00X - bOY2)) s
Hence, by the It6 formula we get
[ Xy = V3| = | Xo — Yol + /0t<b(Xs) — b(Y5), (Xs — Yo)p|Xs — Ys[P72)ds
and using (3.1.10) we obtain
X — Y P < |Xo — Yol — Kp/ot | Xs — Ys/|Pds.

Since this holds on any time interval [r,u] C [0,¢], by the differential version of the
Gronwall inequality we have

|X; — Y|P < |Xo — Yo[Pe KP

and hence
Wy (upe, vpy) < (E|Xo — yoyp)l/p oKt

However, the inequality above holds for all couplings of X and Y; and thus
Wy (upe, vpe) < e KW, (1, v) . (3.1.12)

It is worth pointing out that for equations of the form (3.1.9), the global dissipativity
of the drift not only implies (3.1.12) for all p € [1, 00) but the two conditions are actually
equivalent (this can be inferred from Corollary 1.4 in [vRS05]). However, it turns out that
at least for the W; distance we can prove a similar inequality to (3.1.12) under a much
weaker dissipativity at infinity condition on the drift. Namely, Eberle in [Ebel6] used
a class of L!'-Wasserstein (Kantorovich) distances Wy associated with concave functions
(recall (3.1.3)) to show that under the dissipativity at infinity condition we have

Wi (upe, vpy) < Ce Wi (p, v) (3.1.13)

with some constants ¢ > 0 and C' > 1. This can be done by showing first that for an
appropriately chosen distance Wy we have

W (upr, vpe) < e Wi(p,v). (3.1.14)
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3.2 Coupling constructions for SDEs with jumps

If Wy is chosen in such a way that there is a constant C' > 0 such that C~'z < f(z) <=z
for all z € R?, then

C™'Wippe, vpr) < Wi(upe,vpe) < e Wy, v) < e Wi(p,v)

and we arrive at (3.1.13). To this end, f needs to be chosen as a non-decreasing, concave
function, which is extended in an affine way from some point R; > 0 (cf. Figure 3.3).

f(Ry)
f
/ C_l.’L'
0 S

Figure 3.3: The choice of f in [Ebel6].

The details of this construction can be found in [Ebel6], see also Section 4 of [Maj16].
It is worth pointing out that there exist some extensions of the technique from [Ebel6],
which allow us to cover some cases of equations of the form (3.1.4) in which the drift is
not dissipative even at infinity. While we cannot expect to get results of the form (3.1.13)
in such a case, it is still possible to obtain some upper bounds on the W; distance by
using Lyapunov functions, cf. [EGZ16]. Here, however, we focus on extending the results
from [Ebel6] in a different direction.

3.2 Coupling constructions for SDEs with jumps

One of the main goals of this PhD dissertation is to present analogous results in the case
of SDEs driven by Lévy processes with jumps. We first focus on equations of the form

dX; = b(Xt)dt +dLy, (321)

where b : R — R? is a continuous, one-sided Lipschitz drift, whereas (Lt)¢>0 is a pure
jump Lévy process on R?. Existence of a unique strong solution to (3.2.1) follows in
such a case from Theorem 2.4.5. We consider rotationally invariant Lévy processes (i.e.,
processes with rotationally invariant Lévy measure v), in hope of obtaining a construc-
tion similar to the one due to Lindvall and Rogers [LR86], i.e., we would like to use
some kind of a reflection technique to provide a coupling which would allow us to obtain
inequalities of the type (3.1.14) for appropriately chosen Wasserstein distances.
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3 The coupling method

3.2.1 Coupling by reflection for Lévy-driven SDEs

When (L;)>0 is rotationally invariant, in principle it is possible to define a coupling by
reflection in an analogous manner to [LR86], i.e., we can set

dY; = b(Y;)dt + R(X,_,Y;_)dL, (3.2.2)

with the reflection operator R defined by (3.1.6). Such a coupling turns out not to
be very useful for our purposes but we believe that studying it can be instructive and
serve as a prelude to the much more sophisticated construction presented in [Majl5].
The proof that it is indeed a coupling of two copies of the solution to (3.2.1) is more
involved than in the Brownian case, since there is no straightforward analogue of the
Lévy characterization theorem in the case of jump processes. However, we can still show
that a process defined by

t

L;:= / R(Xs_,Ys_)dLs (3.2.3)

0

is a Lévy process with the same finite dimensional distributions as (L;);>0, which allows
us to use uniqueness in law of solutions to (3.2.1) to conclude that the process (X¢, Y;)i>0
defined as a solution to the system given by (3.2.1) and (3.2.2) is indeed a coupling of
two copies of the solution to (3.2.1). Note that uniqueness in law for (3.2.1) follows from
Theorem 2.4.5 combined with the Yamada-Watanabe result from Section 2.4. One way

to handle the process (Et)tzo is to use the Lévy-It6 decomposition for (L;):>o to rewrite
(3.2.3) as

Ly :/ / R(Xs_,Ys_)oN(dv,ds) +/ / R(Xs_,Ys;_)uN(dv,ds)
0 J{v[>1} 0 J{v|<1}

and then to show that

Mmegéwwﬁw@%memQ)
= Eexp (z <z, /Ot /{vg} vﬁ(dv,ds)>>

EWGG%%WJM@nWMWM»
= Eexp (z <z,/0t /{|v|>1}UN(dv,ds)>>

for all z € R%. If we then additionally show that the integrals

t o~
/ / R(X,_.Y,_)oN(dv, dr)
s J{|v|<1}

(3.2.4)

and
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3.2 Coupling constructions for SDEs with jumps

and

t
[ [ RO YN o,
s J{|v|>1}

are both independent of Fs, where (F;)¢>o is the filtration generated by (L¢):>0, then we
arrive at our conclusion (cf. e.g. the proof of Theorem II-6.1 in [TW89]). We present here
a detailed proof of how to obtain (3.2.4), since it can be seen as a simplified version of a
reasoning presented in Section 2.5 in [Majl5] in a more sophisticated setting, and thus
it may help the reader to better understand the rationale behind the proof in [Majl15].
In order to prove (3.2.4), we can approximate the integral

t ~
L[ R v eR.as)
0 J{|v|<1}

by integrals of Riemann sums of the form

t mp—1 _
R(Xt", nn)’l}l tnotn (S) N(d'U, dS) 5
where 0 = tj < tf < ... <t; =t is a sequence of partitions of the interval [0, t] with

the mesh size d,, := maxye(o,..m,—1} [thy; — ti] = 0 as n — oo. Then of course

t mp—1 B
E exp (z <z,/ / < Z R(Xtﬁ’nﬁ)vl(tﬁvtﬁﬂl(s)) N(dv,ds)>>
0 J{lI<1} \ =
t ~
— Eexp (z <z,/ / R(X,_, YS_)UN(dU,dS)>>
0 J{vl<1}

for any z € R? as n — oo. But we can actually show that for all n € N we have

t mnp—1 _
Eexp (z <z,/0 /{|U§1} ( kZ:O R(Xtﬁvnz)vl(tg,tg+l](5)> N(dv,ds)>>
t ~
= Eexp (7, <z,/ / vN (dv, ds)>> ,
0 J{jv|<1}

which then finishes the proof. This last claim is based on the fact that for any n € N
and any k € {0,...,m,} we have
;tZ]

tn _
exp (z <z,/k+l/ R(XtZ,Y}Z)vN(ds,dv)>>
ty {lvl<1}

= exp (( bl — t3) /{ - <€i(z,R(Xtﬁ’Y;ﬁZ)U> 1 Z‘<z,R(Xt27Y;fZ>U>> l/(d?))) )

(3.2.6)

(3.2.5)

E
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cf. Lemma 2.4 in [Maj15]. Thus if we compute

mn 1 th1 ~
Eexp | i( z, / / R(th,Ytn)vN(ds,dv)>>
( < Z g ey 0T
mn —2 8] ~
H exp z,/ / R(Xn, Yin)vN(ds, dv)
t {lv[=1}
xexp( < / / R(Xen Yy 1)1)]\7((13,d1))>> Fin. 1])
tnp—1 /{vI<1} " " "
min —2 Ui ~
= H exp / / R(Xip, Yin)uN (ds, dv)
ty {lvl<1}
eXp< < / / tgml,Ytgml)vﬁ(ds,dv)>> ]'—t:;n 1] ) ,
trnn—1 7 {[v[<1}

we can use (3.2.6) to evaluate the conditional expectation appearing in our calculations.
Moreover, due to rotational invariance of the Lévy measure v, we easily see that for any
n € N and any k € {0,...,m,} we have

exp <(tZ+1 _ tZ)/ <€i<z,R(th’YtZ)’U> — 1 —i(z, R(Xsn, Y}Z)w) I/(dv)>
{lvl<1}

= exp ((tﬁﬂ — %) /{u|<1} (€i<z’v> -1- i(z,v>) u(dv)) .

This gives us

E exp <z< mnzl/ k1 /|vl<1} th’}gz)vﬁ(ds,dv)>)
= exp ((t%n —tm,—1) /{u<1} <€i<z’”> -1- i<z,v>) I/(dv))

mn—2 L35 ~
x E exp | ¢ z,/ / R(X¢n, Y )vN (ds, dv .
< 11 < < g ey RN )>>>

By iterating this procedure, we arrive at (3.2.5). A similar argument is used in Section
2.5 in [Maj15]. The crucial difference is that in the setting from [Maj15] it is much more
difficult to prove an analogue of (3.2.7).

The coupling by reflection constructed this way is, however, not efficient for obtaining
good convergence rates in Wasserstein distances. An intuitive reason for this is that for
jump processes, unlike for diffusions, it can easily happen that two coupled (reflected)
processes, after already coming close to each other, will rapidly spread apart after a
jump in a wrong direction (see Figure 3.4).

x E

(3.2.7)
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3.2 Coupling constructions for SDEs with jumps

Figure 3.4: Coupling by reflection for jump processes.

Such a behaviour can obviously significantly disturb convergence to equilibrium and
therefore, in order to obtain good convergence rates, we need to introduce an alterna-
tive construction that will significantly restrict the probability of something like this
happening.

3.2.2 Optimal transport construction

The idea we use comes from the optimal transport theory, which considers a problem of
coupling two probability measures in a way which minimizes the transport cost, defined
as an integral of a given cost function with respect to that coupling (cf. (3.1.1) and
the discussion in the first part of Section 3.1 or see the book by Villani [Vil09] for a
comprehensive treatment).

In a paper by McCann [McC99], it was proved that for two probability measures p
and v on R such that the signed measure . — v changes its sign at most twice along the
real line, there exists a coupling v which minimizes the transport cost

/ () (dz dy)

for all concave cost functions ¢ and that optimal coupling is given by an explicit formula.
Roughly speaking, the idea for the coupling is to keep in place the common mass of  and
v and to apply antimonotone rearrangement to the remaining mass. See the example in
Figure 3.5, where the left-most quantile of the measure p is mapped onto the right-most
quantile of the measure v. Compare this with Example 3.1.3, where we considered a
coupling by monotone rearrangement. For details, see Section 2 in [McC99], in particular
the comments after Theorem 2.5 and Propositions 2.11 and 2.12.
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3 The coupling method

v=poT!

Figure 3.5: Coupling by antimonotone rearrangement.

The important question for us is how to apply this idea in order to construct a coupling
of Lévy-driven SDEs. A helpful hint can be found by analyzing a related construction
presented in the paper [HS13] by Hsu and Sturm. They consider a family of symmetric
densities (p(z,-))zer on R and they construct a coupling of p(x1,-) and p(xe,-) for
r1 # x2 in a way which minimizes transport cost for all concave cost functions. Namely,
given p(x1,-) and p(xe,-) they construct a measure m(z1,rs,-) on R? with p(z1,-) and
p(xe,-) as its marginals such that for all concave costs ¢ : R — R and for any other
coupling ~y(x1,x2,-) of p(x1,-) and p(z2,-) we have

/ ol — yl)y(da dy) > / ol — ylym(da dy) (3.2.8)
R2 R2

The way they present their construction is by taking a random variable {; with the
density p(z1,-) and defining a new random variable (2 whose values depend on those of
(1. The coupling m(z1, x2,-) is then obtained as the joint density of ({1, (2). It turns out
that in order for m to satisfy (3.2.8), when (; takes a value 21, we should assign to (2
either the same value or the value reflected with respect to the point "“Qﬂ The crucial
problem is obviously specifying the probabilities of these events in an appropriate way.
These should be

p(z1,21) A p(w2,21)

p(x1,21)

P =Gil¢1 =21) = (3.2.9)

and
p(x1,21) A p(x2, 21)
p(z1,21) '
The way in which these quantities are chosen is illustrated in Figure 3.6.
Rigorously, this means that m(x,x2,-) is defined by

P(Ge=214+22 —G|C1 =21) =1~

(3.2.10)

m(xy, x2, dyy, dy2) = 0y, (dy2) (p(x1,y1) A p(z2,91)) di
+ Ory, (dy2) (p(w1,y1) — p(z1,y1) A p(T2,91)) dy1

50



3.2 Coupling constructions for SDEs with jumps

p(x1,21)

A1 xq T2

Figure 3.6: Coupling of p(x1,-) and p(z2,-).

where
Ryy =z +x2 — 1.

In order to check that m(z1,x2,-) is indeed a coupling of p(z1,-) and p(z2,-), we need
to use symmetricity of the densities (p(x,-))zcr, i-€., we use the fact that for any x1, xo
and y; € R we have

p(w1,y1) = p(z2, Ry1) .

Note that with the formulas (3.2.9) and (3.2.10), when the point z; is chosen some-
where near z2, we may have p(z2,21) > p(x1,21) and then with probability 1 we have
to choose (2 = (1 = z1. On the other hand, if z; is chosen such that p(za,21) = 0, we
may be forced to choose (s = x1 + z2 — 21 almost surely.

If we interpret p(z1,-) and p(xe,-) as jump densities of two processes which are, before
the jump, at the positions x; and z2, we may get some intuition regarding the appropriate
way to couple two jump processes.

Xy Y: X =Y,

X Yo Xi- Yo

I
I
|
|
|
|
|
|
v | v
I
I
I
|
|
|
|
|
|

Figure 3.7: The way to couple jumps of two stochastic processes.

Suppose we have two processes (Xi):>0 and (Y:)¢>0 that both jump at some time
t > 0. Before the jump they are at positions X;_ and Y;_, respectively. Assume that
the size of the jump of (X;):>0 at time t is described by a vector v € R? and that its
distribution is rotationally invariant. How do we choose the size of the jump of (Y})¢>0?
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3 The coupling method

The construction presented above suggests that the jump of (Y;);>o should be either
the jump of (X¢);>o reflected with respect to the hyperplane orthogonal to the vector
X:— —Y;_ or that we should force (Y;)>0 to jump to the same point that (X¢);>0 jumped
to (see Figure 3.7).

We will now try to construct a coupling of solutions to Lévy-driven SDEs which will
work exactly in such a way. We do not formally verify that our coupling is indeed
optimal in the sense of minimizing Wasserstein distances Wy based on concave functions
f (whether this is true remains an open problem potentially worth investigating), but in
[Maj15] this coupling was successfully applied to obtain good convergence rates in such
distances under quite mild assumptions on the drift and the noise in (3.2.1).

In order for our construction to work, in addition to the assumption that the Lévy
measure v of the process (L);>¢ is rotationally invariant, we also require it to be abso-
lutely continuous with respect to the Lebesgue measure on R? with some density g, i.e.,
we have

v(dv) = q(v)dv.

We start by rewriting the noise (Lt)¢>0 in (3.2.1) using the Lévy-It6 decomposition as

t t ~
Lt—/ / vN(d’U,ds)—i—// vN (dv,ds) .
0 J{jul>1} 0 J{l<1}

Note that we can always represent the Poisson random measure N on Ry x R? as a
sum of Dirac measures, i.e., we have

N([0,4], A) (@) =D 8(r(w),e; () ([0,1] x A) for all w € Q and A € B(R?)
j=1

where 7; are random variables in R} representing times of jumps and ; are random
variables in R? representing sizes of jumps, cf. the discussion in Section 2.1. We can
embed N in R, x R? x [0, 1] by replacing each &; with (&5, n;), where n; is a uniformly
distributed random variable on [0, 1]. Then we can rewrite

t . B
Ly = / / vN (dv, du, ds) + / / vN (dv, du, ds) , (3.2.11)
0 {|’U‘>1}><[0,1] 0 {|U|§1}><[071]

where, by a slight abuse of notation, we still denote our new, extended Poisson random
measure by N. This operation obviously does not change the behaviour of the process
(Lt)+>0, but now, with its every jump, we additionally draw a random number u € [0, 1],
which will serve as a control number helping us to decide what we should do with the
jump of the second marginal process (Y;);>0 in our coupling.

Suppose (X;)¢>0 makes a jump of size v € R? at time ¢ > 0. We associate with this
jump a number u € [0,1]. We now need to define a control function p = p(v, X;— —Y;_)
whose value depends on the size of the jump and the distance between the two coupled
processes before the jump. We will then compare the values of u and p, and, based
on the result of this comparison, we will decide whether we should reflect the jump of
(Y2)¢>0 or force it to jump to the same place as (X;)¢>o.
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Xy Y Xy =Y,

UZP(U7Xt _Yt—) u<p(U7Xt—_Y;f—)

Figure 3.8: Choosing where to jump based on comparison between v and p.

In order to get an idea on how to define p, recall how we defined the probabilities (3.2.9)
and (3.2.10) when we coupled one-dimensional densities p(z1,-) and p(z2,-). Now we
use the same idea to couple two copies of the jump density ¢, corresponding to the jump
of (X¢)i>0 from the point X;_ and the jump of (Y;):>0 from the point Y;_, cf. Figure
3.9.

qv) = q(v+ Xi— — X))

X Y

Figure 3.9: Coupling of two copies of the jump density q.

We thus arrive at the formula

q)Nqlv+ X —Y;)
q(v) '

plv, Xem =Y ) = (3.2.12)

Now we are ready to finally write down the formula for a coupling of solutions to
(3.2.1), expressed in terms of a system of two SDEs, just as the classical coupling by
reflection for diffusions from [LR86] given by (3.1.4) and (3.1.5). Before we proceed
though, let us remark that for technical reasons that are explained in Section 2.2 in
[Maj15], we will apply our construction presented above only to the jumps of size smaller

than m (where m > 0 is chosen accordingly, based on properties of the Lévy measure
v of the process (L¢)i>0). To the bigger jumps we just apply the synchronous coupling,
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i.e., we do not change the noise from the original equation, cf. (3.1.11). This forces us
to modify the definition of p given in (3.2.12) to

q() A q(v + X = Vi )1(jos X, Vi |<m}

q(v)

We can always choose m large enough if necessary, hence we assume that m > 1. Note
that then we can rewrite the Lévy-Ito decomposition of (L¢)¢>0 in (3.2.11) as

t ¢ ~
L, —/ / vN (ds, dv, du) —i—/ / vN (ds, dv, du)
0 J{|v|>m}x[0,1] 0 J{|v|<m}x]0,1]

t
+ / / vv(dv)duds .
0 J{m>|v|>1}x[0,1]

For convenience, we can include the last term above in the drift of our SDE. Since chang-
ing the drift function by a constant does not influence its properties such as continuity
or dissipativity, we will slightly abuse the notation and keep denoting the new drift by
b. Equivalently, we may just as well assume that the process (L:);>0 is given from the
start by

t ¢ _
L= / / vN(ds, dv, du) +/ / vN(ds, dv, du) . (3.2.14)
0 J{jo|>m}x[0,1] 0 J{w|<m}x[0,]

Now we rewrite the equation (3.2.1) using the representation (3.2.14) of (L¢)¢>0 and we
have

plv, Xim =Y ) = (3.2.13)

vN (dt, dv, du) —l—/ oN(dt,dv,du). (3.2.15)
{lv[>m}x[0,1]

{lol<m}x[0,1]

We write the equation for (Y;);>0 as

dY; = b(Yy)dt + / vN (dt, dv, du)
{|v|>m}x]0,1]
+ (Xee = Yee + 0)Lfucpioz N, dv, du) (3.2.16)
{lv|£m}x10,1]

+ / R(Xt—7 }/t—)v]-{uzp(v,Zt,)}j\v[(dtu dv, du) )
{lvl<m}x[0,1]

where
Zt = Xt — th .

The first integral in the formula above corresponds to the synchronous coupling for
jumps larger than m, the second integral corresponds to the jump bringing (Y%):>0 to
the position of (X¢)¢>0 when u < p(v,Z;—) and the last integral corresponds to the
reflected jump which happens whenever u > p(v, Z;—). In Section 2 in [Majl5] it is
rigorously proved that the system of equations defined by (3.2.15) and (3.2.16) has a
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3.2 Coupling constructions for SDEs with jumps

unique strong solution (X%, Y;):>0, which is a coupling of two copies of the solution to
(3.2.15). The existence is shown using the interlacing technique (Section 2.4 in [Maj15]),
while the fact that the process obtained this way is indeed a coupling of solutions to
(3.2.15) is shown by using a modification of the technique presented in Section 3.2.1 in
the context of the coupling by reflection for Lévy-driven SDEs (Section 2.5 in [Maj15]).

Before we proceed to discuss multiple applications of this coupling, let us have a look
at an alternative approach to proving that (Y;);>0 defined by (3.2.16) has the same finite
dimensional distributions as (X¢);>0 defined by (3.2.15).

3.2.3 Martingale problem approach

For an SDE of the form

dX; = b(X})dt + dL, (3.2.17)

with

t t _
L= / / vN (dv,ds) + / / vN(dv,ds)
0 J{lv[>m} 0 J{lv|<m}

by Theorem 6.7.4 in [App09] the generator A associated with its solution is given by

Af(x) = (b(x), Vf(x)) + /{I | }(f(:v+z) — f(x)) v(dz)
Fem (3.2.18)

+ / (F@+2) — f(z) — (= V() v(d2).
{|z|<m}

By the Yamada-Watanabe result for SDEs with jumps (see the discussion in Section 2.4
and e.g. Corollary 140 in [Sit05] or Theorem 1 in [BLG15]) it is known that pathwise
uniqueness of solutions to (3.2.17) implies uniqueness in law of weak solutions. Moreover,
by Corollary 2.5 in [Kurll] we know that uniqueness in law for (3.2.17) is equivalent
to uniqueness of solutions to the martingale problem associated with the generator A
defined by (3.2.18) for f € C2(R?). Hence, if we define a process (Xy, Y;)i>0 on R?? via
its generator £ and we show that the marginal generators of £ on R? coincide with A
given by (3.2.18), we will know that (X, Y;);>0 is indeed a coupling of two copies of the
solution to (3.2.17).

The process (X¢, Y;)i>0 given as a strong solution to the system of equations (3.2.15)
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3 The coupling method
and (3.2.16) is given for h € C2(R??) by
Lh(z,y) = (b(z), Vah(z,y)) + (b(y), Vyh(z,y))
+ / (h(z + 2,y + 2) — h(z,y)) v(dz)
{lzl>m}
h(x+z,x2+ 2) — h(z,y) — (Vih(z,y), 2
b () b ) — (Va2
— (Vyhla, ),z + 2 = ) plz, @ — y)v(d2)
+ / (h@ + 2,y + R(@,9)2) = h(z,) — (Voh(z.y), 2)
{lzl<m}

— (Vyh(a,y), R(w,y)2) ) (v(dz) = plz,2 = y)u(d2)) .

Now fix a function g € C?(R?). If we take h(x,y) = g(z), then we immediately see that
Lh(z,y) = Ag(x). Now take h(z,y) = g(y). Then we have

Lo(y) = (b(), Vya(v)) + / 9y + 2) — g())w(d2)

{lzl>m}
T z)— - Vy 24T —
! /{lzﬁm} (g( +2) —9(y) = (Vug(y). 2 + y))
X q(z) Nq(z 4+ & — y)1{|s0my|<mydz
’ /{| ., (90 R@)2) = g) = (Vug(w). Ria.w)2))

X (V(dz) - Q(Z) A Q(z +r - y)1{|z+:c—y|§m}dz) )

(3.2.19)

where we used the fact that p(z,7 — y)v(dz) = q(2) A q(z + & — Y) 1o 4a—y|<m)d2, cf.
(3.2.13). Now we make the substitution u = z + = — y in order to write the second
integral in (3.2.19) as

/ (o0 +u) — 9(0) ~ (V,000). ) )alu — (& — 1)) A glw)du.
{lul<m}n{fu—(z—y)|<m}

Then observe that due to rotational invariance of v we have
| (oo B2 — o)~ (V900 R )2) )

B /{|z§m} (g(y +2) = 9(y) = (Vug(v), Z))V(dz) )

Moreover, from the definition of R we have |z +x — y| = |R(x,y)z — x + y| and hence,
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3.2 Coupling constructions for SDEs with jumps

from the rotational invariance of ¢, we obtain

/{| |<m} (g(y + R(z,y)2) — g(y) — <Vyg(y),R(x,y)z>)
X q(2) A q(z + 2 — Y)Loay<mydz
— /{| o (g(y + R(z,y)2) — g(y) — <Vyg(y)’R(g;7y)Z>)

X Q(R(x7 y)Z) A Q(R(xv y)Z —x+ y)1{|R(x,y)zf:E+y\§m}dZ .
Now we can substitute v = R(z,y)z and we see that the last integral above equals
/ (g(y +u) = g(y) = (Vyg(y), U>>(J(U) Ng(u =z +y)du.
{lul<m}{u—(z—y)|<m}

Combining all our calculations, we conclude that

Lg(y) = Ag(y)

for any g € C%(R?), with A given by (3.2.18), which finishes the proof. Note that the
method presented above allows us to omit the assumption about absolute continuity of
the Lévy measure v by replacing the function p(z,z — y) defined via (3.2.13) with the
truncated Radon-Nikodym derivative

VA (0p—y * v)(dz)
v(dz)

plz,x —y) = Lfzha—y|<m) - (3.2.20)
For applications of this coupling presented in [Maj15], under the absolute continuity as-
sumption and with p defined by (3.2.13), we need an additional assumption guaranteeing
that after translating ¢ by some vector, the overlap of the translated ¢ and the g at its
original position will have a positive mass. More precisely, we will require that there
exist constants m > 0 and § > 0 such that § < 2m and

inf / q(v) Ag(v+x)dv > 0. (3.2.21)
2€R%:0<[a|<8 J {jo| <m}n{|v+a|<m}
This not only guarantees that our coupling does not just reduce to the coupling by
reflection presented in Section 3.2.1, but also allows us to study convergence rates in
appropriately chosen Kantorovich distances, see the discussion in Section 3.3.

With p redefined by (3.2.20), the assumption (3.2.21) about sufficient overlap of the
density ¢ and its translation becomes an assumption about non-triviality of the measure
VA (0z—y*v) under some conditions on = and y. Bearing in mind that such an extension
is possible, the author claims that the approach presented in [Majl5] has an advantage
in being more straightforward and intuitive, as it does not require any tools from the
martingale problem theory and it does not rely on the results from [Kurll]. The as-
sumption about absolute continuity of v is also not restrictive, as it is satisfied by most
cases encountered in applications. Very singular jump measures such as combinations
of Dirac masses are excluded anyway on the account of assumption (3.2.21) (i.e., the
measure v A (0;—y * )(dz) becomes trivial).
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3 The coupling method

3.3 Applications of couplings to ergodicity

The coupling we introduced in Section 3.2.2 allows us to obtain convergence rates to
equilibrium for solutions to SDEs of the form (3.2.1) in both the standard L!-Wasserstein
and total variation distances.

First we obtain exponential contractivity for the transition semigroup (p¢)i>o of the
solution (X¢)i>0 to (3.2.1) in a Kantorovich distance Wy associated with some specially
constructed concave function f, i.e., we have

Wr(pape, pope) < €Wy, p2) (3.3.1)

for all t > 0 and all probability measures p1 and pp on R%. In the Lévy jump case we
can work with two types of distance functions f. We can either choose a continuous,
increasing, concave function fi similar to the one used in the diffusion case by Eberle in
[Ebel6] (see Section 3.1.1) or a discontinuous function of the form

f=alioe0) + N1

with some constant a > 0.

(1) f(z)
bil
/ C 1z
0 A,

Figure 3.10: The choice of f in [Majl5].

The choice of the approach depends on the assumptions satisfied by the noise (L)¢>0
in our equation. In principle, obtaining (3.3.1) for a continuous f in the Lévy jump case
requires stronger assumptions on the Lévy measure v than getting the same results with
a discontinuous f. Both approaches have their advantages and disadvantages. Since a
discontinuous function f can be compared from below with both 1(g ) and the identity
function, the corresponding Kantorovich distance gives us an upper bound on both the
standard L'-Wasserstein and the total variation distances. Hence we get

ct

Wi (p1pe, pope) < C(pa, p2)e” <,

) (3.3.2)
l1pe — popellry < C(pr, p2)e™

for all ¢ > 0, with some constants ¢, C' = C(pu1, u2) > 0, for any probability measures
p1, 2 on RY. However, in this case we cannot get upper bounds in the L!'-Wasserstein
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3.3 Applications of couplings to ergodicity

distance, since f cannot be bounded from above by a rescaled identity function. On the
other hand, if we obtain (3.3.1) with a continuous function f, we can then compare the
corresponding Kantorovich distance Wy with Wy both from above and below, and thus
we get

Wi(pape, popr) < Ce™ Wi (pa, p2) (3.3.3)

similarly to the (3.1.13) in the diffusion case. In this case, however, we obviously do not
get upper bounds for the total variation distance. See the discussion in Remark 1.6 in
[Maj15] for more details.

For the construction of our coupling, as presented in Section 3.2.2, we need the fol-
lowing assumptions.

Assumption 1. The Lévy measure v is rotationally invariant, i.e.,
v(AB) = v(B)
for any Borel set B € B(R?) and any d x d orthogonal matriz A.

Assumption 2. v is absolutely continuous with respect to the Lebesque measure on R?,
with a density q that is continuous almost everywhere on R?,

This is sufficient to prove that the system of equations defined by (3.2.15) and (3.2.16)
has a solution and that this solution is a coupling of two copies of the solution to (3.2.15),
see Theorem 1.1 in [Majl5]. Actually, as we indicated in Section 3.2.3, it is possible
to remove the assumption about absolute continuity of v by modifying the coupling
construction accordingly.

If we want to obtain bounds (3.3.2), we additionally need the following two assump-
tions on the Lévy measure.

Assumption 3. There exist constants m, § > 0 such that 6 < 2m and

inf / q(v) A q(v+z)dv > 0. (3.3.4)
TER:0<]x|<6 J{|v|<m}n{|vta|<m}

Assumption 4. There exists a constant e > 0 such that e < § (with § defined by (3.3.4)

above) and
/ q(v)dv > 0.
{lvl<e/2}

Assumptions 1-4 are satisfied by a large class of rotationally invariant Lévy processes,
such as all symmetric a-stable processes for a € (0, 2), many compound Poisson processes
and even some processes with Lévy measures with supports separated from zero (which
shows the real strength of our coupling, as usually in the literature similar results are
obtained under assumptions of high concentration of the Lévy measure around zero, cf.
the discussion near the end of Section 1 in [Maj15] and Example 1.7 therein).

We also need the dissipativity at infinity assumption on the drift, as discussed in
Section 3.1.1.

On the other hand, if we would like to obtain (3.3.3), we should replace Assumptions
3 and 4 with the following condition.
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3 The coupling method

Assumption 5.

3
5/ </ ]y|2ul(dy)> is bounded as ¢ — 0,
0

where vy is the first marginal of the rotationally invariant measure v, i.e., vi(A) =

v(A x R4 for A € B(R)).

This assumption, on the other hand, is satisfied (together with Assumptions 1 and 2)
by symmetric a-stable processes only when a € [1,2). Generally speaking, in order to
obtain estimates of the form (3.3.3) we need a noise in our SDE which exhibits diffusion-
like behaviour, see also Remark 1.6 in [Maj15]. One additional technical assumption
which is required for (3.3.3) is that if we put

A(r) = inf {_ (b() —b(y).x )

|z —yl?

: 2,y € R? such that |z — y| —r} ,

then we have

lim rk(r) =0.

r—0
This is, however, satisfied whenever the coefficients satisfy a one-sided Lipschitz condi-
tion and the drift b is continuous.

The discontinuous case was treated in [Maj15] (Theorem 1.1 and Corollary 1.2 therein),
while the continuous case was proved in Theorem 3.1 in [Maj16]. It is worth pointing
out that in both cases as a corollary we can prove existence of a unique invariant mea-
sure for the equation (3.2.1) and thus we obtain exponential rate of convergence of the
distributions of its solution to equilibrium. In the continuous case this is an almost
immediate consequence of completeness of the space of probability measures with finite
first moments equipped with the L'-Wasserstein metric (see Theorem 6.18 in [Vil09]
for this result and Corollary 3 in [Ebel6] or the beginning of Section 3 in [KW12] for
how it implies existence of a unique invariant measure by an application of the Banach
fixed point theorem). In the discontinuous case the matter is slightly more complicated,
but we still obtain an invariant measure if we additionally assume that the transition
semigroup (p¢)+>0 associated with the solution to our SDE preserves finite first moments
of measures, i.e., if y has a finite first moment, then up; also does (cf. Corollary 1.8 in
[Majl5]).

In [Maj16] some extensions of these results were presented in the context of equations
of the form

dX; = b(X;)dt + dB} + o(X;)dB? + dL; + / g(X—,uw)N(dt,du),
U

where (L¢)i>0 is a Lévy process as above, (B})i>o and (B?):>0 are Brownian motions,
N(dt,du) = N(dt,du) — dt v(du) is a compensated Poisson random measure on Ry x U,
all the sources of noise are independent and the coefficients b : R4 — R?, o : R4 — Rxd
and ¢ : RYx U — R? satisfy a dissipativity at infinity condition, i.e., there exist constants

60



3.4 Applications of couplings to Malliavin calculus
K, R > 0 such that

(b(@) = b(y),x = y) + llo(x) = o ()| Frs + /U l9(z,u) — g(y, u)|*v(du)

< _K‘x_y‘Za

(3.3.5)

for all z, y € R? with |z —y| > R. In such a case we can apply the coupling from [Maj15]
to (L¢)¢>0 (let us denote it by an operator M (-,-)), the reflection coupling from [LR86]
to (Btl)tzo and the synchronous coupling to the other two noises. Hence we have

dY; = b(Y)dt + R(X,,Y,)dB} + o (Y;)dB;

+ M(Xe_, Y, )dL; + / g(Yi_,w)N(dt, du) .
U

This allows us to get
W (ppe, vpe) < e “Wy(p,v)

for either a continuous or a discontinuous function f, depending on which component of
the noise we use in our calculations, see Section 4 in [Majl16] for details.

3.4 Applications of couplings to Malliavin calculus

Consider a filtered probability space (2, F, (F¢)t>0,P) with an m-dimensional Brownian
motion (W3)e>0 and a Poisson random measure N on Ry x U (where (U,U) is a measure
space), both adapted to (Fi)i>0. We will now define the Malliavin derivative for a
certain class of measurable functionals F' with respect to the process (W:):>0, as well
as the Malliavin derivative of F' with respect to N. Consider the family & of smooth
functionals of (W%)¢>0 of the form

F=f(W(hi),...,W(hy)) forn>1, (3.4.1)
where W(h) = fOT h(s)dWs for h € H = L*([0,T];R™) and f € C*(R"). We define

the Malliavin derivative of F with respect to (W;)i>0 as the unique element VF' in
L?(Q; H) ~ L?*(Q x [0, T]; R™) such that for any h € H we have

e—0 €

1 .
<VF, h>L2([O,T];Rm) = lim — <F(W +/ hst) - F(W)) s (342)
0

where the convergence holds in L?(§2) (see e.g. Definition A.10 in [D@P09]). This can be
thought of as a Fréchet derivative of F' in directions from the so-called Cameron-Martin
space Hoyy, ie.,

t
Hoy = {h € H:3he H st hit)= / h(s)ds} )
0
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3 The coupling method

cf. Appendix A in [DOP09]. An equivalent definition states that for F' € S of the form
(3.4.1) we can put

ViF =Y 0if(W(ha), ..., W(hn))hi(t). (3.4.3)
=1

Then the definition can be extended to all random variables F in the space D"? which
is the completion of S in L?(£)) with respect to the norm

1E 12 = IF 11720 + IV E 20y -

The other approach leads through so-called chaos expansions. It turns out that every
square integrable, Fr-measurable (where (W;):>0 is adapted to (F;):>0) random variable
F can be represented as

F=Y I(fa),
n=0

where I,, are n-fold iterated It6 integrals of symmetric square integrable deterministic
functions f,, € L([0, T]™) with respect to (W;)s>0, see e.g. Chapter 1 in [D@P09]. Then
it turns out that I € DV? if and only if

>l fall o mpmy < 00
n=1

see e.g. Theorem A.22 in [DOP09], and for such F' we can define

ViF = ZnIn—l(fn('7t))v
n=1

where I,,_1(fn(-,t)) means that we integrate f,, treating it as a function of n—1 variables
with a parameter t. It turns out that for F' € D2 this approach gives us the same
operator as the one defined by (3.4.2) or (3.4.3), cf. e.g. Theorem A.22 in [DOP09).

However, for the Poisson case, the approach through the chaos expansion and the one
using a differential operator are non-equivalent.

The original approach to the Malliavin calculus for jump processes involved intro-
ducing a differential operator similar to (3.4.2) for Poisson random measures. Namely,
consider a predictable random field

V :[0,00) x R x Q — R?.

The Poisson random measure N perturbed by V is denoted by NV and is formally
defined by setting

t t
/ (s, z)NV (ds,dz) = / W(s,z+ V(s,2))N(ds,dz)
0 JRd 0 JRrd
for an appropriate class of test functions . In other words, if

N = Zé(%ﬁj) J
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3.4 Applications of couplings to Malliavin calculus

then
1%
N' = Z 5(Tj:§j+v(7j:5j)) :

Let us now fix p € [1,00). We say that a functional F' = F'(N) has an LP-derivative
in the direction of V if there is an LP-integrable random variable Dy F' such that

p

F(N*Y) — F(N) Y

3

— DyF

e—0

limE‘

This approach is useful for proving existence and regularity of densities of some func-
tionals of Lévy processes, as well as obtaining some gradient estimates for their transition
semigroups, see e.g. [Bis83], [BC86], [BGJ87] or [Nor88|.

However, here we are interested in another approach, in which the Malliavin derivative
with respect to a Poisson random measure is not defined as a differential operator, but
as a difference operator.

Let N =2, 0(r,¢,)- Then for any random variable F' we define

Dy F = F(N +0(,0)) — F(N),

which we call the Malliavin derivative of ' with respect to V.

It turns out that in an analogous way to the Brownian case, if NV is adapted to the
filtration (F;):>0, we can represent square integrable, Fpr-measurable random variables
F as

n=0

where this time I, are n-fold iterated integrals with respect to the compensated Poisson
random measure N, of symmetric functions f,, on [0, 7] x U, which are square integrable
with respect to the product of the Lebesgue measure on [0,7] and the jump measure
v on U, see e.g. Chapter 10 in [DOP09] or Theorem 1.3 in [LP11]. Similarly to the
Brownian case we can define

Dtqu = Z nInfl(fn('v t U))

n=1

for F' € DY2, with DY? defined as the set of random variables F' having representation
(3.4.4) such that

oo

2l FalZe oy ) < 00

n=1
It turns out that for such random variables the two approaches to defining Dy, are
equivalent, see e.g. Section 4 of [Lgk04] or Theorem 3.3 in [LP11]. The importance of
the approach via the chaos expansion comes from the fact that it allows us to prove a
Clark-Ocone formula, see e.g. Theorem 7 in [Lgk04] for the pure jump case or Section
12.5 in [DOP0O9] and the references therein for how to combine the Gaussian and the
jump case. Based on Theorem 12.20 in [DOP09], we have
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3 The coupling method
Theorem 3.4.1. Let F € D'2. Then
T T ~
F—EF+ / E [V, F|F,] dW, + / / E [Dy.u F|Fy] N (dt, du) (3.4.5)
0 o Ju

See Section 12.5 in [D@P09] for details of how to rigorously define the space D'? in
the combined Wiener-Poisson setting. What is important for us in the sequel is that
solutions to SDEs of the form

dX; = b(X,)dt + o(X,)dW; + / 9(X;_, )N (dt, du) (3.4.6)
U

belong to D'? under standard Lipschitz and linear growth conditions on the coefficients,
see Theorem 17.4 in [DOP09).

Note that the approach to the Malliavin calculus for jump processes via a difference
operator, as opposed to the differential operator introduced in [Bis83], traces back to
the paper [NV90] by Nualart and Vives and was later extended by Picard in [Pic96]
and [Pic96b]. For a detailed discussion on differences between these two approaches, see
the book [Ish13] by Ishikawa, specifically Sections 2.1.1 and 2.1.2 where they are called
Bismut’s method and Picard’s method, respectively.

