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

(1.2) (b(z) = b(y), x —y) < Crlz —y|*.

These assumptions are sufficient in order for (II]) 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 fi; is of the form

fi(z) = ez e RY,

where the Lévy symbol (or Lévy exponent) ¢ : RY — C is given by the Lévy - Khintchine
formula (see e.g. [1] or [20]),
1 )
P(z) =i(l,2) — 5(2, Az) +/ (ei=®) — 1 —i(z, )1z <1y)v(de),
R4

for z € 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 Dv(dz) < 0o

Rd
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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 (Li)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
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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) L, = / / vN(ds, dv) +/ / vN(ds,dv)
0 J{[v[>1} 0 J{lv|<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 po
on R? by the formula

P

W)= (_nt [ pteretasan)”
m€l(p1,p2) JRd xR

where p is a metric on R? and II(u, o) is the family of all couplings of u; and s, i.e.,

7 € H(p1, p2) if and only if 7 is a measure on R?*® having p; and po 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(x) > 0 for x > 0 as

pla,y) == f(la — y)) for all 2,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,«)(), which leads to the total variation
distance (with W (p1, po) = 5/l — p2ll7v) 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;);>o with transition kernels (p¢(,-));>0.cre We
say that an R?¥-valued process (X[, X/')i>o is a coupling of two copies of the Markov
process (X¢)i>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 (X/)i>o and (X} )i>0 by T := inf{t > 0 : X] = X]'}. The coupling is
called successful if T is almost surely finite. It is known (see e.g. [I3] or [26]) that the
condition

|11 — pape||rv — 0 as t — oo for any probability measures ju; and ji; on R

is equivalent to the property that for any two probability measures z; and po on R there
exist marginal processes (X}):>o and (X/);>o with p; and po as their initial distributions
such that the coupling (X/, X/ );>0 is successful. Here up;(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 [3I] 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
(29) and (ZI0) and the way we obtain them is explained in detail in Subsection
Then, using this coupling, we construct a carefully chosen Kantorovich distance Wy for
an appropriate concave function f such that

W (pape, pope) < Gicth(ul, 12)

holds for some constant ¢ > 0 and all ¢ > 0, where p; and ps are arbitrary probability
measures on R? and (p;)¢>o is the transition semigroup associated with (X;);>o. Here
f and c 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=fi+alge,

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 [[.4] and [L.5 and the discussion in Remark [L.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(RY) 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 § < 2m and

(1.4) inf

qgv)ANqv+x)dv > 0.
z€RL:0< |z| <5 /{|v|§m}m{|v+x§m} ( ) ( )
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Assumption 4. There exists a constant € > 0 such that ¢ < ¢§ (with § defined via (4]

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

Assumptions [I] and 2] are used in the proof of Theorem [[T] to show that the solution
to the SDE that we construct there is actually a coupling. Assumption [I]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 [3lis 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 (IL4]) to the jumps bounded by m is related to our
coupling construction, see the discussion in Section Assumption [ 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 [[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 (IL.T). Now we define the function x : R, — R by
setting k(|z — y|) to be the largest quantity such that

(b(x) = b(y),z —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 {—
(15 ) -
We have the following assumption.

c 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 z, y € R? with |z — y| > R we have

(1.6) (b(z) = b(y),x —y) < —Mlz —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., (L6) holds for all z, 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 (Lt )0 15 a pure jump Lévy process with the Lévy measure v satisfying Assumptions
@ and 3, whereas b : R* — R? is a continuous, one-sided Lipschitz vector field. Then a
coupling (X, Y:)i>0 of solutions to (I.7) can be constructed as a strong solution to the
2d-dimensional SDE given by (2.9) and (210), driven by a d-dimensional noise. If we
additionally require Assumptions 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, —Yi]) < e “Ef(|Xo — Yo|)
and the coupling (X, Y:)i>o is successful.

Since the inequality (IL8]) holds for all couplings of the laws of X and Yy, directly from
the definition of the Wasserstein distance W we obtain the following result.

Corollary 1.2. Let (X;)i>0 be a solution to the SDE (1.7) with (L¢)i>0 and b as in
Theorem [L1, satisfying Assumptions [IH3. Then there exist a concave function f and a
constant ¢ > 0 such that for any t > 0 and any probability measures p, and py on R we
have

(1.9) Wi (pps, pope) < e “Wi(pa, pi2)

where (pt)i>o is the semigroup associated with (X;)i>o.

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

Ay = [ oot
iy ot =ew(— [(Ma). h)= s ),

te(r,r+e)
1 rAR1 (I)(t+5) Ry (I)(t +E) -1 -
gr:l—_/ 7(#(/ 75’%) : q"”I/(bsds,
") 2o o) o o) ()= | o)
while the contractivity constant ¢ is given by ¢ = min{c; /2K, Cs /4} with
C.( [P dt+e), \ N
tTo (/0 (1) o * 7 perao<io|< /Rd a(v) A (v +@)dv

Here & is the function defined by (ILH)), the constants Ry and R; are defined by

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

(1.11) Ri=infdR>Ry+e:Vr>R: ()>270‘°'
1 = 1n ey aty) e .Vr =~ .HT_(R_RO)R y

the constant 0 comes from Assumption [ the constant ¢ < § comes from Assumption 4
(see also Remark B.4]) and we have

0522/0 K:CL5+Céf1(5)/2

(1.12) ly|* (dy),

—e/4 égfl (5)/2
where v is the first marginal of v and the constant Cy, comes from (L2). Note that due

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

and C. > 0 and due to Assumption [0l the constants Ry and R are finite.
5
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Remark 1.3. The formulas for the function f and the constant ¢ for which (L9]) 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 @] 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 anyt > 0 and any probability measures p1; and py on R we have

(1.13) 19 — popellrv < 207 e Wy, )
where a > 0 is the constant defined by (1.12).

Corollary 1.5. For anyt > 0 and any probability measures p1; and py on R we have

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

where the function ¢ and the constant Ry > 0 are defined by (1.10) and (I11), respec-
tively.

Remark 1.6. The corollaries above follow in a straightforward way from (9] by compar-
ing the underlying distance function f from below with the 1 ) function (corresponding
to the total variation distance) and the identity function (corresponding to the standard
L'-Wasserstein distance), see Section [ 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 (p1pe, popr) < Le™ Wy (pa, pa)

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 (IIH) due to the discontinuity at zero, but on the other hand
we can obtain upper bounds (LI3) 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 (L)) for Lévy-driven SDEs with a continuous function f (which leads to (L1H)) by
replacing Assumptions [3 and [l with an assumption stating that the function € — ¢/C. is
bounded in a neighbourhood of zero (with C. defined by (I.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 Bland []). This result was presented
in [16], where trying to obtain the inequality (LIH) 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 (LII). 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 (LI5]) in the Lévy jump case was
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independently obtained by D. Luo and J. Wang in [I5], 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 (LI5) one needs the
noise to exhibit a diffusion-like type of behaviour (a lot of small jumps), while estimates
of the type (LI3)) and (LI4) 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 o € (0, 2), for which it is sufficient to take arbitrary
m > 0 and arbitrary ¢ = 6 < 2m. Now let us consider one-dimensional Lévy measures
of the form v(dz) = (11_g,e/5(2) + Lo s,6)(x)) dz for arbitrary § > 0 and § > 1. If
we would like the quantity appearing in Assumption Bl to be positive, it is then best to
take m = 0. Note that if § < 3, then 20/5 > 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
d <0 —0/5 (taking 6 = 0 — 6/ or larger would result in an overlap of zero mass). This
means that €/2 < 0/2 —60/2 < 6/ and thus the quantity in Assumption @ cannot be
positive. On the other hand for 5 > 3 we can take any § < 26 in Assumption [l and thus
Assumption M can also be satisfied.

Corollary 1.8. In addition to Assumptions[IH3, 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
s for the semigroup (pi)eso. Moreover, for any t > 0 and any probability measure n we
have

(1.16) Wi (s npe) < € “Wi(pem)

and therefore

(1.17) s = npellrv < 207 e Wy, 1)
and

(1.18) Wi (e, 1) < 26(Ro) ™ e W (g, 1) -

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;):>0 associated with solutions of equations like (ILI)). In his recent paper
[25], Y. Song obtained exponential upper bounds for ||6,p; — d,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 [[L4] 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) 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 [I9] 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 [I1] 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 (ILT]), 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 in [11]). Tt 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 (L)) 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 (L)) has an a-stable component and the drift is dissipative outside some ball. By our
Corollary [LH], we get similar results in the L'-Wasserstein distance for a-stable processes
with a € (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 (I]) 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 [LA). 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 @l 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 [[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 [l we use it to prove the inequality (L8). In Section [ we prove Corollaries [[.4]
and [L.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 1 and po on R, the problem
is to find a measure v on R? with marginals y; and ps, such that the quantity

C(y) = /R? c(x,y)dy(z,y),

called the transport cost, is minimized for a given concave function ¢ : R* — [0, 00].
McCann proved (see the remarks after the proof of Theorem 2.5 in [I7] and Proposition
2.12 therein) that the minimizing measure v (i.e., the optimal coupling of p; and ps)
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 gy to ps) 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 [§] 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 p;(z,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 ¢ = ({1, (2). We put

_ _ _ pi(21, 21) A P2, 21)
2 Fa=ala==)= pe(x1, 21)
and

P(Cy = o1 + 2 — (1[Gt = 21) = 1 — pi(x1, 21) Ape(w2, 21)

pt(ﬂfb 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 z. Alternatively, we can define this coupling
by the joint transition kernel as

mt(l’h Ta, dyi, dy2) = 5y1 (dyz)ho(yl)dyl + 5Ry1 (dyz)h1 (yl)dyl )

where ho(z) = pi(x1, 2) Ape(22, 2), h1(2) = pi(x1, 2) — ho(z) and Ry, = 1 + 22 —y;1. 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 (Xy, Y;)i>0 by reflection for diffusions by defining the second marginal process
(Y:)+>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 (By);>, we can define (Y;):>o by setting
(2.3) dY; = b(Y)dt + (I — 2e.e] )dB;,
where
X =Y,
2.4 e = ———m— .
( ) t |Xt _ Y;5|

Of course, the equation (2.3]) only makes sense for t < 7', 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;);>o to the equation (2.3) has the same finite
dimensional distributions as the solution (X;):>o to the equation (22), 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¢se! takes values in orthogonal matrices
(and thus the process (Bt)tzo defined by dB, := A,dB, is also a Brownian motion).
Similarly, if we consider an equation like (23] but driven by a rotationally invariant
Lévy process (L;)¢>o instead of the Brownian motion, it is possible to show that the
process (f/t)tzo defined by df/t = A;_dL, with A, := I —2e;_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 Wy 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;)i>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:)1>0 jumping to the same point as (X¢):>o. In order to employ this additional feature,
we need to modify the Poisson random measure N associated with (L:):>o via (L3).
Recall that there exists a sequence (7;)32; of random variables in R, encoding the jump
times and a sequence (§;)52, of random variables in R? encoding the jump sizes such that

N((0,2], A) (@) =Y sy (0, 1] 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 (Yy) >0
should be reflected or whether (Y;);>o should be forced to jump to the same point that
(X¢)e>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 R, xR4x [0, 1], replacing the d-dimensional random variables ¢; determining the jump
sizes of (L¢)i>0, with the (d + 1)-dimensional random variables (£;,7;), where each n; is
a uniformly distributed random variable on [0, 1]. Thus we have

N0, 8], A) (@) =Y @)y @y ) (0,8 x A x [0,1]) for all w € Q and A € B(R?)
j=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{lu<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:)1>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.]) 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

th = th — }/;7 .
Our first guess would be to define our control function by
Zy_ Ty
(2.6) p(v, Z,.) = min {M 1} 4o+ Zi) Aa(v)
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) =
qlv+ Xio =Y ) /q(v+ Xy~ — 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 Bl 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;);>o 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; = Xy — Yy, If (Xi)i>0 makes a large jump v, then instead of reflecting the
jump for (Y;);>0 and having a large change in the value of Z;, we make the same jump
v with (Y3);>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 W; 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 and Lemma [3.6) and on the other the quantity (IL4))
from Assumption B (see Lemma [B.7). If the latter, however, holds for some my > 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 (B.16) in the proof of Lemma [3:3]and (B.39) after the
proof of Lemma [B.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

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]

¢
+ / / 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 (ILTI)
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 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

A AR m
o0, 2y ) = q) AN q(v + Zi_)Lgjuiz,_|<m)
q(v)

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

q(v) A q(v + 2)1{juszi<my

v)p(v, z)v(dv) = v D)
/{Ivlﬁm} Fjot, zvd) /{ugm} /(@) q(v) q(v)

f) (q(v) Ag(v + 2)) dv,

/{USm}ﬂ{erzISm}
while with (2.6) we would just have

[ i@t = [ ) Ao+ ) do.
{lv[<m}

{lvl<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 (Xt)i>o at time ¢ is v and |v| < m, then the jump vector of (Y;)i>¢ should be
Xi— —Yi + v (so that (Y;)i>o 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, = (X;— — Y, )/|Xi— — Yi_|. If |v| > m, then the jump of
(Y)i>0 is the same as the one of (X;);>0, 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;);>¢ is given by (L)) and thus

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

{lvl<m}x[0,1]

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

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

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

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

(2.10) + / (Xie = Yie +0)L{ucp(wzey N (dt, dv, du)
{lel<m}x0,1]

=+ / R(thu Y;ff>vl{u2p(v,Zt_)}N<dt7 dv, du) )
{lv[<m}x[0,1]

where

(X, V)X — V)T
X -V, P

is the reflection operator like in (23)) 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, for any t > T.
We can equivalently write (ZI0) 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)
{lel<m}x[0.1]

+ / (X — Yoo + v — R(Xe, Vi )o)Lpuepozony N(dt, dv, du)
{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;):>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 [2Z5] and [B.2)).
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Lemma 2.1. (Linear growth) There ezists a constant C = C(m) > 0 such that for any
z, y € R we have

/ |.T -y +v—= R(.’L‘, y)v|21{u<p(v,x—y)}y<dv)du S C<1 + |.T - y‘2) .
{lvl<m}x[0,1]
Proof. We will keep using the notation z = z —y. We have

| et RaePow ) <2 [ feroPov, 2l
{lv|<m} {lv|<m}

(2.13)
+ 2 R(z,y)v*p(v, 2)v(dv
/{vgm} | R(z, y)v|"p(v, 2)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
/{Ugm}| (. 9)0plv, 2)o(dv) /{|v|§m}"p( Ju(dv)

< 2/ lv]2q(v + 2) A q(v)dv < 2/ lv2q(v)dv = 2/ lv2v(dv) .
{lv]<m} {lv]<m}

{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/ |z +v*p(v, 2)v(dv) < 2/ |z +v|%q(v + 2) A q(v)dv
{lv]<m} {lv]<m}

= 2/ lv2q(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/ lv]2q(v) A q(v — 2)dv < 2/ lv]2v(dv) < 2/ lv|*v(dv) < .
{lo—z|<m} {lo—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 — z2q(v) A q(v — 2)dv + 4/ |z]2q(v) A q(v — 2)dv
{lo—z[<m} {lv—z|<m}
< 4/ |v—z|2q(v—z)dv+4/ |z|2q(v)dv
{lo—z|<m} {lo—z|<m}

< 4 v|2v(dv 41z12v(B(m)°) .
< /Mm}u (d) + 4]z B(m)?)