Under a global dissipativity condition on the coefficients of (3.4.6), i.e., the condition
(3.3.5) holding with some constant K > 0 for all 2, y € R?, the following bounds for
the Malliavin derivatives D and V of solutions to (3.4.6) were obtained in [Wul0] and
[Mal0], respectively. Namely, we have

E (|Dyuf (Xr)l/F] < e KT g(Xo,w)|

and
E[|Ve X135l 7] < e 25T D) o(Xy)|[3rs

where K > 0 is the constant with which the global dissipativity condition holds, T" >
t>0and f:R? — R is a Lipschitz function with || f||Lip < 1, see page 476 in [Wul0]
and Lemma 3.4 in [Mal0].

Using the coupling method, similar estimates were obtained in [Majl6] under the
dissipativity at infinity condition. The estimates in [Majl6] are of exactly the same
form as in [WulO] for Dy, and of slightly weaker form for V;, see Section 5.2 and
Corollary 2.15 in [Majl16], respectively.

If we can apply the Clark-Ocone formula (3.4.5) to a certain class of functionals of
solutions to (3.4.6), estimates of such type allow us to obtain some information on the
behaviour of these solutions. Following this idea, in [Wul0] and [Mal0] these estimates
were used to obtain transportation inequalities for such SDEs under the global dissipa-
tivity condition, while in [Maj16] these results were improved to the case of dissipativity
at infinity. This will be the topic of the next section. However, the author believes that
the technique of using couplings in order to obtain such kind of estimates on Malliavin
derivatives may also find other applications in the future.
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3.5 Applications of couplings to transportation inequalities

3.5 Applications of couplings to transportation inequalities

Transportation cost-information inequalities (often in the literature shortly called trans-
portation inequalities) compare the transportation cost between two measures (under-
stood as the Wasserstein distance between them) with their Kullback-Leibler information
(relative entropy). For probability measures 11 and p9 on a metric space (E, p), the latter
is defined as

[ log %dul if < pa,

+00 otherwise .

H (p1lp2) = {

We say that a probability measure p satisfies an LP-transportation cost-information
inequality on (E, p) if there is a constant C' > 0 such that for any probability measure

7 we have
Woo(n, 1) < /2CH (nlp) -

Then we write 1 € T,(C).

The most important cases are p = 1 and p = 2. Since W7 , < Wh ,, we see that the
L2-transportation inequality (the 7% inequality) implies 77, and it is well known that
in fact T is much stronger (see e.g. the discussion in Section 1 of [GL10]). The T}
inequality is related to the phenomenon of measure concentration (see the discussion
below in the context of so called a-W7 H inequalities), whereas T» has many interesting
connections with other functional inequalities.

Consider the log-Sobolev inequality, which holds for the measure pu with some constant
K > 0 if for any strictly positive function f € CZ(R?) we have

2
u(flog f) = pu(f)log u(f) < %u ('vﬂ > : (3.5.1)

Due to Otto and Villani [OV00], we know that the log-Sobolev inequality implies the
following T» inequality (also known as the Talagrand inequality)

Wa(n, 1)? < = Hinln) (35.2)

for any probability measure 7 on R%. Furthermore, they showed that the Talagrand
inequality implies the Poincaré inequality

Var(f) < on(V5P).

where Var,(f) := pu(f?) — u(f)*.
As for T inequalities, let us consider their generalization known as a-W1 H inequalities.

Namely, let @ be a non-decreasing, left continuous function on Ry with «(0) = 0. We
say that a probability measure p satisfies a W7 H-inequality with deviation function «
(or simply a-W7 H inequality) if for any probability measure n we have

a(Wip(n, 1) < H(nlp) - (3.5.3)
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In order to better understand the meaning of (3.5.3), let us have a look at a result due
to Gozlan and Léonard (see Theorem 2 in [GLO7] for the original result and Lemma 2.1
in [Wul0] for the reformulation we use below, see also Theorem 22.10 in [Vil09]) which
generalizes a result by Bobkov and G6tze (Theorem 3.1 in [BG99)).

Fix a probability measure p on (E,p) and a convex deviation function a. Then the
following properties are equivalent:

1. the a-W7 H inequality for the measure p holds, i.e., for any probability measure 7
on (E, p) we have

(Wi p(n, 1) < H(nlp),

2. for every f: E — R bounded and Lipschitz with || f||ip < 1 we have
/e)‘(f"(f))du < e O for any A >0, (3.5.4)

where a*()\) := sup,>((rA — a(r)) is the convex conjugate of a,

3. if (§k)k>1 is a sequence of i.i.d random variables with common law y, then for every
f+E — R bounded and Lipschitz with || f||ri, < 1 we have

P (rlL > F(&) — ulf) > "") <e ™) forany r > 0,n > 1. (3.5.5)
k=1

This gives an intuitive interpretation of a-Wj H in terms of the concentration of mea-
sure property (3.5.5), while the second characterization (3.5.4) is very useful for proving
such inequalities, see e.g. [Wul0], [Mal0] and [Maj16]. The third characterization (3.5.5)
can be interpreted as a bound on the error of Monte Carlo estimation of the integral
n(f).

It is worth pointing out that the third characterization above, i.e., the formula (3.5.5) is
indeed supposed to hold without taking absolute value of the difference % S opey f(&k) —
wu(f). The proof of (3.5.5) follows from (3.5.4) via an application of the exponential
Chebyshev inequality, i.e., a simple result which states that for any real-valued random
variable X (not necessarily non-negative) we have

P(X >r) < e TEe'X

for any ¢ > 0 and any r > 0. See the proof of Theorem 22.10 in [Vil09] for details.
However, we can always replace the function f appearing in (3.5.5) with —f and since
the right hand side of (3.5.5) does not depend on f, we see that (3.5.5) implies

P< >r>=P(;§jf<§k>—u<f>>r)
k=1

+P (—;Zf@k) +u(f) > )
k=1

< 26—na(r) )

3 4@~ )
k=1
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3.5 Applications of couplings to transportation inequalities

For a general survey of transportation inequalities the reader may consult [GL10] or
Chapter 22 of [Vil09].

Our goal in this section is to discuss application of the coupling method to obtain
a-W1 H inequalities for solutions of equations of the form

dX; = b(Xy)dt + o(X0)dW; + / (X0, )N (dt, du) (3.5.6)
U

As an example of a simple equation of the type (3.5.6), consider
dX; = b(Xy)dt + V2dW;

with a d-dimensional Brownian motion (W:):>o. If the global dissipativity assumption
is satisfied, i.e., if there exists K > 0 such that

2(b(z) — b(y), z —y) < —K|z —y|* for all z,y € R?,

then (X¢):>0 has an invariant measure p and by a result of Bakry and Emery [BES5], i
satisfies the log-Sobolev inequality (3.5.1) with the constant K > 0 and thus (by Otto
and Villani [OV00]) also the Talagrand T5(1/K) inequality (3.5.2). More generally, for
equations of the form

dXt = b(Xt)dt + O'(Xt>th y

under the global dissipativity assumption, Djellout, Guillin and Wu in [DGW04] showed
T5(C1) with some modified constant C; > 0.
For equations of the form

dX; = b(Xy)dt + / 9(Xy—, u)N(dt, du) (3.5.7)
U

in general the Poincaré inequality does not hold (see Example 1.1 in [Wul0]) and thus

we cannot prove the Ty inequality. However, under the global dissipativity assumption,

Wu in [Wul0] showed some a-W1H inequalities.

The method of proof is based on the bounds on Malliavin derivatives that we presented
in Section 3.4. Roughly speaking, using the Clark-Ocone formula for an Fr-measurable
random variable ' we can show that if there exists a deterministic function A : [0, 7] x
U — R such that fOT Jyy h(t, u)?v(du)dt < oo and

]E[Dt,uF‘Ft] < h(t7u)

for all ¢ € [0, T, then for any C? convex function ¢ : R — R such that ¢’ is also convex,
we have

E¢(F — EF) < E¢ ( /0 ! /U h(t, u)N(dt,du)> .

Applying this to ¢(z) = exp(Az) for some A > 0 and using the Gozlan-Léonard char-
acterization (3.5.4) we are able to show an a-W1 H inequality for the distribution of F.
This result can be in particular applied to F' = Xp for any T' > 0, with (X;);>0 being
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3 The coupling method

a solution to (3.5.7). The method from [Wul0] was subsequently extended by Ma in
[Mal0] to include equations of the jump diffusion type (3.5.6). Note that both [Wul0)]
and [Mal0] require the coefficients in the equation to satisfy a global dissipativity as-
sumption. In [Majl6] it was shown how to use the coupling constructed in [Majl15] for
the jump part and the coupling by reflection from [Ebel6] for the Brownian part in order
to extend the results from [Wul0O] and [MalO] to the dissipativity at infinity case (see
Corollary 2.9 in [Maj16]). However, [Maj16] also presented a more general framework
that allows for proving a-W7 H inequalities in other cases in which there exist couplings
(Xt, Y2)e>0 of solutions to equations

dX; = b(Xy)dt + o(Xy)dWy + / g( Xy, u)ﬁ(dt, du)
U
such that
E[X¢(2) — Yi(y)| < c(t)|z -yl

for all t > 0, some function ¢ : R, — R, and all initial conditions z, y € R%, see
Theorem 2.1 in [Maj16]. The point is that we do not necessarily need to work within the
framework of [Maj15] and [Ebel6] and we may make use of other coupling constructions
available in the literature to obtain transportation inequalities under different sets of
assumptions, cf. Remark 2.13 in [Maj16].

Note that T5 inequalities for equations

dX; = b(Xt)dt + O'(Xt)th (358)

under a global dissipativity condition were obtained by Djellout, Guillin and Wu in
[DGWO04] using a method based on the Girsanov theorem, see Theorem 5.6 in [DGWO04]
and condition (4.5) therein. From this a T3 inequality follows immediately, as we indi-
cated earlier in this section. The method of proof from [DGW04] does not seem to work
for equations of the type

dX; = b(Xy)dt + / 9(Xi_, u)N(dt, du)
U

and that is why Wu in [Wul0] developed a new method based on the Malliavin calculus
to get a-W1 H inequalities in such a case. He covered only the pure jump case, but Ma in
[Mal0] showed that similar approach still works in the jump diffusion case, but of course
by taking g = 0 her result can be also applied to a diffusion of the form (3.5.8). This
way we get back to the setting of [DGWO04], getting a new method of obtaining a kind
of W; transportation inequalities for diffusions (but not necessarily with the quadratic
deviation function as in [DGWO04]). Recall however again that all the papers [DGWO04],
[Wul0] and [MalO] treat only the global dissipativity case. Thus the extension of the
results from [MalO] presented in [Majl6] is the first (as far as we know) successful
attempt at obtaining W; transportation inequalities for diffusions in the non-globally
dissipative case and hence can also be seen as an extension of [DGWO04].
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4 Coupling and exponential ergodicity for
stochastic differential equations driven by
Lévy processes
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COUPLING AND EXPONENTIAL ERGODICITY FOR STOCHASTIC
DIFFERENTIAL EQUATIONS DRIVEN BY LEVY PROCESSES

MATEUSZ B. MAJKA

ABSTRACT. We present a novel idea for a coupling of solutions of stochastic differential
equations driven by Lévy noise, inspired by some results from the optimal transportation
theory. Then we use this coupling to obtain exponential contractivity of the semigroups
associated with these solutions with respect to an appropriately chosen Kantorovich
distance. As a corollary, we obtain exponential convergence rates in the total variation
and standard L!'-Wasserstein distances.

1. INTRODUCTION
We consider stochastic differential equations of the form

where (L;)¢>o is an Revalued Lévy process and b : R? — R? is a continuous vector field
satisfying a one-sided Lipschitz condition, i.e., there exists a constant C';, > 0 such that
for all z, y € R% we have

(1.2) (b(x) = b(y),x —y) < Cplz —y[*.

These assumptions are sufficient in order for (1.1) to have a unique strong solution (see
Theorem 2 in [6]). For any ¢ > 0, denote the distribution of the random variable L; by
e Its Fourier transform i is of the form

fi(2) = e 2 e RY,

where the Lévy symbol (or Lévy exponent) ¢ : R? — C is given by the Lévy - Khintchine
formula (see e.g. [1] or [20]),

. 1 ; .

W(z) =1i(l,z) — 5(2, Az) +/ (ei®®) — 1 — (2, ) Lz <1y)v(dz) |
Rd

for = € R%. Here [ is a vector in R%, A is a symmetric nonnegative-definite d x d matrix

and v is a measure on R? satisfying

v({0}) =0 and / (|z|* A 1)v(dz) < 0o
Rd
We call (I, A,v) the generating triplet of the Lévy process (L;)i>0, whereas A and v are
called, respectively, the Gaussian covariance matriz and the Lévy measure (or jump
measure) of (Lt)i>o.
In this paper we will be working with pure jump Lévy processes. We assume that in the
generating triplet of (L;)¢>o we have | = 0 and A = 0. By the Lévy - It6 decomposition

2010 Mathematics Subject Classification. 60G51, 60H10.
Key words and phrases. Stochastic differential equations, Lévy processes, exponential ergodicity, cou-
plings, Wasserstein distances.
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we know that there exists a Poisson random measure N associated with (L;):>o in such
a way that

t t
(1.3) Lt:// vN(ds,dv)—l—// N (ds, dv)
0 J{lv[>1} 0 J{|v|<1}

where

N(ds,dv) = N(ds, dv) — ds v(dv)
is the compensated Poisson random measure.
We will be considering the class of Kantorovich (L'-Wasserstein) distances. For p > 1,
we can define the LP- Wasserstein distance between two probability measures p; and ps
on R? by the formula

1
p
Wy (i, p1a) = ( inf / p(z,y)’n(dz dy)) :
m€ll(p1,p2) JRd wRd

where p is a metric on R? and TI(jy, i2) is the family of all couplings of j; and pg, i.e.,
7 € U(p1, p2) if and only if 7 is a measure on R?*® having u; and ps as its marginals.
We will be interested in the particular case of p = 1 and the distance p being given by a
concave function f : [0,00) — [0,00) with f(0) =0 and f(z) > 0 for z > 0 as

p(z,y) = f(lz —yl) for all z,y € R?.

We will denote the L'-Wasserstein distance associated with a function f by W;. The most
well-known examples are given by f(z) = 1(p,)(z), which leads to the total variation
distance (with W (1, o) = || — pi2l|7v) and by f(z) = 2, which defines the standard
L'-Wasserstein distance (denoted later by W;). For a detailed exposition of Wasserstein
distances, see e.g. Chapter 6 in [27].

For an R%-valued Markov process (X;)i>o with transition kernels (pi(,))i>0zcrd We
say that an R?I-valued process (X}, X} )i>o is a coupling of two copies of the Markov
process (X;)¢>o if both (X])i>0 and (X}):>o are Markov processes with transition kernels
p: but possibly with different initial distributions. We define the coupling time T for the
marginal processes (Xj);>0 and (X/)i>o by T :=inf{t > 0 : X] = X/'}. The coupling is
called successful it T is almost surely finite. It is known (see e.g. [13] or [26]) that the
condition

|1 — pope|l7v — 0 as t — oo for any probability measures j; and j; on R

is equivalent to the property that for any two probability measures z; and po on R there
exist marginal processes (X}):>0 and (X/')i>o with p; and pe as their initial distributions
such that the coupling (X,, X/'):>o0 is successful. Here upi(dy) = [ p(dx)pi(z, dy).

Couplings of Lévy processes and related bounds in the total variation distance have
recently attracted considerable attention. See e.g. [2], [21] and [22] for couplings of pure
jump Lévy processes, [23], [28] and [29] for the case of Lévy-driven Ornstein-Uhlenbeck
processes and [12], [31] and [25] for more general Lévy-driven SDEs with non-linear drift.
See also [11] and [19] for general considerations concerning ergodicity of SDEs with jumps.
Furthermore, in a recent paper [32], J. Wang investigated the topic of using couplings for
obtaining bounds in the LP-Wasserstein distances.

Previous attempts at constructing couplings of Lévy processes or couplings of solu-
tions to Lévy-driven SDEs include e.g. a coupling of subordinate Brownian motions by
making use of the coupling of Brownian motions by reflection (see [2]), a coupling of
compound Poisson processes obtained from certain couplings of random walks (see [22]

for the original construction and [31] for a related idea applied to Lévy-driven SDEs)
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and a combination of the coupling by reflection and the synchronous coupling defined via
its generator for solutions to SDEs driven by Lévy processes with a symmetric a-stable
component (see [32]). In the present paper we use a different idea for a coupling, as well
as a different method of construction. Namely, we define a coupling by reflection modified
in such a way that it allows for a positive probability of bringing the marginal processes
to the same point if the distance between them is small enough. Such a behaviour makes
it possible to obtain better convergence rates than a regular coupling by reflection, since
it significantly decreases the probability that the marginal processes suddenly jump far
apart once they have already been close to each other. We construct our coupling as a so-
lution to an explicitly given SDE, much in the vein of the seminal paper [14] by Lindvall
and Rogers, where they constructed a coupling by reflection for diffusions with a drift.
The formulas for the SDEs defining the marginal processes in our coupling are given by
(2.9) and (2.10) and the way we obtain them is explained in detail in Subsection 2.2.
Then, using this coupling, we construct a carefully chosen Kantorovich distance W} for
an appropriate concave function f such that

Wi (pape, pope) < e “Wi(p, p2)

holds for some constant ¢ > 0 and all ¢ > 0, where p; and us are arbitrary probability
measures on R? and (p;);>o is the transition semigroup associated with (X;);>o. Here
f and ¢ are mutually dependent and are chosen with the aim to make c as large as possible,
which leads to bounds that are in some cases close to optimal. A similar approach has
been recently taken by Eberle in [5], where he used a specially constructed distance in
order to investigate exponential ergodicity of diffusions with a drift. Historically, related
ideas have been used e.g. by Chen and Wang in [3] and by Hairer and Mattingly in [7],
to investigate spectral gaps for diffusion operators on R? and to investigate ergodicity in
infinite dimensions, respectively. It is important to point out that the distance function
we choose is discontinuous. It is in fact of the form

f = fl + a1(0,00)7

where f; is a concave, strictly increasing C? function with f;(0) = 0, which from some
point Ry > 0 is extended in an affine way and «a is a positive constant. This choice of the
distance (which is directly tied to our choice of the coupling) has an advantage in that it
gives us upper bounds in both the total variation and standard L'-Wasserstein distances
(see Corollaries 1.4 and 1.5 and the discussion in Remark 1.6).

Let us now state the assumptions that we will impose on the Lévy measure v of the
process (L¢)i>o.

Assumption 1. v is rotationally invariant, i.e.,
v(AB) = v(B)
for every Borel set B € B(R?Y) and every d x d orthogonal matrix A.

Assumption 2. v is absolutely continuous with respect to the Lebesgue measure on R¢,
with a density ¢ that is almost everywhere continuous on R?.

Assumption 3. There exist constants m, § > 0 such that 6 < 2m and

(1.4) inf

qv) AN q(v+x)dv > 0.
956Rd10<|95|§5/{v|§m}ﬂ{|v+:cSm} ( ) ( )

3



Assumption 4. There exists a constant ¢ > 0 such that ¢ < ¢ (with ¢ defined via (1.4)

above) and
/ q(v)dv > 0.
{lvl<e/2}

Assumptions 1 and 2 are used in the proof of Theorem 1.1 to show that the solution
to the SDE that we construct there is actually a coupling. Assumption 1 is quite natural
since we want to use reflection of the jumps. It is possible to extend our results to the case
where the Lévy measure is only required to have a rotationally invariant component, but
we do not do this in the present paper. Assumption 3 is used in our calculations regarding
the Wasserstein distances and is basically an assumption about sufficient overlap of the
Lévy density ¢ and its translation. A related condition is used e.g. in [22] (see (1.3) in
Theorem 1.1 therein) and in [29] to ensure that there is enough jump activity to provide a
successful coupling. The restriction in (1.4) to the jumps bounded by m is related to our
coupling construction, see the discussion in Section 2.2. Assumption 4 ensures that we
have enough small jumps to make use of the reflected jumps in our coupling (cf. the proof
of Lemma 3.3). All the assumptions together are satisfied by a large class of rotationally
invariant Lévy processes, with symmetric a-stable processes for o € (0,2) being one of
the most important examples. Note however, that our framework covers also the case
of finite Lévy measures and even some cases of Lévy measures with supports separated
from zero (see Example 1.7 for further discussion).

We must also impose some conditions on the drift function b. We have already as-
sumed that it satisfies a one-sided Lipschitz condition, which guarantees the existence
and uniqueness of a strong solution to (1.1). Now we define the function s : R, — R by
setting k(|z — y|) to be the largest quantity such that

(b(x) = b(y), = —y) < —k(|z — y|)|z — y|* for any =,y € R?,
and therefore it has to be defined as
- (b(z) = b(y),z —y)
1.5 k(r) :=inf < —
5 ety it { - O
We have the following assumption.

-2,y € R such that |z — y| :r} :

Assumption 5. k is a continuous function satisfying

liminf k(r) > 0.
r—00

The above condition means that there exist constants M > 0 and R > 0 such that for
all 7, y € RY with |z — y| > R we have

(1.6) (b(z) = bly), x —y) < =Mz —y|*.

In other words, the drift b is dissipative outside some ball of radius R. Note that if the
drift is dissipative everywhere, i.e., (1.6) holds for all , y € R?, then the proof of expo-
nential convergence in the L'-Wasserstein distance is quite straightforward, using just the
synchronous coupling for (L;):>o and the Gronwall inequality. Thus it is an interesting
problem to try to obtain exponential convergence under some weaker assumptions on the
drift.

We finally formulate our main results.

Theorem 1.1. Let us consider a stochastic differential equation
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where (Ly)¢>o s a pure jump Lévy process with the Lévy measure v satisfying Assumptions
1 and 2, whereas b : R* — R? is a continuous, one-sided Lipschitz vector field. Then a
coupling (X, Y:)i>o0 of solutions to (1.7) can be constructed as a strong solution to the
2d-dimensional SDE given by (2.9) and (2.10), driven by a d-dimensional noise. If we
additionally require Assumptions 3-5 to hold, then there exist a concave function f and
a constant ¢ > 0 such that for any t > 0 we have

(1.8) Ef(|X: —Y]) < e “Ef(|Xo — Y|)
and the coupling (Xi, Yy)i>o0 is successful.

Since the inequality (1.8) holds for all couplings of the laws of X, and Yj, directly from
the definition of the Wasserstein distance W, we obtain the following result.

Corollary 1.2. Let (Xi)i>0 be a solution to the SDE (1.7) with (Li)>0 and b as in
Theorem 1.1, satisfying Assumptions 1-5. Then there exist a concave function f and a
constant ¢ > 0 such that for any t > 0 and any probability measures 1, and po on R we
have

(1.9) Wi (ppr, pap) < € “Wi(pa, po)

where (pt)i>o is the semigroup associated with (Xi)i>o-

The function f in the theorem and the corollary above is given as f = al( ) + fi,
where

r

filr) = [ o(s)g(s)ds

0

oy o) =e (= [Ta) = s e,

te(r,r+e)
1 [ ®(t+¢) Bp(t4e) g
g(r)zl——/ —dt(/ —dt) : @(r)z/d)sds,
2)y om U Tew ,
while the contractivity constant ¢ is given by ¢ = min{c, /2K, Cs/4} with
C.( [Frat+e) \ -
=— —————=dt d C5= inf A dv .
T (/0 o(t) ) o ’ zeRdl:(I)1<|x|§5 /Rd a(v) Ao+ z)dv

Here k is the function defined by (1.5), the constants Ry and R; are defined by

Ry=inf{R>0:VYr>R:k(r) >0},
(1.11)

. 2C
Rlzlﬂf{RZRg‘l—g:\V/TZRili(T)Zm},

the constant ¢ comes from Assumption 3, the constant ¢ < § comes from Assumption 4
(see also Remark 3.4) and we have

R  Crd+Csfi(6)/2 B
(112) .= 2/_8/4|y\ ), K= BB da=KAG),

where 14 is the first marginal of v and the constant C', comes from (1.2). Note that due

to Assumptions 3 and 4 it is always possible to choose § and ¢ in such a way that Cs > 0

and C. > 0 and due to Assumption 5 the constants Ry and R; are finite.
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Remark 1.3. The formulas for the function f and the constant ¢ for which (1.9) holds
are quite sophisticated, but they are chosen in such a way as to try to make c as large
as possible and their choice is clearly motivated by the calculations in the proof, see
Section 3 for details. The contractivity constant ¢ can be seen to be in some sense close
to optimal (at least in certain cases). See the discussion in Section 4 for comparison of
convergence rates in the L'-Wasserstein distance in the case where the drift is assumed
to be the gradient of a strongly convex potential and the case where convexity is only
required to hold outside some ball.

With the above notation and assumptions, we immediately get some important corol-
laries.

Corollary 1.4. For any t > 0 and any probability measures p; and po on R? we have

(1.13) lape = papellry < 207 e Wy (pa, pa)
where a > 0 is the constant defined by (1.12).

Corollary 1.5. For any t > 0 and any probability measures p1; and o on R* we have

(1.14) Wi (pape, papr) < 26(Ro) ™' e™ Wi (pa, p2) ,

where the function ¢ and the constant Ry > 0 are defined by (1.10) and (1.11), respec-
tively.

Remark 1.6. The corollaries above follow in a straightforward way from (1.9) by compar-
ing the underlying distance function f from below with the 1y oy function (corresponding
to the total variation distance) and the identity function (corresponding to the standard
L'-Wasserstein distance), see Section 4 for explicit proofs. In the paper [5] by Eberle,
which treated the diffusion case, a related concave function was constructed, although
without a discontinuity at zero (and also extended in an affine way from some point).
This leads to bounds of the form

(1.15) Wi (pape, pope) < Le "W, (pe1, p12)

with some constants L > 1 and ¢ > 0, since such a continuous function f can be compared
with the identity function both from above and below. In our case we are not able to
produce an inequality like (1.15) due to the discontinuity at zero, but on the other hand
we can obtain upper bounds (1.13) in the total variation distance, which is impossible
in the framework of [5]. Several months after the submission of the first version of the
present manuscript, its author managed to modify the method presented here in order to
obtain (1.9) for Lévy-driven SDEs with a continuous function f (which leads to (1.15)) by
replacing Assumptions 3 and 4 with an assumption stating that the function e — ¢/C is
bounded in a neighbourhood of zero (with C. defined by (1.12)), which is an assumption
about sufficient concentration of the Lévy measure v around zero (sufficient small jump
activity, much higher than in the case of Assumptions 3 and 4). This result was presented
in [16], where trying to obtain the inequality (1.15) was motivated by showing how it can
lead to so-called a-W;H transportation inequalities that characterize the concentration
of measure phenomenon for solutions of SDEs of the form (1.1). The difference between
the approach presented here and the approach in [16] is in the method chosen to deal with
the case in which the marginal processes in the coupling are already close to each other
and contractivity can be spoilt by having undesirable large jumps. This can be dealt
with either by introducing a discontinuity in the distance function and proceeding like in
the proof of Lemma 3.7 below or by making sure that we have enough small jumps. It is

worth mentioning that in the meantime the inequality (1.15) in the Lévy jump case was
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independently obtained by D. Luo and J. Wang in [15], by using a different coupling and
under different assumptions (which are also, however, assumptions about sufficiently high
small jump activity). In conclusion, it seems that in order to obtain (1.15) one needs the
noise to exhibit a diffusion-like type of behaviour (a lot of small jumps), while estimates
of the type (1.13) and (1.14) can be obtained under much milder conditions.

Example 1.7. In order to better understand when Assumptions 3 and 4 are satisfied, let
us examine a class of simple examples. We already mentioned that our assumptions hold
for symmetric a-stable processes with « € (0, 2), for which it is sufficient to take arbitrary
m > 0 and arbitrary ¢ = § < 2m. Now let us consider one-dimensional Lévy measures
of the form v(dz) = (1j_g_g/5(2) + 15,0 (2)) dx for arbitrary § > 0 and g > 1. If
we would like the quantity appearing in Assumption 3 to be positive, it is then best to
take m = 6. Note that if § < 3, then 20/8 > 6 — 0/ (the gap in the support of v is
larger than the size of the part of the support contained in R, ) and thus we need to have
<0 —0/5 (taking 6 = 0 — 6/ or larger would result in an overlap of zero mass). This
means that €/2 < 0/2 —0/26 < 0/ and thus the quantity in Assumption 4 cannot be
positive. On the other hand for 5 > 3 we can take any 6 < 26 in Assumption 3 and thus
Assumption 4 can also be satisfied.

Corollary 1.8. In addition to Assumptions 1-5, suppose that the semigroup (pi)i>o pre-
serves finite first moments, i.e., if a measure p has a finite first moment, then for allt > 0
the measure up; also has a finite first moment. Then there exists an invariant measure
i for the semigroup (pi)i>o. Moreover, for any t > 0 and any probability measure n we
have

(1.16) Wi (s npe) < €W (p1e, 1)

and therefore

(1.17) |1t = npellry < 207 e Wi (g, 1)
and

(1.18) Wi ey ) < 20(Ro) ™ e Wi (pt,m) -

To illustrate the usefulness of our approach, we can briefly compare our estimates with
the ones obtained by other authors, who also investigated exponential convergence rates
for semigroups (p:)¢>o associated with solutions of equations like (1.1). In his recent paper
25], Y. Song obtained exponential upper bounds for ||d,p; — §,p;||7v for z, y € R? using
Malliavin calculus for jump processes, under some technical assumptions on the Lévy
measure (which, however, does not have to be rotationally invariant) and under a global
dissipativity condition on the drift. By our Corollary 1.4, we get such bounds under a
much weaker assumption on the drift. In [30], J. Wang proved exponential ergodicity in
the total variation distance for equations of the form (1.1) driven by a-stable processes,
while requiring the drift b to satisfy a condition of the type (b(z),z) < —C|z|* when
|z| > R for some R > 0 and C' > 0. In the proof he used a method involving the notions
of T-processes and petite sets. His assumption on the drift is weaker than ours, but our
results work for a much larger class of noise. Furthermore, in [19] the authors showed
exponential ergodicity, again only in the a-stable case, under some Holder continuity
assumptions on the drift, using two different approaches: by applying the Harris theorem
and by a coupling argument. Kulik in [11] also used a coupling argument to give some
general conditions for exponential ergodicity, but in practice they can be difficult to verify.
However, he gave a simple one-dimensional example of an equation like (1.1), with the

drift satisfying a condition similar to the one in [30], whose solution is exponentially
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ergodic under some relatively mild assumptions on the Lévy measure (see Proposition
0.1 1in [11]). It is important to point out that his results, similarly to ours, apply to some
cases when the Lévy measure is finite (i.e., the equation (1.1) is driven by a compound
Poisson process). All the papers mentioned above were concerned with bounds only in
the total variation distance. On the other hand, J. Wang in [32] has recently obtained
exponential convergence rates in the LP-Wasserstein distances for the case when the noise
in (1.1) has an a-stable component and the drift is dissipative outside some ball. By our
Corollary 1.5, we get similar results in the L!-Wasserstein distance for a-stable processes
with @ € (1,2), but also for a much larger class of Lévy processes without a-stable
components.

Several months after the previous version of the present manuscript had been submit-
ted, a new paper [15] by D. Luo and J. Wang appeared on arXiv. There the authors
introduced yet another idea for a coupling of solutions to equations of the form (1.1) and
used it to obtain exponential convergence rates for associated semigroups in both the
total variation and the L'-Wasserstein distances, as well as contractivity in the latter (cf.
Remark 1.6). Their construction works under a technical assumption on the Lévy mea-
sure, which is essentially an assumption about its sufficient concentration around zero
and it does not require the Lévy measure to be symmetric. However, the assumption
in [15] is significantly more restrictive than our Assumptions 3 and 4. For example, it
does not hold for finite Lévy measures as they do not have enough small jump activity,
while our method works even in some cases where the support of the Lévy measure v is
separated from zero (cf. Example 1.7).

The remaining part of this paper is organized as follows: In Section 2 we explain the
construction of our coupling and we formally prove that it is actually well defined. In
Section 3 we use it to prove the inequality (1.8). In Section 4 we prove Corollaries 1.4,
1.5 and 1.8 and present some further calculations that provide additional insight into
optimality of our choice of the contractivity constant c.

2. CONSTRUCTION OF THE COUPLING

2.1. Related ideas. The idea for the coupling that we construct in this section comes
from the paper [17] by McCann, where he considered the optimal transport problem for
concave costs on R. Namely, given two probability measures p; and ps on R, the problem
is to find a measure v on R? with marginals p; and s, such that the quantity

C(y) = /RQ c(z,y)dy(v,y),

called the transport cost, is minimized for a given concave function ¢ : R* — [0, oo].
McCann proved (see the remarks after the proof of Theorem 2.5 in [17] and Proposition
2.12 therein) that the minimizing measure 7 (i.e., the optimal coupling of p; and o)
is unique and independent of the choice of ¢, and gave an explicit expression for 7.
Intuitively speaking, in the simplest case the idea behind the construction of v (i.e., of
transporting the mass from p; to ug) is to keep in place the common mass of p; and
1o and to apply reflection to the remaining mass. McCann’s paper only treats the one-
dimensional case, but since in our setting the jump measure is rotationally invariant, it
seems reasonable to try to use a similar idea for a coupling also in the multidimensional
case. Note that we do not formally prove in this paper that the constructed coupling is
in fact the optimal one. Statements like this are usually difficult to prove, but what we

really need is just a good guess of how a coupling close to the optimal one should look.
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Then usefulness of the constructed coupling is verified by the good convergence rates that
we obtain by its application.

A related idea appeared in the paper [8] by Hsu and Sturm, where they dealt with
couplings of Brownian motions, but the construction of what they call the mirror cou-
pling can be also applied to other Markov processes. Assume we are given a symmetric
transition density py(x, z) on R and that we want to construct a coupling starting from
(71, 22) as a joint distribution of an R?-valued random variable ¢ = ({3, (z). We put

(2.1) P(G = G| = 21) = pe(w1, 21) A pe(w2, 21)

pt(‘rla 21)
and

P(Co = o1+ 2 — (1[Gt = 21) = 1 — pe(1, 21) A pr(w2, 21)

pe(z1, 21)
so the idea is that if the first marginal process moves from z; to z;, then the second
marginal can move either to the same point or to the point reflected with respect to
Ty = %, with appropriately defined probabilities, taking into account the overlap of
transition densities fixed at points z; and z5. Alternatively, we can define this coupling
by the joint transition kernel as

mi(x1, T2, dy1, dys) = 0y, (dy2)ho(y1)dys + Sry, (dya) by (y1)dy:

where ho(2) = pi(x1, 2) A pi(xe, 2), h1(2) = pe(x1, 2) — ho(2) and Ry; = x1 + 29 — y;. Hsu
and Sturm prove that such a coupling is in fact optimal for concave, strictly increasing
cost functions.

Now let us also recall the ideas from [14] by Lindvall and Rogers, where they constructed
a coupling (X;, Y;)i>o by reflection for diffusions by defining the second marginal process
(Y:)1>0 as a solution to an appropriate SDE. If we have a stochastic differential equation

(2.2) dX, = b(X,)dt + dB,
driven by a d-dimensional Brownian motion (B;):>o, we can define (Y;):>o by setting
(2.3) dY; = b(Yy)dt + (I — 2ese] )dBy,
where
Xi Y,
24 e = o -
( ) t |Xt _ )/;/|

Of course, the equation (2.3) only makes sense for t < T, where T := inf{t > 0 : X; = Y;},
but we can set Y; := X; for t > T. The proof that the equations (2.2) and (2.3) together
define a coupling, i.e., the solution (Y;)i>o to the equation (2.3) has the same finite
dimensional distributions as the solution (X;);>o to the equation (2.2), is quite simple
in the Brownian setting. It is sufficient to use the Lévy characterization theorem for
Brownian motion, since the process A; := I — 2¢sel takes values in orthogonal matrices
(and thus the process (By);>o defined by dB, := A,;dB; is also a Brownian motion).
Similarly, if we consider an equation like (2.3) but driven by a rotationally invariant
Lévy process (Lt);>o instead of the Brownian motion, it is possible to show that the
process (Zt)tzo defined by dL, :== A,_dL, with A,_ =1 — 2¢;_el is a Lévy process with
the same finite dimensional distributions as (L);>o. However, a corresponding coupling
by reflection for Lévy processes would not be optimal and we were not able to obtain
contractivity in any distance W using this coupling. Intuitively, this follows from the fact
that such a construction allows for a situation in which two jumping processes, after they
have already been close to each other, suddenly jump far apart. We need to somehow

restrict such behaviour and therefore we use a more sophisticated construction.
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2.2. Construction of the SDE. We apply the ideas from [17] and [8] by coupling the
jumps of (X;);>0 and (Y;):>o in an appropriate way. Namely, we would like to use the
coupling by reflection modified in such a way that it allows for a positive probability of
(Y:)r>0 jumping to the same point as (X;);>0. In order to employ this additional feature,
we need to modify the Poisson random measure N associated with (L;);>0 via (1.3).
Recall that there exists a sequence (7;)32, of random variables in R, encoding the jump
times and a sequence (&;)32, of random variables in R? encoding the jump sizes such that

N0, 8], A)(@) =Y (s @) ((0,8] x A) for all w € Q and A € B(R?)
j=1

(see e.g. [18], Chapter 6). At the jump time 7; the process (X;);>o jumps from the point
X-,— to X, and our goal is to find a way to determine whether the jump of (¥})i>o
should be reflected or whether (Y;);>o should be forced to jump to the same point that
(X¢)t>0 jumped to. In order to achieve this, let us observe that instead of considering the
Poisson random measure N on R, x R¢, we can extend it to a Poisson random measure
on Ry xR%x [0, 1], replacing the d-dimensional random variables &; determining the jump
sizes of (L);>0, with the (d + 1)-dimensional random variables (§;,7;), where each n; is
a uniformly distributed random variable on [0, 1]. Thus we have

N((0,t], A)(w) = Z6(Tj(w),§j(w),nj(w))((0,t] x A x [0,1]) for all w € Q and A € B(Rd)
=1

and by a slight abuse of notation we can write

t t
(2.5) L= / / vN (ds,dv, du) +/ / vN(ds,dv, du),
0 J{u|>1}x[0,1] 0 J{l<1}x[0,1]

denoting our extended Poisson random measure also by N. With this notation, if there
is a jump at time ¢, then the process (X;):>o moves from the point X;_ to X;_ + v and
we draw a random number u € [0, 1] which is then used to determine whether the process
(Y)t>0 should jump to the same point that (X;);>o jumped to, or whether it should
be reflected just like in the “pure” reflection coupling. In order to make this work, we
introduce a control function p with values in [0, 1] that will determine the probability
of bringing the processes together. Our idea is based on the formula (2.1) and uses the
minimum of the jump density ¢ and its translation by the difference of the positions of
the two coupled processes before the jump time, that is, by the vector

Zpo =X =Y.
Our first guess would be to define our control function by
(26) p(vj th) ‘— min {M’ 1} — q<U + Zt—) A Q(’U)
q(v) q(v)

when ¢(v) > 0. We set p(v, Z;_) := 1 if ¢(v) = 0. Note that we have q(v + Z;_)/q(v) =
qv+ Xi- =Y, )/q(v + X;— — X;_), so we can look at this formula as comparing the
translations of ¢ by the vectors Y;_ and X, , respectively. The idea here is that “on
average” the probability of bringing the processes together should be equal to the ratio
of the overlapping mass of the jump density ¢ and its translation and the total mass of
q. However, for technical reasons, we will slightly modify this definition.

Namely, we will only apply our coupling construction presented above to the jumps
of size bounded by a constant m > 0 satisfying Assumption 3. For the larger jumps we

will apply the synchronous coupling, i.e., whenever (X;);>o makes a jump of size greater
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than m, we will let (Y;);>0 make exactly the same jump. The rationale behind this is the
following. First, this modification allows us to control the size of jumps of the difference
process Z; = X; — Y;. If (X;);>0 makes a large jump v, then instead of reflecting the
jump for (V;);>0 and having a large change in the value of Z;, we make the same jump
v with (Y;)i>0 and the value of Z; does not change at all. Secondly, by doing this we do
not in any way spoil the contractivity in Wy that we want to show. As will be evident
in the proof, what is crucial for the contractivity is on one hand the reflection applied to
small jumps only (see Lemma 3.3 and Lemma 3.6) and on the other the quantity (1.4)
from Assumption 3 (see Lemma 3.7). If the latter, however, holds for some mgy > 0
then it also holds for all m > mg and in our calculations we can always choose m large
enough if needed (see the inequality (3.16) in the proof of Lemma 3.3 and (3.39) after the
proof of Lemma 3.7). Therefore choosing a large but finite m is a better solution than
constructing a coupling with m = oo (i.e., applying our “mirror” construction to jumps
of all sizes), which would require us to impose an additional assumption on the size of
jumps of the noise (L;)>o.