Hence, by choosing

¢ maX{Q/ \v|21/(dv)+2/ |v\21/(dv),6/ |v\2u(dv),4y(B(m)c)}
{lv|<3m} {lv|[<m} {lv|<m}

we get the desired result. O
13



Here we should remark that by the above lemma we have

¢
P </ / | Zs— +v — R(Xs—, Y5 )0 P L{ucpo 2, 1yv(dv)duds < oo) =1.
0 J{lv[<m}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(z + h,y)v — R(z,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

p(v, 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

[ ot ot = [ ptezwtan) + [ o, ma

(&

< /(Jq(v)dv+/cq(v—|—z)dv

= / q(v)dv +/ q(v)dv < o0,
U (U—2)°

since v is a Lévy measure.

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

/ (x+h—y+v—R@+ hy)v)liucpw+h)
{lv]<m}x[0,1]
— (z —y+v— R(x, y)v)l{u@(v,z)}\?y(dv)du —0, ash—0.
Proof. We have
[ @by B b)) L)
{lv|<m}x[0,1]
- (.T —Yy+v— R(Jﬁ, y)v>1{u<p(v,z)}‘2y<dv>du
-/ o+ b=y v = R+ )0 Lucptossny
{lv|<m}x[0,1]

- (l‘ —yt+v— R(l‘, y)v)l{u<p(v,z+h)}
+ (SL’ —y+tuv— R(SL’, y>v)1{u<p(v,z+h)}
- ('T —Y+v— R(Jﬁ, y)v>1{u<p(v,z)}‘2y<dv>du

sz/ Ih = Rz + h,y)v + R(z, y)ol2o(v, = + h)v(dv)
{lv|<m}

+21 5= g+ v — Rz, g)olpv, 2 + b) — plo, 2)|v(dv)

14



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

(v, 2+ h) = p(v, 2) | L{jo|<m)

- |Q('U + 2+ h)l{\v+z+h|§m} A Q('U) - q(v + Z)]-{|v+z\§m} A Q('U)| 1
) la(v)] s

Recall that by Assumption [ the density ¢ is continuous almost everywhere on R
Moreover, for a fixed z € R? the function 1{jus21<m} is 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 (23]
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 [I]. 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)

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

+ / (Xio =Yoo 40— R(Xes Yi )0 Lpue ooy N, dov, du)
{lvl<m}x[0,1]
Now observe that if we only consider the equation

(2.15) dy;' = b(Yh)dt + / R(X,_, Y, JoN(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 T 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

/ Luepw,z,_ v (dv)du = / p(v, Z;_ )v(dv) < oo,

R4x[0,1] R4

as long as Z; # 0 (see Remark above). Then in principle in such situations it is
possible to use the interlacing technique to modify the paths of the process (Y,!)i>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

= int{t > 0: € < p(AL, Z))},

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}!);>0 at time 7y, we see that Y = X,,. Moreover, since p(v,0) = 1 for
any v € R%, we have Y2 = X, for all t > 7;. Thus we only need to add one jump to the

solution of (2.I5) 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, Y3)i>0 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 (X, Y;)i>0 defined as a solution to (2.9) and (210). However,
we still need to show that (X, Y;):>o is indeed a coupling. If we denote

(2.16) B(Xi—,Y—,v,u) = R(Xe—, Yo v+ (Zi— +v — R(Xy—, Y )0) Liucpw,z, )}

and
(2.17)

L, —// N(ds,dv,du) + // B(X,_,Y,_,v,u)N(ds,dv, du)
{lv|>m}x[0,1] {lv[<m}x[0,1]

then we can write the equation (ZI2) for (Y;)i>0 as
dY, = b(Y,)dt + dL, .

Then, if we show that (Zt)tzo is a Lévy process with the same finite dimensional dis-
tributions as (L;):>o defined by (2.7)), our assertion follows from the uniqueness in law
of solutions to the equation (I.I). 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 ¢ > 0 we have

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

is independent of Fs, where (F;):>o is the filtration generated by (L;):>o. 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, u)|*v(dv)du < oo) =1,
{|v|<m}x[0,1]

then
o (i(: [ [ e sdan)) fh]

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

Proof By a standard argument, if the condition (2.19)) is satisfied, we can approximate

(2.20)

f{‘va}X[O 1 f(v,u)N(ds, dv, du) in probability by integrals of step functions f™ of the

form
In

M (v,u) = Z cjla,
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 X is the Lebesgue measure on [0, 1] and ¢; are J; -measurable random

variables. Thus it is sufficient to show (Z20) for the step functions f™ and then pass to
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the limit using the dominated convergence theorem for conditional expectations. Indeed,
for every f™ we can show that

to
exp <z <z,/ / f"(v,u)]v(ds,dv,du)>> |]:t1]
t1 {|v|<m}x[0,1]
- N )
=E Hexp (z <z,/ / clejN(ds,dv,du)>> |.7-"t1]
j t1 J{|v|<m}x[0,1]

Lj=1

E

=K ﬁexp( <z ch((tl,tg],Aj)>> |-7:tl] )

Lj=1

The random variables N ((t1,t2], 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 c; constant and
then plug the random c¢; back in. Thus we get

EHexp( (2.ciN((tta], 47))) = HEexp( (2 el (1,1, 4))))
- Hp ((t2 = t2) (/5 (v x \)(A)) = 1 = i(z,¢5) (v x N)(4))))

= exp ((tQ - tl)/ (e"= /"l 1 — iz, f™(v,u))) u(dv)du) )
{lv[<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 (ZI8) in the special case where

t
Lt:// B(X,_,Y,_,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;):>o is given by (2.17).

Lemma 2.5. For every t > 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 (z <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
{]v|<m}x[0,1]

(see the remark after the proof of Lemma [21). Then observe that by Lemma 23] we
know that the square integrated process B, i.e., the process

/ |B(X,_,Y,_,v,u)|*v(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 L*([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(Xy, Vi, v,u)lgpm (5)
k=0
for some sequence of partitions 0 = tf < ¢} < ... < =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 fo f{|v|<m}x[ }B (s,v u)N(ds dv, du) converges in probability to
the integral fo f{|v|§m}x[0,1} B(X,_,Y,_,v,u)N(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,v,u)N(ds,dv,du)>)
0 J{|v|<m}x|0,1]

for any z € R? and ¢t > 0, as n — oo. 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 <z,/ / vN(ds,dv,du)>) ,
0 J{|v|<m}x|0,1]

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

(2.22)

(2.23)

E exp <z< / / (s,v u)N(ds,dv,du)>)
{|v|<m}x[0
mn 1 1 ~
=FEexp | i Z/ / B(Xen, Yin, v, u)N(ds, dv, du)
{|v|<m}x]0,1]
k+1
= E(E exp ( < / / B(Xgp, Yin, v ,u)N(ds, dv du)>>
he {|v|<m}x[0,1]
X €Xp / " Xt” 1’ Yir 1 Us U)]’\?(dS, d’U, dU) FTTYLLnfl
tn .y J{ol<m}x[0,1] e e
mn —2 k+1 ~
=E( J] e / / B(Xy, Y, v,u)N(ds, dv, du)
k=0 {|v|<m}x[0,1]
exp /mn / B(Xg Y A,v,u)]v(ds,dv,du) 1
tn {lv|<m}x[0,1] mmenomm

mnp—1
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Now we can use Lemma 2.4] to evaluate the conditional expectation appearing above as
exp ((t”mn_1 — )

" / <€i<z7B(Xt%n71,1/,%”717”7“)> —1—i(z, B(Xn Yy _l,v,u)>> V(dU)du) :
{lv|<m}x[0,1] ! "
Here comes the crucial part of our proof. We will show that

/ (€i<Z’B(X%m’Y%m’”v“” — 1=z, B(Xyp, Y v, U)>) v(dv)du
(2.24) 7 Ubismixio

= / (ei<z’”> —1—i(z,v)) v(dv)du.
{lv[<m}x[0,1]
Let us fix the values of Xy» ~and Yin  for the moment and denote

n—1" -1 -1 mp—1 "

Then, using the formula (2.16) we can write
B(Xt% v, u) = Rv + (C +v— Rv)l{u@(v,c)} .

n
n—1’ tmn—l’

Next, integrating over [0, 1] with respect to u, we get
/ (ei<Z’B(Xt?nn—1’Y%n_l’v’”)) —1—i(z, B(Xgn _,Yin v, u))) v(dv)du
{lv|<m}x[0.1] " "
— / 6i<z,Rv) (6i<z’c+v_Rv>p(v,C) + (1 . p(’U,C))) -1
{lv|<m}
—i{z, Rv) —i(z,c+ v — Rv)p(v, c)) v(dv).

Since |B(Xyn Y v, u)|? is integrable with respect to v x A over {|v| < m} x [0,1],
R (GHoeH=R oy ) 4 (1= p(u,0))) — 1 — iz, Ro) — iz, e+ v — Ro)p(v,¢)

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

/ (1) —1 — iz, Ru)) v(dv) = / (7 =1 =iz, 0)) w(dv).
{lv]<m}

{lv]<m}

We infer that (e(=7)(¢'=etv=F) — 1) —i(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 g(Rv —c¢) = q(v+c) for any v € R% Now

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

= / (ei<z’c+”> — B’ iz e+ o) iz, Rv)) q(v) A q(v + ¢)1{jtej<mydv
{lv]<m}

/ (e“z’”> — BB i ) +i(z, R(v — ))) q(v—c) Ag(v)dv
{lv—c|<m}n{|v|<m}

/ (e i) _ eilmRvte) _ s ) 4+ iz, Ru + ) q(v —c) A gq(v)dv
{

v—c|<m}N{|v|<m}

/ (e ieho) _ gilzvte) _ iz Ru) + iz, v + o)) q(Rv — ¢) A q(Rv)dv
{|Rv—c|<m}N{|Rv|<m}

i(z,Rv)

(e — ") — (2, Rv) +i(z,0 + ¢)) ¢(v + ¢) A q(v)dv

=A;+c<mywv<m}

/ eilaRv) _ gilzvte) iz, Ru) +i(z,v + c>) p(v, c)v(dv)
\U\<m}

= —/ (ei<z’R”>(ei<z’c+v_Rv> — 1) —i(z,c+ v — Rv)) p(v, c)v(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)

m” ? Ic 1 _
E( 6Xp< < / + / th,}/tZaU,u)N(ds,dv’du)>>
k=0 {[o]<m}x[0,1]
exp < < / / Xt?n _17}/;?” _17U7U)N(d8,dv,du)>>
{|v|<m}x[0,1] n n

F::Ln_ll )
= exp ((t"m — 1)/ (=) — 1 —i(z,0)) V(dv)du)
{lv[<m}x[0,1]

MMn—2 L ~
x & H exp | i z,/ / B(Xin, Yin, v, u)N(ds, dv, du) )
k=0 tk {lv|£m}x]0,1]

Then we can just repeat all the steps from (2.23) to (2.26]), this time conditioning on
Fh 5, and after repeating this procedure m,, — 1 times, we get (2.22). O

x E

It remains now to show the independence of the increments of (Et)tzo.

Lemma 2.6. Under the above assumptions, for any ts > t; > 0 the random wvariable

Ly, — Ly, is independent of Fy, .
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Proof. We will show that for an arbitrary JF;,-measurable random variable £ and for any
21, 29 € R? we have

to .
Eexp (z <zl, I B(Xs_,n_,v,u>N<ds,dv,du>> " z’<zQ,s>)
t1 {]v|<m}x[0,1]

to .
~Eexp (z<21 I B(XS_,YS_,v,u)N(ds,dv,du>>) Eexp(i{z, ).
t1 {|v|<m}x]0,1]

As in the proof of Lemma 2.5l the integral fttf f{\u\<m}x[o 1 B(Xs_,Ys ,v, u)N(ds, dv, du)
can be approximated by integrals of Riemann sums B™(s,v,u) that have been defined
by ([22[]) for some sequence of partitions ¢, = tj < tf < ... <t} = t; such that

On 1= MaXke(o,...mn—1} [thp1 — 17| = 0 as n — oo. Denote
thi1 mn 1
I ::/ / B(XtZ,YtZ,v,u)N(ds dv,du) , Z I .
te {lv]<m}x[0,1]

Then we have

Eexp (i(z1, I") +i(22,8)) = E (exp( (22,€)) ﬁ exp(i <Zlek>)>

exp(i(zg, & Hexp i{z1, ID)) | Fun

)

exp(i(z1, I, _1>)‘ft:; _D )

(2.27) ~F <E

mp—2
:E<exp (20, & Hexp i{z1, ID))E

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 [2.4land our calculations from the
proof of Lemma 2.5l we can show that

= Eexp <Z< /t /{v<m}><[0 , N(ds dv du)>>

mnp—1

E

exp(i(z1, Ly, 1)) | Fim,

and thus we see that the expression on the right hand side of (2.27)) is equal to

Eex 21, Nds dv, du E | exp(i(zs, rzex 21,1 .
p<< /tmnl/{wm}xou ( >>> <p<< &) T exoi k>>>

k=0

Thus, by repeating the above procedure m,, — 1 times (conditioning on the consecutive
o-fields Fin ), we get

(2.28)
Eexp (i(z1, 1") +1i(2,§)) = Eexp(i(2,§))

M tht ~
X H Eexp | i zl,/ / vN(ds, dv, du) )
= tr {lvl<m}x[0,1]

However, by the same argument as above we can show that

mn—1 thi1 ~
H E exp <z <zl,/ : / vN(ds,dv,du)>> Eexp(i{z1, ")) .
ti {lv|<m}x[0,1]
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Since I™ converges in probability to fttf f{|v|<m}><[0 1 B(X,_,Ys ,v, u)]v(ds, dv, du), we get

to .
Eexp(i(z1,1")) — Eexp (z <21,/ / B(XS_,YS_,v,u)N(ds,dv,du)>)
t1 J{|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(22,&))

to .
— Eexp (z <21,/ / B(Xs_,Ys_,v,u)N(ds,dv, du)> + i<22,§>) ,
t1 J{|v|<m}x][0,1]

which proves the desired assertion. 0

3. PROOF OF THE INEQUALITY ([L.8])

In this section we want to apply the coupling that we constructed in Section [2] to prove
Corollary [[.2] which follows easily from the inequality (I8]). Namely, in order to obtain

(3.1) Wi (ppe, vpe) < e Wi(p,v),

we will prove that
(3.2) Ef(1X: = Yil) < e “Ef(|Xo — Yol),

where (X3, Y:)>0 is the coupling defined by (29) and (2I0) and the laws of the random
variables Xy and Y are p and v, respectively. Obviously, straight from the definition
of the distance W; we see that for any coupling (X, Y;)i>o the expression Ef(|.X; — Y}|)
gives an upper bound for Wy (up,, vp;) and since we can prove ([B.2)) for any coupling of
the initial conditions X, and Yj, it is easy to see that (3.2]) indeed implies (B.1]). Note
that without loss of generality we can assume that P(X, # 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 7 and 7 on R, Then, if a := (u A v)(R?) € (0,1), we can
define probability measures 1 := i/fi(R?) and 7 := 7/7(R%) and we can easily show
that Wy(p,v) = (1 — a)Wy (G, 7). Obviously, the decomposition (B.3]) is preserved by the
semigroup (p:)i>0 and thus we see that in order to show (B.1]) it is sufficient to show that
Wi (tipe, vpe) < e Wy (7i, v).