Now that we have justified making such an adjustment, note that for any fixed m > 1
we can always write (2.5) as

L= / / N(ds,dv,du) + / / N(ds, dv, du)
{Jo]>m}x[0 1] {lv]<m} [0, 1]
—l—/ / vv(dv)duds .
0 J{m>|v|>1}x]0,1]

Then we can include the last term appearing above in the drift b in the equation (1.1)
describing (X});>0. Obviously such a change of the drift does not influence its dissipativity
properties. Thus, once we have fixed a large enough m (see the discussion above), we can
for notational convenience redefine (L;);>o and b by setting

¢ t
(2.7) L= / / vN(ds,dv, du) +/ / vN (ds,dv, du)
0 J{v|>m}x[0,1] 0 J{|v|<m}x]0,1]

and modifying b accordingly.

Since we want to apply different couplings for the compensated and uncompensated
parts of (L¢)+>0, we actually need to modify the definition (2.6) of the control function p
by putting
(0, Zi) = q(v) A q(v+ Zt—)l{lv-i-th\Sm}

q(v)

Observe that with our new definition for any integrable function f and any z € R? we

have
v)p(v, z)v(dv) = ) Q(U) A q(v + 2)1{|v+z\§m} v)dv
/{ o J@pteZpla) /{ ) e a(v)

f(w) (g(v) Ag(v+2))dv,

/{U|<m}ﬁ{|v+2<m}
while with (2.6) we would just have

| e = [ pw) ) Ao+ 2) do.
{lv|<m} {|v|<m}

We will use this fact later in the proof of Lemma 2.5. On an intuitive level, if the distance
Z;— between the processes before the jump is big (much larger than m), and we are only

considering the jumps bounded by m (and thus |v+ Z;_| is still big), then the probability
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of bringing the processes together should be zero, while the quantity (2.6) can still be
positive in such a situation. The restriction we introduce in the definition of p eliminates
this problem.

To summarize, in our construction once we have the number u € [0, 1], if the jump
vector of (X;)i>o at time ¢ is v and |v| < m, then the jump vector of (Y;):>o should be
Xi— — Y- + v (so that (V)0 jumps from Y;_ to X;_ + v) when

(2.8) u < p(v,Z_).

Otherwise the jump of (Y;)i>o should be v reflected with respect to the hyperplane
spanned by the vector e, = (Xi— — Y;_)/|X;— — Yi_|. If |[v| > m, then the jump of
(Y:)1>0 is the same as the one of (X});>o, i.e., it is also given by the vector v.

We are now ready to define our coupling by choosing an appropriate SDE for the
process (Y;)i>0. Recall that (X¢):>o is given by (1.1) and thus

vN(dt,dv, du) + / vN(dt,dv, du) .

{lvl<m}x[0,1]

(29)  dX, = b(X,)dt + /

{lv|>m}x[0,1]
Now, in view of the above discussion, we consider the SDE

dY; = b(Y;)dt + / oN(dt, dv, du)

{lv[>m}x[0,1]

(210) + / (Xt— - Y;ﬁ— + U)]-{u<p(v,Zt_)}j\7(dta dUa d’LL)
{lv[<m}x]0,1]

" / R(Xo Y 0L ooz 3y N (dt, dv, du),
{lv|<m}x[0,1]

where

(Xeo =Y ) (Xem =Y )"
[ X = Vi f?

is the reflection operator like in (2.3) with e; defined by (2.4). Observe that if Z;,_ = 0,

then p(v, Z;_) = 1 and the condition (2.8) is satisfied almost surely, so after Z; hits zero
once, it stays there forever. Thus, if we denote

R(X,_Y, ) :=1-2 =1 —2¢ el

(2.11) T:=inf{t>0: X, =Y},

then X; =Y, forany t > T.
We can equivalently write (2.10) in a more convenient way as

dY; = b(Y,)dt +/ vN(dt,dv, du)

{|v|>m}x]0,1]

(2.12) - / R(X,_,Y,_)oN(dt, dv, du)
{lv]<m}x[0,1]

+ / (Xi = Yie £ 0= RXes Yi)0) Lpue oz N, o, da)
{lv]<m}x[0,1]

2.3. Auxiliary estimates. At first glance, it is not clear whether the above equation
even has a solution or if (X, Y;)i>0 indeed is a coupling. Before we answer these questions,
we will first show some estimates of the coefficients of (2.12), which will be useful in the

sequel (see Lemmas 2.5 and 3.2).
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Lemma 2.1. (Linear growth) There exists a constant C' = C(m) > 0 such that for any
z, y € R? we have

/ o=y 40 = Bl )P Loy (o) < O+ o = o).
{lv|<m}x[0,1]
Proof. We will keep using the notation z = x — y. We have

/ |z + v — R(x,y)v|*p(v, 2)v(dv) < 2/ |z +v*p(v, 2)v(dv)
{lv|<m} {lv|<m}

(2.13)
+ 2 R(z,y)v*p(v, 2)v(dv
/{Ivlé }‘ (@, y)v["p(v, z)v(dv)

and, since R is an isometry, we can estimate

2 R(z,y)v*p(v, 2)v(dv) = 2 v|*p(v, 2)v(dv
/{.vl<m}' (. 9)0plv, =) (dv) /{|v|<m}"p( Ju(dv)

< 2/ [vq(v + 2) A q(v)dv < 2/
{lv[<m} {

The last integral is of course finite, since v is a Lévy measure. We still have to bound
the first integral on the right hand side of (2.13). We have

2 / =+ o2 p(v, 2)u(d) < 2 / 2+ 0Pl + 2) A glo)du
{lv]<m} {lv]<m}

[v2q(v)dv = 2/ lv[*v(dv) .

[v|<m} {lv|<m}

= 2/ lv[q(v) A q(v — 2)dv.
{lo—z|<m}

Now let us consider two cases. First assume that |z| < 2m (instead of 2 we can also take
any positive number strictly greater than 1). Then

2/ [v2q(v) A q(v — 2)dv < 2/ lv[v(dv) < 2/ lv[*v(dv) < .
{lo—z[<m} {lv—z|<m}

{lvl<3m}

On the other hand, when |z| > 2m, we have
fveR: jv—z <m}c{veR: [v] <m}®=: B(m)°,

and v(B(m)¢) < oo, which allows us to estimate

2 lv[2q(v) A q(v — 2)dv

{lo—z|<m}

< 4/ v — z|%q(v) A q(v — 2)dv + 4/ 12q(v) A q(v — 2)dv
{lo—z|<m} {lo—z|<m}

4/ |v—z|2q(v—z)dv+4/ |z[2q(v)dv
{lo—z|<m} {lo—z|<m}

4 v?v(dv 4| z12v(B(m)°) .
/{|v|<m}" (do) + 4]z P(B(m)?)

VAN

IN

Hence, by choosing

C' := max {2/ |v]2v(dv) + 2/ lv|?v(dv), 6/ \v\zl/(dv),éll/(B(m)c)}
{lv|<3m} {lvl<m} {lvl<m}

we get the desired result. O
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Here we should remark that by the above lemma we have

t
P (/ / 1 Zs— + v — R(Xs—, Y5 )0|*Liuc po.z, pyv(dv)duds < oo) =1.
0 J{Jvlsm}x[0,1]

We will use this fact later on.
The next thing we need to show is that the (integrated) coefficients are continuous in
the solution variable. Note that obviously

/ |R(x + h,y)v — R(x,y)v]*v(dv)du — 0, as h — 0,
{lv]<m}x[0,1]

so we just need to take care of the part involving p(v, z). Before we proceed though, let
us make note of the following fact.

Remark 2.2. For a fixed value of z # 0, the measure

plv, 2)v(dv)

is a finite measure on R?. Indeed, if z # 0, we can choose a neighbourhood U of z such
that 0 ¢ U. Then U — z is a neighbourhood of 0 and we have

[otwawian) = [ poawia)+ [ poawia)

c

g/[]q(v)dv+/cq(v+z)dv

- / q(v)dv +/ q(v)dv < 00,
U (U—-2)°

since v is a Lévy measure.

Lemma 2.3. (Continuity condition) For any x, y € R? and z = x — y we have

/ ’(x + h — Yy +v— R(Q? + ha y)v)l{u<p(v,z+h)}
{lv|<m}x[0,1]

—(r—y+v— R(x, y)v)l{u<p(v,z)}\21/(dv)du —0, ash—0.
Proof. We have

/ |(:E +h— y+v— R(ZL‘ + h> y)v)l{u<p(v,z+h)}
{lvol<m}x[0,1]
- ([L’ -y +v— R($7 y)v)l{u<p(v,z)}|2y(dv)du
= / |($ +h— y+uv— R(I‘ + h7 y)v)]-{u<p(v,z+h)}
{lv|<m}x[0,1]

- (iIZ’ —y+tuv-— R(l’, y)v)]-{u<p(v,z+h)}
+ ((L’ —y+v— R((L’, y)v)]-{u<p(v,z+h)}
- ([L’ -y +v— R(ZB, y)v)l{u<p(v,z)}|2y(dv)du

32/' h = R(x+ hyy)o + Rz, y)ol(v, = + h)v(dv)
{Jv|<m}

+2A 5 — g+ v — Rz, g)ollpv, 2 + h) — plo, 2)|(dv)

14



Taking into account Remark 2.2 and using the dominated convergence theorem, we can
easily show that I; converges to zero when h — 0. As for Iy, observe that

lp(v, 2+ h) — p(v, 2)|1{juj<m}

_ lalot 2+ W) Ljorsinizmy A q(v) = q(v + 2)1gora<my A a(v)]
) a(v)] s

Recall that by Assumption 2, the density ¢ is continuous almost everywhere on R
Moreover, for a fixed z € R? the function 1{ju4z1<m} 1s continuous outside of the set
{v € R? : |v+ 2| = m}, which is of measure zero. Therefore, using the dominated
convergence theorem once again, we show that I — 0 when h — 0. U

2.4. Existence of a solution. Note that having the above estimates, it would be pos-
sible to prove existence of a weak solution to the 2d-dimensional system given by (2.9)
and (2.10), using Theorem 175 in [24]. However, there is a simpler method allowing to
prove even more, namely, existence of a unique strong solution. To this end, we will use
the so-called interlacing technique. This technique of modifying the paths of a process
by adding jumps defined by a Poisson random measure of finite intensity is well known,
cf. e.g. Theorem IV-9.1 in [9] or Theorem 6.2.9 in [1]. We first notice that without loss
of generality it allows us to focus on the small jumps of size bounded by m, as we can
always add the big jumps later, both to (X;);>¢ and (Y;):>o. Hence we can consider the
equation for (Y;);>o written as

dY, = b(Y;)dt + / R(X,_,Y,_)oN(dt,dv, du)
{lol<m}x[0,1]
(2.14)

+ / (Xt_ —Y_+v-— R(Xt_, }/t—)v)]-{u<p(v,Zt_)}N(dta dv, du) .
{lv[€m}x]0,1]
Now observe that if we only consider the equation

(2.15) dY;' = b(Y;Hdt —1—/ R(X;_, Ytl_)v]v(dt, dv, du),

{lv|<m}x[0,1]
it is easy to see that it has a unique strong solution since the process (X, Y;!');>0 up to
its coupling time 7" takes values in the region of R?? in which the function R is locally
Lipschitz and has linear growth. Then note that the second integral appearing in (2.14)
represents a sum of jumps of which (almost surely) there is only a finite number on any
finite time interval, since

/ Liuep(v,z, v (dv)du :/ p(v, Z;_)v(dv) < oo,

R4 x[0,1] R

as long as Z;_ # 0 (see Remark 2.2 above). Then in principle in such situations it is
possible to use the interlacing technique to modify the paths of the process (Y;');>o by
adding the jumps defined by the second integral in (2.14), see e.g. the proof of Proposition
2.2 in [15] for a similar construction. Here, however, our particular case is even simpler.
Namely, let us consider a uniformly distributed random variable £ € [0, 1] and define

7 :=1nf{t > 0: & < p(AL, Ztlf)}7

where Z} := X;—Y;! and (L;);>¢ is the Lévy process associated with N. Then if we define
a process (Y;?)i>o by adding the jump of size X, —Y!_ + AL, — R(X,,_, Y} )AL,
to the path of (Y}!);>o at time 7, we see that Y> = X, . Moreover, since p(v,0) = 1 for
any v € R?, we have ;2 = X, for all t > 7;. Thus we only need to add one jump to the

solution of (2.15) in order to obtain a process which behaves like a solution to (2.14) up
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to the coupling time, and like the process (X;);>o later on. In consequence we obtain a
solution (X, Y;)i>o to the system defined by (2.9) and (2.10).

2.5. Proof that (X, Y;):>o is a coupling. By the previous subsection, we already have
the existence of the process (X3, Y;)i>o defined as a solution to (2.9) and (2.10). However,
we still need to show that (X;, Y;):>o is indeed a coupling. If we denote

(2.16)  B(Xi-,Yi,v,u) == R(Xe Vi Jv+ (Zie + v — R(Xe—, Vi )v) Lucpo,2, )

and
(2.17)

t t
L;:= / / vN (ds,dv, du) +/ / B(X,_,Y,_,v,u)N(ds,dv,du),
0 J{lv[>m}x[0,1] 0 J{lv]<m}x[0,1]

then we can write the equation (2.12) for (Y;):>0 as
dY, = b(Y,)dt + dL, .

Then, if we show that (L;);>¢ is a Lévy process with the same finite dimensional dis-
tributions as (Lt);>o defined by (2.7), our assertion follows from the uniqueness in law
of solutions to the equation (1.1). An analogous fact in the Brownian case was proved
using the Lévy characterization theorem for Brownian motion. Here the proof is more
involved, although the idea is very similar. It is sufficient to show two things. First we
need to prove that for any z € R? and any t > 0 we have

(2.18) Eexp(iz, L)) = Eexp(i(z, L)) .
Then we must also show that for any ¢ > s > 0 the increment
zt - zs

is independent of F;, where (F;);>¢ is the filtration generated by (L);>0. We will need
the following lemma.

Lemma 2.4. Let f(v,u) be a random function on {|v] < m} x [0,1], measurable with
respect to Fy,. If

(2.19) P (/ |f (v, ) |*v(dv)du < oo) =1,
{lv|<m}x[0,1]

then
to .
exp (2 <z,/ / f(v,u)N(ds,dv,du)>) }}1]
t1 J{v|<m}x[0,1]

= exp ((tQ - tl)/ (e'= I — 1 — (2, f(v,u))) V(dv)du) :
{lv|<m}x[0,1]

E

(2.20)

Proof. By a standard argument, if the condition (2.19) is satisfied, we can approximate
ttf f{‘v|<m}x[0 1 f(v,u)N(ds, dv,du) in probability by integrals of step functions f" of the

form
In

(v, u) = chlAj
j=1
where A; are pairwise disjoint subsets of {|v| < m} x [0, 1] such that (v x X\)(A4;) < oo
for all j, where A is the Lebesgue measure on [0, 1] and ¢; are Fi,-measurable random

variables. Thus it is sufficient to show (2.20) for the step functions f™ and then pass to
16



the limit using the dominated convergence theorem for conditional expectations. Indeed,
for every f™ we can show that

to ~
exp (z <z,/ / f”(U,U)N(dS7dU7dU)>> Fi,
tr J{|v[<m}x[0,1]
ln to ~
=K Hexp (z <z,/ / clejN(ds,dv,du)>> Fi,
. t1 {‘U‘Sm}x[o,l]

= ﬁexp <2 <z,cjﬁ((t1,t2],Aj)>> ‘]—}1] .

Lj=1

E

The random variables N ((t1, %), A;) are mutually independent and they are all indepen-
dent of F;, and the random variables c; are F; -measurable so we know that we can
calculate the above conditional expectation as just an expectation with ¢; constant and
then plug the random c¢; back in. Thus we get

EHexp( (2N ((t1,], 47)) ) = HEexp( (2 el (1], 4))))
_ Hp ((t =) (4 (v x W) (A) = 1 = iz, 05) (v x W) (4)))

= exp ((t2 — tl)/ (ei<z’fn(”’”)> —1—1i(z, ["(v,u))) V(dv)du) ,
{|v|<m}x]0,1]

where in the second step we just used the formula for the characteristic function of the
Poisson distribution. O

Now we will prove (2.18) in the special case where

¢
Lt:// B(Xs_,Ys ,v,u)N(ds,dv,du)
[v|<m}x[0,1]

and the process (L;)¢>o is also considered without the large jumps. Once we have this, it
is easy to extend the result to the general case where (L;);>0 is given by (2.17).

Lemma 2.5. For everyt > 0 and every z € R? we have

t ~
E exp <z <z,/ / B(XS,Y;,U,U)N(ds,dv,du)>>
0 J{|v|[<m}x[0,1]
t ~
= Eexp (2 <z,/ / vN(ds,dv,du)>> )
0 J{|v[<m}x[0,1]

Proof. First recall that we have

P (/ |B(X,—, Y, v, u)|*v(dv)du < oo) =1
{Jv|<m}x[0,1]

(see the remark after the proof of Lemma 2.1). Then observe that by Lemma 2.3 we
know that the square integrated process B, i.e., the process

/ B(X—, Yie, v, u)Pv(dv)du
{|v|<m}x[0,1] .



has left-continuous trajectories. This means that (almost surely) we can approximate
B(X;_,Y;_,v,u) in L3([0,t] x ({|v]| < m};v) x [0,1]) by Riemann sums of the form

mp—1
(2.21) B"(s,v,u) =Y B(Xu, Vi, v,u)Lpm, 1(5)
k=0
for some sequence of partitions 0 = tj < ¢} < ... <ty =t of the interval [0,¢] with

the mesh size going to zero as n — oco. From the general theory of stochastic integration
with respect to Poisson random measures (see e.g. [1], Section 4.2) it follows that the

sequence of integrals [ [ (o | B(s,v ,u)N(ds, dv, du) converges in probability to

[<m}x[0,1

the integral fo f{|u|§m}x[0,1} B(X,_,Ys_, v,u)ﬁ(ds, dv, du). Thus we have

t
E exp (z <z,/ / B”(s,v,u)N(ds,dv,du)>>
0 J{v|<m}x[0,1]
t ~
— Eexp (z <z,/ / B(XS_,YS_,U,u)N(ds,dv,du)>)
0 J{|v|<m}x[0,1]

for any z € R? and t > 0, as n — oco. We will show now that in fact for all n € N we

have
t ~
E exp (z <z,/ / B"(s,v,u)N(ds,dv,du)>)
0 J{|v|<m}x[0,1]
t ~
= Eexp (@ <z,/ / vN(ds,dv,du)>) ,
0 J{lv|<m}x[0,1]

which will prove the desired assertion. To this end, let us calculate

(2.22)

(2.23)

t ~
E exp (Z <Z,/ / B"(s,v,u)N(ds,dv,du)>)
{|v|<m}x]0,1]
mn 1 K41 ~
=FEexp | Z / ’ / B(Xtn, Yin,v,u)N(ds, dv, du)
{|v|<m}x]0,1]
My —2 K41 ~
=E|E exp i z,/ / B(Xin, Yin, v, u)N(ds, dv, du)
iy {lv[€m}x[0,1]
xeXp( < / / B(Xm Y _l,v,u)ﬁ(ds,dv,du)>> Fin. _1])
tn .y J{v|<m}x[0,1] " " "
mn =2 th1 ~
=K H exp | i z,/ / B(Xip, Yir,v,u)N(ds, dv, du)
k=0 138 {|v|<m}x[0,1]
exp / / B(Xyp Y 1,v,u)f\7(ds,dv,du) Fin
ey J{Jul<mix[0,1] mnoh e e

x E

mp—1




Now we can use Lemma 2.4 to evaluate the conditional expectation appearing above as
exXp ((tfnnl - tz“)

X / <@i<Z’B(Xf?nn—1’Yf?«bn_l’”’“” —1—i(z, B(Xyn _,Ypn 71,v,u))> v(dv)du | .
{lv]<m}x[0.1] " "
Here comes the crucial part of our proof. We will show that

/ (ei(z,B(X%n_l,Y%n_l,v,u)) —1—i(z, B(Xpn _Yin 0, u)>> v(dv)du

(2.24) {lv[<m}x[0,1]

— / (") — 1 —i(z,v)) v(dv)du.
{lol<m}x[0,1]

Let us fix the values of Xin ~ and Y;»  for the moment and denote

(2-25) R = R(thl }/tfnnil) and ¢ := thm — thn = U

n—1’ -1 n—1 mp—1"

Then, using the formula (2.16) we can write

B(Xen Y L v,u) = Ru+ (c+ v — Ro)lucpwe) -

n
n—1"7 mp—17

Next, integrating over [0, 1] with respect to u, we get

/ (ei<z’B(X%nf1’Ytﬁlnfﬂ”’“» —1—i(z, B(Xn ,Yin _l,v,u)>) v(dv)du
{lel<m}x0,1] ! '
— / €i<z,Rv) (€i<z,c+vav>p(U’c> + (1 o ,O(U,C))) -1
{lv[<m}
—i(z, Rv) —i(z,c +v — Rv)p(v, c)) v(dv).

Since |B(Xy Yin v, u)]? is integrable with respect to v x X over {|v| < m} x [0,1],

'mnfl7
et o) (ei<z’c+”_R”>p(v, ¢)+ (1 —p(v,c))) —1—i(z,Rv) —i{z,c + v — Rv)p(v,c)

is integrable with respect to v over {|v| < m}. Moreover, e!*f) — 1 —i(z, Rv) is also
integrable over {|v| < m}. In fact, since v is assumed to be rotationally invariant and
R is an orthogonal matrix, we easily see that

/ (ei<Z’R”> —1—i(z, Rv)) v(dv) = / (ei<z’”> —1—i(z,v)) v(dv).
{lvl<m}

{lv[<m}

We infer that (e'*f)(e!=ctv=Rv) 1) —(z,c+v — Rv)) p(v,c) is also integrable with
respect to v over {|v] < m}. Now we will show that the integral of this function actually

vanishes. Note that we have R = I —2cc! /|c|* and since ¢ is the density of a rotationally
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invariant measure v, we have ¢(Rv) = q(v) and ¢(Rv —¢) = q(v+c) for any v € R%. Now

/ (e (eiEetvmho) 1) — (2, e+ v — Rv)) p(v, c)v(dv)
{lv]<m}

= / (efl=etr) — i) iz ¢4+ v) +i(z, Rv)) q(v) A q(v + €)1 {jpsej<mydv
{lvl<m}

/ (ei(z’”> — eMHRO=) i ) +i(z, R(v — ))) q(v —¢) A q(v)dv
{lo—c|<m}n{lv[<m}

= / (=) — eit=ore gy ) +i(z, Ru + ¢)) q(v — ¢) A q(v)dv
{lv—cl<m}n{|v[<m}

= / (= — i=vte) — (2 Ru) 4+ i(z,v + ¢)) g(Rv — ¢) A q(Rv)dv
{|Rv—c|<m}n{|Rv|<m}

= / (=) — eiEvre —j(z Ru) 4+ iz, v + ) q(v + ¢) A g(v)dv
{lotel<m}n{|v[<m}

/ (€i<z,Rv) _ eizote) i(Z, RU) + i<z, v+ c>) p(v, c)y(dv)
{lv|<m}

= —/ (€i<Z’R”>(ei<Z’C+”_R”> —1) —i(z,c+ v — Rv)) p(v, c)r(dv),
{lv]<m}

where in the second step we use a change of variables from v to v — ¢, in the third step
we use the fact that Rc = —c, in the fourth step we change the variables from v to Rv
and in the fifth step we use the symmetry properties |Rv — ¢| = |v + ¢| and |Rv| = |v].
Hence we have shown (2.24). Now we return to our calculations in (2.23) and compute

(2.26)
mn—2 U1 ~
IE( [T exp <2<2/ / B(th,}Qg,v,u)]\/(ds,dv,du)>>
k=0 ty {lv[<m}x[0,1]
x E [exp (z <Z, / B(thmI,K%nl,v,u)N(ds,dv,du)>> f%“] >
thn—1 7 {lvl<m}x0,1]

= exp ((tﬁl - tmn—l)/ (e — 1 —i(z,v)) u(dv)du)
{lvl<m}x[0,1]

Mn—2 35 ~
x E H exp | i z,/ / B(Xin, Yin,v,u)N(ds, dv, du) .
k=0 th {lv]<m}x[0,1]

Then we can just repeat all the steps from (2.23) to (2.26), this time conditioning on
Fh _y, and after repeating this procedure m, — 1 times, we get (2.22). O

It remains now to show the independence of the increments of (Zt)tzo-

Qemma 2.6. Under the above assumptions, for any to > t; > 0 the random wvariable

Ly, — Ztl s independent of Fy,.
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Proof. We will show that for an arbitrary J,-measurable random variable £ and for any
21, 72 € R? we have

to —
Eexp ( < Iy B<X3_7m_,v,u>N<ds,dv,du>> " z’<22,§>>
t1 {|v|<m}x]0,1]

to -
~zep (i(a [ [ BX i) V(s o) ) ) - Eexp(ifen ).
t1 {|v|<m}x]0,1]

As in the proof of Lemma 2.5, the integral fttf f{|v|<m}x[0 1 B(X,_,Y,_,v,u)N(ds, dv, du)
can be approximated by integrals of Riemann sums B™(s,v,u) that have been defined

by (2 21) for some sequence of partitions t; = tj < t} < ... < ¢ = t; such that
Op i= MaXpe(o,...ma—1} |ths1 — th| = 0 as n — oo. Denote
[ mp—1
b :_/ / B(Xe, Yip, v, u)N(ds, dv, du) , Z I
{|v|<m}x[0,1]

Then we have

mp—1
]Eexp( <Z17-[ > +2<227§>) =E (exp 227 H eXp Zlalk >

(2.27) =E (E exp(i(z,§)) ﬁ exp(i(z1, I))| Fin, ID
k=0
= E (eXp( (22,€)) ﬁ exp(i{z1, I;))E |exp(i(z1, I, 1)) Fen, 1]) )

where in the last step we used the fact that for every k € {0,...,m, — 1} the random
variable ¢ is F;, C Fin-measurable. Now, using Lemma 2.4 and our calculations from the

proof of Lemma 2.5, we can show that
/ vN (ds, dv du)>>
{lv|<m}x[0,1]

=FEexp |1 /
t
and thus we see that the expression on the right hand side of (2.27) is equal to

My —2
E exp zl,/ / N(ds dv,du) ) | E | exp(i{z2,§ H exp(i(z, 7)) | .
i J{lol<m}x[0,1]

Thus, by repeating the above procedure m,, — 1 times (conditioning on the consecutive
o-fields Fin ), we get

(2.28)
Eexp (i{z1, I") 4+ i(22,&)) = Eexp(i(z2,§))

mn—l tk+1 _
X H E exp zl,/ / vN(ds, dv, du) .
= tk {lol<m}x[0,1]

However, by the same argument as above we can show that

mn—1 L35 -
H E exp (Z <21,/ ' / vN(ds,dv,du)>> E exp(i(z1,1")).
g Jel<myx(o,]
21
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Since I™ converges in probability to f:f f{|'u } B(X,_,Y, ,v,u)N(ds,dv,du), we get

|<m}x[0,1

to -
Eexp(i{z1, ")) — Eexp (2 <zl,/ / B(XS_,YS_,v,u)N(ds,dv,du)>>
t1 {|v|<m}x]0,1]

and, by passing to a subsequence for which almost sure convergence holds and using the
dominated convergence theorem, we get

Eexp(i{z1, I") +i{z2,&))

to -
 Eexp ( < [/ B(Xs_,ys_,v,u>N<ds,dv,du>> ¥ ¢<Z2,§>) ,
t1 {|v|<m}x]0,1]

which proves the desired assertion. O

3. PROOF OF THE INEQUALITY (1.8)

In this section we want to apply the coupling that we constructed in Section 2 to prove
Corollary 1.2, which follows easily from the inequality (1.8). Namely, in order to obtain

(3.1) Wi (pupe, vpe) < e “Wie(p,v),

we will prove that
(3.2) Ef(|X: = Y]) < e “Ef(| X0 — Yol),

where (X¢, Y3)i>0 is the coupling defined by (2.9) and (2.10) and the laws of the random
variables Xy and Yj are p and v, respectively. Obviously, straight from the definition
of the distance W; we see that for any coupling (X, Y;)¢>o the expression Ef(|X; — Y;|)
gives an upper bound for Wy (up;, vp;) and since we can prove (3.2) for any coupling of
the initial conditions Xy and Yj, it is easy to see that (3.2) indeed implies (3.1). Note
that without loss of generality we can assume that P(Xy # Yy) = 1. Indeed, given any
probability measures 1 and v we can decompose them by writing

(3.3) p=pAv+pandv=pAv+v

for some finite measures i and 7 on R% Then, if a := (u A v)(R?) € (0,1), we can
define probability measures 7 := fi/f(RY) and 7 := 7/v(R?) and we can easily show
that Wy (p, v) = (1 —a)Wy (5, 7). Obviously, the decomposition (3.3) is preserved by the
semigroup (pt)s>0 and thus we see that in order to show (3.1) it is sufficient to show that
Wi (e, vpe) < e “Wy(R, v).

In our proof we will aim to obtain estimates of the form

(3.4) /(21 - BS( %)) <B [ _ef(1Z.)ds,

for some constant ¢ > 0, where Z; = X; — Y;, which by the Gronwall inequality will give
us (3.2). We assume that f is of the form

f:f1+f27

where f; € C?, f{ >0, f{ <0and f1(0) =0 and f, = al(p, for some constant a > 0 to
be chosen later. We also choose f; in such a way that f{(0) = 1 and thus f| < 1 since

f1 is decreasing. Recall that our coupling is defined in such a way that the equation for
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the difference process Z; = X; — Y, is given by

dZ, = (b(X;) — b(Y;))dt + / (I — R(X,_,Y,_))uN(dt,dv, du)

{lv|<m}x[0,1]

(3.5)

— / (Zt_ +v— R(Xt_, Kg_)v)l{u<p(v7zt_)}]\7(dt, dv, du) .
{|v|<m}x]0,1]

Note that the jumps of size greater than m cancel out, since we apply synchronous

coupling for |v| > m in our construction of the process (Y;);>o. In order to simplify the

notation, let us denote

(36) A(Xt—7 }/;5—7 U, U) = _(Zt— +v - R(Xt—7 Y;—)U)l{u<p(v,Zt_)} .
Then we can write
Z, = (0X) = bY))de + [ (I~ R(X,-, Yi0))o N (dt, dv,du)
{lv|<m}x[0,1]

(3.7) N
+ / A(X—, Yy v, u)N(dt, dv, du) .
{|v|<m}x]0,1]

Let us split our computations into two parts by writing
(3.8)  Ef(1Z)) —Ef(120]) = EA(Z]) — Efi(1Z0]) + aEL(,00)(|Ze]) — aEL(0,00) (| Z0]) -

We will first deal with finding an appropriate formula for f; by bounding the difference
Efi(|Z:|) —Efi(|Zo|) from above. This way we will obtain some estimates that are valid
only under the assumption that | Zs| > § for some § > 0 and all s € [0,¢]. We will then use
the discontinuous part fy of our distance function f to improve these results and obtain
bounds that hold regardless of the value of |Z;|. We will start the proof by applying the
It6 formula for Lévy processes (see e.g. [1], Theorem 4.4.10) to the equation (3.7) and
the function g(z) := fi(|x]). We have
;T

1 T;iT;
39 dgle) = £l = S e (00 - P

where 0;; is the Kronecker delta. By the Ito formula we have

and 0;0,9(x) = f7(|z])

(3.10)
d t
9(Ze) — 9(Zo) = Z/ 0,9(Zs-)dZi+ ) ( Z&g AZZ>
i=1 70 5€(0,1]
where Z;, = (Z},...,Z%) and AZ, = Z, — Z,_. Using the Taylor formula we can write
d 1
9(Z,) Z@Zg OAZE=) / (1 —u)0;0i9(Zs— +uAZ)duAZINZ .
ij=170

Denoting W, := Zs,— +uAZ, and using (3.9), we can further evaluate the above expres-
sion as

(3.11)
Z/ r(w. \)Wj“Wi + (W) L (s UL duAZIAZI .
ij=1 o |Wsu|2 ! o | s,u| c |VVSU|2 U

Observe now that for every s € (0,¢] and every u € (0,1) the vectors AZ; and W, are

1
parallel. This follows from the fact that if AZ; # 0 (i.e., there is a jump at s) then
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Y is equal either to X or to R(X,_,Y; )X, and hence Z; is equal either to zero or to
Qes_e _ X, which is obviously parallel to Z,_. Thus we always have

ZWZ AZP = (Wyu, AZ) = £|W,o| - |AZy

and in consequence (3.11) is equal to

: W PIAZ? 1 WolIAZ
1— (W |5“—8 (W AZJ—L d
[a—o [ By gy (1aze - PRl EZE) 4,

1
- / (1= u) 1 (Wau )| AZ 2,
0

so we see that the second sum in (3.10) is of the form
1
> (12 [0 -z +uaza) .
s€(0,t] 0
Hence we can write (3.10) as

(3.12)
A2 = 51020 = | FZ )5 (2 BX) = Y. )
t / 1 N
+/0 /|v|<m}x[01 f1(|Zs—D‘ZT|(Zsf,([—R(XS,,Y;,))MN(ds,dv,du)
t / 1 N
—i—/ /|v|<m}><[01] f1(|Zst‘ZT|<Zsf,A(X57,YS,,v,u))N(ds,dv,du)
2 <‘AZ |2/ — u) {’(IZS+uAZs;)du> .

s€(0,t]

Note that the above formula holds only for ¢ < 7', where T' is the coupling time defined
by (2.11). However, for t > T we have Z; = 0 so if we want to obtain (3.2), it is sufficient
to bound Ef(|Z;ar|). In order to calculate the expectations of the above terms we will
use a sequence of stopping times (7,,)7°; defined by

=inf{t >0:|Z| ¢ (1/n,n)}.

Note that we have 7,, — T" as n — oo, which follows from non-explosiveness of (Z;):>0,
which in turn is a consequence of non-explosiveness of the solution to (1.1). Now we will
split our computations into several lemmas.

Lemma 3.1. We have

tATh
E / / (122
0 {lv|<m}x[0,1]

Proof. Observe that

1 -
7 |<ZS_, (I — R(Xs_,Ys-))v)N(ds,dv,du) = 0.

(Zg (I — R(X,_, Yo )W) = (Z,_,2e,_el v) = 2{(e,_,v)(Z Zo-

s T ) = 2<€s—av>|Zs—|
| Zs-|
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and therefore

tATh 1 _
/ / S Zu ) (2o (L — R(X_, Yo )0 N (ds, dov, du)
0 {jv|<m}x[0,1] | Zs—|

tATh _
=2 [ 2 e o) W dv ).
0 {lv|<m}x[0,1]
By the Cauchy-Schwarz inequality and the fact that f| <1, for any t > 0 we have

tATh t
/ / (1 Ze D es, ) Pr(dv)duds < / / lo20(dv)duds < oo,
0 {lv|<m}x10,1] 0 J{|v|<m}x[0,1]
which implies that

tATh ~
/ / f1(1Zs_){es—,v)N(ds, dv, du)
0 {lv|<m}x[0,1]

is a martingale, from which we immediately obtain our assertion. U

Lemma 3.2. We have

tATn 1
IE/ / f[UZs ) =—(Zs_, A(Xs_,Y,_,v,u))N(ds,dv,du) = 0.
0 {|v|<m}x[0,1] ’ZS*|

Proof. By the Cauchy-Schwarz inequality and the fact that f{ < 1, we have

tATh 1
/ / P20 ) (Z, ) AKX Yo v, ) Po(do)duds
0 {lol<m}x[0,1] | Zs—|

tATh
<[ A(X,, Yo v, w)Po(dv)duds
0 {lv|<m}x[0,1]

Using the bounds obtained in Lemma 2.1 and the fact that |Z;| < n for s < 7,,, we can
bound the integral above by a constant. Thus we see that the process

tATh 1 ~
/ / P20 ) (Ze AKX, Y v, ) N (ds, dv, du)
0 {lv|<m}x[0,1]

|Z,|
is a martingale. O

Lemma 3.3. For anyt > 0, we have

1 t
E Z <‘AZSI2/ (1 —u) {’(|ZS_ +UAZS|)du> < CgE/ JFE(|ZS_|)1{‘Z57|>5}dS,
] 0 0

s€(0,t
where § > 0, € < J A 2m, the constant C; is defined by

0
C. =2 / 2o (dy)

—e/4

where vy is the first marginal of v and the function f. is defined by
fy) = sup f{(x).

z€(y—e,y)
Remark 3.4. Note that the above estimate holds for any 6 > 0 and € < § A 2m as long as
e satisfies Assumption 4 and m is sufficiently large (see (3.16) below). Even though our
calculations from the proof of Lemma 3.7 indicate that later on we should choose § and
m to be the constants from Assumption 3, here in Lemma 3.3 we do not use the condition
(1.4). Note that if the condition (1.4) from Assumption 3 is satisfied by more than one

value of § (which is the case for most typical examples), there appears a question of the
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optimal choice of § and ¢ that would maximize the contractivity constant ¢ defined by
(3.44) via (3.29) and (3.39). The answer to this depends on the particular choice of the
noise (L;);>o. It is non-trivial though, even in simple cases, since ¢ depends on d and ¢
in a convoluted way (see the discussion in Example 4.2).

Remark 3.5. In the proof of the inequality (1.8), if we want to obtain an inequality of
the form (3.4) from (3.12), we need to bound the sum appearing in (3.12) by a strictly
negative term. For technical reasons that will become apparent in the proof of Lemma
3.6 (see the remarks after (3.22)), we will use the supremum of the second derivative of
f1 over “small” jumps that decrease the distance between X; and Y;.

Proof. Observe that for every u € (0,1) we have

(3.13)
1(1Zs- +uAZy|) = f(1Zs- + uAZ)) 12,0020 -l 2o 1} + 112012020 -2 20 )})

< sup (@)1 2,0€0 202D} -
2€(|Zs— |,/ 25 )

Indeed, f; is assumed to be concave, and thus f{’ is negative, so
V(126 + uAZ) 1z 0¢ 2 ez, ) <0

We also know that the vectors Z;_ and AZ, are parallel, hence if | Z4| € (|Zs_| —¢,|Zs—]),
then |Zs_ +ulAZs| = |Zs_ | —u|AZ| for all w € (0,1). In particular, we have |AZ,| € (0,¢)
and |Zs— + ulAZy| € (| Zs—| —€,|Zs—]) for all uw € (0,1) and hence we have (3.13).

Now let § > 0 be a positive constant (as mentioned in Remark 3.4, it can be the
constant from Assumption 3). Here we introduce an additional factor involving 4 in
order for the integral in (3.15) to be bounded from below by a positive constant. We
have

sup  fi(x) - L=y = sup fi(z),

z€(y—e,y) z€(y—e,y)

SO we can write

<|AZ |2/ V(1 Zs— + ulAZ, |)du>
0

( |AZ* f. IZ—|)> L\2,0e( 2o |-e) 2o 1 L{|1Zo- >0} -

s€(0,t]

(3.14)

s€(0,¢]

Now observe that
{12 € (12| = &, 12:- D)} = {1 Z:] < |Zs-[} n{]AZ] < e},
and the condition |Zs| < |Zs_| is equivalent to (AZ,, 27, + AZ,) < 0, so we have

L{z.1€2o-|-e)2,- N}y = Yaz. <y laz. 22, +az,)<0} -

Now we can use the equation (3.5) describing the dynamics of the jumps of the process
(Z1)1>0 and express the sum on the right hand side of (3.14) as an integral with respect
to the Poisson random measure N associated with (L;);>o. However, since all the terms
in this sum are negative, we can additionally bound it from above by a sum taking into

account only the jumps for which v > p(v, Z,_), i.e., only the reflected jumps. After
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doing all this, we get

E > (—|AZ| fe(lZ—I)) L|z.je(Z.- |-e|Ze- )} L(12.- 55}

s€(0,t]
1 ! T 27
< 3E / / L () P
0 J{|v|<m}x[0,1]

X {96, T 022, 42e, T vy<oyL{|Z, >0y N (ds, dv, du) .

S

Note that
(es_el v, Z, +e, el v) = ({es_,v)es, | Zs_|es— + {es_,v)es )

= (es—0) (| Zs-] + (es—, )

and thus we can express the expectation above as

t
2E/ fs(|Zs|)/ [(esms V)P (eu whl<e/2)
0 {ll<m}x[0,1]
X L(es 0)(|Zo|+(eso))<0} L{| 2, |53V (dv)duds .