In our proof we will aim to obtain estimates of the form

(3.4 BS(Z1) ~ Bf(%)) <B | e (|Z))ds.

for some constant ¢ > 0, where Z; = X; — Y}, which by the Gronwall inequality will give
us ([B2]). We assume that f is of the form

f=hH+1f2,

where f; € C?, f{ >0, f{ <0and f1(0) =0 and f> = al(y 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
22



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)

_ / (Zo 40— ROXee, Vi )0) L pue oy N (d, o, da)
{lv|<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,, }/;,, v, U) = —<Zt, + v — R(Xt,, }/;*)U>1{u<p(v,zt7)} .
Then we can write
07, = (b(X,) — b(Y:))dt + / (I = R(X, .Y, )N (dt, dv, du)
{Jv|<m}x[0,1]

(3.7) N
—i—/ A(X—, Y v, u)N(dt, dv, du) .
{]v|<m}x[0,1]

Let us split our computations into two parts by writing

(3.8)  Ef(|Z]) —Ef(1Z0]) = Efi(|Ze]) — Efi(|Zol) + a1 (0,00)(|Z2]) — aBL(0,00) (| Z0]) -

We will first deal with finding an appropriate formula for f; by bounding the difference
Efi(1Z:|) —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 f, 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 (B.7)) and
the function g(x) := fi(|z|). We have

| T Lz
Tl and 0;0;g(x) = fi'(|z]) |J| + fi(lz) ( z]|x| - |;|3) ’

where 0;; is the Kronecker delta. By the Ito formula we have

(3.10)

9(Zs) — 9(Zy) = Z/o 0:9(Z,-)dZ. + Z ( Zs ) — Z@'Q(Zs_)AZ;) ;

s€(0,¢]

(39)  dglx) = fill2))

where Z; = (Z},..., Z%) and AZ; = Z; — Z,_. Using the Taylor formula we can write

d
9(Z) = g(Ze) =Y 0ig(Z.)NZL = Z / (1 — w)0;0:9(Zs— + uANZ)duAZIAZ] .
i=1

i,7=1

Denoting W ,, := Zs— +uAZ, and using ([3.9)), we can further evaluate the above expres-
sion as

311
Z (W) oo g L (5, = Wale\] o nzinzs.
> / W) Tt + Wl g (8 — i) | o

Observe now that for every s € (0,¢] and every u € (0,1) the vectors AZ; and W, are

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
2e, el X, which is obviously parallel to Z, . Thus we always have

ZWZ AZE = (Wyu, AZ) = +|Weo| - |AZy

and in consequence ([B.11]) is equal to

1 W, |AZ, ! W, [2IAZ,J?
1— "W WoulAAZ,F Wi AZ )P — 2 8 1 d
/0 ( u>[1<| DPEEE Wb (\ po Bl )} u

1
_ / (1= 0) 1 (|We )| AZ 2,

so we see that the second sum in ([BI0) is of the form
1
5 (182 [[a- sz +uszii) .
5€(0,1] 0
Hence we can write (8.10) as
(3.12)

FZ1) = 5020) = [ FZu ) 2 Y)Y s

t
1 -
+/ / F(Ze_)o—(Zs_, (I — R(X,_,Y,_))v)N(ds, dv, du)
0 [v|<m}x[0,1 |ZS—|
t
1 -
+/ / f{(|Zs—|) <Zs—>A(Xs—>}/s—7'U,U)>N(d8,d’l},du)
{[v|<m}x[0,1] | Z—|

+ > (|AZ |2/ (1—u) {’(|ZS_+uAZS|)du> :

s€(0,t]

Note that the above formula holds only for ¢ < T', where T is the coupling time defined
by (2.11]). However, for ¢ > T we have Z; = 0 so if we want to obtain (3.2)), it is sufficient
to bound Ef(|Ziar|). In order to calculate the expectations of the above terms we will
use a sequence of stopping times (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;);>o,
which in turn is a consequence of non-explosiveness of the solution to (L.I)). Now we will
split our computations into several lemmas.

Lemma 3.1. We have
tATn 1 ~
E/ / f{(|Zs,|)Z—(Zs,, (I — R(Xs_,Ys ))v)N(ds,dv,du) = 0.
|v|<m}x[0,1] | S—|
Proof. Observe that

(Zo_ (I — R(Xo_, Yo )W) = (Zy_, 2e5_el v) = 2{e,_,v){Z Zs-

s 7o) = 2(es—, V)| Z|
| Zs-|
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and therefore

tATh 1 _
/ / A Zs-)—(Zs—, (I — R(X,—,Y,_))v)N(ds, dv, du)
0 {Jo|<m}x[0,1] | Zs|

tATn _
= 2/ / f1(1Zs-){es—, v)N(ds, dv, du) .
0 J{Jul<m}x[0,]

By the Cauchy-Schwarz inequality and the fact that f| < 1, for any ¢t > 0 we have

tATn t
[ FZ Do) Pr(ae)duds < [ [ oPu(dv)duds < oo,
0 {lv|<m}x[0,1] 0 J{ju|<m}x[0,1]
which implies that

tATh _
/ / f1(1Zs-|){es—, v)N(ds, dv, du)
0 {]v|<m}x[0,1]
is a martingale, from which we immediately obtain our assertion. 0

Lemma 3.2. We have
tATn 1 ~
E/ / [ Z ) —=—(Zs_, A(X,_,Y,_,v,u))N(ds,dv,du) = 0.
0 {[o]<m}x[0,1] | Zs|

Proof. By the Cauchy-Schwarz inequality and the fact that f{ <1, we have

tATH 1
/ / |1 Zs) (2o, A(Xs, Y, v,u)) Pv(dv)duds
0 {lo]<m}=[0,1] | Zs|

tATh
< / / |A(X_, Y, v,u)*v(dv)duds .
0 {lv|<m}x[0,1]

Using the bounds obtained in Lemma 211 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
/ / 12 ) —=—(Zs_, A(X,_,Y,_,v,u))N(ds, dv, du)
0 {|v|<m}x[0,1] |ZS—|

is a martingale. U

Lemma 3.3. For anyt > 0, we have

1 t
E Z (|AZS|2/ (1 — u) {,(|ZS_ + ’LLAZSDdu) < CEE/ fa(|Zs—|)1{\Zs_|>5}d57
] 0 0

s€(0,t
where § > 0, € < J A 2m, the constant C; is defined by

0
C. =2 / 2 (dy)

e/4

where vy is the first marginal of v and the function f. is defined by

fe(y) = sup  f{().
z€(y—e,y)
Remark 3.4. Note that the above estimate holds for any § > 0 and € < § A 2m as long as
¢ satisfies Assumption M and m is sufficiently large (see (8.16]) 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 Bl here in Lemma [3.3] we do not use the condition
(I4). Note that if the condition (4] from Assumption Bl 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
B44) 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 § and ¢
in a convoluted way (see the discussion in Example [.2]).

Remark 3.5. In the proof of the inequality (L.g]), if we want to obtain an inequality of
the form ([B.4) from (B.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
3.0 (see the remarks after (8:22)), 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)
V(1 Zs- +ulZy)) = (| Zs- +uAZ)Aq2,e020 -2,y + 112002021~ 2.)})

< sup J1 (@)1 2,0e( 20|~ Zo_ )} -
JBE(‘Zs—|7€7|ZS—D

Indeed, f; is assumed to be concave, and thus f{’ is negative, so
V(1 Zs- + uAZ) 1y 2,10 2.1~ 2.y 0.

We also know that the vectors Z,_ and AZ, are parallel, hence if | Z,| € (|Z,_| —¢, |Zs_]),
then |Zs_ +ulAZy| = |Zs_ | —u|AZ| for all u € (0,1). In particular, we have |AZ,| € (0, ¢)
and |Z;— +ulAZg| € (|Zs—| —¢,|Zs—]|) for all u € (0,1) and hence we have (B.13)).

Now let § > 0 be a positive constant (as mentioned in Remark B.4] it can be the
constant from Assumption [3). Here we introduce an additional factor involving § in
order for the integral in ([B.I5) to be bounded from below by a positive constant. We
have

sup  f1 () Lyysep = sup fi(z),

zre(y—e,y) z€(y—e,y)

SO we can write

> (182 [ 0 -z +wazii)

s€(0,t]

1 _
<>, <§|AZS|2fe(|Zs—|)) L 200e(Ze— 1~ Ze- )} 1| Zo >0} -

s€(0,t]

(3.14)

Now observe that
{1Z:l € (12s-| = &,12:- 1)} = {|Zs] < |Z- |} n{[AZs] < e},
and the condition |Z| < |Zs_| is equivalent to (AZ,, 27, + AZ) < 0, so we have

Y ze(ze--c 12—y = Yjaz<eyaz. 22, +az.)<0y -

Now we can use the equation (3.5]) describing the dynamics of the jumps of the process
(Z¢)i>0 and express the sum on the right hand side of (8.14) 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

1 _
E ). <§\AZS\2fe(\Zs\)) L(12,0e( 2 |-e2, -} 112, |56}

s€(0,t]
1 ! T 2 r
<=/ DO A(A T
0 J{|v|<m}x[0,1]

X 1{<26576’§7’U72Z57+26576T U)<O}1{\Zs—|>5}N(d87 d’U, du) .

s—

Note that
(es_el v, Zo_ +es_el v) = ({eg_,v)es, | Zs_|es— + {es_,v)es_)
= (e, 0) (| Ze-| + (€5, 0))

and thus we can express the expectation above as

t
2E/ fa(lZs—D/ (€5, )P 1{j(euwil<e/2)
0 {lv]<m}x[0,1]
X L(ees 0)(1 2o |+(es ) <0} 1{|Z,_ 553V (dv)duds .

Now denote v™(dv) := 1{j,j<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 € R4, then due to the rotational invariance of ™, the measure ™o h; ! is independent
of the choice of w, i.e.,

V™ o hi,' = 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 v{" and write the expression we are investigating as

t
2E/0 f-(1Z.-]) (A\y\21{|y<e/z}1{y<zs+y><0}yi”(dy)) 1z, >e1ds .

The condition y(|Zs—| + y) < 0 holds if and only if y < 0 and y > —|Z,_|, so for those
s € [0,¢t] for which |Z,_| > ¢ holds, we can bound the above integral with respect to v]"
from below, i.e.,

/ YLy <e/2y Ly 2o 1 +y<oy i (dy) > / Y1 gy1<e/23 Liy<ony>—ay Vi (dy)
(3.15) K "

0
> / W27 (dy) > 0.
max{—d.—e/2}

Obviously, since ¢ < §, we have max{—9J. —¢/2} = —¢/2. Moreover, we can take m in
our construction large enough so that

0 0
(3.16) |z [ Py,

—&/2 —e/4
where v is the first marginal of v (note that if the dimension is greater than one, the

measures 1y, <m3¥1(dy) and v{*(dy) do not coincide and hence we need to change the
27



integration limit on the right hand side above). Thus we can estimate

t
2E/0 J-(1Z,-]) (A\y\21{|y<e/2}1{y<zs+y><0}V1(dy)) 1z, |>s1ds

t
< OeE/ f(Zs- )1z, |>sds.
0
O

The calculations in the above lemma still hold if we replace the time ¢ with ¢ A 7,.
Hence, after writing down the formula (B.I2]) for the stopped process (Ziar, )i>0, taking
the expectation and using Lemmas [3.1H3.3] we obtain

1

EﬁW@WD—Eﬁu%DSE/“”fmzkw@—ﬁ&ﬂmxg>—wnJMs
(3.17) 0 -

tATH _
+ CEE/ f(Zs-N)1yz, |>sds.
0

We have managed to use the second derivative of f; to obtain a negative term that works
only when |Z,_| > §. Recall that it was necessary to bound |Z,_| from below since we
needed to bound the integral in (B.15) from below. In order to obtain a negative term for
|Zs—| < 6 we will later use the discontinuous part f, of our distance function f. Now we
focus on finding a continuous function f; that will give us proper estimates for |Z,_| > .
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 f; and a constant
c1 > 0 defined by (323) and ([329) respectively, such that

(3.13) R+ Cofelr) < —afi(r)
holds for all v > 0, where K is the function defined by (I.3).
Proof. Our assertion (B.18]) is equivalent to

C.f-(r) < —c1 fi(r) + fi(r)k(r)r for all r > &

or, explicitly,

(3.19) sup fi(z) < —%fl(r) + f{(r)rlgr) for all r > 9.
z€(r—e,r) € €

Observe that for this to make sense, we should have § > . Define
h(r) :=rx(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 (B.19), it is sufficient to show

sup ﬂ@s—%ﬁm—ﬁm

z€(r—e,r)

h™(r)
Ce

forall r > ¢,

which is equivalent to

(=) < —-h() = i(7)

We will look for f; such that

h™(r)
Ce

for all @ € (0,¢) and r > 9.

filr) = o(r)g(r)
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for some appropriately chosen functions ¢ and g. Then of course

(=) = — a)glr — a) + 6 — a)g'(r — a).
We will choose ¢ and g in such a way that

(3.20) $(r —a)g'(r —a) < —g—ifm
and
(321 $r = alglr — o) < ~ ()2

Since we assume that f{" < 0, which means f] is decreasing, we have f{(r) < f{(r — a)

and (321 is implied by

h=(r

(3.22) S~ a)glr —a) < —r - )
15

Note that our ability to replace (8.2I) 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 [B.5]), which is equivalent to considering the supremum of f{’ over a non-symmetric

interval. In order to obtain (8.22)), we need ¢ such that

¢ (r—a) < _h;('r’)(b(T —a) for all a € (0,¢) and r > 4,
which is implied by
(3.23) o' (r) < —ng(r) for all a € (0,e) and r > 0.
Define

h(r):= sup h (t)= sup trx ().
te(r,r+e) te(r,r+e)

Then of course

—h(r) < —=h~(r +a) for all a € (0,¢)
and thus the condition

¢'(r) < —Bg)¢(r) for all 7 > 0

implies (3:23). In view of the above considerations, we can choose ¢ by setting

(3.24) 6(r) = exp (— /0 ' héi) dt)

and this ensures that (3.21]) holds.
If we assume f1(0) = 0, then

(3.25) fi(r) = / " 5(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 . This is necessary to get an upper bound for the W}
distance (see the proof of Corollary [LH). 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 » > Ry and g = 1/2. Note that if we set

v(r) = [ (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) < —%@(T) for all @ € (0,¢) and r > 4,

€

which is implied by
o(r)g' (r) < —%CI)('/’ +a) for all a € (0,¢) and r > 0.
Since ® is increasing, the condition

o(r)g'(r) < —%Q)(r +¢) for all a € (0,¢) and r > 0
g

implies (B:20). This means that we can choose g by setting

C1 T (I)(t —+ E)

glr) :=1- =

Cz—: 0 (b(t)
Then obviously we have g < 1 and if we want to have g > 1/2, we must choose the
constant ¢; in such a way that

dt .

C1 " @(t —+ 8) 1
11— — dt > =
C.Jo (1) 2

or equivalently

(3.27) o < % (/0 q)(;;)g)dt) o

Now define
(3.28) Ry:=inf{R>0:Vr>R:k(r)>0}.
Note that Ry is finite since lim, ., x(r) > 0. For all » > Ry we have
h™(r) =0 and ¢(r) = ¢(Ry) .
Now we would like to define R; > Ry + ¢ in such a way that
—a gy <R
g(r) = {

Ce JO o(2)
: r> R

and (3.19) holds for r > R;. By setting

(3.29) ¢ = % (/ORI q)(;;)g)dt)

we ensure that ¢ defined above is continuous and that (3.27) and, in consequence, (3.20)
holds for r < R;.