Now denote v™(dv) := 1yju<m¥(dv) and observe that if we consider the image v™oh,' of
the measure ™ by the mapping h,, : R — R defined by h,(v) = (w, v) for a unit vector
w € R?, then due to the rotational invariance of ™, the measure v™ o h; ! is independent
of the choice of w, i.e.,

V™ o hi,t = v for all unit vectors w € R,

where v} is the first marginal of v (and therefore it is the jump measure of a one-
dimensional Lévy process being a projection of (L;);>o with truncated jumps, see e.g.
[20], Proposition 11.10). Hence we can calculate the above integral with respect to v™ as
an integral with respect to 1" and write the expression we are investigating as

t
QE/ fe(1Zs-1) (/R\yl2l{|y|<s/z}1{y(|zs_|+y)<o}V§n(dy)) Lz, |>syds .
0
The condition y(|Zs_| +y) < 0 holds if and only if y < 0 and y > —|Z,_|, so for those

s € 10, t] for which |Z,_| > § holds, we can bound the above integral with respect to v{"
from below, i.e.,

/R YLy 1<e/2) Ly(1 2o 19y <oy Vi (dy) > /R YL (y1<er2) Liy<ony>—ay Vi (dy)

> / 2 (dy) > 0.

max{—d.—e/2}

(3.15)

Obviously, since € < §, we have max{—d. — £/2} = —¢/2. Moreover, we can take m in
our construction large enough so that

(3.16) / ly 2o (dy) > / ly[*v(dy)

—e/2 —e/4

where v is the first marginal of v (note that if the dimension is greater than one, the

measures Ly, <m)v1(dy) and v{*(dy) do not coincide and hence we need to change the
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integration limit on the right hand side above). Thus we can estimate

t
QE/fxwkn(éwﬁuwgmﬂwwkﬂkmmww>u%_»ws
0

t
< OEE/ f(1Zs- )1z, 1>1ds .
0
O

The calculations in the above lemma still hold if we replace the time ¢ with ¢ A 7,.
Hence, after writing down the formula (3.12) for the stopped process (Zias, )i>0, taking
the expectation and using Lemmas 3.1-3.3, we obtain

wmaww—MM%DSEATUMZ4>1

|ZT|<ZS—> b(Xs—> - b(}/;—)>d5

(3.17) v
—{—CaE/ fe(|Zs—|)1{\Zs_|>6}d5-
0

We have managed to use the second derivative of f; to obtain a negative term that works
only when |Z,_| > 0. Recall that it was necessary to bound |Z,_| from below since we
needed to bound the integral in (3.15) from below. In order to obtain a negative term for
|Zs—| < & we will later use the discontinuous part fs of our distance function f. Now we
focus on finding a continuous function f; that will give us proper estimates for |Z,_| > 0.
The argument we use here is based on arguments used by Eberle for diffusions in his
papers [4] and [5].

Lemma 3.6. There exist a concave, strictly increasing C* function fi and a constant
c1 > 0 defined by (3.25) and (3.29) respectively, such that

(3.18) —fi(r)&(r)r + Cfo(r) < —c1fi(r)
holds for all r > 0, where K is the function defined by (1.5).
Proof. Our assertion (3.18) is equivalent to

C.f-(r) < —erfi(r) + fi(r)s(r)r for all r > §

or, explicitly,

(3.19) sup  fi(z) < —2f1(r) - f{(r)rn(r) for all r > 0.
ze(r—e,r) Ca Cg

Observe that for this to make sense, we should have § > . Define
h(r) :==rk(r).

If we use the fact that —h~ < h, where h™ is the negative part of h, then we see that in
order to show (3.19), it is sufficient to show

h™(r)
Ce

sup  f(z) < —é—lflm — () for all 7 > 6,

z€(r—e,r)
which is equivalent to
" 1 /
{(r—a)< —afl(r) — fi(r)
We will look for f; such that

h™(r)
Ce

for all a € (0,¢) and r > §.

filr) = o(r)g(r)
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for some appropriately chosen functions ¢ and g. Then of course

{(r—a)=¢'(r—a)g(r —a)+ ¢(r —a)g'(r —a).
We will choose ¢ and ¢ in such a way that

(3.20) $(r —a)g'(r —a) < —é—iﬂ(r)
and
(3.21) $r =l — ) < i 2.

Since we assume that f{’ < 0, which means f] is decreasing, we have f{(r) < fi(r —a)
and (3.21) is implied by
h™(r)

Ce
Note that our ability to replace (3.21) with the above condition is a consequence of
our choice to consider only the jumps that decrease the distance between X; and Y; (see

Remark 3.5), which is equivalent to considering the supremum of f" over a non-symmetric
interval. In order to obtain (3.22), we need ¢ such that

(3.22) ¢'(r —a)g(r —a) < —fi(r —a)

¢ (r—a) < —hc(r)gzﬁ(r —a) for all a € (0,¢) and r > 4,
which is implied by
(3.23) ¢ (r) < —Wgﬁ(r) for all a € (0,¢) and r > 0.
Define

h(r):= sup h (t)= sup tx (t).
te(r,r+e) te(r,r+e)
Then of course

—h(r) < —=h™(r+a) for all a € (0,¢)

and thus the condition ~
%T)gzﬁ(r) for all » > 0

)

¢'(r) < —

implies (3.23). In view of the above considerations, we can choose ¢ by setting

(3.24) o(r) == exp (— /0 Eé—?dt)

and this ensures that (3.21) holds.
If we assume f1(0) = 0, then

(3.25) fi(r) = / " (s)g(s)ds

We will choose g such that 1/2 < g < 1, which will give us both a lower and an upper
bound on f{. We would also like g to be constant for large arguments in order to make
f1(r) constant for sufficiently large r. This is necessary to get an upper bound for the W,
distance (see the proof of Corollary 1.5). Hence, we will now proceed to find a formula

for g for which (3.20) holds and then we will extend ¢ as a constant function equal to 1/2
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beginning from some point R;. Next we will show that if R; is chosen to be sufficiently
large, then (3.19) holds for » > R; and g = 1/2. Note that if we set

o) = | o(s)ds,

then we have fi(r) < ®(r) and in order to get (3.20) it is sufficient to choose g in such
a way that

(3.26) o(r —a)g'(r —a) < —2—1@(7") for all @ € (0,¢) and r > 9,
which is implied by

o(r)g'(r) < —%@(r +a) for all a € (0,e) and r > 0.
Since ¢ is increasing, the condition

o(r)g'(r) < —%@(r +¢) forall a € (0,¢) and r > 0

€
implies (3.26). This means that we can choose g by setting
a [TP(t+e)

g(?”) :1_55 0 ¢<t)

Then obviously we have ¢ < 1 and if we want to have g > 1/2, we must choose the
constant ¢; in such a way that

dt.

_a [Te(tte)
Ca 0 ¢(t)

1 dt >

1
2
or equivalently

(3.27) e < % (/0 (b(;(;g)dt) o

Now define
(3.28) Ry:=inf{R>0:Vr> R:k(r) >0} .
Note that Ry is finite since lim,_,, £(r) > 0. For all » > Ry we have
B=(r) = 0 and 6(r) = B(Fo) .
Now we would like to define Ry > Ry + € in such a way that
—a (P2 g < R

Q(T):{1 Ce JO  o(t)

5 r> R

and (3.19) holds for r > R;. By setting

(3.29) ¢ = % (/OR1 é(;(jf_)g)dt) h

we ensure that g defined above is continuous and that (3.27) and, in consequence, (3.20)

holds for » < R;.
We will now explain how to find R;. Since f{(r) = 1¢(Ro) for r > Ry, we have

sup fi'(z)=0forall r > Ry

z€(r—e,r)
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and therefore (3.19) for r > Ry holds if and only if

—f{(T)WZE:) < —é—lgfl(r) for all > Ry,
which is equivalent to
R
_T“(T)@ < —cifi(r) for all » > Ry .

Using once again the fact that f; < ®, we see that it is sufficient to have

—rk(r) ¢<§0) < —c1®(r) for all r > Ry .

By the definition of ¢;, the right hand side of the above inequality is equal to

41@&(;Am®§$@m>q

In order to make our computations easier, we will use the inequality
Rl @ Rl
/ (t+5)dt§/ (ID(t+5)dt
Ry O(1) o o)
and we will look for R; such that

(3.30) —r/{(r)¢(2Ro) < —=C.9(r) <2/R 1 (b(;(—i_)g)dt) for all r > Ry .

We can compute

(), ™ (Re) + G(R)(t+ <~ Ro)
/ m_l; . it

R, 9(1) Ro)
_ ‘I’(RO) 1 s 1,
= (R R[)) (RO) §(R1 +e— RQ) — 58
P(Ry) 1 2
= (Rl Ro) (R()) + §<R1 - RO)
1 B(Ry) 1 )
> ( )¢(Ro) + 5(31 — Ry)
_ (R1 — Ro)®(1)
B 2¢(Ro)

Therefore if we find R; such that

P(Ro) < —Ce®(r)o(Ro)
2 T (R1— Ry)P(Ry)
it will imply (3.30). Observe now that we have

(3.31) —rk(r) forall r > Ry,

o(r)
3.32 < —forallr >R
(3.32) S(Ry) R1 or all r 1-
This follows from the fact that ¢ is decreasing, which implies that ®(R;) > ¢(Ry)R; and
thus o(Ro) .
0
“R)< —(r—R
(I)(R1> ( 1) Rl (7" 1)
and

O(Ro)(r — o) + @(R)) _ v

®(R,) Ry
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hold for » > R;. If we divide both sides of (3.31) by ¢(Ry) and use (3.32), we see that
we need to have

—rr(r) —C.r
< for all r > R
R R
or, equivalently,
2C: < k(r) forallr > R
——————— < k(r) for all r .
(Ri — Ro)Ry — =
This shows that we can define R; by
2C.
(333) Rl Zzinf{RZRO‘i‘g:VTZR:K(T)Zm},
which is finite since we assume that lim, . &(r) > 0. O

Our choice of f; and ¢; made above (see (3.25) and (3.29), respectively) allows us to
estimate

E / ' f{(\zswﬁws, b(X, ) — b(Ya N 1gz, syds
(3.34) 0 -

tATRh

tATh B
+ CaE/ S Zo- )1z, 155pds < E/ —a[i(lZ:) 1z, 1>61ds .
0 0
If we are to obtain (3.4), then on the right hand side of (3.34) we would like to have the
function f instead of fi, but we can achieve this by assuming
(3.35) a<K ing fi(x)
x>

or, more explicitly, a < K f1(d) (since f; is increasing), for some constant K > 1 to be
chosen later. Then we have

1 1
—cfi(lZs) Yz, 156y = —c1 {gfl(\zs’) + §f1(’Zs|)] Lz, 158

c1a

C1
AN ~ 1%
2f1(| D11z, |>8) 51 L1218}

c C
< (i + (12012 50y = — 552 F1ZD 1z, 150

IN

and hence

tATh
(3.36) IE/ e fu(1Z) Ly sy ds < E/
0 0

Now if we write (3.17) as

(3.37)
Efi(1Zinr,|) — Efi(1Z0])
1

tATh
< E/D fi(lZ —!)|Z—_|<Zs—,b(Xs—) = 0(Ys- ) (Lqz._ 155y + Lio<iz,_|<6y)ds

tATh 1

—ﬁf(|Zs|)1{|Zsf|>5}ds

tATh B
+COE / F(1Zo- D)Ly os)ds
0

we see that by (3.34) and (3.36) we already have a good bound for the terms involving
1{z,_|>5). Now we need to obtain estimates for the case when |Z,_| < d. To this end, we
should come back to the equation (3.8) and focus on the expression

B 0,00)(1Z1]) = aB1L(0,00) (1 Z0]) -

We have the following lemma.
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Lemma 3.7. For any t > 0 we have

t
EL 000y (|1Z:]) — ELjo.ooy(|Z0) < ~E / Cs(m)Liociz,<s)ds
0
where

(3.38) Cs(m) = inf

/ q(v) ANg(v+z)dv > 0.
rERE0<|21<3 Jijo| <m}n{jv-+a|<m}

Note that 55(m) 18 positive by Assumption 3 about the sufficient overlap of q and trans-
lated q (see the condition (1.4)).

Proof. Observe that almost surely we have

t
Loy ([Z:]) =1 —/ / Lucp(v.z )y 1|z 1203 N (ds, dv, du) .
0 J{ul<m}x[o,1]

The integral with respect to the Poisson random measure N appearing above counts
exactly the one jump that brings the processes X; and Y; to the same point. Note that
if we skipped the condition {|Zs_| # 0}, it would also count all the jumps that happen
after the coupling time and it would be possibly infinite. Since we obviously have

t
/ / Liu<p(v, 2.1} Ljo<|z._ 1<y N (ds, dv, du)
0 {|v|<m}x[0,1]

t
< / / Liu<pv,z, 3 1z, 120y N (ds, dv, du) ,
0 J{ul<myx[0,1]

we can estimate
t
Lo (|Z:]) <1 —/ / Lpu<p(v, 2.y Lio<|z._|<sy N (ds, dv, du) ,
0 J{|v|<m}x[0,1]

and therefore we get

t
ELo.(121]) ~ BLo(Z0]) < ~aE [ [ Luentozs yLioeiz. <sy/(dv)duds,
0 J{|Jv|<m}x[0,1]

where we used the assumption that El ) (|Zo]) = P(|Zo| # 0) = 1 (see the remarks at
the beginning of this section). We also have

t
E/ / 1{“<P(W,Zsf)}1{0<|ZS,|§5}V(dU)dud8
0 J{lvlsm}x[0,1]
t
- E/ / p(v, Zs-)1jo<|z,_|<syv(dv)ds

0 J{lvlsm}
t

0 J{l<m}n{jo+Zs—|<m}

t
> E/ Cs(m)Lio<)z, |<syds
0
and the assertion follows. O

Note that we can always choose m large enough so that

(3.39)

inf

1
q)ANqv+x)dv > = inf / q)ANgv+z)dv = =Cjs
z€R®:0<|z|<s /{vv|§m}ﬁ{|v+x§m} ( ) ( ) 2 R4 ( ) ( )

zER®:0<|x|<8
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and hence we have

t
1
E1(0,00)(|Z]) = E1(0,00) (| Z0]) < —E/O 3
Combining the estimate above with (3.8) and (3.37), we obtain
Ef(|Zinr,|) = Ef(1Z0])
1

tATh
< E/O f1(1Zs-1) 7] (Zs—, b(Xs-) = b(Ys-)) (L2, 1581 + Ljo<|z._|<6})ds

551{0<\Zs_ |§5}d8 .

tATh 1 -

tATh B
+ Cs]E/ f(Zs- D1z, >sds — GE/ 5Cs1(0<iz.- 1<51ds -
0 0

In order to deal with the expressions involving {|Z,_| < d}, we will use the fact that
b satisfies the one-sided Lipschitz condition (1.2) with some constant C;, > 0 and that
fi(r) < f1(0) =1 for all » > 0 to get

(3.40)

tATh

E fi(1Z-1)
0

tATh 1 -
|Z | <ZS,, b(XS,) - b(Ys,)>1{0<|Zk‘§5}ds - CLE/ 5051{0<|ZS,|§5}d5
s— 0

1 ~ t/\Tn
< (€6~ 3B [ Locizcads.
0

We would like to bound this expression by

tATn
B[ —CrHIZ e s
for some positive constant C, but since the function f is bounded on the interval [0, d]
by f1(0) + a, we have
—Cfi(0) = Ca < =Cf(|Zs—]) if 0 < |Zs—| <6
and thus it is sufficient if we have
C1o+Cfi(8) < (Cs/2 = Ca.

Of course the right hand side has to be positive, so we can choose e.g. C' := Cs /4. Then
we must have

CrLo + 6'5fl<5)/4 <
Cs/4 N
but on the other hand, by (3.35), we must also have a < K f1(d). Hence we can define
C 4
Ko Crd+ Csfi(9)/

(3.41)

Y

(3.42) _
Csfi(0)/4

and

(3.43) a:= K f(0).

Then obviously both (3.41) and (3.35) hold and we get the required estimate for the right
hand side of (3.40). Using all our estimates together, we get

tATh c
Ef(Zine,) ~ EFIZ) <E [ =3 f(ZD1z, oards
0

tATh 1 .
+E/ _105f(|ZS|)1{0<|Zsf\§5}d3‘
0
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Denote

1~
(3.44) ¢ := min {20—;(, 4_10‘5} :

Then of course

tATh
Ef(|Zin,|) — Ef(1Z0]) < E / e f(1Z) Lz oy
0
tATh
(3.45) + IE/ —cf(|Zs])1j0<|z,_ 1<y ds
0

- E/Om —ef(1Z))ds.

Note that we can perform the same calculations not only on the interval [0, A 7,,], but
also on any interval [s A 7,,t A 7,,] for arbitrary 0 < s < ¢. Indeed, by our assumption
(see the beginning of this section) we have P(|Zy| # 0) = 1 and hence for any 0 < s < T
we have P(|Zsar,,| # 0) = 1. Thus Lemma 3.7 still holds on [s A 7,,,t A 7,,]. It is easy to
see that the other calculations are valid too and we obtain

(3.46) Ef(|Zinm,|) —Ef(|Zsar,]) < E/ —cf(|Zrar,|)dr .

Since this holds for any 0 < s < t, by the differential version of the Gronwall inequality
we obtain

Ef(|Zinr,|) < Ef(1Zo])e™" .

Note that we cannot use the integral version of the Gronwall inequality for (3.45) since
the right hand side is negative and that is why we need (3.46) to hold for any s < ¢. By
the Fatou lemma and the fact that Z; = 0 for t > T' (see the remarks after (3.12)) we get

Ef(|1Z;]) < e "Ef(|Zo|) for all t >0,
which finishes the proof of (1.8).

Proof of Theorem 1.1. By everything we proved in Sections 2.4, 2.5 and the entire
Section 3, we obtain a coupling (X3, Y;):>o satisfying the inequality (1.8). The only thing
that remains to be shown is the fact that the coupling (X3, Y;):>o is successful. This
follows easily from the inequality (1.8) and the form of the function f. Indeed, recalling
that Z; = X; — Y; and that T" denotes the coupling time for (X, Y;):>0, for a fixed t > 0
we have

P(T > 1) = P(|Z] > 0) = Bl Z]) < ~E (£i(1Z]) + a1 (1 Z])

= 2Ef(2) < e Ef (%)),

Q|

Hence we get

P(T:oo):P<ﬂ{T>t}> = lim P(T' > ) = 0.

t>0
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4. ADDITIONAL PROOFS AND EXAMPLES

Proof of Corollary 1.4. We have

1(0,00) = aila]—(O,oo) < ail(fl + a]-(o,oo)) = ailfv

hence we get

1 _ 1 e
§||M1pt — fopi|| v = W1(Om)(,u1pta pope) < a”"Wi(paps, papr) < a” e Wiy, pia) -

O
Proof of Corollary 1.5. We have
r R
filr) = o(r)g(r) > 27 > AL
for all » > 0. But f1(0) =0, so we get
R
fir) > 20,
for all » > 0 and in consequence
L 2h0) _200)
¢(Ro) ~ ¢(Ro)
which proves that
Wi (pape, pape) < 20(Ro) " 'e™ W, pia) -
O

Proof of Corollary 1.8. Let us first comment on the assumption we make on the
semigroup (p;)i>o stating that if a measure p has a finite first moment, then for all ¢ > 0
the measure up; also has a finite first moment. This assumption seems quite natural for
proving existence of invariant measures for Markov processes by using methods based
on Wasserstein distances, cf. assumption (H1) in [10]. In our setup, it holds e.g. if we
assume that the noise (L;);>o has a finite first moment and the drift b satisfies a linear
growth condition, i.e., there exists a constant C' > 0 such that |b(z)|*> < C(1 + |z?|) for
all z € R?. By Corollary 1.5, we have

(4.1) Wi (ppe, mpe) < Le™ Wy (1, 1)

for some constants ¢, L > 0 and any probability measures 1 and 1. Now let p be a fixed,
arbitrarily chosen probability measure and consider a sequence of measures (up,)o,.
Apply (4.1) to p and n = pp; with ¢ = n. We get

Wi (upns 1) < Le” "W, ppr) -
Similarly, using the triangle inequality for W7, we get that for any k& > 1

k—1

—c(n+3) €
Wi, ppnk) < LY e DWi(p, pp) < Le——

—Ccn

Wi, ppr) -

=0
It is now easy to see that (up,)22, is a Cauchy sequence with respect to the I3 distance.
Since the space of probability measures with finite first moments equipped with the W,
distance is complete (see e.g. Theorem 6.18 in [27]), we infer that (up, )5, has a limit pp.

Note that here we use the assumption about the semigroup (p;):>o preserving finite first
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moments. We also know that W, actually metrizes the weak convergence of measures

and thus
/ PUDy — / Plo

as n — oo for all continuous bounded (Cp) functions . It is easy to check that since the
drift in (1.1) is one-sided Lipschitz, the semigroup (p:):>o is Feller, in particular for any
p € C, we have p1p € C, and thus

[ e@wpatin) = [ mo@pmidn) » [ mo@plds) = [ olanom (o).

Hence we infer that

Mo = Hop1 -

1
Hox ::/ MOpsta
0

we can easily show (see e.g. [10], the beginning of Section 3 for details) that for any ¢t > 0
we have

Now if we define

Pt = [
i.e., u. is actually an invariant measure for (p;);>o. Now the inequality (1.16) follows
easily from (1.9) applied to p, and n. Indeed, we have
Wit mpe) = W (pape, npr) < €Wy (g m) -
Similarly, the inequalities (1.17) and (1.18) follow easily from (1.13) and (1.14), respec-
tively. O

We would like now to investigate optimality of the contraction constant we obtained
in Corollary 1.2. First, let us recall a well-known result. Let (X;);>o be the solution to
(1.1) and (p;)s>0 its associated semigroup. If there exists a constant M > 0 such that for
all z, y € R? we have

(4.2) (b(x) = b(y),x —y) < —Mla -y,
then for all ¢ > 0 and any probability measures p;, po we have
Wi (pape, pape) < €MW1 (1, pia) -

Example 4.1. A typical example illustrating the above result is the case when the drift
b is given as the gradient of a convex potential, i.e., b = —VU with e.g. U(z) = M|z?|/2
for some constant M > 0. Then we obviously have

(b(x) = b(y), x —y) = —M|z — y|?

and, by the above result, exponential convergence with the rate e=™* holds for the equa-
tion (1.1) in the standard L!-Wasserstein distance.

Example 4.2. We will now try to examine the case in which we drop the convexity
assumption. Assume

(4.3) k(r) >0 for all > 0 and x(r) > M for all r > R

for some constants M > 0 and R > 0. This means that we have

(b(w) = b(y),z —y) <0
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everywhere, but the dissipativity condition (4.2) holds only outside some fixed ball of
radius R. Then, using the notation from Section 3, we can easily check that the function
¢ is constant and equal to 1. We have

T 1 1
A1) /0 gls)ds and g(r) =1 = gy (2T +5r)

- 1 1, 1,
flr) =r R%+2531(6T'+25T)

We also have Ry = 0 and it can be shown that

and therefore

Ry < max(R,W),

where W is the positive solution to the equation M = 2C./W? ie., W = /2C./M.
Indeed, if R > W, then 2C./R* < 2C./W? = M and thus, by (4.3), for all r > R we
have k(r) > 2C./R?, which implies that R belongs to the set of which R; is the infimum
(see (3.33)) and hence R; < R. On the other hand, if R < W, then for all » > W we
have x(r) > M = 2C./W? and thus R; < W. Observe that

C. C.
= > .
R? +2¢eR; — max(R,W)? + 2e max(R, W)
Moreover, K = 1 when Cf, = 0 (see (3.42)). Thus we have

C1 Cs
s
2K — 2max(R,W)2 + 4e max(R, W)’

C1

which means that the lower bound for ¢; /2K is of order min(R™2, M). This means that
the convergence rates in the W; distance are not substantially affected by dropping the
global dissipativity assumption, as long as the ball in which the dissipativity does not
hold is not too large. This behaviour is similar to the diffusion case (see Remark 5 in
5)).

As an example, consider a one-dimensional Lévy process with the jump density given
by q(v) = (1/]v|'T®) for @ € (0,2). Then we can easily show that

et () a2 ()

Let us focus on the case of a € (1,2). If we denote

. CE
(&)= om R

then as a function of ¢ it obtains its maximum for gy := (2 — a)R(2c — 2)~!. Thus if
c1(g0) < ca(gg), where c3(8) := Cs/4 (which, as we can check numerically, is true e.g. for
any R if @ > 11/10), then we see that the optimal choice of parameters that maximizes
the lower bound for ¢ = min{¢; /2K, 6’5/4} is to take ¢ = § = g, at least as long as
R > /2C.,/M, since only then ¢;(gg) is actually a lower bound for ¢;/2K. But for
this to be true, once R and « are fixed, it is sufficient to consider a large enough M
(to give specific values, e.g. for R = 1 and o = 3/2 we have ¢y = 1/2, C., = v/2 and
c1(g0) = v/2/4, hence when we consider M > 24/2, it is optimal to take ¢ = § = 1/2 and

we obtain ¢ > v/2/8). Note that for fixed values of R and M, when « increases to 2, the
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values of C.,, ¢1(g9) and c3(gp) increase to co. However, in such a case ¢;(gg) is no longer
a lower bound for ¢; /2K, since R < /2C.,/M. Instead we have

C1 > Cso

2K = 40 M~ + 429 /2C M

and the right hand side converges to M /4 when o — 2, hence in the limit we get ¢ > M /4,
which is exactly the same bound that can be obtained in the diffusion case (see [5] once
again).
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TRANSPORTATION INEQUALITIES FOR NON-GLOBALLY
DISSIPATIVE SDES WITH JUMPS VIA MALLIAVIN CALCULUS
AND COUPLING

MATEUSZ B. MAJKA

ABSTRACT. By using the mirror coupling for solutions of SDEs driven by pure jump
Lévy processes, we extend some transportation and concentration inequalities, which
were previously known only in the case where the coefficients in the equation satisfy
a global dissipativity condition. Furthermore, by using the mirror coupling for the jump
part and the coupling by reflection for the Brownian part, we extend analogous results
for jump diffusions. To this end, we improve some previous results concerning such
couplings and show how to combine the jump and the Brownian case. As a crucial step
in our proof, we develop a novel method of bounding Malliavin derivatives of solutions
of SDEs with both jump and Gaussian noise, which involves the coupling technique and
which might be of independent interest. The bounds we obtain are new even in the case
of diffusions without jumps.

1. INTRODUCTION

We consider stochastic differential equations in R¢ of the form

(11) dXt = b(Xt>dt + O'(Xt)th + / g(Xt,, U)N(dt, dU) ,

U
where (W), is an m-dimensional Brownian motion and N (dt, du) = N (dt, du)—dt v(du)
is a compensated Poisson random measure on R, x U, where (U, U, v) is a o-finite measure
space. Moreover, the coefficients b : R — RY, ¢ : R — R>™ and ¢ : R? x U — R? are
such that for any x € R? we have

/U|g(:c,u)\21/(du) < 00

and there exists a continuous function x : R, — R such that for all z, y € R? we have
(1.2)

<b(ﬂf)—b(y)>$—y>+%/UIg(x,U)—g(y,U)IQV(dU)JrI\U(x)—a(y)!\?{s < —k(lz—y)|z—yl*,

where ||o||gs = Vtroo® is the Hilbert-Schmidt norm. Note that « is allowed to take
negative values.

If the condition (1.2) holds with a constant function k = K for some K € R, we
call (1.2) a one-sided Lipschitz condition. If K > 0, we call it a (global) dissipativity
condition. If a one-sided Lipschitz condition is satisfied and we additionally assume that
the drift b is continuous and that o and g satisfy a linear growth condition, we can prove
that (1.1) has a unique non-explosive strong solution, even if the one-sided Lipschitz
condition is satisfied only locally (see e.g. Theorem 2 in [17]).

2010 Mathematics Subject Classification. 60G51, 60H10, 60H07, 60E15.
Key words and phrases. Stochastic differential equations, Lévy processes, transportation inequalities,
couplings, Wasserstein distances, Malliavin calculus.
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For p > 1, the LP-Wasserstein distance (or the LP-transportation cost) between two
probability measures p1, po on a metric space (F, p) is defined by

p
W1, p2) == ﬂen”}f " (// z,y)'7( dwdy)) :

where II(j11, p12) is the family of all couplings of uy and po, i.e., m € II(u, o) if and only
if 7 is a measure on £ x F with marginals p; and ps. If the metric space (E, p) is chosen
to be R? with the Euclidean metric p(z,y) = |z — y/|, then we denote W, , just by W,

If the equation (1.1) is globally dissipative with some constant K > 0, then it is well
known that the solution (X;);>¢ to (1.1) has an invariant measure and that the transition
semigroup (p;)e>o associated with (X;);>¢ is exponentially contractive with respect to W),
for any p € [1,2], i.e

Wy (pape, prap:) < efKth(/il, fh2)

for any probability measures y; and p2 on R? and any ¢ > 0 (see e.g. the proof of Theorem
2.2 in [25]). However, we will show that for p = 1 a related result still holds (under some
additional assumptions, see Corollary 2.7) if we replace the global dissipativity condition
with the following one.

Assumption D1. (Dissipativity at infinity)
limsup k(r) > 0.

r—00
In other words, Assumption D1 states that there exist constants R > 0 and K > 0
such that for all z, y € R? with |x — y| > R we have

{b(x) = by),z —y) + % /U l9(@,u) — gy, w)[Pv(du) + [lo(z) — o(y)|hs < —Klz —yl?,

which justifies calling it a dissipativity at infinity condition. Moreover, in some cases we
will also need another condition on the function x, namely

Assumption D2. (Regularity of the drift at zero)
limrk(r) =0.

r—0
This is obviously satisfied if, e.g., there is a constant L > 0 such that we have x(r) > —L
for all » > 0 (which is the case whenever the coefficients in (1.1) satisfy a one-sided
Lipschitz condition) and if b is continuous. Such an assumption is quite natural in order
to ensure existence of a solution to (1.1).
For probability measures u1 and us on (E, p), we define the relative entropy (Kullback-
Leibler information) of p; with respect to ps by

log By if py < iz,
H(pa|p2) == J1og 5, .
+00 otherwise .

We say that a probability measure p satisfies an LP-transportation cost-information
inequality on (FE,p) if there is a constant C' > 0 such that for any probability measure
1 we have

W,o(1, 1) < /2CH (] p) -
Then we write p € T,(C).
The most important cases are p = 1 and p = 2. Since W, , < Wy ,, we see that the
L2-transportation inequality (the T5 inequality, also known as the Talagrand inequality)

implies T, and it is well known that in fact 75 is much stronger. The T3 inequality
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has some interesting connections with other well-known functional inequalities. Due to
Otto and Villani [29], we know that the log-Sobolev inequality implies Ty, whereas T
implies the Poincaré inequality. On the other hand, the T} inequality is related to the
phenomenon of measure concentration. Indeed, consider a generalization of T} known as
the a-W1 H inequality. Namely, let o be a non-decreasing, left continuous function on
R, with a(0) = 0. We say that a probability measure p satisfies a W H-inequality with
deviation function « (or simply a-W; H inequality) if for any probability measure 1 we
have

(1.3) a(Wi,(n, 1)) < H(nlp) .

We have the following result which is due to Gozlan and Léonard (see Theorem 2 in
[14] for the original result, cf. also Lemma 2.1 in [39]). It is a generalization of a result
by Bobkov and Go6tze (Theorem 3.1 in [8]), which held only for the quadratic deviation
function.

Fix a probability measure p on (E,p) and a convex deviation function a. Then the
following properties are equivalent:

(1) the a-W1H inequality for the measure p holds, i.e., for any probability measure
non (F,p) we have

a(W,(n, 1) < H(nlp),
(2) for every f: E — R bounded and Lipschitz with || f||Lip, < 1 we have

(1.4) /eA(f_“(f))du < e for any A >0,

where a*()) := sup,>o(rA — a(r)) is the convex conjugate of a,
(3) if (&)k>1 is a sequence of i.i.d random variables with common law p, then for
every f : E — R bounded and Lipschitz with || f||Li, < 1 we have

(1.5) P (%kz:f(gk) —u(f) > T) < e ™™ for any r > 0,n > 1.

This gives an intuitive interpretation of a-Wi H in terms of a concentration of measure
property (1.5), while the second characterization (1.4) is very useful for proving such in-
equalities, as we shall see in the sequel. For a general survey of transportation inequalities
the reader might consult [15] or Chapter 22 of [37].

As an example of a simple equation of the type (1.1) consider

dX, = b(X,)dt + v/2dW,

with a d-dimensional Brownian motion (W;):>o. If the global dissipativity assumption is
satisfied, then (X;);>o has an invariant measure p and by a result of Bakry and Emery
[3], p satisfies the log-Sobolev inequality and thus (by Otto and Villani [29]) also the
Talagrand inequality. More generally, for equations of the form

(16) dXt = b(Xt)dt + O'(Xt)th y

also under the global dissipativity assumption, Djellout, Guillin and Wu in [11] showed
that 75 holds for the invariant measure, as well as on the path space. As far as we are
aware, there are currently no results in the literature concerning transportation inequal-
ities for equations like (1.6) without assuming global dissipativity. Hence, even though
in the present paper we focus on SDEs with jumps, our results may be also new in the

purely Gaussian case.
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For equations of the form

(1.7) dX; = b(X;)dt + / g(Xi—,u)N(dt,du) ,
U
the Poincaré inequality does not always hold (see Example 1.1 in [39]) and thus in general
we cannot have Ty. However, under the global dissipativity assumption, Wu in [39] showed
some a-W1H inequalities.
Suppose there is a real measurable function go, on U such that |g(z,u)| < geo(u) for
every x € R and v € U. We make the following assumption.

Assumption E. (Exponential integrability of the intensity measure)
There exists a constant A > 0 such that

B(A) = / (49 — Agoo(u) — Dr(du) < oo,

where v is the intensity measure associated with N.

Remark 1.1. Assumption E is quite restrictive. In particular, let us consider the case
where U C RY and g(z,u) = g(x)u for some R¥>9valued function § and hence the
equation (1.7) is driven by a d-dimensional Lévy process (L;)i>o (i-e., we have dX; =
b(X,)dt + g(X;-)dL;). Then Assumption E implies finiteness of an exponential moment
of (Lt)i>o (cf. Theorem 25.3 and Corollary 25.8 in [34]). However, there are examples
of equations of such type for which the a-W7;H inequality implies Assumption E, and
hence in general we cannot prove such inequalities without it (see Remark 2.5 in [39]).
Nevertheless, without this assumption it is still possible to obtain some concentration
inequalities (see Remark 5.2 in [39] or Theorem 2.2 below).

Fix T > 0 and define a deviation function

ar(r) = sup {m _ /0 : B(em)\)dt} ,

A>0

where the constants A > 0 and K > 0 are such that Assumption E is satisfied with A and
that (1.7) is globally dissipative with the dissipativity constant K. Then for any 7" > 0
and any r € RY, by Theorem 2.2 in [39] we have the Wi H transportation inequality
with deviation function a7 for the measure d,pr, which is the law of the random variable
Xr(z), where (X;(z))e>o is a solution to (1.7) starting from x € R, i.e., we have

ar(Wi(n, d.pr)) < H(n|dzpr)

for any probability measure n on R? where W; = W, with p being the Euclidean
metric on R?. Analogous results have been proved by a very similar approach in [25] for
equations of the form (1.1), i.e., including also the Gaussian noise.

In the sequel we will explain how to modify the proofs in [39] and [25] to replace the
global dissipativity assumption with our Assumption D1. We will show that we can
obtain a-WiH inequalities by using couplings to control perturbations of solutions to
(1.1), see Theorem 2.1. We will also prove that the construction of the required couplings
is possible for a certain class of equations satisfying Assumption D1 (Theorems 2.3 and
2.8). All these results together will imply our extension of the main theorems from [39]
and [25], which is stated as Corollary 2.9.

The method of the proof is based on the Malliavin calculus. On any filtered probability
space (Q, F, (Fi)t>0,P) equipped with an m-dimensional Brownian motion (W;);>¢ and
a Poisson random measure N on R, x U, we can define the Malliavin derivatives for

a certain class of measurable functionals F' with respect to the process (W;);>o (the
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classic Malliavin differential operator V), as well as a Malliavin derivative of F' with
respect to N (the difference operator D). Namely, if we consider the family S of smooth
functionals of (W};);>o of the form

F=fW(h),...,W(hy,)) forn>1,

where W(h) = fOTh(s)dWS for h € H = L*([0,T];R™) and f € C*°(R"), we can define
the Malliavin derivative with respect to (W;);>o as the unique element VF in L*(Q; H) ~
L*(Q2 x [0, T];R™) such that for any h € H we have

1 .

<VF, h>L2([0,T};Rm) = lim — (F(W + / hst) - F(W)) y
e—=0 g 0

where the convergence holds in L?(2) (see e.g. Definition A.10 in [10]). Then the defini-

tion can be extended to all random variables F' in the space D%? which is the completion

of § in L?(Q2) with respect to the norm

1152 = 1 F 172 + IV F 20 -

For a brief introduction to the Malliavin calculus with respect to Brownian motion see
Appendix A in [10] or Chapter VIII in [5] and for a comprehensive treatment the mono-
graph [28]. On the other hand, the definition of the Malliavin derivative with respect to
N that we need is much less technical, since it is just a difference operator. Namely, if
our Poisson random measure N on R, x U has the form

N=> 6ue)
j=1

with R -valued random variables 7; and U-valued ;, then for any measurable functional
f of N and for any (¢,u) € Ry x U we put

(1.8) Dy W f(N) = f(N + 5(t,u)) - f(N).

There is also an alternative approach to the Malliavin calculus for jump processes, where
the Malliavin derivative is defined as an actual differential operator, which was in fact the
original approach and which traces back to Bismut [7], see also [4] and [6]. However, for
our purposes we prefer the definition (1.8), which was introduced by Picard in [30] and
[31], and which is suitable for proving the Clark-Ocone formula. Namely, we will need to
use the result stating that for any F' being a functional of (W;);>o and N such that

T T
(1.9) IE/ ]VtF\Zdt + E/ / ]Dt,uF\zz/(du)dt < 00,
0 o Ju
we have
T T _
F=FEF +/ E[V.F|F]dW, —I—/ / E[D, ,,F|F)N(dt, du) .
0 o Ju

It is proved in [24] that the definition (1.8) is actually equivalent to the definition of
the Malliavin derivative for jump processes via the chaos expansion and this approach is
used to obtain the Clark-Ocone formula for the pure jump case. For the jump diffusion
case, see Theorem 12.20 in [10]. For more general recent extensions of this result, see
[21]. Once we apply the Clark-Ocone formula to the solution of (1.1), we can obtain some
information on its behaviour by controlling its Malliavin derivatives. Therefore one of the
crucial components of the proof of our results in this paper is Theorem 2.14, presenting
a novel method of bounding such derivatives, which, contrary to the method used in
Lemma 3.4 in [25], works also without the global dissipativity assumption and without

any explicit regularity conditions on the coefficients of (1.1), except some sufficient ones
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to guarantee Malliavin differentiability of the solution (it is enough if the coefficients are
Lipschitz, see e.g. Theorem 17.4 in [10]).

The last notion that we need to introduce before we will be able to formulate our main
results is that of a coupling. For an R?valued Markov process (Xt)e>0 with transition
kernels (p;(z,-))¢>0.2erd We say that an R*-valued process (X;, X|);>0 is a coupling of two
copies of the Markov process (X;);>o if both (X]);>0 and (X})>o are Markov processes
with transition kernels p;, but possibly with different initial distributions. The construc-
tion of appropriate couplings of solutions to equations like (1.1) plays the key role in the
proofs of Theorems 2.3 and 2.8. For more information about couplings, see e.g. [22], [12],
[27] and the references therein.

The only papers that we are aware of which deal with transportation inequalities
directly in the context of SDEs with jumps are [39], [26], [25] and [36]. The latter two
actually extend the method developed by Wu in [39], but in both these papers a kind
of global dissipativity assumption is required (see Remark 2.12 for a discussion about
[36]). In the present paper we explain how to drop this assumption (by imposing some
additional conditions) and further extend the method of Wu. Since our extension lies at
the very core of the method, it allows us to improve on essentially all the main results
and corollaries obtained in [39] and [25] (and it might be also applicable to the results
in [36], cf. once again Remark 2.12), replacing the global dissipativity assumption with
a weaker condition.

On the other hand, in [26] some convex concentration inequalities of the type (2.6) have

been shown for a certain class of additive functionals Sy = fOT g(X¢)dt of solutions (X;):>o
to equations like (1.1). These are later used to obtain some a-W;I inequalities, which
are analogous to a-WiH inequalities (1.3) but with the Kullback-Leibler information
H replaced with the Fisher-Donsker-Varadhan information, see e.g. [16] for more details.
The proof in [26], similarly to [39], is based on the forward-backward martingale method
from [19], but unlike [39] it does not use the Malliavin calculus. In the framework of Wu
from [39] that we use here, it is possible to obtain related -3 J inequalities with J being
the modified Donsker-Varadhan information. Once we have transportation inequalities
like the ones in our Theorem 2.1, we can use the methods from Corollary 2.15 in [39] and
Corollary 2.7 in [25]. This is, however, beyond the scope of the present paper and in the
sequel we focus on extending the main results from [39] and [25].

2. MAIN RESULTS

We start with a general theorem, which shows that a key tool to obtain transportation
inequalities for a solution (X¢):>o to

(2.1) dX; = b(Xy)dt + o(X;)dW; + / 9(Xi—, u)N(dt, du)
U

is to be able to control perturbations of (X;)¢>o via a coupling, with respect to changes in
initial conditions (see (2.2) below) as well as changes of the drift (see (2.3)). In the next
two theorems we assume that the coefficients in (2.1) satisfy some sufficient conditions
for existence of a solution and its Malliavin differentiability (e.g. they are Lipschitz, cf.
Theorem 17.4 in [10]). From now on, (F;):>¢ will always denote the filtration generated
by all the sources of noise in the equations that we consider, while (p;)¢>o will be the
transition semigroup associated with the solution to the equation. Moreover, for a process
(ht)e>0 adapted to (F;)i>0, we will denote by (X;):>¢ a solution to

dX, = b(X,)dt + o( X)) hydt + o(X,)dW, + / g(X,_, u)N(dt, du) .
U
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Then we have the following result.

Theorem 2.1. Assume there exists a constant o, such that for any v € R? we have
llo(@)|| < 0o, where || - || is the operator norm, and there exists a measurable function
Joo : U — R such that |g(x,u)| < goo(u) for any x € R and u € U. Assume further
that there exists some X\ > 0 such that Assumption E is satisfied. Moreover, suppose that
there exists a coupling (Xi, Yi)i>o of solutions to (2.1) and a function ¢, : Ry — R, such
that for any 0 < s <t we have

(2:2) E[|X; - Yil/F.] < erlt - )|X, - Vi

Furthermore, assume that there exists a coupling (X;,Y)i>o of solutions to (2.1) and
functions co, c3 : Ry — Ry such that for any 0 < s <t we have

(2.3 IS, ~ Y/I/7) < et = 908 [ eslol Kb

Then the following assertions hold.

(1) For any T > 0 and for any x € RY the measure §,pr satisfies

(2.4) ar(Wi(n,d.pr)) < H(n|d.pr)

for any probability measure n on R%. Here Wy = Wi, with p being the Euclidean
metric on RY and

ap(r) := sup {m - /OTﬁ(cl(T —H)\)dt — w /OT cg(t)dt} :

A>0

(2) For any T > 0 and for any x € R? the law P, o7 of (Xi(x))ieppr) as a measure
on the space D([0, T); RY) of cddldg Re-valued functions on [0,T] satisfies

(2.5) oy (Wia, (Q,Pajory)) < H(QPyo,1)

for any probability measure Q@ on D([0,T];RY). Here we take dii(y1,7%) =
fo |1 (t) o(t)|dt as the L* metric on the path space and

B (r) = sup {m -~ /OTB (A /tT c1(s — t)ds) dt — "%y /OT 0 </tT CQ(T)dr>2dt} .

Even without Assumption E, it is still possible to recover some concentration inequal-
ities.

Theorem 2.2. Assume that all the assumptions of Theorem 2.1 are satisfied except for
Assumption E. Instead, suppose that g..(u) is just square integrable with respect to v.
Fiz any T > 0 and any x € R?. Then for any C? convex function ¢ such that ¢' is also
convex and for any Lipschitz function f : R — R, we have

Eo(f(Xr(x)) = prf(2))

<E¢ <HfHLlp (/ /01 — #)goo(u )N(dt,du)—|—02(T)/0Tcg(t)j(t)th))7

(2.6)



where j is any deterministic R™-valued function such that for all t > 0 we have |j(t)| =
Ooo. Moreover, for any Lipschitz function F : D([0, T];RY) — R we have

E( (X (@) — EF (Xo)()))

(2.7) = Eqb(”F”Lip(/oT/U </tT Cl(r—t)dr) goo () N (dt, du)
+ /OT c3(t) (/tT c2(r)dr) j(t)th>> .

The crucial step in proving the above theorems is to find appropriate bounds on Malli-
avin derivatives of the solution to (2.1). We will show that we can obtain such bounds
on D and V using conditions (2.2) and (2.3), respectively (see Section 5 for details).

Now we present another result, which will consequently lead us to some examples of
equations for which the inequalities (2.2) and (2.3) actually hold. First, however, we
need to formulate some additional assumptions. We will need a pure jump Lévy process
(Ly¢)i>o with a Lévy measure v* satisfying the following set of conditions.

Assumption L1. (Rotational invariance of the Lévy measure) v is rotationally invari-
ant, i.e.,

v(AB) = v"(B)
for every Borel set B € B(R?) and every d x d orthogonal matrix A.

Assumption L2. (Absolute continuity of the Lévy measure) v is absolutely continuous
with respect to the Lebesgue measure on R? with a density ¢ that is continuous almost
everywhere on R

Under Assumptions L1-L2 it has been proved in [27] (see Theorem 1.1 therein) that
there exists a coupling (Xi, Y;)i>o of solutions to

dXt == b(Xt)dt + st 5

defined as a unique strong solution to the 2d-dimensional SDE given in the sequel by
(3.2) and (3.3). Moreover, consider two additional conditions on the jump density gq.

Assumption L3. (Positive mass of the overlap of the jump density and its translation)
There exist constants m, d > 0 such that § < 2m and

(2.8) inf

/ q(v) Ag(v+z)dv > 0.
e€R:0<2|<8 /(o] <m}n{|v+a|<m}

Assumption L4. (Positive mass in a neighbourhood of zero) There exists a constant
e > 0 such that ¢ < ¢ (with J defined via (2.8) above) and

/ q(v)dv > 0.
{lvl<e/2}

Suppose now that all the Assumptions L1-L4 are satisfied. Let us define a continuous
function k : Ry — R so that for any x, y € R? the condition (b(x) — b(y),z — y) <
—k(|z —y|)|z —y|? is satisfied and suppose that Assumption D1 holds. Then we get that,
by the inequality (1.8) in Theorem 1.1 in [27], there exist explicitly given L, # > 0 and
a function f such that

(2.9) BJX,(2) ~ Yiy)| < L~ f(lz ~ ).



However, the function f used in [27] is discontinuous. It is actually of the form
(2.10) [ =aloe)+ fi

with @ > 0 and f; being a continuous, concave function, extended in an affine way from
some point R; > 0 (and thus we have a;x < fi(z) < asx for some aq, a; > 0). Hence we
obtain

(2.11) E|Xi(x) = Yi(y)l < Le " (|lz —y| + 1),

for some L > 0, which is, however, undesirable since in order to be able to apply Theorem
2.1 we would like to have |x — y| and not |x — y| + 1 on the right hand side (cf. Remark
2.6). Thus we need to improve on the result from [27] and get an inequality like (2.9)
but with a continuous function f (i.e., with a = 0 in (2.10)). To this end, we define

e/4
(2.12) C. = 2/ v (dy) ,
0

where v! is the first marginal of the rotationally invariant measure v*. The choice of /4
as the upper integration limit is motivated by the calculations in the proof of Theorem
1.1 in [27], see also the proof of Theorem 3.1 below. Now consider a new condition.

Assumption L5. (Sufficient concentration of v* around zero) For any A > 0 there exists
a K (\) > 0 such that for all e < X\ we have ¢ < K(\)C.. In other words, ¢/C. is bounded
near zero or, using the big O notation, ¢ = O(C;) as ¢ — 0.

Intuitively, it is an assumption about sufficient concentration of the Lévy measure
vE around zero (sufficient small jump activity). It is satisfied e.g. for a-stable processes
with o € [1,2) since in this case C. = Ag?™® for some constant A = A(a) and we have
g/C. = Ae> L.

It turns out that once we replace Assumptions L3 and L4 in Theorem 1.1 in [27] with
Assumption L5, we are able to obtain (2.9) with a continuous function f, which is exactly
what we need for Theorem 2.1. This is done in Section 3 in Theorem 3.1. However, we
are able to generalize this result even further.

Theorem 2.3. Consider an SDE of the form

(2.13) dX, = b(X,)dt + o1dB} + o(X,)dB? + dL; + / g(Xi—,u)N(dt,du) ,
U

where (B});>0 and (B?)i>o are d-dimensional Brownian motions, (L;)i>o is a pure jump
Lévy process with Lévy measure v' satisfying Assumptions L1-L2 and L5, whereas N
is a compensated Poisson random measure on Ry x U with intensity measure dt v(du).
Assume that all the sources of noise are independent, oy € R¥™? is a constant matriz and
the coefficients b : R* — R? o : R? — R gnd g : R x U — R? satisfy Assumption
D1. If at least one of the following two conditions is satisfied

(1) det oy > O,

(2) Ly # 0 and Assumption D2,

then, there exists a coupling (X, Y, )0 of solutions to (2.13) and constants C, ¢ > 0 such
that for any =, y € R and any t > 0 we have

(2.14) E|X(2) = Yi(y)| < Ce ™ —y].

Remark 2.4. The reason for the particular form of the equation (2.13) is that in order to
construct a coupling leading to the inequality (2.14) we need a suitable additive compo-

nent of the noise. We can either use (B});>o if the condition (1) holds, or (L;);>q if the
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condition (2) holds. The constants C and ¢ depend on which noise we use. In particular,
the constant ¢ is either equal to ¢ defined by (4.5) if we use (B})io or to ¢; defined by
(3.16) if we use (Lt)i>0. On the other hand, if we have only a multiplicative Gaussian
noise but the coefficient o is such that oo” is uniformly positive definite, we can use
Lemma 4.1 below to decompose this noise and extract an additive component satisfying
(1). Without such an assumption on o, Remark 2 in [12] indicates that it might still
be possible to perform a suitable construction, using the so-called Kendall-Cranston cou-
pling, although this might significantly increase the level of sophistication of the proof. In
the case of the jump noise, as far as we know there are currently no methods for obtaining
couplings leading to inequalities like (2.14) in the case of purely multiplicative noise, and
the recent papers treating this kind of problems (see e.g. [38], [27] and [23]) use methods
that rely on the noise having at least some additive component.

Remark 2.5. The coupling process (Xy, Y;)i>0 is constructed as a unique strong solution
to some 2d-dimensional SDE. This allows us to infer that (X, Y;);>0 is in fact a Markov
process (see e.g. Theorem 6.4.5 in [2] or Proposition 4.2 in [1], where it is shown how the
Markov property follows from the uniqueness in law of solutions to SDEs with jumps). As
a consequence, we see that the inequality (2.14) actually implies that for any 0 < s < ¢
we have

E[|X, — Yi|/F] < Ce )| X, — Y.

Remark 2.6. Theorem 2.3 is obtained based on Theorem 3.1 which is presented later in
this paper. It is however possible to obtain analogous (but perhaps less useful) result
based on the already mentioned Theorem 1.1 in [27], where we have Assumptions L3
and L4 instead of Assumption L5. Then we get an inequality of the form (2.11). It
is still possible to obtain some transportation inequalities if in Theorem 2.1 we replace
the condition (2.2) with a condition like (2.11), but because of its form it forces us to
additionally assume that the underlying intensity measure is finite (see Remark 6.1).

The above result is proved using the coupling methods developed in [27] and [12],
and is of independent interest, as it extends some of the results obtained there. In
particular, it immediately allows us to obtain exponential (weak) contractivity of the
transition semigroup (p;);>0 associated with the solution to (2.13), with respect to the
L'-Wasserstein distance Wi, as shown by the following corollary.

Corollary 2.7. Under the assumptions of Theorem 2.3,
Wi (npe, ppe) < Ce Wi, 1)

for any probability measures n and p on R and for any t > 0. Moreover, (p;)>o has an
mvariant measure iy and we have

Wi (npe, o) < Ce W, (0, o)

for any probability measure n on R? and any t > 0.

This result follows immediately from (2.14) like in the proof of Corollary 3 in [12] or
the beginning of Section 3 in [20]. Using couplings allows us also to prove a related result
involving a perturbation of the solution to (2.13) by a change in the drift. This gives us
a tool to determine some concrete cases in which the assumption (2.3) from Theorem 2.1
holds.

Theorem 2.8. Let (X;)i>o be like in Theorem 2.3 and suppose additionally that As-

sumption D2 holds, det o1 > 0 and that the coefficients o and g are Lipschitz. Consider
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a process (X;)iso which is a solution to (2.13) with the drift perturbed by u,, i.e.,

dX, = b(X,)dt + wdt + 01dB} + o(X,)dB? + dL; + / 9(X,_, u)N(dt, du),
U
where u; is either o1 h; or U()zt)ht for some adapted d-dimensional process hy. Then there
exists a process (Yy)i>o such that (X, Yi)i>o is a coupling of solutions to (2.13) and for
any 0 < s <t we have

. t
(2.15) E[| X, — Y|/ F.] < C/ ==y, |dr |

where the constants C, ¢ > 0 are given by (4.9) and (4.5), respectively.

Observe that the constants above depend on the function x and hence to calculate their
explicit values we need to apply the right version of k in the formulas (4.9) and (4.5),
i.e., the version that is used in the proof of Theorem 2.8. Now, combining Theorems 2.3
and 2.8 to check validity of assumptions of Theorem 2.1, we get the following result.

Corollary 2.9. Consider the setup of Theorem 2.3. Suppose all its assumptions and
Assumption D2 are satisfied and additionally that det oy > 0 and the coefficients o and
g are Lipschitz. Moreover, assume that (X;)i>o is Malliavin differentiable (X; € DY? for
all t > 0) and, similarly to Theorem 2.1, that there exists a constant o such that for
any x € R? we have ||o(z)| < 0 and there exists a measurable function g : U — R
such that |g(z,u)| < goo(u) for any x € R? and u € U. Assume further that there exists

some A > 0 such that Assumption E is satisfied and that there exists X > 0 such that

BN = /U(Ju — = Db (du) < o

Then the transportation inequality (2.4) from the statement of Theorem 2.1 holds with

ar(r) := sup {7‘)\ / B( Ce’C(T t))\ / BE( Ce=aT=1) ) A)dt

A>0

(02, 4 lo[P)N° 51 —e 2"
2 ¢ 2c ’

Moreover, for the invariant measure jo we have

(2.16) oo (Wi (1, o)) < H (0] pto)

for any probability measure n on R, with a. defined as the pointwise limit of ar as
T — oo. Finally, the inequality (2.5) holds with

T AT—1) ~1 — p—&(T-1)
ok (r) == sup {T)\ —/ B ()\Ce—> dt —/ B ()\Cle—) dt
A>0 0 C 0 C
2 2\ 12 T _—e(T=t)\ 2
G RN e | (1 c ) dt}‘
2 0 c

The constants ¢, 5, c and C appearing in the definitions of ar and ok are the same as

in (2.14) and (2.15).

This corollary extends the results from Theorem 2.2 in [39] to the case where we
drop the global dissipativity assumption required therein, as long as we have an additive

component of the noise, which we can use in order to construct a coupling required in
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our method. It is easy to notice that the corollaries in Section 2 in [39] (various results
regarding concentration of measure for solutions of (2.13) in the pure jump case) hold
as well under our assumptions. We also extend Theorem 2.2 from [25], where similar
results are proved in the jump diffusion case under assumptions analogous to the ones
in [39]. However, in [25] there are additionally stronger assumptions on regularity of
the coefficients, which are needed to get bounds on Malliavin derivatives of solutions to
(2.13). Here we use a different method of getting such bounds (cf. Remark 2.16) which
does not require coefficients to be differentiable and works whenever we have X, € D2
for all £ > 0.

Example 2.10. To have a jump noise satisfying all the assumptions of Corollary 2.9,
we can take a Lévy process whose Lévy measure behaves near the origin like that of an
a-stable process with a € (1,2) (so that Assumptions L1-L2 and L5 are satisfied), but
has exponential moments as well (so that Assumption E is also satisfied). A natural
example of such a process is the so called relativistic a-stable process, which is a Lévy
process (L¢):>o with the characteristic function given by

Eexp (i(z, L)) = exp (=t [(m"? + |2]*)" — m])

for 2 € R, with 8 = a/2 and some parameter m > 0. For more information on this
process, see e.g. [9] where Corollary I1.2 and Proposition I1.5 show that it indeed satisfies
Assumption E, or [35] where in Lemma 2 the formula for the density of its Lévy measure
is calculated, from which we can easily see that Assumption L5 holds. SDEs driven by
relativistic stable processes (and in fact also by a significantly more general type of noise)
have been recently studied in [18].

Remark 2.11. Both in [39] and [25], apart from the transportation inequalities for mea-
sures d,pr on R? and for measures P0,r on the path space with the L' metric, there
are also inequalities on the path space with the L metric defined by duo(71,72) =
suPeio7) [71(t) — 72(t)| (see Theorem 2.11 in [39] and Theorem 2.8 in [25]). However, the
method of proof for these (see the second part of the proof of Lemma 3.3 in [25]) involves
proving an inequality of the type

E sup |Xs(z) — X,(y)|* < ez —y|?,

0<s<t

with some constant C , which requires the integral form of the Gronwall inequality, which
can only work if the constant C' is positive (cf. Remark 2.3 in [36]). Since this is the case
even under the global dissipativity assumption, we have not been able to use couplings to

improve on these results in any way and hence we skip them in our presentation, referring
the interested reader to [39] and [25].

Remark 2.12. Another possible application of our approach would be to extend the re-
sults from [36], where transportation inequalities were studied in the context of regime
switching processes, modelled by stochastic differential equations with both Gaussian
and Poissonian noise (see (2.1) and (2.2) therein). There a kind of one-sided Lipschitz
condition is imposed on the coefficients (see the condition (A3) in [36]) and, as pointed
out in Remark 2.2 therein, transportation inequalities on the path space can be obtained
without dissipativity. However, in such a case the constants with which those inequalities
hold for P, o7}, explode when T" — oo (see Theorem 2.1 in [36]). Since the method of
proof used in [36] is a direct extension of the one developed by Liming Wu in [39], it

should be possible to apply our reasoning to obtain non-exploding constants at least in
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(2.13) in [36] under a dissipativity at infinity condition. This is, however, beyond the
scope of our present paper.

Remark 2.13. In the present paper, we only explain in detail how to check assumptions
of Theorem 2.1 using the approach of Theorems 2.3 and 2.8. However, it may be possible
to obtain inequalities like (2.2) and (2.3) by other methods. For example, in a recent
paper [23], D. Luo and J. Wang obtained an inequality like (2.2) for equations of the type
dX; = b(X;)dt+dL, under different than ours assumptions on the Lévy measure and using
a different coupling (see Theorem 1.1 therein; (1.6) in [23] follows from an inequality like
(2.2) which is needed in the proof of Theorem 3.1 therein). This is sufficient to get the
transportation inequalities like in our Theorem 2.1 for an SDE with pure jump noise under
their set of assumptions (plus, additionally, Assumption E). On the other hand, Eberle,
Guillin and Zimmer in [13] showed an inequality like (2.2) for equations of the type dX; =
b(X;)dt+dB, without assuming dissipativity even at infinity, at the cost of multiplying the
right hand side of (2.2) by a factor which, however, can possibly be controlled under some
suitable integrability assumptions for (X;);>o, cf. Theorem 2 and formula (28) in [13].
This could lead to obtaining at least some concentration inequalities like (2.6) for solutions
of equations of the type dX; = b(Xy)dt+dB;+ [,; g(X;—,u)N(dt, du), under some weaker
than ours assumptions on the coefficients b and g. These examples show robustness
of our formulation of Theorem 2.1, as it allows us to easily obtain transportation or
concentration inequalities in many cases where inequalities like (2.2) arise naturally.

The crucial step in the proof of Theorem 2.1 is to find upper bounds for the Malliavin
derivatives of X;. Thus, in the process of proving our main results, we also obtain some
bounds that might be interesting on their own in the context of the Malliavin calculus.

Theorem 2.14. Let (X;)i>0 be a Malliavin differentiable solution to (2.1) such that
(2.8) holds. Assume that there exists a constant ., such that for any v € R? we have
lo(x)|| € 0. Then for any Lipschitz functional f : R® — R with || f|lLip < 1, for any
adapted, R, -valued process g and for any 0 < s < r <t we have

(2.17) E / GlE[Vo f(X)|F] Pdu < A(t)onE / guc(u)du.
Moreover, we have
(2.18) [V f (X Full L @xio) < 2(t)0s sup cs(u),

where the L™ norm is the essential supremum on € x [0, ].

On the other hand, using the condition (2.2), we can obtain related bounds for the
Malliavin derivative D of Lipschitz functionals of X; with respect to the Poisson random
measure N (see Section 5.2 for details).

In the same way in which Corollary 2.9 follows from Theorem 2.1 via Theorems 2.3
and 2.8, the following corollary follows from Theorem 2.14 via Theorem 2.8.

Corollary 2.15. Let (X;)i>0 be a Malliavin differentiable solution to (2.13), satisfying
the assumptions of Theorem 2.3 with det oy > 0 and lim,_,ork(r) =0 (i.e., Assumption
D2). Moreover, assume that the coefficients o and g are Lipschitz and that there ezists
a constant oo such that for any v € R? we have ||o(x)|| < 0. Denote by V' the
Malliavin derivative with respect to (B{)i>o fori € {1,2}. Then for any functional f and
any process g like above and for any 0 < s <r <t we have

(2.19) E / Gu|E[VLF(X0)| Fo)Pdu < C?|lon|PE / a0y
S 13 S



and
(220) E [ BIVE/(X)|F)du < C°0LE [ g, du,

where C' and ¢ are the same as in (2.15). We also have L*™ bounds analogous to (2.18)
for VL f(Xy) and V2 f(X;), with the upper bound being, respectively, ||o1|| and ou.

In analogy to our comment below the statement of Theorem 2.14, we observe here that
a related corollary for the Malliavin derivatives with respect to (Li);>o and N is also true
(see the end of Section 5.2, in particular (5.25) and (5.26)).

Remark 2.16. If the global dissipativity assumption is satisfied and the coefficients in the
equation are continuously differentiable, it is possible to obtain much stronger bounds
than (2.19) and (2.20). Namely, for the multiplicative noise we get

E[|| VXt || %5l Fs] < lo(Xo)|/5ge2 D

for any 0 < s < t, where K > 0 is the constant with which the global dissipativity
condition holds (see Lemma 3.4 in [25]). We were not able to obtain such bounds in our
case. However, our assumptions are much weaker than the ones in [25] and the bounds
(2.19) and (2.20) are sufficient to prove the transportation inequalities in Corollary 2.9.
On the other hand, our bounds for the Malliavin derivative D with respect to the Poisson
random measure N have the same form as the ones in [39] and [25] (cf. Section 5.2 in
the present paper and Section 4.2 in [39]).

The remainder of the paper is organized as follows. In Section 3 we present an extension
of the results from [27] regarding couplings of solutions to SDEs driven by pure jump Lévy
noise. In Section 4 we explain how to further extend these results to the case of more
general jump diffusions and hence we prove Theorem 2.3. In Section 5.1 we introduce
our technique of obtaining estimates like (2.3) in Lemma 5.1, which then leads directly to
the proofs of Theorem 2.8 and Theorem 2.14, followed by the proof of Corollary 2.15. In
Section 5.2 we explain how to show related results in the case of Malliavin derivatives with
respect to Poisson random measures. In Section 6 we finally prove the transportation
and concentration inequalities, i.e., Theorem 2.1, Theorem 2.2 and Corollary 2.9.

3. COUPLING OF SDES WITH PURE JUMP NOISE

Here we consider an SDE of the form

where (Lt)i>0 is a pure jump Lévy process and the drift function b is continuous and
satisfies a one-sided Lipschitz condition. In this section, let N be the Poisson random
measure on R, x R? associated with (L;);>0 via

¢ ¢ _
L, :/ / vN(ds, dv) +/ / vN(ds, dv)
0 J{lv|>1} 0 J{lv|<1}

and let dt v(dv) be its intensity measure. Following Section 2.2 in [27], we can replace N
with a Poisson random measure on R, x R? x [0, 1] with intensity dt v(dv) du, where du is
the Lebesgue measure on [0, 1], thus introducing an additional control variable u € [0, 1].
By a slight abuse of notation, we keep denoting this new Poisson random measure by N.
We can thus write (3.1) as

vN(dt,dv, du) + / vN (dt, dv, du) .

{lvl<1}x[0,1]

dX, = b(X,)dt + /
{|v|>1}x[0,1] y



Without loss of generality, we can choose a constant m > 1 and rewrite the equation
above as

vN(dt, dv, du) + / oN(dt, dv, du) .

{lv]<m}x[0,1]

(3.2) dXt:b(Xt)dtJr/

{lv[>m}x[0,1]

Formally we should then change the drift function by an appropriate constant, but since
such an operation does not change any relevant properties od the drift, we choose to keep
denoting the drift by b. Now we can define a coupling (X, ¥;)i>0 by putting

dY; = b(Y;)dt +/ vN (dt, dv, du)

{|v|>m}x]0,1]

(33) + / (Xt— - }/t— + U)l{u<p(v7zt7)}ﬁ(dt, dv, du)
{lvl<m}x[0,1]

+ / R(th; Y;ff)vl{UZp(v,Zt,)}N(dta dv, du) )
{lv[<m}x[0,1]

fort <T:=inf{t >0: X; =Y} and Y; = X, for t > T, where Z, := X; — Y},

q() N q(v + Z,2 )1tz |<m}

P, 2i-) = g(v)

and
(X —Yi) (X = Vi )"
[ X = Vi |?

(3.4) R(X; Y, )i=1-2 =1 —2e_el |

with e, := (X; — Y,)/|X; — Y;|. Intuitively, it is a combination of a modification of
the reflection coupling with a positive probability of bringing the marginal processes
together instead of performing the reflection (for jumps of size smaller than m) and the
synchronous coupling (for jumps larger than m). We can call it the mirror coupling. For
the coupling construction itself, m can be chosen arbitrarily. For obtaining convergence
rates in Wasserstein distances, we choose m based on assumptions satisfied by the Lévy
measure v of (L;)¢>o. For the discussion explaining this construction in detail see Section
2 in [27].

Under Assumptions L1 and L2 it has been proved in [27] (see Theorem 1.1 therein)
that the 2d-dimensional SDE given by (3.2) and (3.3) has a unique strong solution which
is a coupling of solutions to (3.1). Then this coupling was used to prove that, under
additional Assumptions L3 and L4 and a dissipativity at infinity condition on the drift,
the inequality (2.9) holds with a discontinuous function f, i.e., we have

E|Xi(z) = Yi(y)| < Le " f(|lz — y|)

for some constants L > 1 and 6 > 0.

Now we turn to the proof of a modification of the main result in [27], which will give
us an inequality like (2.9), but with a continuous function f. Recall that in the case of
an equation of the form (3.1), the function & is such that for all z, y € R? we have

(3.5) (b(x) = by),z —y) < —r(lz —yl)|lz—yl*.

Theorem 3.1. Let (X;)i>0 be a Markov process in RY given as a solution to the stochastic
differential equation (3.1), where (Li)i>o is a pure jump Lévy process satisfying Assump-
tions L1-L2 and Assumption L5 and b : R* — R is a continuous, one-sided Lipschitz

vector field satisfying Assumptions D1 and D2. Then there exists a coupling of solutions
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to (3.1) defined as a strong solution to the 2d-dimensional SDE given by (3.2) and (3.3)
and a continuous concave function fi; such that

Efi(|X(z) = Yi(y)l) < e fillz — yl)

holds with some constant ¢c; > 0 for anyt > 0 and any x, y € R%. By the construction of
f1, we also have
E|Xi(z) — Yi(y)| < Le™'|z — y|

with some constant L > 0.

Proof. The existence of the coupling as a strong solution to the system (3.2)-(3.3) has
been proved in Section 2 in [27]. Now we will explain how to modify the proof of the
inequality (1.8) in Theorem 1.1 in [27] in order to prove the new result presented here.
Denote

Zt = Xt — }/;5 .
Using the expression (3.3) for dY;, we can write
iz, = (0X) = WYyt + [ (I = R(X,_, Y, ))oN(dt, dv, du)
{lv|<m}x[0,1]

+/ A(Xt_,Yt_,v,u)N(dt,dv,du).
{lv|<m}x[0,1]

where A(Xy_,Y,_,v,u) = —(Zi— +v — R(X;—, Y )v)L{ucpw,z,_ ). Applying the Ito
formula (see e.g. Theorem 4.4.10 in [2]) with a function f; we get
(3.6)
t
1
FZ) = 51020) = | FZ]) (2 ) = Y. )s

t
1
s RUZ D = ROG Y )0 R s dos
0 J{jo|<m}x[0,1] | Zs-|
t
1 ~
) F1Zu )2 Ze AKX Y0, ) N (ds, do, dur)
0 J{ju|<m}x[0,1] | Zs-|

+ 3 (182 [[a-osiz uz).

s€(0,t

where the last term is obtained from the usual sum over jumps appearing in the Ito
formula by applying the Taylor formula and using the fact that in our coupling the
vectors Zs_ and AZ; are always parallel (see Section 3 in [27] for details). Now we
introduce a sequence of stopping times (7,)7; defined by

(3.7) T, =1inf{t >0:|Z| ¢ (1/n,n)}.

Note that we have 7,, — T as n — oo, which follows from non-explosiveness of (Z;);>o.
By some tedious but otherwise easy computations (see the proof of Theorem 1.1 in [27]
for details, specifically Lemma 3.1 and Lemma 3.2 therein) we can show that

tATh 1
(3.8) IE?/ / F(Zo ) (Zo (I — R(Xo, Yo ))0) N(ds, dv, du) = 0.
0 {|v|<m}x[0,1] |ZS—|

and

tATh 1 ~
(3.9) IE/ / FZe ) Ze A(Xo Y v, u)) N (ds, dv, du) = 0.
0 {Jvl<m}x[0,1] | Zs|

16



In [27] it is also shown (see Lemma 3.3 therein) that for any ¢ > 0, we have
(3.10)

1 t
B Y (1AZF [ G- 0f (2 +udziin) < CE [ 02Dz s
] 0 0

s€(0,¢
where 0 < 6 < 2m, ¢ < 6, the constant C. is defined as in (2.12) with the first marginal
vy of the measure v and the function f. is defined by

fly) = sup  f{(x).

z€(y—e,y)

It is important to note that in order for (3.10) to hold, m has to be chosen in such a way

that
0 2 0 2 Ce
/ ly|"v1" (dy) 2/ ly|*v1(dy) = 5

€/2 —e/4
where 1" is the first marginal of the truncated measure v™(dv) := 1y, j<mjv(dv). This
is, however, not a problem, since m can always be chosen large enough, cf. the discussion
in Section 2.2 in [27]. The crucial element of the proof in [27], after getting the bounds
(3.8), (3.9) and (3.10), is the construction of a function f; and a constant ¢; > 0 such
that

(3.11) —fi(r)R(r)r + Cofe(r) < —e1filr)

holds for all » > §, where « is the function satisfying (3.5). Combining this with (3.6)
and using Assumption L3 and the discontinuity of the distance function to deal with the
case of r < ¢ (see Lemma 3.7 in [27]), it is shown how to get a bound of the form

Efi(|Znn]) — EA(1Z]) <E / A

which then leads to (2.9). Now we will show a different way of dealing with the case
of r < 4, using Assumption L5 instead of Assumption L3, which allows us to keep the
continuity of fi.

It is quite easy to see (using once again the fact that Z,_ and AZ, are parallel, cf. the
proof of Lemma 3.3 in [27]) that for any u € (0, 1) we have

(1 Zy- 4+ ulZy|) < sup [ (@) Lz.0e(1z. 11 Z0 40} -
:DG(‘Zs— MZS— |+5)

We also have
UZsl € (1 Zs-|, | Zs-| +€)} = {|Zs| > |Zs-|} N {|AZ] < e},

and the condition |Z5| > |Zs_| is equivalent to (AZ, 27, + AZ;) > 0. Therefore,
mimicking the argument in the proof of Lemma 3.3 in [27] we get that

812 23 (2P [(0- iz +eszii) <c8 [ fZ s,

s€(0,t]
where

Jo) = sup fl(@)lgsa+ sup fil(2)1gz -
z€(y—c,y) z€(y,y+e)
Now we will show that under Assumption L5, after a small modification in the formulas

from [27], the inequality

(3.13) —fi(r)s(r)r + Clafa(r) < —cfi(r)



holds for all 7 > 0 (note that here we have f-(r) in place of f-(r) in (3.11)). The function
f1, constructed in Lemma 3.6 in [27] in order to satisfy (3.11), is such that f; >0, f{ <0
and is defined in the following way

(3.14) Silr) = [ ¢(s)g(s)ds,

where

" h(t) ) 1—a [f2 g <Ry,
= - dt ; = e J0 ¢>(t)
¢(r) eXP( /O . g(r) {%7 .

Here R; > 0 is given by formulas

]

Rozinf{RZOIVTZR:K(r)Z?M}’

(3.15)

20, M
Rlzinf{RZRo—i—e:VrZR:/i(T)Z },

_|_
(R—Ry)R R
but can be chosen arbitrarily large if necessary and ¢, is a positive constant given by

(3.16) o= (/OR é(ez(:)g)dt)_l

(cf. (3.29) in [27]). Moreover, we have

h(r):= sup h (1), O(r) ::/ o(s)ds
te(r,r+e) 0

and h~ = —min{h, 0} is the negative part of the function

(3.17) h(r) :=rk(r) —2M

with some M > 0 to be chosen later. Actually, in Lemma 3.6 in [27] the function h is
given by h(r) := rk(r), whereas Ry and R; are chosen with M = 0 and this already gives
(3.11). However, it is easy to check that by taking M > 0 we get

(3.18) —[i)R(r)r + 2f1(r)M + Cefe(r) < —c1fu(r).

Indeed, all the calculations in the proof of Lemma 3.6 in [27] are expressed in terms
of a function h, which can be modified if necessary. It is enough to ensure that we
choose Ry such that h™(r) = 0 for r > Ry and then R; such that (—rk(r) + 2M)/2 <
—C.r/(Ry — Ry)Ry for » > Ry, which obviously holds for the choice of h, Ry and R,
presented above. Moreover, we obviously have

—fi(r)s(r)r + Cefe(r) < —fi(r)s(r)r + 2f{(r)M + C.f(r),

and thus if we have (3.18) with some M > 0 for r > 4, then (3.11) is still valid for r > .
The reason we introduce the constant M is that it is needed to show that

" ‘1 /
< ——
m;llp+ ! fl(x) < . fi(r) + fi(r) C.

holds for all » < 4, which, combined with (3.11) for » > §, will give us (3.13). Hence we
need to show that for any s € (r,r 4 €) we have

re(r)

r(r)

[(s) < g h(n) + A

Ce
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First let us calculate (recall that we can choose R; large enough so that s < 0 + ¢ < Ry)

16) = o00) (20 E) 1 (g0

c h(r)
= —é@(s—l—@) = C(,e)fl(s).
Observe now that for < s we have fi(r) < fi(s) < ®(s) < ®(s + ¢) and thus
" 1 B(T) /
g - .
) <~ 0) il
Therefore it remains to be shown that
h(r) ,, ., TE(T
- (r) ()§f1(r) C(f)

Actually, we will just show that

(3.19) Cigf{(s)h(s) < fl(n)=

Then, since —h~ < h and s € (1,7 + ¢), we will get

g hi) sw W) = o) int (~h(0)

te(r,r+e) € te(rrte)

<L fi(s) inf h(t)

™

te(r,r+e)
/ TR(T
< firy" 2.

In order to show (3.19) we observe that straight from the definition of h we have

]‘ / . 1 !
a.ﬁ(s)h(‘s) = afl(S)(SH(S) —2M)

and then we calculate
fi(s)(sk(s) = 2M) = fi(r)re(r) — fi(r)re(r)
+ fils)re(r) — fi(s)rs(r)
+ fi(s)sk(s) — 2M fi(s)
< filr)ra(r) + re(r)(fi(s) = fi(r))
+ fi(s)(ski(s) = re(r)) — 2M fi(s) .

Now it is enough to show that it is possible to choose €, 6 and M in such a way that
the sum of the last three terms is bounded by some non-positive quantity. Since we have
Assumption D2, for any A > 0 there exists some K (A) > 0 such that for all [r] < A we
have |rk(r)] < K()\). Since s <7 +¢ < J + ¢, we obtain

sk(s) —rr(r) <2K(0 +¢).

We also know that f] is non-increasing and thus fi(s) < fi(r), but the sign of rx(r) is
unknown so we cannot just bound rx(r)(f](s) — fi(r)) by zero. We will deal with this
term in a more complicated way. We have

fi(s) = fi(r) = é(s)g(s) — &(s)g(r) + &(s)g(r) — &(r)g(r)
= o(s)(g(s) — g(r)) + ((s) — ¢(r))g(r).
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We also have
[6(s)(g(s) — g(r))| < 26(s) < 4f1(s),

since 1/2 < g < 1. Furthermore

[(6(s) — &(r)g(r)] = |é(s)(1 = d(s) ™ b(r))g(r)]

= ‘gb(s) (1 — exp (/ h(ga dt> g(r)
<2f(s) / S hé? dtexp ( / hc(i) dt)

Qfgj)‘g@M + K(8 + 2€)) exp (C%(QM +R(O+ 25») !

where in the first inequality we have used the fact that |1 — e”| < |ze®| for all x > 0 and
that ¢ < 1 and ¢(s) < 2f{(s). In the second inequality we used

~+~
~—

<

* h(t) £
—dt < —2M + K 2
| i< G+ K+ 22)),

which holds since |s — r| < e. Thus if we find J, € and M such that

3 3

K(9) <4 + 203(2M + K(§ + 2¢)) exp (Ci(QM + K (6 + 25))) ) +2K(0+¢) <2M,

then (3.19) holds and we prove our statement. This is indeed possible since we assume
that €/C; is bounded in a neighbourhood of zero. O

4. COUPLING OF JUMP DIFFUSIONS

Here we study jump diffusions of more general form (2.13) and we prove Theorem 2.3.
In order to do this, we first recall results obtained by Eberle in [12] for diffusions of the
form

dXt = b(Xt)dt + UldBt 5

where oy is a constant non-degenerate d x d matrix and (B;);>¢ is a d-dimensional Brow-
nian motion. Eberle used the coupling by reflection (X3, Y;):>0, defined by

(4.1) dY; = {Z(X%)dt + 01R,, (X, Y,)dB, g z ; ;
where T := inf{t > 0: X; = Y;} is the coupling time and
(4.2) R, (X4, Y;) i= I — 2ese]
with
(4.3) e =07 (X, = Vi) /|oy (X, = V).
Using this coupling, Eberle constructed a concave continuous function f given by
(4.4) 1= [ etopats)as,
where
o(r) == exp (—% /OT sm_(S)ds) : g(r) = {% 7_ Sl %dt’ : i Zi:
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with ®(r) := [ ¢(s)ds and some constant Ry > 0 defined by (9) in [12]. Here ¢ > 0 is
a constant given by

= 1D

where o := sup{|o;'z|? : z € R? with ||z|| = 1} (cf. the formula (12) in [12]) and & is
defined by

-1

(4.6)  k(r) =inf {—M(b(x) —bly),z—y):x,y eERYst. |z —y| = r} )

|z —yl*
In other words, x is the largest quantity satisfying

(4.7) (b(@) = b(y),w —y) < —kllz —yl)le —y*/loy " (z —y)|*

for all z, y € R?, although for our purposes we can consider any continuous function x
such that (4.7) holds. Then it is possible to prove that

(4.8) 2f"(r) —re(r)f'(r) < —caf(r) for all r > 0.

Note that our definition of « differs from the one in [12] by a factor 2 to make the notation
more consistent with our results for the pure jump noise case presented in the previous
Section (cf. formulas in Section 2.1 in [12]). By the methods explained in the proof of
Theorem 1 in [12] (see also Corollary 2 therein) we get

Ef(IXi(z) = Yiy)l) < e " f(lz —yl)

and, by the choice of f (which is comparable with the identity function, since it is extended
in an affine way from R; > 0), we also get

E[X(z) - Yi(y)] < Ce |z —y
with a constant C' > 0 defined by (cf. (14) and (8) in [12])
(4.9) C := 2p(Ry) ™", where Ry :=inf{R>0:Vr > R x(r) > 0}.

Now we will explain how to combine the results from [12] and [27] to get analogous
results for equations involving both the Gaussian and the Poissonian noise. The general
idea is, similarly to [12] and [27], to use an appropriate coupling (X;, Y;):>0, to write an
SDE for the difference process Z; = X; — Y}, to use the It6 formula to evaluate df (|Z;|)
and then to choose f in such a way that df(|Z;|) < dM; — ¢f(|Z;])dt for some constant
¢ > 0, where (M;);>o is a local martingale.