We will now explain how to find R;. Since f{(r) = 3¢(Ro) for r > Ry, we have

sup fi(z) =0 forall r > R;

xE(r—e,r)

-1
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and therefore (B.19) for » > R; holds if and only if

R0 < L) forall 7 > R

which is equivalent to

¢(Ro)
2
Using once again the fact that f; < ®, we see that it is sufficient to have

¢(Fo)
2

—rk(r) < —cy fi(r) for all r > Ry .

—rK(r) < —1®(r) for all r > Ry .

By the definition of ¢;, the right hand side of the above inequality is equal to

PR

In order to make our computations easier, we will use the inequality

Ry Ry
/ ot+e) S/ t+e)
0

Ro ¢<t) ¢<t)
and we will look for R; such that
R -1
(3.30) —rr(r) ¢(§0) < —C.P(r) (2 /RO (I)(;J)E)dt) for all r > Ry .

We can compute

/R1 P(t+e) . _ /R1 O(R) + ¢(Ro)(t +e~ Ry) )

Ry O(1) Ro ¢(Ro)
_ O(Ro) 1 a1,
= (Rl R(]) (b(RO) -+ 2<R1 + e R(]) 28
O(Ry) 1
> _ (R, —
= (R1 RO) gb(Ro) + 2(R1 RO)
1 O(Ry) 1 5
> (R — “(R, —
> 2(R1 RO)<Z5(RO) + 2(R1 Ry)
(1 — Ro)P(Ry)
2¢(Ro)
Therefore if we find R; such that
¢(Ry) _ —C.2(r)p(Ro)
3.31 —rk(r < for all r > Ry,
30 7Y S = Roa(ry
it will imply (3.30). Observe now that we have
d(r) r

3.32 < — forallr> R;.
(3.32) SR =T or all r > Ry
This follows from the fact that ¢ is decreasing, which implies that ®(R;) > ¢(Ry)R; and
thus

¢(Ro) 1

—R)<—(r—R

q)(Rl)(T 1) - R, (T 1)

and

¢(R0)(T—R1) ‘|“I>(R1) T

<
O(Ry) - R
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hold for r > R;. If we divide both sides of (B.31]) by ¢(Ry) and use ([8.32), we see that

we need to have

—rk(r) —C.r
< forallr > R
2 " (R — Ro) Ry eral=n
or, equivalently,
2 k(r) for all ¥ > R
(R — Ro)R, — =0
This shows that we can define R; by
2
(3.33) R, ::inf{RZROJrs:‘v’rZR:/{(T)Zﬁ},
which is finite since we assume that lim, ., x(r) > 0. O

Our choice of f; and ¢; made above (see (3.25]) and (B.29]), respectively) allows us to
estimate

tATh 1
E / FUZ D g Zee X)) Lz oy
(3.34) 0 -

tATh _ tATh
T CEE/ F(1Zs- )1z, sads < E/ —c1fi(lZ:]) 1z, > ds -
0 0

If we are to obtain (B.4]), then on the right hand side of (3.34]) we would like to have the

function f instead of f;, but we can achieve this by assuming
(3.35) a < KinfS fi(z)
x>

or, more explicitly, a < K fi(J) (since f; is increasing), for some constant K > 1 to be
chosen later. Then we have

~afi1Z D0 = ot |02 + 02| 1z o0

c ca

< —§1f1(|28|)1{\254>6} - ﬁl{%fl%}

- c

< _i(fl + (l)(|Zs|)1{\Zsf|>6} = —if(|zs|)1{|zsf\>5} .

and hence
tATh tATh c
0 0

Now if we write (B.17)) as
(3.37)

Efi(1Zinr,|) = Efi(|Zo])
1

tATh
<E [ A2 D e M) = Y )) (L o) + Ltz )

tATH _
+ CEE/ f(Zs-)1yz, 1>s1ds,
0

we see that by (8.34) and (B.36) we already have a good bound for the terms involving
14z, sy Now we need to obtain estimates for the case when |Z,_| < 4. To this end, we
should come back to the equation (B.8) and focus on the expression

aE1(0,00) (| Zt]) — a1 (0,00) (| Z0]) -

We have the following lemma.
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Lemma 3.7. For any t > 0 we have
t

EL(0.00)(1Z4]) — EL ey (| Z0]) < —E / Ci(m)Lioeiz, <ayds
0
where

(3.38) Cs(m) == inf

qv) ANq(v+x)dv > 0.
z€R®0<2|<6 /{vgm}n{v+m|3m} Wt )

Note that 55(7’”) is positive by Assumption [d about the sufficient overlap of q and trans-
lated q (see the condition (1)])).

Proof. Observe that almost surely we have

t
Loeo)(12e]) =1 —/ / Lucptvz, 3 Lz, 2oy N (ds, dv, du) .
0 Jil<mxo

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 {|Z;_| # 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
/ / Liuepw, 2,0 L0<|z._ <63 IN (ds, dv, du)
0 J{|v|<m}x[0,1]

t
S// Liu<p(v,z. 1 1{ 2,120y N (ds, dv, du) ,
0 J{lv|<m}x[0,1]

we can estimate
t
Lo (|Z:]) <1 —/ / Liuepw,z, 3 L{0<|z._ <6y N (ds, dv, du) ,
0 J{|v|<m}x[0,1]

and therefore we get

t
aEl(O,oo)(|Zt|) _QE1(07oo)(|ZOD S —QE/ / 1{u<p(v7zsf)}1{0<|Zsf‘§5}y(dv)duds,
0 J{|v|<m}x|0,1]

where we used the assumption that E1( «)(|Zo]) = P(|Zo| # 0) = 1 (see the remarks at
the beginning of this section). We also have

t
E/ / Liu<p(v, 2,11 L{0<| 2, |<syV(dv)duds
0 J{|v|<m}x[0,1]
t
:E/ / p(v, Zs-) 104z, |<syv(dv)ds
0 J{lv|<m}
t
:E/ / (q(U+Z5—) /\q(v))l{0<\zs,|§5}dvds
0 J{v|<m}n{lo+Zs—|<m}

t
> E/ Cg(m)1{0<‘zsi|§5}d8
0
and the assertion follows. O

Note that we can always choose m large enough so that
(3.39)
inf

/ q)ANq(v+x)dv >
r€RL:0< x| <5 {lv|<m}n{|v+z|<m}
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and hence we have
¢
1~
BL0m)(1Z]) ~ Lo (1Z0) < -E | 3CiLiociz,icads.
0

Combining the estimate above with (8.8) and (8.37), we obtain

Ef(|Zine]) — EF(1 Z0))
< E/ £(17.-)

1

7] (Zs—, b(Xs—) = b(Ys-)) (L2, |55y + Lio<|z,_|<sy)ds

tATh 1 .

tATh _
+ CaE/ fa(|Zs—|)1{\Zs_|>6}d5 — (IE/ 5061{0<|Z5_\§5}d5-
0 0

In order to deal with the expressions involving {|Zs_| < d}, we will use the fact that
b satisfies the one-sided Lipschitz condition (L2) with some constant C;, > 0 and that
fi(r) < f1(0) =1 for all » > 0 to get

(3.40)

tATh 1 tATn 1 —

B[ HZe ) 2 M) =Y ) hoei ands =B [5G0z, cnds

1 - tATn
S (CL5 - 5&05)[@/ 1{0<\Zs_|§5}d5-
0

We would like to bound this expression by

tATh
B[ -CH1Z ez s
for some positive constant C', but since the function f is bounded on the interval [0, d]
by f1(6) + a, we have
—CH() — Ca< ~Cf(|Z, ) if0<|Z, | <5
and thus it is sufficient if we have
CLo + Cf1(8) < (C5/2 — C)a.