Proof of Theorem 2.3. We consider an equation of the form

dX, = b(X,)dt + 01dB} + o(X,)dB? + dL; + / g(Xo—,uw)N(dt,du),
U

where o; > 0 is a constant and all the other coefficients and the sources of noise are like
in the formulation of Theorem 2.3 (in particular, here we denote the underlying Poisson
random measure of (L;);>o by N¥ and its associated Lévy measure by v*). Restricting
ourselves to a real constant in front of (B});>o instead of a matrix helps us to slightly
reduce the notational complexity and seems in fact quite natural at least for the equations
for which Lemma 4.1 applies. Recall that « is such that for all z, y € R? we have

(4.10)

(b(fr>—b(y),w—y>+%/UIg(%U)—g(y,U)IQV(dUH||0(fr>—0(y)|lizs < —k(lz—y|)|lz—y[?
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and that it satisfies Assumption D1. Now we will apply the mirror coupling from [27]
to (Lt)e>0, by using the “mirror operator” M(-,-), i.e., recalling the notation used in the
equations (3.2) and (3.3), we define

M(X,_ Y, )L; = / vN*(dt, dv, du)

{|v|>m}x]0,1]

—+ / (Xt_ — }/t— —+ U)l{u<p(v7zt_)}]f\ﬁ‘(dt, d’U, du)
{|v|<m}x]0,1]

4 / R(Xo— Yo Yol puspo.zeyy N (d, dv, du)
{|v|<m}x]0,1]

with the reflection operator R defined by (3.4). We will also use the reflection coupling
(4.1) from [12], with the reflection operator R,, defined by (4.2) and apply it to (B} )>o.
Note that if the coefficient near the Brownian motion is just a positive constant and not
a matrix, the formulas from [12] become a bit simpler, in particular the unit vector e,
defined by (4.3) becomes just (X; — Y;)/|X: — Yi|. Thus the two reflection operators we
defined coincide and we can keep denoting them both by R. Moreover, we apply the
synchronous coupling to the other two noises and hence we have

4Y; = b(Y;)dt + o1 R(Xy, Y)dBY + o(Y:)dB? + M(X,_, Y )dL; + / (Yo )N (dt, du)
U

Since all the sources of noise are independent, it is easy to see that (X, Y;);>0 is indeed
a coupling (this follows from the fact that R applied to (B});>o gives a Brownian motion
and M applied to (L¢)i>o gives the same Lévy process, whereas the solution to the
equation above is unique in law). We can now write the equation for 7, := X, — Y; as

dZ; = (b(X;) — b(Yy))dt + 201eef dB} + (0(X;) — o(Y;))dB?
(1= M(X,, Yo )L, + / (9(Xe,w) — g(Ve, u)) N (dt, du),

where we evaluated o1(I — R(X;_,Y;_)) as 201e;el and we will later use the fact that

th = el'dB} is a one-dimensional Brownian motion in order to simplify our calculations.
We apply the It6 formula to get

(4.11) df (|12)) Z

where
1 1
I = f’(\ZtD@U)(Xt) —b(Yy), Zy)dt, I3 = f'(1Z]) 7~ VA (Z4, (0(X:) = o(Yy)dBy)
1 1
I _zf'(yzty)@wt,alete?dBi), I = f'(\zt,|)’Zt |(Zt (I = M(X,_,Y:)))dLy
and
1z I/ (Xosu) — g(Yi,u), Zo )N (dt, du)
t—
constitute the drift and the local martingale terms, while
d ; o
1 ARV 1 ARV S Z Z7
I — g2 "7 t— t—+ 7 ' _ Aty = gt
6 2 1iJZI (| t— |)| | f(‘ t— |>( ]th_| |Zt—|3) |Zt |2
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and
d

7t 77 1 7t 77
I’? — " Zt, t—“t— / Zt, 5” o t—“t—
Z 11275 + 512Gty = )
- [Da@-k(x) — oY) (0(Xi0) = opu(¥i)) | de
k=1

come from the quadratic variation of the Brownian noises, whereas

18::/
U

— (I = M(Xi—, Yo ), V(| Ze-1]))

F(1Ze- + (I = M(X—, Yo )v]) — f(|Zi-])

NE(dt, du)

and

[912/
U

—(9(Xi—,u) — g(Yie,u), V(1 Z-]))

12+ 9(Xie s u) = g(Yie, u)]) = f(12e-])

(4.12)
N(dt,du)

are the jump components.

Now we proceed similarly to [12] and [27]. Since we want to obtain an estimate of the
form df (| Z;]) < dM,—<¢f(|Z;|)dt and we assume that the function f is concave, we should
use its second derivative to obtain a negative term on the right hand side of (4.11). In
order to do this, we can use the additive Brownian noise (B} )¢ to get a negative term
from Iy (it is easy to see that it reduces to 207 f”(|Z;])) and then use the function f from
[12] given by (4.4), aiming to obtain an inequality like (4.8) (then we can just use the
synchronous coupling for (L;);>¢ and the terms Iy and Ig disappear). Alternatively, we
can use the additive jump noise (L;):>o to get a negative term from Ig. As we already
mentioned in Section 3 under the formula (3.6), the integral Iy reduces to the left hand
side of (3.12), see Section 3 in [27] for details. Then we can use the function f; from
[27], aiming to obtain an inequality like (3.13) (then we use the synchronous coupling for
(B})¢>0 and the terms I, and I disappear). In either case, I3 and I5 can be controlled
via k, since the coefficients o and ¢ are included in its definition. If we are only interested
in finding any constant ¢ > 0 such that (2.14) holds, then it is sufficient to use one of the
two additive noises and to apply the synchronous coupling to the other (if both noises
are present it is recommendable to use (B})i>o since the formulas in [12] are simpler than
the ones in [27]). If we are interested in finding the best (largest) possible constant ¢,
then we can use both noises, but then we would also need to redefine the function f and
this would be technically quite sophisticated (whereas by using only one noise we can
essentially just use the formulas that are already available in either [12] or [27]).

We should still explain how to control I7 and Iy. We can control Iy following the ideas
from [23] and controlling I7 is also quite straightforward.

First observe that V f(|Z;_|) = f’(|Zt,|)ﬁZt, and, following Section 5.2 in [23], note

that since f is concave and differentiable, we have

fla) = f(b) < f'(b)(a—b)
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for any a, b > 0. Thus

F1Ze- + 9(Xomsu) — gV, w)]) = f(1Z-]) = /(1 Ze- D=

< P00 (12 + 90X 0) = 9(Yic)] = V2o =
Next we will need the inequality

1 1

|z +yl = |2 = (v 2) < 5=yl

|z 2|]

which holds for any z, y € R? since
|zl|z +y| < (|$|2 +lz+yf’) = (|$|2 + |2+ 2(z,y) + [y]?)-
Hence we obtain
1
P2 g [ o) = Vi PN at ).
21Z-| Ju
On the other hand, if we denote by ¢* the k-th column of the matrix o, then

f”(’Zt,DKZt’O- (i(éz__PO' (Y;t)>| +ZZfI(’Zt |>|Zt ‘(Uzk(Xt )—aik(Yt,))Q

k=1 =1

NE

I; =

k=1

(Z,, 0" (X,) — aF (V)2 ,
Z P §f<|Zt7!>|Z_|Ha<Xt ) — o (Vi) |l4s -

M-

F'(12e-1)

>
Il

1

Hence we get a bound on df (| Z;|), which allows us to bound Ef(|Z;|) — Ef(]Zs|) for any
0 < s < t. Using a localization argument with a sequence of stopping times (7,,)%° ; like

n (3.7), we can get rid of the expectations of the local martingale terms. Then We can
use the inequality (4.10) multiplied by f'(Jz — y|) . to see that, if we are using the
additive Lévy noise (Lt);>o to get our bounds, then after handling I like in (3.12) and
using the estimates (3.8) and (3.9), we need to choose a function f; such that

—A@)R(r)r + Cofelr) < —erfulr)

and this is exactly (3.13), so we can handle further calculations like in the proof of
Theorem 3.1. Alternatively, if we are using the additive Gaussian noise (B})i>0, we can
modify the definition of £ to include the oy factor (cf. (4.6)) and then we need to choose
a function f such that

21"(r) — rr(r) f'(r) < —U%f(r) ,

hence 1/0% plays the role of a in the calculations in [12] (cf. (4.8) earlier in this Section
and for the details see the proof of Theorem 1 in [12], specifically the formula (63), while
remembering about the change of the factor 2 in our definition of x compared to the one
n [12]).

Either way we obtain some constant ¢ > 0 and a function fsuch that

(4.13) EF(Zune, ) — EF(|Zunn|) < —7 / EF(|Zon|)dr

holds for any 0 < s < t. Here ¢ and fare equal either to ¢ and f defined by (4.5) and

(4.4) or ¢; and f; defined by (3.16) and (3.14), respectively, depending on whether we
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used (B})i>o or (L);>o in the step above. Thus we can use the differential version of the
Gronwall inequality to get

Ef(|Zinr,]) < Ef(|Zo])e™ for any t > 0,
and after using the Fatou lemma, the fact that 7, = 7" and that Z; = 0 for ¢t > T, we get
Ef(|Z|) < Ef(|Zo|)e for any t > 0.

Since we can compare our function f with the identity function from both sides, this
finishes the proof. Note that in the last step one has to be careful and use the differential
version of the Gronwall formula, since the integral version does not work when the term
on the right hand side is negative (cf. Remark 2.3 in [36]).

Note also that if we are only dealing with the Gaussian noise, then we can reason like
n [12], i.e., having proved that

df(|ZtD < dM; — Cf(‘Ztht

(by choosing an appropriate function f) for some local martingale (M;);>o, we can see
that this implies d(e“ f(|Z;])) < dM;, so by using a localization argument we can directly
get Elef(|Z:])] < Ef(|Zo]) without using the Gronwall inequality. However, in the
jump case this is not possible, since we have to first take the expectation in order to deal
with Iy and Iy by transforming the stochastic integrals with respect to N* and N into
deterministic integrals with respect to v* and v, respectively. Only then can we use the
definition of x via (4.10) to find an appropriate function f such that (4.13) holds.

U

We will now show how, starting from an equation of the form (2.1) with one multi-
plicative Gaussian noise, we can obtain an SDE of the form (2.13) with two independent
Gaussian noises, one of which is still multiplicative, but the other additive (and the addi-
tive one has just a real constant as a coefficient, cf. the comments in the proof of Theorem
2.3 earlier in this section).

Lemma 4.1. If (X})i>0 is the unique strong solution to the SDE

where (By)i>o is a Brownian motion and ool is uniformly positive definite, then (X;)i>o
can also be obtained as a solution to

(4.15) dX; = b(X;)dt + CdB} + 5(X;)dB}

with two independent Brownian motions (B} )i>o and (B?)¢o0, some constant C' > 0 and
a diffusion coefficient o such that if ||o(z)||ps < M for all x € R with some constant
M >0, then

(4.16) lo(x) — ()HHs_\/WH o(x) —o)llus,

where the constants A > C' > 0 are as indicated in the proof.

Proof. Observe that if the diffusion coefficient o is such that oo’ is uniformly positive
definite, i.e., there exists A > 0 such that for any z, h € R? we have

(o(x)o(x)"h, k) > N|h[*,

then o(z)o(x)” — N1 is nonnegative definite for any z € R? and thus we can consider

\/0’ — N2,




which is the unique (symmetric) nonnegative definite matrix such that a(z)a(z)? =

o(z)o(x)T — X2I. Note that if we now define & as
= \/o(z) - C?I
for some constant 0 < C? < )\2, we can get
(o(x)?h, h) = (o(x)o(x)"h, ) — C*(h,h) > (N2 — C?)|h|?,

and thus we can assume that o(x) is also uniformly positive definite. Therefore Lemma
3.3 in [32] applies (our & corresponds to o in [32] and our oo’ corresponds to ¢ therein).
Thus we get

lo(z) = a()llns < NWH o(@)o(@)" —a(y)ay) s

(all eigenvalues of o(z)o(x)”T — C?I are not less than A\? — C?, which is the condition
that needs to be checked in the proof of Lemma 3.3 in [32]). This shows that whenever
oo? is Lipschitz with a constant L, the function & is Lipschitz with L/2v/A2 — C2. In
particular, if o is Lipschitz with a constant L and bounded with a constant M, then oo’
is Lipschitz with the constant 2L M and thus ¢ is Lipschitz with LM /v/A? — C?. Hence
we prove (4.16).

Now assume that (X})¢>o is a solution to (4.15) and consider the process

t
A, = CB} + / Vo(X — C21dB* = X, — X, — / b(X,)ds.
0
We can easily calculate

¢
(4.17) [A?) A7), :/ (O'O'T)Z.j (Xs)ds .
0
Hence, if we write
dX, = dA; + b(X,)dt = o(X;)dB; + b(X,)dt

where dB; = o~ (X;)dA;, then using (4.17) and the Lévy characterization theorem, we
infer that (By);>o is a Brownian motion. Thus (X;);>¢ is a solution to (4.14). O

The proof of (4.16) is based on the reasoning in [32], Section 3 (the matrix ¢(z) used
there is our o(x)o(x)T; the difference in notation follows from the fact that the starting
point for studying diffusions in [32] is the generator and not the SDE). Due to (4.16) we
see that if the coefficients in (4.14) satisfy Assumption D1, then the coefficients in the
modified equation (4.15) also do (after a suitable change in the definition of k). More
generally, Lemma 4.1 allows us to replace an equation of the form (2.1) with

dX; = b(X,)dt + CdB} +\/o(X,)o(X,)T — C2IdB? + / g(X,_, u)N(dt,du)
U

T

as long as oo’ is uniformly positive definite.

5. BOUNDS ON MALLIAVIN DERIVATIVES

5.1. Brownian case. In this section we first prove Theorem 2.8 and then we show how
to obtain bounds on Malliavin derivatives using the inequality (2.3). As a consequence
we prove Theorem 2.14 and Corollary 2.15. We begin with proving the following crucial

result.
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Lemma 5.1. Let (X;)i>0 be a d-dimensional jump diffusion process given by

U

where o is a dx d matriz with det 0 > 0 and (By)i>o is a d-dimensional Brownian motion,
whereas b and g satisfy Assumption D1 and Assumption D2 and g is Lipschitz. Let hy
be an adapted d-dimensional process and consider a jump diffusion (X;)i>o with the drift
perturbed by hy, i.e.,

(5.2) dX; = b(X,)dt + hydt + odB, + / g(X,_, u)N(dt, du) .
U

Then there exists a d-dimensional process (Yi)i>o such that (X, Yi)io is a coupling and
we have

t
(5.3) E|X; - Y| < CIE/ eV || ds
0

for some constant C' > 0.

Proof. The arguments we use here are based on ideas from Sections 6 and 7 in [12], where
interacting diffusions (without the jump noise) were studied. Here the most important
part of the argument also concerns the Gaussian noise, however, we include the jump
noise too in order to show how to handle the additional terms, which is important for
the proof of Theorem 2.8. On the other hand, in order to slightly simplify the notation,
we assume from now on that ¢ = I. Denote

Zi = Xt - Y,
where (Y;):>0 will be defined below by (5.6), and consider Lipschitz continuous functions
A, 7 R% — [0,1] such that for some fixed § > 0 we have

M (2) 4+ 72(2) = 1 for any z € R?,

(5.4) AMz)=0if |z] <§/2

AMz)=1if|z] > 6.

Now fix a unit vector u € R and define R(X,,Y;) := I — 2¢,eT, where

o XY
T, X, =Y.

We will see from the proof that the exact value of u is irrelevant. Let us notice that the
equation (5.2) for the process (X;)¢>o can be rewritten as

(5.5) dX; = b(X,)dt + hydt + N(Z,)dB} + 7(Z,)dB? + / g(X,_,u)N(dt, du)
U

where (B});>o and (B?);>¢ are independent Brownian motions, and define

(5.6) dY, = b(Y,)dt + N(Z)R(X,,Y,)dB} + n(Z,)dB> + / g(Ye_, u)N(dt, du) .
U

Using the Lévy characterization theorem and the fact that A2+ 72 = 1, we can show that
the processes defined by
dB, := \(Z,)dB} + 7(Z,)dB?,

dB, := \(Z,)R(X,,Y;)dB} + 7 (Z;)dB?
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are both d-dimensional Brownian motions and hence the process (Y;);>o defined by (5.6)
has the same finite dimensional distributions as (X;);>¢ defined by (5.1) with ¢ = I,
while both (5.2) with o = I and (5.5) also define the same (in law) process, which follows
from the uniqueness in law of solutions to equations of the form (5.1). Thus (X3, Y;)i>0

is a coupling. Note that obviously in this case (X, Y;):>o is not a coupling, but we do
not need this to prove (5.3). Consider the equation for Z, = X; — Y}, which is given by

dZy = (b(Xy) = b(V;))dt + hudt + 2X\(Zy)ese] dB} + /U(g()?t, u) = g(Yee, w))N(dt, du),

and observe that the process
AW, := el dB}

is a one-dimensional Brownian motion. Now we would like to apply the Ito formula
to calculate df (| Z;]) for the function f given by (4.4), just like we did in the proof of
Theorem 2.3. However, the function z — f(|x|) is not differentiable at zero. In the proof
of Theorem 2.3 this was not a problem, since we started the marginal processes of our
coupling at two different initial points and were only interested in the behaviour of f(|Z;|)
until Z; reaches zero for the first time. Here on the other hand we will actually want to
start both the marginal processes at the same point. Moreover, because of the modified
construction of the coupling, which now behaves like a synchronous coupling for small
values of |Z;|, it can keep visiting zero infinitely often. A way to rigorously deal with
this is to apply the version of the Meyer-Ito formula that can be found e.g. as Theorem
71 in Chapter IV in [33]. We begin with computing the formula for d|Z;|, by calculating
d|Z)? first and then applying the It6 formula once again to a smooth approximation of
the square root function, given e.g. by

S(r) = {_“/ 8)e8/212 + (3/4)e™2r + (3/8)e12, <,
- VT, r>e€.

A related argument was given by Zimmer in [40] in the context of infinite-dimensional
diffusions, see Lemmas 2-5 therein. In our case, after two applications of the It6 formula,
we get

dS(|1Z:)?) = 45" (|1 Z, ) A (Zt)|Zt|th +25'(1Z:*)(Zy, by + b()?t) —b(Y))dt
+ 4S5 (| Z )N Z,)dt + 85" (| Zi|*) N2 (Zy) | Z, |t

w [ (512 + %) = gt w) = 5 (1Z0-)) Nt
2 / S Z- P Zus 9o t) — (Yo, w))o(du)it

Since for any r € [0,00) we have S(r) — /r when € — 0, we can also show almost sure
convergence of the integrals appearing in the formula above. For example, using the fact
that S is concave, for any a, b > 0 we have S(a) — S(b) < S’(b)(b — a) and hence

B[ [ (5 (1 +o(Fe ) — o0 w) =5 (7)) N
<& [ [0 (19~ o0 200 — o0 )l
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Using the fact that g is Lipschitz and that sup,.. S'(r) < £~1/2 we see that the integral

[ [ (502 +o(Fm - g ) = (17 7)) NGt

converges to

T ~
| [ v (12 + 9(Fi i) = gVies ] = |2-1) Nt du)
0 U

in L' and hence, via a subsequence, almost surely when ¢ — 0. Dealing with the other
integrals is even easier, cf. Lemmas 2 and 3 in [40] for analogous arguments. Thus we
are able to get

— 1 ~
d|Zi| = 2M(Z,)dW, + 1{Zt¢o}m<zt, he 4+ b(X,) — b(Y;))dt
t
+ / Liz, 0y (IZt— +9(Xim,u) — g(Yie, u)| — |Zt_|> N (dt, du)
U
1 _
_/ ]‘{Zt—#O}m(Zt*?g(Xt77u) — g(Yi—,u))v(du)dt.
U t—

Now observe that the function f defined by (4.4) is twice continuously differentiable at
all points except for Ry, whereas [’ exists and is continuous even at R;. Therefore we
can apply the Meyer-It6 formula in its version given as Theorem 71 in Chapter IV in [33]
to the process (| Z;|)i>0 and the function f. For any 0 < s <r we get

(5.7)
F12,0) - F(Z]) =2 / f'<|zt|>A<zt>th

+ [ s U2 e+ 0Ee) = b3

[ [ e o 12D (B ) = Vi) B )

+/ /1{Zt¢0}
s U

- P2 e (Yo ) = Vi) | Nt )

U2+ 9(Xomsu) —g(Ye, w)]) = f(|Ze- )

+ Q/T F"(1Z)N(Zy)dt .

We can see that the integrand in the integral with respect to (Wt>t20 in (5.7) is bounded

(since f" and X are bounded) and the integrand in the integral with respect to N is square
integrable with respect to v(du)dt. Thus the expectations of both these integrals are zero.
Moreover, the expectation of the integral with respect to NV in (5.7) can be dealt with in
the same way as the expectation of the term Iy in the proof of Theorem 2.3, see (4.12).

Thus, after taking the expectation everywhere in (5.7) and using the definition of s, we
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EA1Z]) ~Ef(ZD <E | Lplldt —E [ Loz f(ZDIZI(ZI)d:
(5.8) s s

+E [ 22z

We will now want to use the fact that the function f defined by (4.4) satisfies
(5.9) 2f"(r) = r(r)f'(r) < —cf(r).
In particular, denoting r, := | Z,|, we get

QfII(Tt))‘Q(Zt) - Tt’f(rt)f,(rt)/\Q(Zt) + 1 (re) f1(re) — res(re) f(re) < —cf(rt))\Q(Zt)
and thus
(5.10)  —rer(re) f/(re) + 2" (re) N (Ze) < —cf (r) N (Ze) + ros(re) f/(re) (N (Ze) — 1) .
Now observe that

—cf(r)N(Zy) = cf (r)(1 = X(Z) — ef (1) < cd —cf(r),

which holds since if |Z;| > 6, then 1 —\*(Z;) = 0 and if |Z;] < 6, then 1 — ) *(Z;) < 1 and
cf(ry) < ¢d, which follow from the properties (5.4) of the function A and the fact that

f(z) < x for any x € [0,00). Since obviously —x < k~, we can further bound the right
hand side of (5.10) by

(5.11) c6 —cf(ry) + k5 (r) (1= N(Z)rof (r)) < cd —cf(ry) +supre(r),

r<d

where the last inequality follows from the fact that 1 — A\*(Z;) = 0 when |Z;| > ¢ and
that f* < 1. If we denote

m(d) :==cd +suprs(r),
r<d

then, from (5.10) and (5.11) we obtain
(512) —rt/i(rt)f/(rt) + 2f”(’l"t>>\2(Zt) < —Cf(rt) + m(d) .
Hence, combining (5.8) with (5.12) multiplied by 1,0}, we get

Ef(1Z:]) —Ef(1Zs]) < —C/ El{zt;AO}f(IZtl)dtJrE/ Lizz0y ([he] +m(3)) dt

—c/:Ef(]Zt])dtnLE/:|ht|dt+/:m(6)dt.

Now observe that due to Assumption D2, we have m(J) — 0 as § — 0. We can also
choose Xy =Y} so that Z; = 0. Eventually, applying the Gronwall inequality, we obtain

t
BIF(ZI) < [ e Olnas.
0

which finishes the proof, since there exists a constant C' > 0 such that for any x > 0 we
have z < C'f(z). O

IA

Proof of Theorem 2.8. Once we have Lemma 5.1, extending its result to the equation
(2.13) is quite straightforward. In comparison to the proof of Lemma 5.1, the key step is
to redefine k in order to include the additional coefficient o of the multiplicative Brownian
noise (so that  satisfies (4.10)) and then perform the same procedure as we did earlier
(mixed reflection-synchronous coupling) only on the additive Brownian noise in order

to construct processes like (5.5) and (5.6), where to the other noises we apply just the
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synchronous coupling. This way we can still get the inequality (5.9) with the same
function f as in the proof of Lemma 5.1. The details are left to the reader, as they are
just a repetition of what we have already presented. Once we obtain an inequality of
the form (5.3) for the equation (2.13), we can use the Markov property of the process
(X, Yi)i>o0 to get (2.15), cf. Remark 2.5.

O

Proof of Theorem 2.14. In order to keep notational simplicity, assume that we are
dealing here with the equation dX; = b(X;)dt+o(X;)dW;, i.e., the coefficient of the jump
noise is zero. It does not influence our argument in any way, since we will need to perturb
only the Gaussian noise. Recall that for a functional f : R? — R, the Malliavin derivative
Vsf(X:) is an m-dimensional vector (V,1f(Xy),..., Vemf(Xt)), where Vg, f(X:) can
be thought of as a derivative with respect to (W});>o, where W, = (W}, ..., W) is the
driving m-dimensional Brownian motion.

We know that if F is a random variable of the form F = f(fOT grdW, ..., fOT gNdwy)
for some smooth function f : RY — R and ¢',...,¢" € L*([0,T];R™) (i.e., F € S), then
for any element h € H = L*([0, T]; R™) we have

t 1 .
(513)  (VE,h)pa(orymm — / (V. F, ho)ds = lim ~ (F(W.Jrs / hds) —F(W.)) |
0

e—0 g 0

where convergence is in L?*(2). However, it is unclear whether (5.13) holds also for
arbitrary F' € D? and in particular for X; (see the discussion in Appendix A in [10],
specifically Definitions A.10 and A.13). Nevertheless, for F' € D% we can still prove that

1 .
(514) E(VF, h>L2([O,T];Rm) = ll_rfé EE <F(W + 6/ hsds) - F(W)> ,
€ 0

even if we replace h € H with an adapted stochastic process (w,t) + hy(w) such that

E fOT |hs|?ds < oo and the Girsanov theorem applies (e.g. the Novikov condition for h is
satisfied).

Indeed, we know that for any F' € D"? and for any adapted square integrable h we
have

T
(515) E<VF, h)LZ([O,T};Rm) - E |:F/0 hjdeS:| .

We recall now the proof of this fact, as we need to slightly modify it in order to get (5.14).
As a reference, see e.g. Lemma A.15. in [10], where (5.15) is proved only for F' € S and
for deterministic h, but the argument can be easily generalized, or Theorems 1.1 and
1.2 in Chapter VIII of [5]. For now assume that h is adapted and bounded (and thus it
satisfies the assumptions of the Girsanov theorem). Then, starting from the right hand
side of (5.15), we have

T d T 1 T
E [F/ hSdWsl =E {F— exp (5/ hdW, — —52/ \hs]2d5> ]520]
0 de 0 2 0
1 T 1 r
=E {F lim — {exp (5/ hsdWs — —52/ |hs|2ds) - 1”
e—0 € 0 2 0
1 T 1 T
= lim ~E {F exp (5/ hedW, — —52/ \h5|2ds) - F]
e—0 € 0 2 0

i 1E [F(W. —1—5/. hads) — F(W.)} |

e—=0 g 0

(5.16)
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where in the last step we use the Girsanov theorem. In order to explain the third step,
notice that the process

t 1 t
Zy = exp (5/ hedW, — —52/ |h5|2ds)
0 2 Jo

is the stochastic exponential of € fot hsdW, and thus it satisfies dZ; = €Z;hsdW;, from

which we get
1 T
Lize _1y= / ZehdV, .
€ 0

Now it is easy to see that since for any w € Q we have Z;(w) — 1 with ¢ — 0 and Z} is
uniformly bounded in L*(Q2 x [0,T7]), there is a subsequence such that

1 T T
B [Z7 — 1] = / ZhgdWs — / hedWy as e — 0, in L*(Q).
0 0

Thus the third step in (5.16) holds for any F' € L?(2) and in particular for any F € D2,
If F is smooth, then the last expression in (5.16) is equal to E(V F, h) 2o, r);m), Which
proves (5.15) for any smooth F' and adapted, bounded h. Then (5.15) can be extended
by approximation to any F' € D!? and any adapted, square integrable h.

Now in order to prove (5.14), observe that the calculations in (5.16) still hold when
applied directly to an F' € D"? and an adapted, bounded A (note that the argument does
not work for general adapted, square integrable h as we need to use the Girsanov theorem
in the last step). Thus for any F' € D"? and any adapted, bounded h we get

T 1 .
E<VF, h>L2([07T];Rm) =K |:F/ hdeS:| = lim -E {F(W + 8/ hsds) - F(W):| .
0

e—0 g 0

Since X; € D'? and f is Lipschitz, we have f(X;) € D"? (cf. [28], Proposition 1.2.4),
and hence

BV (X,) Bhuen) = i 1B (FOXOV:+ [ ) - 70000 )

holds for any adapted, bounded process h. From now on, we fix t > 0 and take T" = ¢.
Recall that the process (X});>0 is now given by dX; = b(X;)dt + o(X;)dW; and thus

(5.17) Xt(W.+5/O. hyds) :/Otb(XS)derE/Ota(Xs)hsder/Ota(Xs)dWs.

Hence, using the assumption (2.3) from Theorem 2.1 (taking co(Xs)hs as the adapted
change of drift and denoting the solution to (5.17) by (X};):>0) we obtain

B (000 + ¢ [ ) = £00007) ) =B (FX)0V.+ ¢ [ huas) - 10700 )

0 0
t ~
< SCQ(t)E/ cs(s)|o(Xs)hs|ds,
0

where Ef(X;) = Ef(Y}/), since (X, Y/);>0 is a coupling. This in turn implies, together
with our above calculations, that we have

(5.18) E(V (X)) B 12 oumm) < ca()E / e5(5)|o (Ko halds < ()0 / es()|halds.
0 0
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Now by approximation we can show that the above inequality holds for any adapted
process h such that E fot |hg|?ds < oco. Then, using the Cauchy-Schwarz inequality for
L*(Q2 x [0,t]), we get

1/2 1/2

E(V £(X0), 1) 2 osmm) < ca(t)om (]E /0 cg(s)ds) (11«: /0 |hs\2ds)

Moreover, observe that since h is adapted, we have

(5.19)
E<Vf(Xt>, h>L2([0,t];Rm) = E/O <E[st(Xt)|fs], hs>ds = E(E[Vf(Xt”f], h.>L2([07t};Rm) .

If we replace h above with h,/g for some adapted, integrable, R, -valued process g, we
get (by coming back to (5.18) and splitting ~ and /g via the Cauchy-Schwarz inequality)

E(VoE[V. f(X)IF] b)) r2ogmm) = EEV.f(X)|F] h/9.) L2 (0,0m)

t 1/2 t 1/2
< o(t) 0o (E/ gscg(s)ds) (]E/ \hs\zds) :
0 0

Since this holds for an arbitrary adapted, square integrable process h, we have

¢ ¢
(5.20) E/ Gu| B[V o f (X)) Fu]Pdu < cg(t)crgo]E/ gucg(u)du.
0 0

Observe that in the inequality above we can integrate on any interval [s,r] C [0,¢]. We
can also approximate an arbitrary adapted, R -valued process g with processes g A n for
n > 1, for which we have (5.20). Then, by the Fatou lemma on the left hand side and
the dominated convergence theorem on the right hand side, we get

B [ BT SO0)IF) P <l E [ (g A ) EIV OO

< cg(t)agoE/ Gucs(u)du .

Hence we finally obtain (2.17). In order to get (2.18), we just need to go back to (5.18)
and notice that it implies

t
E(V f(X1), h) L2 (o.:m) < 2(t) 00 sup 03(u)]E/ |hs|ds .
u<t 0
Since we can show that this holds for an arbitrary adapted h from L'(Q x [0,¢]), using
(5.19) and the fact that the dual of L' is L>, we finish the proof.
U

Proof of Corollary 2.15. Note that from Theorem 2.8 we obtain an inequality of the
form (2.15), where on the right hand side we have either the coefficient oy or o, depending
on whether we want to consider V! or V2. Recall from the proof of Theorem 2.8 that
in order to get (2.15) we need to use the additive Brownian noise (B});>o, regardless

of which change of the drift we consider in the equation defining ()N(t)tzo that appears
therein. Therefore we need to assume det o; > 0 even if we are only interested in bounding
the Malliavin derivative with respect to the multiplicative Brownian noise (B});>o. Once
we have (2.15), it is sufficient to apply Theorem 2.14 with c3(t) = Ce " and c3(s) = €.

U
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5.2. Poissonian case. Consider the solution (X;(z)):>o to

(5.21) dX, = b(X)dt + o(X,)dIW, + / (X0, u)N(dt, du)

with initial condition # € R? as a functional of the underlying Poisson random measure
N =377 00 Then define

X (tw) (z) = X(tv“)(x,N) = X (2, N+ du)) ,
which means that we add a jump of size g(X;_,u) at time ¢ to every path of X. Then
X9 (2) = X () for s < t

S

and

X0a) = Xilo) + 9K )+ [ 0L @)

t
+ / o (X5 (2))dW, + / / g(X") (), W) N (dr, du) for s > t.
t t U
This means that after time ¢, the process (XS’“) (x))s>¢ 1s a solution of the same SDE but
with different initial condition, i.e., X" (z) = X,(z) + g(X,_, u).
If the global dissipativity assumption is satisfied (like in [39] and [25]), it is easy to
show that the solution (X;);>o to (5.21) satisfies for any z and y € R? the inequality
E|Xy(x) = Xu(y)| < e —y|

with some constant K > 0. Then we easily see that for any Lipschitz function f : R — R
with || f]lLp < 1, if ¢ < T we have

E[Dy.f(Xr (@)l F] < E [|f(X] (@) = f(Xr(2))| 1 7]

| X5 @) = Xr(@)| 17
e KT g( X, ).

In order to improve this result we will work under the assumption (2.2) from Theorem
2.1 stating that there exists a coupling (X, Y;)i>0 of solutions to (5.21) such that

(5.22) EllXr —Yr| /F] < ai(T = 1)| X, = Yy

holds for any T' > ¢ > 0 with some function ¢; : Ry — R,. We fix £ > 0 and we express
the process (th’u) (x))s>0 as

X(t’u)<:lj'> — {Xs(i‘) for s < t,

IN
E =

IN

s _

X, for s > t,

where (X,)s>¢ is a solution to (5.21) started at ¢ with initial point X;(z) + g(X;_,u).
Obviously both (X,).>0 and (X,)s>¢ have the same transition probabilities (since they are
solutions to the same SDE satisfying sufficient conditions for uniqueness of its solutions
in law). Thus we can apply our coupling to the process (X,),>: to get a process (Ys)s¢
with initial point X;(z) and the same transition probabilities as (Y;)s>o (and thus also

(X4)s0). Now if we define the coupling time 7 := inf{r >t : X, = Y, } then we can put
Xs(x) fors<t,
Yi(z) =Y, fort <s<r,

X, for s > 71,
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and we obtain a process with the same transition probabilities as (X! (z)),so and
thus also (Xs(x))s>0. This follows from a standard argument about gluing couplings at
stopping times, see e.g. Subsection 2.2 in [38] for a possible approach. This way we get
a coupling (X,(z), i}s(.ﬁv))szg such that

E [ X (@) - Vr(@)| |7] < e = dlg(Xi-,u)]

holds for any 7" > t (from our construction we see that X () — Yi(z) = g(X,_,u) and

we use (5.22)). Now we can easily compute

E[Dy . f(Xr(x))|F] = E[f (X3 (2)) — f(Xr(2))|F]
(

_ () (4)) — F(Tr(2)IF,
(5.23) _E[f(XT (z)) — f(Yr(2))|F

where we used the coupling property in the second step. In particular, if there exists
a measurable function g, : U — R such that |g(z,u)| < goo(u) for any z € R? and
u € U, then we obviously get

(5.24) E[Dpuf (Xr(2)|F] < (T = )goo(u) -

To end this section, let us consider briefly the case of the equation (2.13), where we
have two jump noises, given by a Lévy process (L;):>o and a Poisson random measure N.
Then we can easily obtain analogous bounds on the Malliavin derivatives with respect to
(L¢)i>0 and N, which we denote by D¥ and D, respectively. Namely, in the framework
of Theorem 2.3 we obtain a coupling (X, Y;)¢>0 such that

E|[|Xr — Yr| /7] < Ce ™|, - Vj|

holds for any 7" > t > 0 with some constants 6, ¢ > 0. Then, repeating the reasoning
above, we easily get

(5.25) E[DE, f(Xr(x))|F] < Ce Ty
and
(5.26) E[D; o f(X1(2))|F] < Ce T Vg (u) .

6. PROOFS OF TRANSPORTATION AND CONCENTRATION INEQUALITIES

Proof of Theorem 2.1 and Theorem 2.2. We first briefly recall the method of the
proof of Theorem 2.2 in [39] and its extension from [25] (however, we denote certain
quantities differently from [25] to make the notation more consistent with the original
one from [39]). We will make use of the elements of Malliavin calculus described in
Section 1. Specifically, we work on a probability space (2, F, (F;)i>0, P) equipped with
a Brownian motion (W;):>o and a Poisson random measure N, on which we define the
Malliavin derivative V with respect to (W:):>o (a differential operator) and the Malliavin
derivative D with respect to N (a difference operator). We use the Clark-Ocone formula,
i.e., if F'is a functional such that the integrability condition (1.9) is satisfied, then

T T
(6.1) F=FEF + / E[V.F|F]dW, + / / E[D; ,, F|F:)N(dt, du) .
0 o Ju
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From the proof of Lemma 3.2 in [25] we know that if we show that there exists a deter-
ministic function h : [0, 7] x U — R such that fo Ji; P(t, w)*v(du)dt < oo and

(6.2) E[D; . F|F] < h(t, u)
and there exists a deterministic function j : [0, 7] — R™ such that fo |7(t)|2dt < oo and
(6.3) B[V EIR] <150,

then for any C? convex function ¢ : R — R such that ¢’ is also convex, we have

(6.4) E¢(F —EF) < E¢ (/OT/Uh(t,u)J\?(dt,du) + /OTj(t)th) .

In particular, for any A > 0 we have

T T )\2
(6.5)  EMED <exp ( / / (MW _ \h(t,u) — 1)v(du)dt + / o1 j(t)|2dt) :
0 U 0

The way to prove this is based on the forward-backward martingale method developed
by Klein, Ma and Privault in [19]. On the product space (2%, F% P?) for any (w,w’) € Q2
we can define

(6.6)  My(w,w') // (D, F|F)(w)N (w, ds, du) + /OE[VSF]]:S](W)dWS(w),

which is a forward martingale with respect to the increasing filtration F, ® F on Q2 and

(6.7) M (w, o) = // 5, W) N (o, ds, du) + / ()W),

which is a backward martingale with respect to the decreasing filtration F ® F;, where

F; is the o-field generated by N([r,00), A) and W, for r > ¢ where A are Borel subsets of

U. Application of the forward-backward It6 formula (see Section 8 in [19]) to ¢(M;+ M)

and comparison of the characteristics of M; and M;* shows that for any s <t we have
Ep(M; + M) < Eo(Mg + M) .

This follows from Theorem 3.3 in [19]. However, it is important to note that if we replace
(6.3) with a weaker assumption, stating that for any adapted, R, -valued process g and
for any [s,r] C [0,T] we have

(6.8) IE/ gu|E[VuF|}"u]|2du§E/ Gulj () Pdu,

then the argument from [19] still holds (check the page 493 in [19] and observe that
what we need for the proof of Theorem 3.3 therein is that the integral of the process
¢" (M, + M) appearing there is non-positive and that is indeed the case if M and M*
are given by (6.6) and (6.7), respectively, and the condition (6.8) holds). Now we will
use the fact that by the Clark-Ocone formula (6.1) we know that M, + M; — F —EF in
L? ast — T. Observe that since ¢ is convex, we have
G(M; + M{) = ¢(0) = ¢'(0)(M, + M)
and thus we can apply the Fatou lemma for ¢p(M; 4+ M;) — ¢(0) — ¢'(0)(M; + M) to get
E6(F — BF) — ¢/ (0OE(Mz) < i Eo(M; + 7).
_>
Here ¢(0) cancels since it appears on both sides and by (6.1) we know that E(Mr) =
E(F —EF) =0. Thus we get
E¢(F — EF) < lim E¢(M, + M) < lim E¢(M;) = ES(M)
t—T t—T
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which proves (6.4).

Now we can return to the equation (2.1). Using the assumption (2.2) we can get
a bound on the Malliavin derivative D of a Lipschitz functional of X (z), i.e., for any
R — R with || flLip < 1 we have

(6.9) E[Dpuf(Xr(2)|F] < er(T = D)|g(Xee, u)| < er(T = t)goo(u)

(see the discussion in Section 5.2, in particular (5.23) and (5.24)). Note that the square
integrability condition on the upper bound required in (6.2) is satisfied due to our as-
sumptions on g... On the other hand, due to the assumption (2.3), via Theorem 2.14,
for any adapted R, -valued process g and any [s,r]| C [0,T] we get

r

(6.10) E / " GlE[Vf(Xr)| Bl P < R(T)o2E / Guc2(u)du

S

It is easy to see that with our bounds, directly from (6.4) we obtain (2.6). Note that as
the integrand in the Brownian integral appearing in (2.6) we can take any m-dimensional
function whose norm coincides with our upper bound in (6.10). For the inequalities on

the path space D([0,T];R?) we can still use our coupling (Xs(x),?s(x))szo which we
discussed in Section 5.2. Denote by }A/[Oﬂ a path of the process (f@(x))te[gﬂ. Then for
any Lipschitz functional F : ]D([O T] ]Rd) —R (where we consider D([0, T]; R?) equipped
with the L' metric dpi(y1,72) := fo |71 (t) — 72(t)|dt) such that || F||Li, < 1 we have

E[Dy. F(Xpo.z(2))| Fi] = E[F (X2 (x)) F(X[o,ﬂ (2))|F]

=B [F(X{3) - FuniE] <] [ |6 - T

dr|]—}]
-/ "B [|X0) - V()| |7] dr < / " — DKo, w)dr
< guli) | " — t)dr.

In order to get a bound on E[V.F(Xjy1(x))|F.], we proceed similarly as in the proof
of Theorem 2.14, using again the coupling (X, Y})i>o satisfying the assumption (2.3).
Namely, we can show that for any bounded, adapted process h we have

E(VF(Xp,1(x)), h) 2 (o,m):mm)

- lim R (F(X[O,T] @Y.+ 2 [ D)~ F ()W) )

e—0 & 0

<hm ‘X )(W. —1—5/0 hydu) — Y, (x)(W.)| dr

e—0 €

< /OT (cz(r) /OT 03(u)aoo|hu|du) dr = /OT (/UT 02(r)03(u)aoo|hu|dr) du

2

< (/OT (/uTcz(r)dr) cg(u)agodu) " (/0T|hu|2du)1/2 |

Then we can extend this argument to obtain for any adapted R -valued process g and
any [s,t] C [0,T] the inequality

E / GBIV F (X (@) Fal Pdu < 02 F / ' uc2(u) ( / ' CQ(r)dr)Qdu.
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This, due to (6.4), gives (2.7). This finishes the proof of Theorem 2.2. Notice that
the inequalities therein are true even if the expectation on the right hand side is infinite.
However, if we want to obtain transportation inequalities from Theorem 2.1, we need
the Assumption E. Then we can apply our reasoning and the inequality (6.4) with the
function ¢(x) = exp(Az) and after simple calculations we obtain (6.5), which in the case
of our bounds on Malliavin derivatives reads as

T 2 T
(6.11) EeA(Xr@)=prf@) < oxp (/0 BAer (T —t))dt + ; o’ cg(T)/O cg(t)dt)

and on the path space as

Ee/\(F(X[o,T] (2))—EF(Xo,1) (1)))

(6.12) < exp (/OTﬁ (A /tT a(r — t)dr> dt + %2% /T cs(t) (/tT CQ(r)dr)zdt> :

Then, by the Gozlan-Léonard characterization (1.4) and the Fenchel-Moreau theorem,
we easily get (2.4) from (6.11) and (2.5) from (6.12).
g

Remark 6.1. Note that if instead of (2.2) we have an inequality like

(6.13) E[|X, = Yil/F] < er(t = s)(|Xs = Y| + 1),

then, by the same reasoning as in Section 5.2, instead of (6.9) we get
E[Dpuf(Xr(2))|F] < er(T = 1)(goo(u) + 1) .

Then, if we want to obtain transportation or concentration inequalities, g (u) + 1 has to
be square integrable with respect to the measure v. However, if v is a Lévy measure, this
implies that v has to be finite. This could still allow us to obtain some interesting results
in certain cases that are not covered by Corollary 2.9, where Assumption L5 is required,
which we do not need to obtain (6.13) (cf. Remark 2.6). For the sake of brevity, we skip
the details.

Proof of Corollary 2.9. In the presence of two Gaussian and two jump noises, we use
the Clark-Ocone formula of the form

T T
F = EF+/ [vleft]ngJr/ E[V?F|F,)dB?
0

/ / b FIFINE(dt, du) + / / Dy o F|FN (dt, du),

which holds for square integrable functionals F', where V!, V2, D¥ and D are the Malli-
avin derivatives with respect to (B} )i>0, (B?)i>0, N¥ and N, respectively (see e.g. The-
orem 12.20 in [10]). Then we proceed as in the proof of Theorem 2.1, using the fact that
under our assumptions, Theorem 2.3 and Theorem 2.8 provide us with couplings such
that the conditions (2.14) and (2.15) are satisfied and this allows us to obtain the required
bounds on the Malliavin derivatives (of the type (6.9) and (6.10)). More precisely, under
our assumptions we obtain (2.19) and (2.20) from Corollary 2.15, whereas (5.25) and
(5.26) follow from our reasoning at the end of Section 5.2. Combining all these bounds
and using (6.4), just like in the proof of Theorem 2.1, allows us to obtain the desired
transportation inequalities. Furthermore, taking 7" — oo in the ap-WiH inequality, we
obtain (2.16) by the argument from the proof of Lemma 2.2 in [11].

U
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A NOTE ON EXISTENCE OF GLOBAL SOLUTIONS AND
INVARIANT MEASURES FOR JUMP SDES WITH LOCALLY
ONE-SIDED LIPSCHITZ DRIFT

MATEUSZ B. MAJKA

ABSTRACT. We extend some methods developed by Albeverio, Brzezniak and Wu and
we show how to apply them in order to prove existence of global strong solutions of
stochastic differential equations with jumps, under a local one-sided Lipschitz condition
on the drift (also known as a monotonicity condition) and a local Lipschitz condition on
the diffusion and jump coefficients, while an additional global one-sided linear growth
assumption is satisfied. Then we use these methods to prove existence of invariant
measures for a broad class of such equations.

1. EXISTENCE OF GLOBAL SOLUTIONS UNDER LOCAL LIPSCHITZ CONDITIONS

Consider a stochastic differential equation in R? of the form

U

Here b: R? — R4, o : R? — R and g : R x U — RY, where (W,)s> is a d-dimensional
Wiener process, (U,U,v) is a o-finite measure space and N (dt, du) is a Poisson random
measure on Rt x U with intensity measure dt v(du), while N (dt, du) = N (dt, du)—dt v(du)
is the compensated Poisson random measure. We denote by (X;(z)):>0 a solution to (1.1)
with initial condition z € R? and || - ||zs denotes the Hilbert-Schmidt norm of a matrix.
The main result of the present paper is Theorem 2.1, where we prove existence of invariant
measures for a certain class of such equations. However, we would first like to discuss
the matter of existence of strong solutions to (1.1), in the context of the paper [1] by
Albeverio, Brzezniak and Wu. We claim that the following result holds.

Theorem 1.1. Assume that the coefficients in (1.1) satisfy the following local one-sided
Lipschitz condition, i.e., for every R > 0 there exists Cr > 0 such that for any z, y € R¢
with |z|, ly| < R we have

(1.2) (b(l“)—b(y),ﬂf—y)HlU(ﬂﬁ)—0(y)||%s+/U|g($,U)—9(y,U)|2V(dU) < Crlz —yl*.

Moreover, assume a global one-sided linear growth condition, i.e., there exists C' > 0
such that for any v € R we have

(1.3) <b(33),$>+||0(93)||§{s+/UIg(w,U)IQV(dU) <O+ =)

Under (1.2) and (1.3) and an additional assumption that b : R — R? is continuous,
there exists a unique global strong solution to (1.1).

2010 Mathematics Subject Classification. 60H10, 60G51.
Key words and phrases. Stochastic differential equations, Lévy processes, invariant measures.
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The one-sided Lipschitz condition (1.2) above is sometimes called a monotonicity con-
dition (see e.g. [6] or [9]) or a dissipativity condition ([10], [11] or [14]), although the term
“dissipativity” is often reserved for the case in which (1.2) is satisfied with a negative
constant Cr < 0. We keep using the latter convention, calling (1.2) one-sided Lipschitz
regardless of the sign of the constant and using the term dissipativity only if the constant
is negative. Note that the above theorem is a generalization of the following classic result.

Theorem 1.2. Assume that the coefficients in (1.1) satisfy a global Lipschitz condition,
i.e., there exists C' > 0 such that for any z, y € R we have

(14)  |b(x) = b)) + llo(x) — o (y)llFzs + /U l9(z, w) — gy, w)[v(du) < Clz —y[*.

Moreover, assume a global linear growth condition, i.e., there exists L > 0 such that for
any r € R? we have

(1.5) [b(@)]” + llo (@) [7rs + /U l9(z, w)[*v(du) < L(1+ |2]).

Under (1.4) and (1.5) there exists a unique strong solution to (1.1).

Theorem 1.2 is very well-known and its proof can be found in many textbooks, see e.g.
Theorem IV-9.1 in [8] or Theorem 6.2.3 in [2]. However, Theorem 1.1 is not so widespread
in the literature and we had significant problems with finding a suitable reference for such
aresult. We finally learned that Theorem 1.1 can be inferred from Theorem 2 in [6], where
a more general result is proved for equations driven by locally square integrable cadlag
martingales taking values in Hilbert spaces.

Nevertheless, many authors use existence of solutions to equations like (1.1) under
a one-sided Lipschitz condition for the drift (see e.g. [10], [11], [13], [14] for examples of
some recent papers) claiming that this result is well-known, without giving any reference
or while referring to positions that do not contain said result. Books that appear in this
context include e.g. [3] and [12] which, admittedly, contain various interesting extensions
of the classic Theorem 1.2, but not the extension in which the Lipschitz condition is
replaced with a one-sided Lipschitz condition and the linear growth with a one-sided
linear growth.

Moreover, in a quite recent paper [1], Albeverio, Brzezniak and Wu proved the following
result (see Theorem 3.1 therein).

Theorem 1.3. Assume that the coefficients in (1.1) are such that for any R > 0 there
exists Cr > 0 such that for any z, y € R® with |z|, |y| < R we have

(1.6) b(z) = b(y)* + llo(z) = o(y)llizs < Crlr —yl*.
Moreover, there exists L > 0 such that for any z, y € R? we have

(L7) / 9z, w) — gy, w)v(du) < Liz -y

Finally, we assume a global one-sided linear growth condition ezactly like (1.3), i.e.,
there exists C' > 0 such that for any x € R? we have

<b(w)=x>+IIU(ZE)II%va/UIg(x»U)l%(dU) < C(L+ =)

Then there ezists a unique global strong solution to (1.1).
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It is clear that Theorem 1.3 is less general than Theorem 1.1 and thus it is also a special
case of Theorem 2 in [6]. Nevertheless, the proof in [1] is clearer and more direct than
the one in [6], where the authors consider a much more general case. The main idea
in [1] is to modify the locally Lipschitz coefficients in such a way as to obtain globally
Lipschitz functions that agree with the given coefficients on a ball of fixed radius. Then
using the classic Theorem 1.2 it is possible to obtain a solution in every such ball and
then to “glue” such local solutions by using the global one-sided linear growth condition
to obtain a global solution. It is important to mention that the authors of [1] also use
their methods to prove existence of invariant measures for a broad class of equations of
the form (1.1).

In view of all the above comments, we feel that it is necessary to give a direct proof of
Theorem 1.1. Following the spirit of the proof in [1], we show how to extend the classic
result (Theorem 1.2) in a step-by-step way in order to obtain Theorem 1.1. Then we
explain how to use the methods from [1] to obtain existence of invariant measures in
our case, see Theorem 2.1 in Section 2. The latter is an original result with potential
applications in the theory of SPDEs, see Example 2.7.

For proving both Theorem 1.1 and 2.1 we need the following auxiliary result regarding
a possible modification of the coefficients in (1.1).

Lemma 1.4. Assume that the coefficients in (1.1) satisfy the local one-sided Lipschitz
condition (1.2) and that they are locally bounded in the sense that for every R > 0 there
exists an Mg > 0 such that for all x € R? with |z] < R we have

(1.8) (@) + llo (@) 1Frs + /U l9(@, u)[*v(du) < Mg.

Then for every R > 0 there exist truncated functions bg : R* — R?, o : RY — R™? gnd
gr : R4 x U — R? such that for all x € R with |x| < R we have

(1.9) br(z) = b(x), og(x) = o(x) and gr(z,u) = g(x,u) for all u € R?.

Moreover, br, or and gr satisfy a global one-sided Lipschitz condition, i.e., there exists
a constant C(R) > 0 such that for all x, y € R? we have
(1.10)

<bR(ﬂf)—bR(y),x—y>+HUR(x)—JR(y)H?{er/U l9r(x, w) = gr(y, w)*v(du) < C(R)|z—y[*

and they are globally bounded, which means that there exists M(R) > 0 such that for all
xr € R? we have

(1.11) br(2)* + llor(2) ks + /U |9r(2, u)[*v(du) < M(R).

Then, combining Theorem 1.2 and Lemma 1.4, we are able to prove existence of solu-
tions while the coefficients in (1.1) are bounded and satisfy a global one-sided Lipschitz
condition.

Theorem 1.5. Assume that b is continuous and that the coefficients in (1.1) satisfy
a global one-sided Lipschitz condition, i.e., there exists K > 0 such that for all z, y € RY
we have

(1.12) <b(1‘)—b(y),x—m+||0(5L’)—U(y)llisﬂL/UIg(x,U)—g(yw)IQV(dU) < Klz—y|*.
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Additionally, assume that the coefficients are globally bounded, i.e., there exists M > 0
such that for all x € R? we have

(1.13) [b(@)” + lo (@) s + /U l9(z, w)|*v(du) < M.

Then there ezists a unique strong solution to (1.1).

The proofs of Lemma 1.4 and Theorem 1.5 can be found in Section 3. Having proved
the above two results, we proceed with the proof of Theorem 1.1 as in [1] (see Proposition
2.9 and Theorem 3.1 therein, see also [6], page 14, for a similar reasoning). More details
can be found at the end of Section 3 below.

2. EXISTENCE OF INVARIANT MEASURES

The existence of an invariant measure for the solution of (1.1) is shown using the
Krylov-Bogoliubov method, see e.g. Theorem III-2.1 in [7] and the discussion in the
introduction to [5]. It follows from there that for the existence of an invariant measure
for a process (X¢):>o with a Feller semigroup (p:):>o it is sufficient to show that for some
r € R? the process (X;(z))s>0 is bounded in probability at infinity in the sense that for
any € > 0 there exist R > 0 and ¢ > 0 such that for all s > ¢ we have

(2.1) P(|Xs(x)] > R) <e.
Therefore if we show that there exist constants M, K > 0 such that
(2.2) E|X,(z)]* < |z X"+ M/K

holds for all ¢ > 0, then (2.1) follows easily by the Chebyshev inequality and we obtain
the existence of an invariant measure. Based on this idea, we can prove the following
result.

Theorem 2.1. Assume that the coefficients in (1.1) satisfy the local one-sided Lipschitz
condition (1.2) and that there exist constants K, M > 0 such that for all x € R? we have

(2.3) (b(z), z) + [lo(2)|7s + /U l9(z, u)Pr(du) < —K|z[> + M.
Assume also that there exists a constant L > 0 such that for all x € R we have

(2.4) lor () s + /U l9(@, w)|*v(du) < L(1+ |2]).

Finally, let the drift coefficient b in (1.1) be continuous. Then there exists an invariant
measure for the solution of (1.1).

We can compare this result with the one proved in [1] (see Theorem 4.5 therein).

Theorem 2.2. Assume that the coefficients b and o in (1.1) satisfy the local Lipschitz
condition (1.6) and that g satisfies the global Lipschitz condition (1.7). Assume also the

condition (2.3) as in the Theorem 2.1 above. Then there exists an invariant measure for
the solution of (1.1).

Remark 2.3. Observe that our additional condition (2.4) in Theorem 2.1 does not follow
from (2.3) since (b(x),x) can be negative. Therefore it would seem that our result is
not a straightforward generalization of Theorem 4.5 in [1]. However, we believe that the
condition (2.4) is also necessary to prove Theorem 4.5 in [1], at least we were not able
to retrace the proof of Proposition 4.3 therein (which is crucial for the proof of Theorem

4.5) without this additional condition. Therefore we are convinced that (2.4) should be
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added to the list of assumptions of Theorem 4.5 in [1] and that our result is indeed its
strict generalization. This has been confirmed in our private communication with one of
the authors of [1].

For the proof of Theorem 2.1 we first need the following fact, which can be proved
exactly like in [1].

Lemma 2.4. The solution (X;)i>o to the equation (1.1) is a strong Markov process and
thus it generates a Markov semigroup (pt)e>o-

Proof. See Proposition 4.1 and Proposition 4.2 in [1]. O

Now we need the following lemma, which is a generalization of Proposition 4.3 in [1]
(see Remark 2.3 about inclusion of the assumption (2.4)).

Lemma 2.5. Under the assumptions (1.2), (1.3), (2.4) and if b is continuous, the semi-
group (pt)e>o associated with the solution (Xi)i>o of (1.1) is Feller.

Having proved the above lemma, we can easily conclude the proof of Theorem 2.1,
following the proof of Theorem 4.5 in [1], i.e., we just use the condition (2.3) to show
(2.2) and then use the Krylov-Bogoliubov method presented above. More details can be
found in Section 3.

Before concluding this section, let us look at some examples.

Example 2.6. Consider an SDE of the form (1.1) with the drift given by

b(x) == —x|x| " 1zr0) ,
where a € (0,1). Equations of this type are considered in Example 171 in [12]. It is
easy to check that the function b defined above is not locally Lipschitz, since it does not
satisfy a Lipschitz condition in any neighbourhood of zero. However, we can show that

it satisfies a one-sided Lipschitz condition globally with constant zero. Indeed, following
the calculations in Example 171 in [12], for any nonzero z, y € R? we have

(. —y, —zlz|"* +yly| ™) = =2z + (y, 2|z[7*) + (z, yly|~*) — [y[**
< =zl =yl + fylla| T+ [y e
= (lz| = [y (Jy|'"=* = |=|'=*) <0,

where the last inequality holds since 1 — « € (0,1). Thus, if we consider an equation of
the form (1.1) with the drift b and any locally Lipschitz coefficients o and g, the condition
(1.2) is satisfied. Moreover, if o and g satisfy the global linear growth condition (2.4)
with some constant L > 0, then by replacing the drift b defined above with

b(z) = b(z) — Kz,
where K > L, we obtain coefficients that satisfy (2.3). More generally, we can take
b(z) := b(z) — VU(z),

where U is a strongly convex function with convexity constant K > L. This way we
obtain a class of examples of equations for which our Theorem 2.1 applies, but Theorem
4.5 in [1] does not, since the local Lipschitz assumption is not satisfied.

Example 2.7. Our results may have applications in the study of stochastic evolution
equations with Lévy noise on infinite dimensional spaces, where the coefficients are often
not Lipschitz, see e.g. [4] and the references therein. In particular, in [4] the authors

consider SPDEs with drifts satisfying a local monotonicity condition and use their finite
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dimensional approximations, which may lead to SDEs satisfying our condition (1.2), cf.
the condition (H2) and the formula (4.4) in [4].

3. PROOFS

In order to keep our presentation compact, we will only present the proof of Theorem
1.1 in a slightly less general setting than that presented in the first section. Namely, we
will additionally assume that the diffusion coefficient ¢ and the jump coefficient g in the
equation (1.1) satisfy a local Lipschitz condition separately from the drift b, i.e., for every
R > 0 there exists Sk > 0 such that for any z, y € R? with |z|, |y| < R we have

(3.1) lo() — o(v)|2s + / 92, w) — g(y, ) Pw(du) < Salz — yf?.

Obviously, (3.1) does not follow from (1.2), since the values of (b(x) — b(y),x —y) can be
negative. However, requiring the condition (3.1) to be satisfied seems to be rather natural
in many cases. It is possible to weaken this assumption and prove the exact statement
of Theorem 1.1 using methods from Section 3 of Chapter II in [9] (see also Section 3 in
[6]), but this creates additional technical difficulties and thus we decided to omit this
extension here, aiming at a clear and straightforward presentation.

The consequence of adding the assumption (3.1) is that the coefficients of (1.1) auto-
matically satisfy the local boundedness condition (1.8) required in Lemma 1.4 (remember
that b is assumed to be continuous and thus it is locally bounded anyway). It also means
that from Lemma 1.4 we obtain coefficients or and gr that satisfy a separate global
Lipschitz condition, i.e., the condition (1.10) without the term involving bgr. Hence we
can prove Theorem 1.5 under an additional assumption, i.e., we can use the fact that
there exists S > 0 such that for all z, y € R? we have

(3.2) lo () —U(y)H?szr/Ulg(%U) — gy, w)[*v(du) < S|z —yl*.

However, the assumption (3.1) is not needed for the proof of Theorem 2.1, where we also
use Lemma 1.4, but we do not need to obtain truncated coefficients o and gg satistying
a separate global Lipschitz condition and the assumption about local boundedness is
guaranteed by the separate linear growth condition (2.4) and the continuity of b. Thus the
reasoning presented below gives a complete proof of the exact statement of our Theorem
2.1.

Proof of Lemma 1.4. For a related reasoning, see the proof of Lemma 4 in [6] or
Lemma 172 in [12]. Note that the method of truncating the coefficients of (1.1) which
was used in the proof of Proposition 2.7 in [1] and which works in the case of Lipschitz
coefficients, does not work for a one-sided Lipschitz drift and thus we need a different
approach. For any R > 0, we can consider a smooth, non-negative function with compact
support ng € C°(R?) such that

{1 il <R,
TR0, i el > R+ 1
and ng(z) <1 for all z € R%. Then we can define
ba(z) = 1r(@)b(z), or(z) = 1a(z)o(x) and ga(z,v) = na(z)g(z,u) for all u € U

Then it is obvious that the condition (1.9) is satisfied and the condition (1.11) immediately

follows from (1.8). Therefore it remains to be shown that the functions bg, or and gg
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satisfy the global one-sided Lipschitz condition (1.10). We have

(br(z) — br(v), 2 — ) + on(z) — o) |5 + / 9 0) — gr(y, u) Pu(du)
b(z) — nr(y)b(y),z — y) + |nr(z)o(z) — nr(y)o(v)|is
/ na(@)g(z, u) — na)g(y, w)Pr(du)

< nr(z)(b(x) = b(y),z — y) + ((nr(x) — nr(Y))b(y),  — y)
+ [nr(@)Pllo(x) — o)l Es + | (nr(z) — nrY)o (y) s

+ [ innla)Plate ) = gty wPetdn) + [ fnala) = neo)Platy, ) Pr(au).
Now assume x and y are such that

(3.4) nr(y) > nr(x) > 0.

The case when ng(z) = 0 is simpler and the case nr(y) < nr(x) can be handled by
changing the role of x and y in the calculations above. From (3.4) it follows that |y| < R+1
and |z| < R+ 1 and thus we can use the local one-sided Lipschitz condition (1.2) with
R+ 1 to get

(b(@) = b(y), @ —y) + llo(@) — o ()l + /U l9(2, u) — g(y, w)[*v(du) < Crialz —y/*

(3.3)

with some constant Cgy1. Combining this with the fact that ng < 1 (and thus n% < ng)
allows us to bound the sum of the first, the third and the fifth term on the right hand side
of (3.3) by Cry1]|z —y|?. Observe now that the function ng is Lipschitz (with a constant,
say, CLip(ny)) and thus

nr(x) —1nr(Y) < CLipmm) | — Y] -

Since |y| < R+ 1, we can use the local boundedness condition (1.8) with some constant
Mpy1. We first bound |b(y)| by the square root of the left hand side of (1.8) in order to
get

((nr(x) = nr(W)b(Y), 2 — y) < V/Mpr1ClLipmm |z — yl? -

Then we use (1.8) once again in order to bound the sum of the fourth and the sixth
term on the right hand side of (3.3) by MRHCsz () |T — y|?>. Combining all these facts

together, we can bound the right hand side of (3.3) by

Cry1|r — Z/|2 T MRHCLip(nR)’fC - y!Q + MR+1CEip(nR)|SC - y|2 .

Therefore the global one-sided Lipschitz condition for bgr, or and gg is satisfied with
a constant

C(R) := Cry1 + VMpi1ClLipemp) + MR+1C%¢p(nR) )
which finishes the proof. O

Before we proceed to the proof of Theorem 1.5, let us formulate a crucial technical
lemma. Tts proof is just a slightly altered second part of the proof of Lemma 3.3 in [10],
but we include the full calculations here for completeness and, more importantly, because
we need to use a related, but modified reasoning in the proof of Theorem 1.5. The lemma

itself will be used in the proof of Lemma 2.5 later on.
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Lemma 3.1. Assume that the coefficients of the equation (1.1) with an initial condition
r € RY satisfy the global one-sided linear growth condition (1.3) and that o and g ad-
dztwnally satzsfy the separate linear growth condition (2.4). Then there exist constants

C >0 and K > 0 such that
Esup | X,|* < Ke*¥'(1 + |z,

s<t
where (X;)>0 = (X¢(2))i0 is a solution to (1.1) with initial condition x € RY,

Proof. By the It6 formula, we have

P = o+ 2 [ O pOeds + 2 [ (o,
(3.5) / o (X[ gds + 2 / | gm0} N,

+/0 /U|g(XS_,u)|2N(ds,du).

Now let us consider the process

Mt::/m,a \AW.) //Xs,g ) N(ds, du)

which is a local martingale. Thus, by the Burkholder-Davis-Gundy inequality, there exists
a constant C; > 0 such that

Esup |M,| < CiE U lo*(X X|ds+//|Xs,g «u))[*N(ds, du)}

o (oup X, (/ forcatfas+ [ [ lax s,)I2N(dsdu)>r
=G (ES;;E'XSF) ( [/ lo™ (Xl ds+//|g o u)[*N(ds, du)]);
s%aEs;?ta\Xs|2+_lE [/0 Ho—*<Xs)H2ds+/0 /U\g(XS_,u)|2N(ds,du)]

C C !
< %aEsup | X2+ 2—1LE/ (1 Xs]* + 1)ds

s<t
Here || - || denotes the operator norm and ¢* is a transposed o. In the third step we used
the Holder inequality in the form EA2B2 < (EA)2(EB)z, in the fourth step we used
(AB)% < %aA + iB for any a > 0, which can be chosen later, and in the fifth step we

used the separate global linear growth condition (2.4) for o and g along with the fact
that || - || < || - |lzs. Now we can use the formula (3.5) to get

Esup | X,|* < |z[? +2Esup|M | +2Esup/ (X,,b(X,))dr

s<t s<t

vswp | [ oGO Bsar+ [ [ o6 N a0
s<t

Observe that obviously

(3.7) (5, b(X,)) < (X, D)) + o) s + / 19(X ) P du)
8
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and thus from the global one-sided linear growth condition (1.3) we get

s s t
Esup/ (X, b(X,))dr < C]Esup/ (| X2 + Ddr < C’E/ (1 X,)* + 1)dr.
0 0 0

s<t s<t

On the other hand, using the separate linear growth condition (2.4) we get
Bsup | [ loCx) st + [ [ lo0x, wP N, )
s<t [Jo 0o Ju
t t
5 | [lolsar+ [ [ o0 wPNnan]
0 0o Ju

& [ lolsar+ [ [l wfutanar]

t
< LE/ (| X, > + 1)dr.

0

Combining all the above estimates, we get from (3.6) that

2 2 2 Cl ' 2
Esup | X,|* < |z|* + CraEsup | X+ | —L+2C+ L | E | (| X, |]*+1)dr.
s<t s<t a 0
Now, choosing a = 1/(2C}) we obtain
¢
Esup | X,|? < 2|z|* +2(2C7 L + 20 + L)E/ sup(| X * + 1)dr.
s<t 0 w<r

Hence, using the Gronwall inequality for the function Esup,, | X2+ 1 we get

Esup | X% +1 < 2(|z]* + 1) exp(2(2C2L + 2C + L)t)

s<t
which finishes the proof. U

Proof of Theorem 1.5. Let j € C>°(R?) be a smooth function with a compact support
contained in B(0, 1), such that [, j(z)dz = 1. Then, for any k > 1, define

Vi(x) = /Rdb (:17 — %)](z)dz

Now we can consider a sequence of equations

(3.8) dX[ = bF(X[)dt + o (X[F)dW; + / g(XF u)N(dt, du) .
U

Note that we have replaced only the drift coefficient b with * while ¢ and ¢ remain
unchanged. This is due to the fact that we decided to prove Theorem 1.1 with an
additional assumption of separate local Lipschitz condition (3.1) for o and g. Thanks
to this, we can work in the present proof under an additional assumption that ¢ and
g are globally Lipschitz, i.e. they satisfy (3.2), cf. the discussion at the beginning of

this section. Now observe that the function b* defined above is also globally Lipschitz.
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Indeed, for any z, y € R? we have

V() — b (y)] = ’/R b (v~ ) ie)dz - /R (v ) i)z
i [ aditht = )z =k [ wwith(y - il

<k [ )ik = w) = (k= w)ldo

<k Mlz -yl | sup [Vj(w)|dw,

R4 weR4

where in the last step we use the fact that b is bounded by v/M (cf. (1.13)) and j is
Lipschitz with the Lipschitz constant given by the supremum of the norm of its gradient
(which is obviously integrable since j € C*(R%)). Having proved that v* is globally
Lipschitz, we can use Theorem 1.2 to ensure existence of a unique strong solution (XF);>o
to the equation (3.8). We will prove now that the sequence of solutions {(X[)i0}2°, has
a limit (in the sense of almost sure convergence, uniform on bounded time intervals)
and that this limit is in fact a solution to (1.1). To this end, we will make use of the
calculations from Lemma 3.1.

Observe that for any k, [ > 1, if we use the Ito formula to calculate |XF — X!|?, we
will obtain exactly the formula (3.5) with X; replaced by the difference X* — X! and the
function b(X,) replaced by b*(X*) — b'(X!). Furthermore, we can make the term |z|?
vanish (we can assume that all the solutions (XF);>o have the same initial condition).
Now we can proceed exactly like in the proof of Lemma 3.1, this time using the separate
global Lipschitz condition (3.2) for ¢ and ¢ in the steps where we used the separate linear
growth condition (2.4) before, in order to get

O t
Esup | X* — X2 < CraEsup | XF — X!|* + (—15 + S) E/ | XF — X!|2dr
s<t s<t a 0
(3.9) . e
+ 2E sup/ (XF — XL bF(XE) — b (X]))dr .
0

s<t

Thus the only term, with which we have to deal in a different way compared to the proof
of Lemma 3.1, is the last one. We have

Esup/ (X} — XL oH(XxF) — ol (xh)) dr
0

s<t

:Es;g)/os <X§-Xﬁ,/Rdb<X,’f—%) j(z)dz—/Rdb<Xﬁ—§>j(z)dz> dr
s [ L0 - (1) o) o )t

10



Now observe that since b is assumed to be bounded by v M (see (1.13)), we have

12 < oVl / 1215(2)d
R4 R4

z z

1 1

k

1 1

As for I', we can use the one-sided Lipschitz condition (1.12) for b similarly like we used
one-sided linear growth in (3.7) to get

ek [ |(xi-2) - (X =3) i
R4 k l
k l L1 ’
=K (XF— X)) - TT7)? j(z)dz
R4
k e (N 2,
<2K [ |X}—X]|"j(z)dz + 2K ———| |2|7i(2)d=
R4 Rd k l
2 11
= 2K | X} — X]|" 4+ 2KC?(j) ‘E —7
Combining the above estimates, we have
s t 1 1 2
Esup/ (I' + 1?)dr < QKE/ | XF - Xi|2dr+ AKC*(j) |~ — =
s<t JO 0 k l
1 1) ..
' k 12 Al L 1
<2KE [ sup|X, — X, |[7dr+Ct|—-— |,
0 w<r k’ l

where the last inequality holds with a constant C := 2KC2(j) 4+ 2/MC'(j) for k and

large enough so that |1 — | < 1. Now we can come back to (3.9) and, taking a = 1/(2C}),

similarly like in the proof of Lemma 3.1 we obtain

t
Esup | X — X2 < 2(202S + S)E | sup|XF — X! |2dr
s s 1 w w
0

s<t w<r

¢ ~ 11 1
+ 8KIE?/ sup | X¥ — X |dr + 4Ct ‘— — —‘ :

0 wST k l
The Gronwall inequality implies

~ 1 1
Esup | XF — X2 < 40t‘§ —7

s<t

exp { (4CTS + 25 +8K) t} .

From this we can infer that there exists a process (X;)¢>o such that

(3.10) Esup | X, — X*? = 0as k — oc.

s<t
It remains to be shown that (X;);>o is indeed a solution to (1.1). Observe that, by
choosing a subsequence, we have X* — X, almost surely as k — oo and thus, since b is
assumed to be continuous, we get

b <lec - %) — b(X;) almost surely as k — oo
11



But b is bounded by the constant v/ M and

/ot/Rdb<Xf_ %) j(2)dzds < \/M/Ot/Rdj(Z)dzds < 00.

Therefore we get

t t
/ b (Xf - 3 2)dzds — / / 2)dzds = / b(X,)ds as k — oo as.
0 R4 k R4 0

Moreover, using the It6 isometry and (3.10), we can easily prove that

/Ota(Xf)dWS%/Ota(Xs)dWs
// dsdu%// X, u)N(ds, du)

almost surely (by choosing a subsequence), as k — 0o, which finishes the proof. U

and

Now we proceed with the proof of Lemma 2.5, which is needed to ensure existence of
an invariant measure for the solution to (1.1).

Proof of Lemma 2.5. First observe that under our assumptions, we can use Lemma
3.1 to get
Esup | X,|? < K1 (1 + |z]*)e"?
s<t
for some constants K, Ky > 0, where (X;)i>0 = (X¢(2))t>0 is a solution to (1.1) with
initial condition x € R%. Hence, by the Chebyshev inequality, for any ¢ > 0 we can find
R > 0 large enough so that for any z € R? with |z| < R we have

<eg.
s<t

(3.11) P {sup | Xs(x)| > R

Now without loss of generality assume that ¢ < 1 and fix e > 0 and R > 0 like above. We
can consider a solution (X/[%);5q to the equation (1.1) with the coefficients replaced by
the truncated coefficients bg, or and gg obtained from Lemma 1.4 (note that the local
boundedness assumption (1.8) in Lemma 1.4 is satisfied due to the continuity of b and
the separate linear growth condition (2.4) for o and g, cf. the discussion at the beginning
of this section). Then bg, og and gg satisfy a global one-sided Lipschitz condition (1.10)
with some constant C(R) > 0. Moreover, we have X, = X for s < 75 with 75 defined
by

(3.12) Tr = inf{t > 0: | X} > R}.

Thus for any =, y € R? with |2| < R and |y| < R and for any § > 0 we have
1
P(1X1(7) — Xi(y)| > 0) < e + P(|X{(z) — X{(y)| > 0) < e+ 5—2E|Xf($) - X{'(y)?,

where the first step follows from (3.11) and some straightforward calculations (see page
321 in [1] for details) and the second step is just the Chebyshev inequality. Now from the

[t6 formula used similarly like in (3.5) (cf. also the proof of Theorem 1.5, although here
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we need a different local martingale than in the case where we estimate a supremum) we
get

XP(2) — XE@) = o -y +2 / (XR(x) — XP(y),br (XP(2)) — b (XP(y))) ds

2 [ (X80 = X0, (o (X)) = o (X00) W)

+ |gR (Xf_(x),u) —JRr (Xi(y)’u)|2 }N(d‘svdu)

i / / lgr (X (2),u) = g (XL (y),0)|* v(du)ds

<o) | X(@) — XE(y)| ds + M,

where we used the global one-sided Lipschitz condition (1.10) for bg, og and gg and

M, 122/0 /U{<XSR(93) = X W), 9r (XL (@), ) — gr (X2 (y),u))
+ ’gR (Xf—(aj)a ’LL) —9Rr (Xi(y)au) ’2 }N(d‘g? du)

2 [ (X80 = X0, (o (X)) = e (X)) W)

is a local martingale. Thus by a localization argument and the Gronwall inequality we
get

(3.13) EIX{(2) = X{'(y)* < Al — y[?e™

for some constants A, B > 0 and thus
A
(3.14) P(|X1(z) — X1(y)| > §) <e+ ﬁ]x — y|%ePt.

Once we have (3.14), we proceed exactly like in the proof of Proposition 4.3 in [1]. Namely,
we can show that for any sequence z,, — x in R we have X (z,) — X (z) in probability.
From this we infer that for any function f € Cy(RY) we have

pif(x,) — puf(o),

from which we get the desired Feller property of (p;):>o. Details of this last step can be
found on page 321 in [1]. O

Proof of Theorem 2.1. Note that (2.3) obviously implies (1.3), hence under the assump-
tions of Theorem 2.1, the assumptions of Lemma 2.5 are satisfied. Thus the semigroup
(pt)i>0 associated with the solution (X3);>o of (1.1) is Feller. Hence, if we can show (2.2),
then we can just use the Krylov-Bogoliubov method presented at the beginning of Section

2 and conclude the proof. In order to prove (2.2), we apply the It6 formula to | X;(z)|?
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and then proceed like in the proof of Lemma 2.5 presented above, where we apply the
It6 formula to obtain (3.13). However, unlike in (3.13), here we need to obtain the term
eBt with a negative constant B in order to guarantee the boundedness in probability at
infinity condition (2.1). Thus we need to use the differential version of the Gronwall in-
equality and not the integral one (cf. Remark 2.3 in [11]). This is however not a problem,
since by using (2.3) and choosing a local martingale accordingly, we can obtain

E|X,(2)]* < E|X,(2)]* — 2K/ <E|X ) dr
for any 0 < s < t. Thus by the differential version of the Gronwall inequality we have
M
EIX, (@) — 32 < la?e
which gives (2.2) and finishes the proof. O

Proof of Theorem 1.1. Under our assumptions we can prove that the coefficients of
(1.1) are locally bounded in the sense of (1.8), cf. the discussion at the beginning of
Section 3. Then combining Lemma 1.4 and Theorem 1.5, we see that for every R > 1
there exists a unique strong solution (X/)i>o to the equation (1.1) with the coefficients
replaced by bg, or and ggr from Lemma 1.4. If we consider a sequence {(X}")¢>0}nen of
such solutions and define stopping times {7, }nen like in (3.12), then we can show that
for n < m we have 7, < 7,, and consequently that

7:= lim 7,
n—oo

and

X; = lim Xf almost surely on [0, T ]
n—oo

are well defined. We just need to show that (X;);>¢ is indeed a solution of (1.1). However,
by the construction of the coefficients in Lemma 1.4 we can see that

tAT tATh AT,
Xinr, = Xipr, = Xo +/ b(X)ds +/ )W ‘|—/ / Xeou ds , du)
0 0

Therefore it remains to be shown that 7 = oo a.s., which can be done exactly as in
Theorem 3.1 in [1]. Namely, using the global one-sided linear growth condition (1.3) we
can show that E|X;.., |> < (E|Xo|? + Kt)eX? for some constant K > 0 and then, after
showing that nP(r, < t) < E|X;a., |%, we see that 7, — oo in probability and thus, via
a subsequence, almost surely. O
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7 Diffusions with inhomogeneous jumps

In this chapter we present some ideas for a further extension of the methods used in the
previous part of the thesis. Namely, we would like to study jump diffusions whose jumps
are induced by a random measure with intensity which is inhomogeneous in time and
space. Our aim is to apply the coupling technique to study stability of such processes
in some special cases.

More precisely, we study stochastic differential equations of the form

dX; = b(t, X;)dt + o(t, X,)dW; + / oN(dt, dv) , (7.0.1)
U

where (W})i>0 is a Brownian motion and N) is an integer-valued random measure on
Ry xU (where (U,U) is a measurable space), with a time-dependent and space-dependent
compensator (¢, Xy, v)dt v(dv) with some Lévy measure v on (U,U) and a function
A:[0,00) x R? x U — R. Solutions of such SDEs can be considered as special cases of
time-inhomogeneous processes with generators of the form

Ly =L+ Ky,

with L; being a time-inhomogeneous diffusion generator and
Kif (@)= [ (e +9) = £0) ~ (0,9 F@) 1)) vito,dy).

where v : [0,00) x R x U — [0, 00] is such that for every (¢, z) € [0,00) x R? the measure
v(t,z,-) is a Lévy measure. Such processes were studied by Stroock in [Str75] using the
theory of martingale problems, see Section 2.5. Here we will also focus on the approach
via generators rather than via SDEs.