Of course the right hand side has to be positive, so we can choose e.g. C' := 6'5/4. Then
we must have

Cro +~C§f1(5)/4 <a,
Cs/4
but on the other hand, by (3.35), we must also have a < K f;(0). Hence we can define
C 4
Ko Cro+ Csfi(0)/

(3.41)

(3.42) —
Csf1(6)/4

and

(3.43) a:=Kfi(9).

Then obviously both ([B.41]) and (3:35]) hold and we get the required estimate for the right
hand side of (B:40]). Using all our estimates together, we get

tATh c
Bf(Zie,) - EFIZ) <E [~ 2L f(ZD1z, onds
0

tATh 1 .
+E/ —Zo(gf(|ZS|)1{0<|ZS_‘§5}d8.
0
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Denote

1~
(3.44) ¢ := min {;—;( 105} .

Then of course

tATh
Ef(|Zun]) — Ef (1 Z]) <E / e f(1Z) Lz oy ds
0
tATh
(345) +E/ _Cf(|Zs|)1{0<\Zs_|§6}d5
0

:E/OW" —cf(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(|Zspr,,| # 0) = 1. Thus Lemma B7 still holds on [s A 7,,,¢ A 7,,]. Tt is easy to
see that the other calculations are valid too and we obtain

(3.46) Ef(1Zenral) = Ef (| Zsnra|) < E/ —cf (| Zpr,|)dr .

Since this holds for any 0 < s < ¢, by the differential version of the Gronwall inequality
we obtain

Ef(|Zine,|) < Ef(|Zo])e™ .

Note that we cannot use the integral version of the Gronwall inequality for (8.45) since
the right hand side is negative and that is why we need (3.46]) to hold for any s < ¢t. By
the Fatou lemma and the fact that Z; = 0 for ¢t > T (see the remarks after (3.12)) we get

Ef(|Z]) < e "Ef(|Zo|) for all t >0,
which finishes the proof of (L.§]).

Proof of Theorem [I.1. By everything we proved in Sections 2.4] and the entire
Section [3, we obtain a coupling (X, ;)0 satisfying the inequality (L8). The only thing
that remains to be shown is the fact that the coupling (Xi,Y;):>o is successful. This
follows easily from the inequality (IL8) and the form of the function f. Indeed, recalling
that Z; = X; — Y; and that T denotes the coupling time for (X;, Y;)i>0, for a fixed ¢t > 0
we have

—_

P(T > ) = P(|Zi] > 0) = El(o.00)(|Z:]) < ~E (f1(1Z2]) + a1(0,00) (| Z2])

1
- ~E/(1Zi)) <

SHES

e "Ef(|Zol) -

Hence we get

P(T:oo):P<ﬂ{T>t}> = lim P(T > t) = 0.

t>0
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4. ADDITIONAL PROOFS AND EXAMPLES
Proof of Corollary [1.4l. We have
L) = 0 'al(ope) < 0™ (f1 + aloe) = a ' f,

hence we get

1 - —1 —c
Sllipe = papillrv = Wi (mpss pape) < a7 Wipe, papr) < a” e Wi, pia)

O
Proof of Corollary We have
o(r) _ o(R
fr) = o(ra(r) > 2 > XT0)
for all » > 0. But f1(0) =0, so we get
R
filr) = ¢(2 o),
for all » > 0 and in consequence
L 20 _260)
¢(Ro) — ¢(Ro)
which proves that
Wi (pape, pape) < 2¢(Ro) ‘e W, pa) -
O

Proof of Corollary [I.8. Let us first comment on the assumption we make on the
semigroup (p:)s>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;);>0 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(x)|* < C(1 + |2?]) for
all z € R%. By Corollary [L5 we have

(4.1) Wi (pupe, npe) < Le™ W (g, n)

for some constants ¢, L > 0 and any probability measures p and 1. Now let p be a fixed,
arbitrarily chosen probability measure and consider a sequence of measures (up;,)S.

Apply ([@J) to p and n = pp; with t = n. We get
Wi (ppns fipng1) < Le™ "Wy, ppr) -
Similarly, using the triangle inequality for Wi, we get that for any k£ > 1

k—1
(i e
Wi(pn, ppnk) < LYy e DWi(p, ppn) < Lo

— e_c
Jj=0

—Ccn

Wi (g, ppr) -

It is now easy to see that (up,)2, is a Cauchy sequence with respect to the W; 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, )2, has a limit 1.

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
/ PUDn — / P o

as n — oo for all continuous bounded (Cp) functions . It is easy to check that since the
drift in (.T)) is one-sided Lipschitz, the semigroup (p:);>o is Feller, in particular for any
© € C, we have p1p € C, and thus

[ e@wpatin) = [ o@ppidn) » [ po@plds) = [ olapop o).

Hence we infer that
Ho = Hop1 -

1
s 2= / :uopsdsv
0

we can easily show (see e.g. [10], the beginning of Section 3 for details) that for any ¢ > 0
we have

Now if we define

HsPt = [y
i.e., f, is actually an invariant measure for (p;)i>o. Now the inequality (ILI6) follows
easily from (L)) applied to p. and 7. Indeed, we have

W (b, npe) = W (pape, npe) < €W (g, m) -

Similarly, the inequalities (LIT) and (LI8) follow easily from (LI3) and (L.I4]), respec-
tively. 0

We would like now to investigate optimality of the contraction constant we obtained
in Corollary First, let us recall a well-known result. Let (X});>0 be the solution to
(LT) and (pt)e>o its associated semigroup. If there exists a constant M > 0 such that for
all z, y € R? we have

(4.2) (b(x) = bly),x —y) < —Mlz —y/?,
then for all ¢ > 0 and any probability measures i, po we have
Wi (pape, paps) < efMtW1(M1, [i2) -

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) 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(z) = 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 B we can easily check that the function
¢ is constant and equal to 1. We have

r 1 1
fi(r) = /0 g(s)ds and g(r) =1 — m <§7,2 i 5r>

and therefore

B 1 1, 1,
hlr) =r 2+ 2:R, (6T +2”) '
We also have Ry = 0 and it can be shown that

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 ([&3), for all » > R we
have x(r) > 2C./R?, which implies that R belongs to the set of which R, is the infimum
(see (B33)) and hence R; < R. On the other hand, if R < W, then for all » > W we
have k(r) > M = 2C./W? and thus R; < W. Observe that

_ C: S C. .
R?+2eR; — max(R,W)2 + 2e max(R, W)
Moreover, K =1 when Cf, = 0 (see (8.42)). Thus we have

C1 Cg
s
2K — 2max(R,W)2 + 4e max(R, W)’

&1

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]**®) for a € (0,2). Then we can easily show that

o () w2 (2)

Let us focus on the case of a € (1,2). If we denote

P— Ce

)= o iR

then as a function of ¢ it obtains its maximum for gy := (2 — a)R(2a — 2)~!. Thus if
c1(g0) < ea(eg), where ¢3(0) := Cs/4 (which, as we can check numerically, is true e.g. for
any R if a > 11/10), then we see that the optimal choice of parameters that maximizes
the lower bound for ¢ = min{c;/2K,Cs/4} is to take ¢ = § = &, at least as long as
R > /2C.,/M, since only then ¢;(g9) 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., = /2 and
c1(g0) = v/2/4, hence when we consider M > 2+/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 c2(gp) increase to co. However, in such a case ¢;(g¢) is no longer

a lower bound for ¢; /2K, since R < /2C,,/M. Instead we have
C1 CE()

LI
2K~ 40, M~ + 4eg/2C. ;M1

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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