Processes of similar type appeared e.g. in [MBP04] in the context of non-linear filtering
for jump processes. The authors of [MBP04] considered systems of equations

dX; = b(Xy)dt + o(X;)dB;"

dY; = h(t,X;)dt + dBY + / v Ny (dt, dv)
R

with two Brownian motions (B;X);>¢ and (B} )¢>0 and an integer-valued random measure
Ny on R} x R with compensator

A(t, X¢,v)dt v(dv)
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7 Diffusions with inhomogeneous jumps

for some finite Lévy measure v and a real function A\. They solved a class of filtering
problems for such processes, e.g., they were interested in evaluating expressions of the
form

E[f(X)|FY],

where F} is the o-field generated by the process (Y2)¢>0 up to time ¢ > 0 and f is a
measurable function.

Here we are interested in processes of similar type, although our motivation is different
and comes from the theory of continuous time Feynman-Kac models that appear in
the theory of sequential Monte Carlo methods, see e.g. Chapter 5 of [DM13] for an
introduction to this topic. Before we discuss connections with these kind of applications,
let us formulate precisely our framework and state the result that we would like to prove.
Afterwards, in Section 7.2 we will discuss how the kind of models that we consider can
relate to the theory of sequential Monte Carlo methods and in Section 7.3 we will present
a coupling construction and discuss how it can be applied to prove our stability result.
It should be stressed that this part of the thesis is not intended to be fully rigorous
and comprehensive. It is meant as an outline of possible future research directions and
contains only partial results.

7.1 Formulation of the problem

Let E C R? be a convex, bounded domain with a smooth boundary and let Ry :=
diam(F) < oo. Suppose we also have C? (twice continuously differentiable and bounded)
functions H : E - Rand V: E — R.

We would like to consider an F-valued process (Xt)te[o,T] which is a solution to the
martingale problem for time-inhomogeneous generators given as

Lt f(x) = (=VV(2) = tVH(z),Vf(z)) + Af(z)

(7.1.1)
+ [ (@) = HE@)(E) - @),
where v, = Law(Xy) for all ¢ € [0,7] and (H(x) — H(z))+ = max{H(z) — H(z),0}.
Here functions f : E — R are required to be in C?(E) and satisfy Neumann boundary
conditions, i.e.,

(n(x),Vf(x)) =0 for all x € OF,

where n(z) is the interior normal vector at a boundary point z. In other words, we
require that for every such f the process

t
F(X) — /0 L f(X,)ds

is a martingale.

The motivation for studying processes of such form in the context of the theory of
sequential Monte Carlo methods will be discussed in Section 7.2. However, they are also
interesting on their own as examples of a different kind of jump diffusions than the ones
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7.1 Formulation of the problem

studied in the previous chapters. Even though the jump intensity in (7.1.1) is finite, it
is also inhomogeneous in time and space, which poses new challenges in the analysis of
such processes. The important thing to know at this point is that (Xt>te[0,T] is defined so
as to preserve the family of measures (u)icfo,r) on £ (in the sense that if Law(Xo) = po,
then for each ¢ € [0,7] we have Law(X;) = p;) given by

wi(du) = th exp (—tH (u)) po(du) , (7.1.2)

where g is a fixed reference probability measure on E and the normalizing constants
Z, are given as

Zy = / exp (—tH (u)) po(du) (7.1.3)
E
for t € [0, T]. As the reference measure g, we will consider a measure given by
1
po(du) = - exp(—V (u))du (7.1.4)
with
Z = / exp(—V(u))du. (7.1.5)
E

However, (X¢);c[o,7] is not a unique process such that Law(X;) = p holds for all ¢ € [0, T
and the choice of the particular form of the jump intensity in (7.1.1) is motivated by its
relation to the theory of sequential Monte Carlo methods, see the discussion in Section
7.2.

Observe that (Xt)te[o,T] is a diffusion with jumps, i.e., its generator can be written as
Ltﬂ/t = Lt + Lt,l/t ’

where L; is a diffusion generator corresponding to the solution of the stochastic differ-
ential equation
dX| = (—~VV(X]) —tVH(X}))dt + V2dBy,

ie.,

Lif =(-VV(z) —tVH(x),Vf(z)) + Af(x) (7.1.6)

and

Ly f(2) = /E(H(:c) — H(2))+(f(2) = f(z))ve(dz) .

Hence existence of such a process can be easily justified by a standard interlacing proce-
dure, since a diffusion process corresponding to the generator (7.1.6) obviously exists due
to regularity of the coefficients and the jumps can be added to its paths since their in-
tensity is finite. More precisely, if we consider any probability measure 1y on E, we then
want to construct an E-valued process (Yt)te[o,T] with initial distribution g such that its
generators are given by L;,,, defined as in (7.1.1), where 14 = Law(Y;) for ¢t € [0,T]. To
see that such a construction is always possible, consider a diffusion process (X{);>0 with
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7 Diffusions with inhomogeneous jumps

the generator L; defined by (7.1.6), started with initial distribution vy, and a sequence
(en)o of i.i.d. exponentially distributed random variables with unit parameter. Define

ro=itfizo: [ [ - ) s > f

where v, := Law (X)) for any s € [0,7]. We set v, := v for t € [0,T1]. At time T3, we
make the process (X})¢>o jump to a point chosen according to the distribution
(H(Xf,_) — H(2)), vr,—(dz)
Jp (H(X5,0) = H(2) | vr,-(d2)

(cf. the discussion in Section 5.3.2 in [DM13]). Now we can consider another copy
(X{")e>1, of the diffusion process described by the generator L, this time started at
initial point X7 . We define

rmut iz [ [ D = @) is > e}

where v/ := Law(X/) for any s € [0,T]. We set v; := v} for t € (T1,T»] and make the
process (X7')¢>0 jump to a point chosen according to

(H(X}, ) = H(2) , vr-(d2)
J (HOXH, ) = H()) vin-(d2)

We iterate our procedure for n > 2.

Having a fixed nonlinear flow of probability measures (f1t);c(0,7) given by (7.1.2), we
would like to investigate its stability by comparing the processes (Xt);c(o,r) defined via
(7.1.1) with initial condition uo (so that for each t € [0,7] we have Law(X;) = ;) and a
process (Y1);c(o,r) defined also by (7.1.1) but with initial condition vy, where vy # po. In
other words, we would like to compare the initially given family of measures (,Ut)te[o,T]
with the family (v4);c[0,7] constructed by applying the process defined by (7.1.1) with
initial distribution vg. The idea is that since (X¢)e[o,7) Preserves (u)e(o,r), the processes
(Xt)eo,r) and (Yy)¢eo,r) should stay close to each other if we choose vq close to jig and if
(#t)tefo,1) is indeed stable under perturbations of its initial condition. Here we measure
this stability in the standard L'-Wasserstein distance and hence we are interested in
quantifying the expression Wy (s, v4) for ¢t € [0,T7].

Below we use the notation My and Lip; to denote, respectively, the upper bound and
the Lipschitz constant for any function f : E — RY, i.e., |f(z)| < My for any € F and
|f(z) — f(y)| < Lipys |z —y| for any z, y € E. Recall that Ry = diam(E). We would like
to prove the following result.

Theorem 7.1.1. Let the potentials V and H : E — R in (7.1.4) and (7.1.2) be C?,
bounded, and such that

e—%(Linv +T Lipy ;) R}

20Ro Lips +4Mp

2
Lipgy +T Lipy gy

(eé(Lipvv +T Lipyy)R3 _ 1) (7.1.7)
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7.1 Formulation of the problem

Then there exists a concave, strictly increasing continuous function f : E — Ry and a
constant C > 0 such that

Wi (e 1) < €Wy (a0, v0) (7.18)
for all t € [0,T]. Moreover, the function f is constructed in such a way that
Wi (pe, ) < 9es (LiPyy +TLipVH)R<%e_CtW1 (10, 10) (7.1.9)
for all t € [0,T].
Let us briefly discuss the form of the condition (7.1.7).

Example 7.1.2. We would like to give examples of functions V', H satisfying the con-
dition (7.1.7), i.e.,

—1KR?
2 (e%KR% _ 1) < ° (7.1.10)
K 20R, LlpH +4 My
where

Note that if we fix sufficiently smooth functions V and H, then we can always rescale H
in such a way that (7.1.10) holds. Namely, if we replace H by aH for some a > 0, then
all the constants associated with H are multiplied by a and (7.1.10) becomes

¢~ 5 (Lipgy +aT Lipy ;1) R3

20aR Lipy +4aMy '

. 2 ‘ (eé(Lipvv +aT Lipy )RS _ 1)
Lipgy +aT Lipgy

which is equivalent to

e~ 5 (Lipgy +aT Lipy ;) R3

2a (eé(Lipvv +aT Lipy )Ry _ 1) <
Lipgyy +aT Lipy gy ~  20RopLipy +4Mpg

When we take a — 0, then the left hand side converges to 0 and the right hand side

converges to
171 2
e~ 8 Lipvy Bj

20Rg Lipy +4Mp '

hence it is always possible to choose a > 0 small enough so that (7.1.10) holds.

The function f in Theorem 7.1.1 is defined as

where

o(r) == exp <—;K7~2> , o g(r)=1- Z/OT iég ds
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7 Diffusions with inhomogeneous jumps

—2 (/ORO igds>l LB = /Orgo(s)ds:/ore(éKSZ)ds,

Ry = diam(E) and K defined by (7.1.11).
The constant C' > 0 appearing in (7.1.8) is given by

with

C := ¢ — (10Mj Lipy +2My Lip;)2es" 78 .

We will present a fairly detailed outline of the proof of Theorem 7.1.1 in Section 7.3.
Before we proceed, however, let us discuss briefly the connection between the process
(Xt)efo,r) defined via (7.1.1) and the theory of sequential Monte Carlo methods.

7.2 Nonlinear flows of probability measures

Let us consider once again the nonlinear flow of probability measures (u)iejo,r) on F
given as

ue(du) = thexp (—tH () jo(du) (7.2.1)

with normalizing constants Z; defined by (7.1.3) and

po(du) = %exp(—V(u))du (7.2.2)

with Z defined by (7.1.5).

Consider an unnormalized reference measure 1y associated with py, i.e.,
no(du) = exp(—V (u))du .
We can also consider a family of unnormalized measures
ni(du) = exp (—tH (u)) no(du)

corresponding to (pit)e(o,r) and the associated family of densities (pt);c(0,77; i€,

pi(x) := exp (—tH(z)) exp (=V(z))

for x € E.

Suppose we are looking for a process (X¢);e[o,r] which preserves the family of measures
(1t)efo,r)- We will now sketch an argument justifying that defining (X)o7} via (7.1.1)
is indeed the right choice.

It is known that if (X;)ic[o,7) indeed preserves (u)icpo, 7], then the densities (pr)icio,1
should satisfy the Fokker-Planck equation (see e.g. Chapter 4 in [Pav14])

d

apt =Lipt, (7.2.3)
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7.2 Nonlinear flows of probability measures

where (L;);c(0,7] is the family of generators of (X)o7 and L} is the formal adjoint of
Ly, i.e., we should have

(Lef,p) = (f, Lip) -

Of course, since we are working on a bounded domain E, we should specify boundary
conditions for £;. We choose the Neumann boundary conditions, i.e.,

(Vf(z),n(z)) =0

for x € OF, which corresponds to reflecting the process at the boundary of E.
Assume we are looking for an operator of the form

Ly=L;+ Ky,

where L; is a diffusion operator of the form

d

Lif(x) = Z bi(t,x)0if (z) + Af(xr)

i=1

and Ky is a jump operator. This is motivated by the fact that a measure of the form
(7.2.2) is an invariant measure for the Langevin equation. In some sense, we aim to use
the jumps to make up for the evolution (7.2.1) that perturbs the measure py and to
obtain this way a process that preserves the family (/Lt)tE[O7T]. We have

Ly =L+ K}
and

Lif(z) = V- (=b(t,2) f(z) + V[(z))

d d

== Obj(x)f(x) = Y _bi(x)dif(z) + Af(z).
=1

=1

= e—V(w)

Now observe that we have po(z) and hence

dipo(x) = —=0;V (x)po() .
We also have p;(z) = e *(®) pg(z) and hence

& i) = ~H@)po().

Now we calculate
Oipe(x) = —te M@ H (2) po(2) + e H @Dy p0 () = —tpy(2)0; H (z) — ;V () ps ()
and

Oiipe(x) = —t0ipe(x)0iH (x) — tpe() 05 H (x) — O3V () pe(w) — B3V (2)Dipe ()
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7 Diffusions with inhomogeneous jumps

which implies
Api(e) = —HVpu(w), VH(2)) — tpi (2) AH () — pr() AV (2) — (VV (@), Vpy(a))
We infer that if we put
bi(z) = —tVH(z) — VV(x),
then
Lipy(a) = 0
and hence we should have
K} pi(a) = —H(@)pi(a)

This allows us to conjecture that if we set

L f(x) := Lef(x) — H(x),
then the unnormalized measures (Ut)te[o,T} will satisfy the equation

L) = m(LE () (72.4)

for a class of sufficiently regular functions f.

Note that the fact that the densities (pt);c(o,) satisfy (7.2.3) does not automatically
imply (7.2.4) and our reasoning is just a heuristic argument allowing us to guess the
right form of the generator of a process preserving our given family of measures. A fully
rigorous argument justifying (7.2.4) will be given in an upcoming article based on the
contents of this chapter.

However, if (7.2.4) indeed holds, then the normalized measures (u)¢cpo, 1] satisfy

L) = () ~ e (HP) + pu(H)pu(D), (7.2.5)

see e.g. Section 5.2 in [DM13] and the references therein or Section 1.2 in [EM13].
Suppose now that the generator of (X¢).e(o,7 is given by

Lty = Li + Lt p, - (7.2.6)
Then our goal is to find a generator Et,ut such that

e (H ) + pe(H) e (F) = pue( Lo (£)) - (7.2.7)

If (7.2.7) holds, then we can easily check that a process (X¢)ic[o,7] With the generators
(Lt,u)tejo,r) defined by (7.2.6) indeed preserves the family of measures (jit);c(o,7) due
to (7.2.5). Namely, it is sufficient to check that for the associated time-inhomogeneous
semigroup (ps¢)o<s<t<T We have

d
d/ fd/isps,tzo
S JE
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7.2 Nonlinear flows of probability measures

for sufficiently regular functions f, which then implies that for any ¢ € [0,7] we have
HoPo,t = MtPtt = Ht-

The choice of Et,ﬂt satisfying (7.2.7) is not unique, see Section 5.3 in [DM13], but one
of the possible choices is

Eupuf (@)= [ (@) = HE)(G) = f@)n(dz).
which is what we choose in (7.1.1). We will now try to briefly explain why this particular
choice seems reasonable in the context of possible applications of the process (Xt)te[o,T]
in the theory of sequential Monte Carlo methods.

Having determined the formula for the generators of the process (X¢);cjo, 7], We can
use it to describe the interacting particle system for which (Xt);c(o,7] is its mean field
limit. Namely, given a system of a finite number of interacting particles, (X¢)eo, 7] is
supposed to describe the behaviour of a single particle after the number of particles in
the system goes to infinity. See [EMO6] for more details about the connection between
interacting particle systems and the mean field limit processes such as (Xt)te[o,T]-

Let us now briefly discuss a particle system that would correspond to the process
(Xt)eo,r) defined via (7.1.1). Fix N € N. We can define a system of N interacting
particles as a Markov process on EVV via its generator £V given as

N
LY f(xr,..oan) =D (=VV(xi) = tVH(z;), Vif (21,.. ., 2n)) + Aif(21,..., 2N)
=1

N
= Z(—VV(xi) —tVH(x;),Vif(x1,...,28)) + Aif(z1,...,xN)

+
| —
[]=
[]=
Py
=
8
|
e
—
&
=
+
=
&
|
~
—
&

where 77 (dz) = Z;V: 10z, (dz). Hence we have a system of IV particles in which between
the jumps every particle moves according to the diffusion generator

Lif = (=VV(z) —tVH(z),Vf(2)) + Af(z)

and when a particle jumps, it jumps to a position chosen among the positions of other
particles in the system. Having a closer look at the jump intensities in this particle system
may be instructive to understand the form of the jump intensity in (7.1.1). Consider as
an example a bounded potential H(x) shaped like |z|? in some neighbourhood of zero
and recall that u(du) = Z% exp (—tH (u)) 1o(du). Then it is clear that in this particle
system the particles jump only to the regions of space chosen in such a way that the
mass of u; increases (observe that when H decreases, y; increases).
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7 Diffusions with inhomogeneous jumps

H(z;) > H(z;)

Figure 7.1: Jumps of particles in the interacting particle system associated with
(Xt)eepo,)-

Interacting particle systems associated with processes of the type (7.1.1) appear in
the theory of sequential Markov Chain Monte Carlo methods, where they are used to
sample from a given family of measures (1it);c[o,7]- Thus the choice of the jump intensities
presented above seems reasonable, as we would like the particles in our system to explore
regions of space where the measure that we want to sample from has a lot of mass.

One possible application where we want to have a sequence of samples ($t)t€[07T]
from a given family of measures (f1);c(0,7 is when we want to sample from a measure
wr which is difficult to sample from. We deal with this problem by sampling from a
measure o which is easy to sample from, and then we move from pg to pur via a sequence
of intermediate measures. Another area where such sequential methods are applied is
Bayesian inference, where p,; is the posterior distribution of some parameter given the
data collected until time ¢ > 0, see [DDJ06] and the references therein. See also [EM13],
[DM13] or [DMMO00] for more details on the connection between the interacting particle
systems that we presented here and sequential Monte Carlo methods.

It is reasonable to conjecture that certain stability properties of such interacting par-
ticle systems should be preserved by their mean field limits. Therefore, we hope that
our analysis of the process (Xi);c(o,r) Will eventually lead us to obtain information on
the behaviour of corresponding particle systems, which could subsequently be applied to
study sequential Monte Carlo algorithms. This, however, will be the subject of a future
work and we do not discuss these topics in any more detail in this thesis outside of the
present section.

We now go back to studying the process (X¢)ic[o,1]-

7.3 Stability via coupling
We would like to couple the processes (X¢)iejo,r) and (Yi)iepo,7] defined in Section 7.1

in order to obtain upper bounds on the quantity Wj(us,v¢) from Theorem 7.1.1. Note
that here we are interested in coupling two different processes and hence the situation is
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7.3 Stability via coupling

different from what we discussed everywhere else in this thesis, as both in [Majl5] and
[Maj16] we were interested in coupling two copies of the same process. In other words, we
do not use Definition 3.1.4 directly, but we consider a coupling of two different random
objects in the sense of Definition 3.1.2.

Hence, having two processes (Xt)sejo,7] and (Y¢)sejo,7] defined in terms of their gener-
ators Ly, and L;,, on E, we want to define a process on E x E with a generator Ly ,, ,,
such that its marginal generators are L;,, and L ,,, respectively.

The coupling that we will use is given by

Et,#z,utf(x7y) = <_VV($) - th(l’), v:vf(xv y)) + <—VV(y) - th(y)a Vyf(xa y)>
d
#30 (12t B O )

e =yl Jz -yl /), 0x:dy;
7]

7

3,j=1

+ /E (H(x) = H(2)), AN (H(y) — H(2)), (f(2,2) = f(2,9)) pu(d2)
+ /E [(H(x) — H(2)), — (H(z) A H(y) — H(2)),] (f(2,9) = f(2,9)) m(d2)
+ fE [(H(y) — H(2)), — (H(z) NH(y) — H(2)) ] (f(2,2) = f(z,9)) vi(d2)

+ /E (H(z) NH(y) — H(2)), (f(2,2) = f(z,9)) (ve(dz) — p(dz))
(7.3.1)

for functions f : E x E — R in C?(E x E) with Neumann boundary conditions
(n(z),Vgf(x,y)) =0forz € 0E, y € E (7.3.2)

and
(n(y),Vyf(z,y)) =0forx € E, y € OF. (7.3.3)

Existence of a solution to the martingale problem for (7.3.1) will be discussed in detail in
a future paper based on the contents of this chapter. Here let us just mention that since
the jump intensities in (7.3.1) are finite, we will want to apply an interlacing procedure
similar to the one presented in Section 7.1.

While the formula (7.3.1) may look sophisticated, the rationale behind it is very simple.
We apply the coupling by reflection to the Brownian motion driving (7.1.1) and we force
the two coupled processes to jump to the same point with the maximal possible rate,
which is the minimum of the jump rates of the two marginal processes (the first integral
in (7.3.1)). The other integrals are just perturbation terms required in order for the
generator (7.3.1) to actually define a coupling.

Let us briefly discuss why the process defined by (7.3.1) is indeed a coupling of
(Xt)teo,r) and (Yi)ic(o,m- It is easy to check that for f(z,y) = g(x) we have

Et,ut,utf(xa y) = Lt,utg(x)
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7 Diffusions with inhomogeneous jumps

and for f(x,y) = g(y) we have

I_/t,,ut,l/tf(x, y) = Lt,l/tg(y) .

and hence the marginal generators are as we desired. However, to conclude we need to
know that the martingale problem associated with L;,, has a unique solution. Let us
briefly sketch an argument justifying this.

Recall from the discussion in Section 2.5 that in [Str75] Stroock investigated the theory
of martingale problems associated with generators of the form

L:= L+ Ky, (7.3.4)
where ; .
L; = 3”221 aij(t, w)aav?;x] + ; bi(t, m)ail
is a time-inhomogeneous diffusion generator on R? and
Kif(@) = [ (#o ) - 1@ - B vt (7.35)

is a time-inhomogeneous Lévy-type generator on R?. Here v is such that for every (¢,x)
the measure v(t, z, -) is a Lévy measure. From Section 3 in [Str75] we can infer that if we
have a generator £; of the type (7.3.4) for which uniqueness for the martingale problem
holds and we consider a generator K of the type (7.3.5) with a finite jump measure,
then uniqueness holds also for the martingale problem for £; + Kj. Thus in our case it
is enough to verify uniqueness for the martingale problem for the generator defined by

Lif(x) = (=VV(2) - tVH(z),V f(x)) + Af(z).

However, due to Corollary 2.5 in [Kurll], we know that this is equivalent to uniqueness
in law of weak solutions to the associated SDE, i.e.,

dX; = (=VV(X;) —tVH(X))dt + V2dB; . (7.3.6)

Due to regularity of the coefficients of (7.3.6) its solution is indeed unique in law, which
finishes our argument.

We are now ready to begin our analysis of the coupling given by (7.3.1). In order to
prove Theorem 7.1.1 we will first focus on the diffusion part. Let us write

Et,ut,utf(xa y) = E%,Mt,utf(xa y) + E?,ut,utf(xa y) 5

2
e, vt

1
t, e vt

+ Axf(xa y) + Ayf(l"vy)
: -y (@—yT\ 0
+ 2 (I—2,$ ) f(a.y)

5o yl |z =yl /;; Owidy;

where L is the diffusion part of Et“ut;’/t and L is its jump part, i.e., we have

(7.3.7)
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7.3 Stability via coupling
and
L}y f(2,y) = /Rd (H(z) = H(2)), A (H(y) — H(2)), (f(2,2) = f(2,y)) pu(dz)
+ /Rd [(H(z) — H(2)), — (H(z) N H(y) — H(2)), ] (f(2,9) = f(2,9)) pe(d2)
+ /Rd [(H(y) — H(2)), — (H(z) NH(y) — H(2)),] (f(z,2) = f(2,y)) vi(dz)

+ /Rd (H(z) NH(y) — H(2)), (f(z,2) = f(2,9)) (n(dz) — me(d2)) -
(7.3.8)

We will use the methods from [Ebel6] (presented also in Section 4 of [Maj16]) to find a
concave function f and a constant ¢ > 0 such that, formally,

Ly S (Jo = yl) < —cf(jz = y) (7.3.9)

for all z, y € E. Note that in fact we cannot directly apply I_L%,ut% to the function

r+— f(|r]) as it is not differentiable at zero. However, in the proof of Theorem 7.1.1 we
only need to use (7.3.9) for z and y € E such that |z — y| > & > 0, i.e., we need to have

tATh B tATn
/ L (X — Yil)ds < —c/ F(IXs = Yi|)ds, (7.3.10)
0 0

where
T =inf{t >0:|X; = Y| ¢ (1/n,n)}.

Note also that we formulated the martingale problem for L; ,,, ,, for functions f satisfying
the boundary conditions (7.3.2) and (7.3.3). Here we will apply L%,ut,w to a function f
which does not necessarily satisfy (7.3.2) and (7.3.3), but it satisfies inequalities

(n(x),Vyf(xz,y)) <O0forx € 0E,y € E

and
(n(y),Vyf(r,y)) <0forz € E, y € OF,

which will turn out to be sufficient for our purposes.
In order to find a function f for which (7.3.10) holds, let us first consider a process
(Xt)tefo,r) defined by

dX; = b(X;)dt + n(X,)dlX +v/2dB;, (7.3.11)

where n(zx) is the interior normal vector for x € OF and (£X )telo,7) is the local time

of (Xt)te[O,T] on OF. In other words, (f;f_( )te[o,T} is a non-decreasing continuous process
which increases only when (Xt);c(o,r) is at the boundary, i.e., we have

/ 1E\BE(Xt)d£§ =0 a.s.
0
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7 Diffusions with inhomogeneous jumps

Such an SDE corresponds to the generator

Lif(x) = (b(z), Vf(2)) + Af(z)
with Neumann boundary conditions

(n(z),Vf(x)) =0 for all x € OF,

see e.g. Section 1.3 in [And09], see also [LS84] or [BCJO06] for more information on
diffusion processes with reflection at the boundary of their state space.

We will now prove that for a coupling by reflection (X, Y,g)te[oﬂ of two copies of the
solution to (7.3.11) we have a function f and a constant ¢ > 0 such that

tATh
Ef(| Xiar, — Yiar|) — Ef(|Xo — Yol) < —c/o Ef(|Xs — Ys|)ds (7.3.12)

with 7, = inf{t > 0: |X; — Y;| ¢ (1/n,n)}. This will be done by using the methods
from [Ebel6], see also the proof of Theorem 2.3 in [Majl16]. Note that showing (7.3.12)
with some function f will allow us to infer that (7.3.10) holds with the same function
f if we choose the drift in (7.3.11) to be the same as the one in the process defined by
(7.1.1), i.e., our coupling (Xy, ¥;)seqo.7] will correspond to the coupling generator Eiuuw
defined by (7.3.7).

Following Remark 3 in [Ebel6], the methods from [Ebel6] which we presented in
Section 4 in [Maj16] and which were originally applied to diffusions on R? of the form
dX; = b(Xy)dt + dBy, are easily adapted to the case of (7.3.11). Namely, the coupling
(Xy, }_ﬁg)te[oﬂ is specified by choosing (Yt)te[O,T} as

dY; = b(Y;)dt + n(Y;)deY +V2R(X,,Y,)dB,,

where (@_/)te[o,T] is the local time of (Y;);e[0,r] on OE and R(X;,Y;) is the usual reflection
operator that we introduced in Section 3.1.1. Then, by the It6 formula, we have

df(1Z4]) = f’(zt|>|th|<Zt, b(X) — b(Y3))dt + f'<|zt\>,th|<zt, n(X,))deX
- f’<\zt|>|th|<zt, n(T0))de} + 22 f (| Z)dTWs + 4f"(1Zd])dt

where Z; := X; — Y; and (Wt)tzo is a one-dimensional Brownian motion, cf. Section 4
of [Ebel6] or Section 4 of [Majl6]. Now observe that due to convexity of E we have

(Zi,n(X3)) <0

and

_<Zt7 n(}/t)> S 07
which implies that

df (1)) < f’(\Zt!)|th<Zt, b(Xy) = b(Yo))dt + 2V2f'(|1Zi))dW, + 4f"(|1Z4))dt
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7.3 Stability via coupling

This shows that having the additional term involving the local time in (7.3.11) does not
change our estimates and we can proceed exactly as in [Ebel6] or [Maj16], i.e., we need
to construct a function f such that

Af"(r) = ra(r) f'(r) < —cf(r)

holds for all » > 0 with some constant ¢ > 0, where « is a function such that

(b(z) = b(y),x —y) < —llz —y|)lz —y[*. (7.3.13)

We can easily deduce a right formula for f in Theorem 7.1.1 by applying some minor
modifications to the original formulas from [Ebel6]. As we will see in the sequel, the fact
that in our case the drift is time-inhomogeneous does not actually pose a problem since
the time horizon is finite. Here we base our presentation on the one from Section 4 in
[Majl16]. Note that the case that we are considering here corresponds to taking o = /2
and o = 1/2 in the formulas in Section 4 of [Maj16]. Recall that the drift function in
our process is given by

bi(r) = -VV(zx) —tVH(x).
Thus we have
(be(@) = bily), @ —y) = (=VV(z) = tVH(z) + VV(y) +tVH(y),z — y)

< |VV(z) = VV(y)llz —y| + T|VH(z) = VH(y)||lz — y|

< Lipyy |z =y + T Lipyy |z — y[*.
Hence we see that our setting corresponds to (7.3.13) with the function x from (7.3.13)
being constant and defined as
For convenience we denote

K := Lipyy +T Lipyy -

Hence we would like to find a function f such that

Af'(r) +rf (K < —cf(r)
or, equivalently,
2f"(r) + 5r (VK <~ f(r) (7.3.14)

for all » > 0 with some constant ¢ > 0.

We will now guess the formula for such f based on the formulas from [Ebel6]. Af-
terwards we will show that our f indeed satisfies (7.3.14). Recall that the function f(r)
in [Ebel6] is defined for all r € [0, 00) and its behaviour is different on intervals [0, Ro],
(Ro, R1] and (Rj,00) for some appropriately chosen constants 0 < Ry < R;. Observe
that since x is always negative, in the formula which defines Ry (see (4.9) in [Maj16] or
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7 Diffusions with inhomogeneous jumps

(8) in [Ebel6]) the infimum is taken over an empty set. However, since we are dealing
here with a bounded domain F, we can set

Ry = Ry = diam(E)

and we need to specify the behaviour of the function f only for r € [0,diam(E)]. This,
following the formulas in Section 4 of [Maj16], leads us to define

f(r):= /OT w(s)g(s)ds, (7.3.15)

where

o(r) := exp (_i /0’" K3d3> = exp (-;Kﬂ) 7 o) =1 2 /Or ig)) .

with

1

c=2 (/ORO 28 ds> i (7.3.16)

d(r) == /Orgo(s)ds = /O exp (—;Kﬁ) ds.

We can now easily check that f defined this way satisfies (7.3.14) for all r € [0, Ry].
Moreover, it is comparable from above and below with a (rescaled) identity function,
which will later allow us to compare the Wasserstein distance Wy with the (rescaled)
standard L'-Wasserstein distance Wj.

We obviously have

and

and
f(r) = ¢'(r)g(r) +o(r)g'(r).

Hence (7.3.14) can be written as

2¢/(r)g(r) + 2¢(r)g'(r) + %K ro(r)g(r) < —gf(r) : (7.3.17)
Note that o)
0=
and .
¢(r) = = Kre(r)

Thus the left hand side of (7.3.17) becomes just

—gw).
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7.3 Stability via coupling

However, since g(r) < 1 for all r € [0, Ry], we obviously have f(r) < ®(r) for all
r € [0, Rp]. Hence we see that (7.3.14) indeed holds.

Moreover, for all r € [0, Ry] we have ¢(r) < 1 and thus f(r) <r

As for the lower bound on f, since we have

Rog(s) [T d(s)
/0 @(S)dsz/o o(5)

for any r € [0, Ro|, we see that

and hence

B c [T D(s)
g(r)—1—4/0 ds >

Moreover, the function ¢ is decreasing and hence

for all r € [0, Ry]. Therefore

"1 1 1 1
/0 (s ds>/0 5 &XP (—8KR3> ds:irexp <—8KR3>,

which implies
1
r < 2exp <8KR3> f(r) (7.3.18)

for all € [0, Ro]. Thus we see that f has all the desired properties.
Hence we have proved (7.3.12) and thus (7.3.10) with the function f defined by (7.3.15)
and the constant ¢ > 0 defined by (7.3.16). Moreover, we have (7.3.18) and

flr)<r (7.3.19)

for all r € [0, Ry).
Let us now deal with the jump part (7.3.8) of our coupling (7.3.1). We will apply

L%,U«t », to the same function f with which (7.3.10) holds.

We have
I_’%,,ut,utf(‘x - y’)

Z/E(H(fﬂ)—H(Z))+/\(H(y)—H(Z))+ (f(lz = 2[) = flz = y])) u(dz)
+/E [(H(z) — H(2)), — (H(z) ANH(y) — H(2)),] (f(lz = y]) = f(]2 = y])) pe(dz)

+ | [(H(y) = H(2)), — (H(z) NH(y) = H(2)) ] (f(J& = 2]) = f(lz = y])) va(dz)

ST~

+ | (H(x)AH(y) — H(2))y (f(Jx = 2]) = flz = y]) (ve(dz) — pe(dz)) -

(7.3.20)

185



7 Diffusions with inhomogeneous jumps
Obviously, for the first term in (7.3.20) we have

/E(H(:c) — H(2)), A (H(y) — H(2)) (f(0) = f(lz — y]) pe(d2) <0,

since f(0) = 0.
For the last term in (7.3.20), we use the Kantorovich-Rubinstein duality (see Remark
6.5 in [Vil09]), i.e., we have

[ 902 (4(d2) (=) < Waor, ) Liv,.

for any Lipschitz function g with Lipschitz constant Lip,. Note that if H is bounded by
My and is Lipschitz with a constant Lipy and the distance function f is bounded by
My and is Lipschitz with a constant Lips, then the function

2z (H(z) NH(y) — H(2)), (f(lz = 2[) = f(lz = y]))

is Lipschitz with the constant 2My Lipy +2Mpy Lip;. Indeed, for any Lipschitz functions
g, h we have

(g Ah)(y) < h(y) < h(z) + |h(y) = h(z)]

<h
< h(z) + Lipy, [y — =
< h(z) + max(Lipy, Lip,)|y — | .

Analogously,
(g Ah)(y) < g(x) + max(Lipy, Lip,)|y — z|

and hence
(g AR)(y) < (g A h)(x) + max(Lipy, Lipy)|ly — =|.

Thus, by symmetry,
[(g AR)(y) = (g A h)(2)] < max(Lipy, Lipy)|y — x|
Hence the function
2z (H(x) — H(z)), AN(H(y) — H(2)), = (H(z) NH(y) — H(2)),

is Lipschitz with Lipg. It is also bounded by 2Mp.
On the other hand,

(12 = z2l) = (i = 21| < Lipg |l = 2| — o — 21| < Lipg [lo — 22 — 2+ 2

and hence the function
2 f(lz —2]) = f(lz —y])
is Lipschitz with Lips. It is also bounded by 2Mj.
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7.3 Stability via coupling

Moreover, it is easy to check that for any two bounded Lipschitz functions g and h we
have

[(gh)(y) — (gh)(x)| < M, Lipy, |y — x| + My, Lip, |y — x| .

Thus we see that z — (H(x) A H(y) — H(z)), (f(|z — 2|) = f(Jz —y])) is indeed Lips-
chitz with the constant 2My Lipy +2Mp Lipy.
From the considerations above, we obtain

/E (H(z) AH(y) = H(2); (f(Jo = 2]) = f([z = y])) (n(d2) — p(d2))
< Wi (pe, ve) (2M Lipgr +2Mp Lipy)

Now we will deal with the second and the third term in (7.3.20). By symmetry, the
bound that we will get for the third term will be the same as for the second term, as
we do not use here the specific form of the measures u; and vy. We split the domain of
integration by writing

/E [(H(z) — H(2)); — (H(z) ANH(y) — H(2)), ] (f(lz = y]) = f(]2 = y])) pe(dz)

:/’ [(H(z) — H(2)), — (H(y) — H(2)),] (Fz — o)) — £z — y) pe(d2)
H(y)<H(zx)
=/ (H(x) - H(2)) (F(z — o) — Fle — y]) pe(d2)
H(y)<H(z)<H(zx)
+/’ (H(x) — H)) (12— yl) - F(le — ) pu(dz) = I + I
H(z)<H(y)<H(zx)
We have

Iy < 2My|H(x) — H(y)| < 2My Lipy |z — y|

an

(H(z) — H(2)) (f(lz = yl) = f(lz = y])) pue(d2)

\

H(y)<H(2)<H(z), f(lz—y|)<f(|lz—y|)

/ (H(x) ~ H(y) + H(y) ~ H()
H(y <H(z), f(lz—yl) = f(lz—yl)

U0l F o) e

= I +1.

_l’_

We easily notice that I < 0, while

I = (H(z) — H(y)) (f(lz = yl) = f(lo = y])) pue(d2)

/H(y)<H(Z)<H(x)» Flz—yh=f(lz—yl)

+f (H(y) — H(2)) (f(17 — ) — £z — ])) pn(d2)
H(y)<H(z)<H(x), f(|z—y)>f(lz—yl)

= (I + (1)
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7 Diffusions with inhomogeneous jumps

It is easy to see that (I{)** < 0, whereas
(IY)* < 2Mjy Lipy [z — y| .

Combining the estimates above, we get an upper bound for the second term in (7.3.20),
i.e., we have

[ (1@ = 1), = (1) £ 1) = 7)), (= =) = £ = 31) ()
< 4MjyLipy |z —y|.
Finally, we get an upper bound for all the terms in (7.3.20) added together, which is
8My Lipy |z — y| + (2M; Lipg +2Mp Lip ;) Wi (pe, ) -

We are now ready to combine all the estimates for the diffusion part and for the jump
part.

Proof of Theorem 7.1.1. We use a sequence of stopping times (7,,)22 ; in order to remove
the martingale terms from our calculations, cf. the proof of Theorem 1 in [Ebel6] or the
proof of Theorem 1.2 in [JWal6]. Here

o =inf{t >0:|X; - Y| ¢ (1/n,n)}.
We have

tATh _
Ef(|Xinr, — Yinr,|) = Ef (IXo — Yol) + E / Lopownf(1 X~ Yil)ds.  (7.3.21)
0

However, from our calculations we know that
tATh _ tATn
| Bt = Yads < [ (= ep(1, = Yal) + 804y Lipy X, - Vi
0 0

+ (2Mf LipH +2Mpy Lipf) Wl(Ms: Vs)) ds.
(7.3.22)

Since the state space E is compact, the integrand on the right hand side is uniformly
bounded, which allows us to pass to the limit with n — oo in (7.3.21) by using the Fatou
lemma on the left hand side and the dominated convergence theorem on the right hand
side. We obtain

t
Ef(1X: = Yi|) < Ef(|Xo — Yol) +E/O (—Cf(le = Yi[) + 8M; Lipyy | X5 — Y5

+ (2Mf Lipy +2Mpy Lipf) Wi (s, 1/3)) ds.

188



7.3 Stability via coupling

We want to obtain an upper bound for the right hand side of (7.3.22). We will use the
fact that
Wi (e, ve) < E[X; — Y.

We have

t
E/ (—cf(1Xs — Ys|) 4+ 8Mj Lipyy | Xy — Ys| + (2M Lipy +2Mp Lip ) Wi (s, vs)) ds
0
t
<B [ [ = ef(X - Vi) + My Lipy X, - Y,
0
+ (2M; Lipy +2My Lip;) E[ X, — Ys\)ds

t
:/ E (—cf(|Xs — Ys|) + (10M Lipy +2Mp Lipy) | X, — Ys|) ds
0

Now observe that due to (7.3.18) we have

(10M; Lipg +2My Lip;) | X, — Y|
< (10My Lipy +2Mpy Lip) f(|X, — Yy|)2e5578

Combining all our estimates together we obtain
Ef(1X: —Yi]) <Ef(|Xo — Yol)

(7.3.23)
—~ (c— (10M; Lipg; +2Mp Lip,)2es’ / f(1Xs = Yi[)d

We can easily see that (7.3.23) holds not only on the time interval [0,¢], but on any
interval [s,t] C [0,7] and hence by the differential version of the Gronwall inequality we
obtain

Ef(IX: — Yil) < Ef(1Xo — Yol)exp (— (¢ = (10M; Lipgy +2Mp Lip;)2e557) 1) .
This implies that for any ¢ € [0,7] we have
. . 1 R2
Wiy (pe, vt) < exp (* (c — (10My Lipy +2My Lips)2es3 0) t) W (1o, 10) -

We want the constant in the exponent on the right hand side to be positive and hence
we need to check that

¢ > 2esK B8 (10M; Lipy +2My Lip;) .

First let us simplify the expression above. Observe that for z > y we have

/y " o(r)g(r)dr

[f (@) = f(y)l =

€T
</ dr =z —y < |z -1yl
Y
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7 Diffusions with inhomogeneous jumps

and hence

Moreover, My = f(Ry), since f is increasing on [0, Ro]. Furthermore, f(Rg) < Rp (see
(7.3.19)). Hence it is sufficient if we have

¢ > 2es5F3(10Ry Lip g +2My) .

Observe that

and thus we need to have

_1 2
2 (ehem_q) g <
K ~ 20Ro Lipy +4My

This gives us (7.1.7). Moreover, due to (7.3.19) and (7.3.18), directly from (7.1.8) we

can infer (7.1.9), which finishes the proof.
O
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