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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.
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1. Introduction

We consider stochastic differential equations of the form
dX; =b(X;)dt +dL;, 1.1

where (L;);>0 is an R9-valued Lévy process and b : RY — R is a continuous vector field
satisfying a one-sided Lipschitz condition, i.e., there exists a constant C; > 0 such that for all x,
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y € R? we have

(b(x) —b(y),x —y) < Crlx — y|*. (1.2)

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 u;.
Its Fourier transform i, is of the form

ﬁl(z) = etw(Z)’ Z € Rd&

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

1 .

V@ =il,2) = 5z Az) + /d(e”“‘> — 1 =iz, X)L <1 v(dx),
R

for z € RY. Here [ is a vector in R?, A is a symmetric nonnegative-definite d x d matrix and v is

a measure on RY satisfying

v({0})) =0 and /d(|x|2/\1)v(dx)<oo.
R

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

In this paper we will be working with pure jump Lévy processes. We assume that in the
generating triplet of (L;);>0 we have [ = 0 and A = 0. By the Lévy-It6 decomposition we know
that there exists a Poisson random measure N associated with (L;);>¢ in such a way that

t 1
Lt=// vN(ds,dv)-I—// vN(ds, dv), (1.3)
0 J{ul>1 0 J{vl<n

where
ﬁ(ds, dv) = N(ds, dv) — ds v(dv)

is the compensated Poisson random measure.

We will be considering the class of Kantorovich (Ll-Wasserstein) distances. For p > 1, we
can define the L”-Wasserstein distance between two probability measures 11 and 1, on R? by
the formula

1

Wy (1. i) = ( inf / px, y)Pm(dx dy)) "
well(n,12) JRE xRA

where p is a metric on R? and IT(u1, o) is the family of all couplings of 11 and u, i.e.,

m € II(uy1, wo) if and only if 7 is a measure on R2d having 1 and wo 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 :10,00) = [0, 00) with f(0) =0and f(x) > 0forx > 0as

p(x,y) = f(lx —y)) forallx,y e R

We will denote the L!-Wasserstein distance associated with a function f by W . The most well-
known examples are given by f(x) = 1(0,00)(x), which leads to the total variation distance
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(with Wy(pr, p2) = %Hm — w2llrv) and by f(x) = x, which defines the standard L-
Wasserstein distance (denoted later by Wy). For a detailed exposition of Wasserstein distances,
see e.g. Chapter 6 in [27].

For an R?-valued Markov process (X;);>0 with transition kernels (p;(x, -));>0 ycrd We say
that an R?>?-valued process (X, X/ )0 is a coupling of two copies of the Markov process
(X1)e=0 if both (X))r>0 and (X})¢>0 are Markov processes with transition kernels p; but possibly
with different initial distributions. We define the coupling time T for the marginal processes
(X))¢=0 and (X/);=0 by T = inf{r > 0 : X; = X/}. The coupling is called successful if T is
almost surely finite. It is known (see e.g. [13] or [26]) that the condition

lpe1pr — mapellry — 0 ast — oo for any probability measures (¢1 and (3 on RY

is equivalent to the property that for any two probability measures ;1 and > on R¢ there exist
marginal processes (X))¢>o and (X;);>0 with p; and o as their initial distributions such that
the coupling (X}, X});>o is successful. Here up; (dy) = [ u(dx)p:(x, dy).

Couplings of Lévy processes and related bounds in the total variation distance have re-
cently attracted considerable attention. See e.g. [2,21,22] for couplings of pure jump Lévy pro-
cesses, [23,28,29] for the case of Lévy-driven Ornstein—Uhlenbeck processes and [12,31,25] for
more general Lévy-driven SDEs with non-linear drift. See also [11,19] for general considera-
tions 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 L”-Wasserstein distances.

Previous attempts at constructing couplings of Lévy processes or couplings of solutions 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) 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 «-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 solution 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 Section 2.2. Then, using this coupling, we construct
a carefully chosen Kantorovich distance W for an appropriate concave function f such that

Wy (1 pe, papr) < e " We(ui, no)

holds for some constant ¢ > 0 and all # > 0, where 1 and p, are arbitrary probability measures
on R4 and (pr)e>0 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]
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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 fi is a concave, strictly increasing C? function with f1(0) = 0, which from some point
R1 > 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)s>0-

Assumption 1. v is rotationally invariant, i.e.,
V(AB) = v(B)

for every Borel set B € B(R?) 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

inf

/ qg() Ag(v+x)dv > 0. (1.4)
x€R®:0<|x|<8 J {|v| <m}N{|v-+x|<m]}

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

/ qg(v)dv > 0.
{lvi<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 «-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 assumed that
it satisfies a one-sided Lipschitz condition, which guarantees the existence and uniqueness of a
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strong solution to (1.1). Now we define the function x : R4 — R by setting « (J]x — y|) to be the
largest quantity such that

(b(x) = b(y).x —y) < —k(lx — yDlx — y* foranyx,y e R?,
and therefore it has to be defined as

(b(x) —b(y), x —y)
Ix — yI?

k(r) ::inf{— :x,yeRd such that |x—y|=r}. (1.5)

We have the following assumption.

Assumption 5. « is a continuous function satisfying

liminfx (r) > 0.
r— 00
The above condition means that there exist constants M > 0 and R > 0 such that for all x,
y € R? with [x — y| > R we have

(b(x) —b(y),x —y) < —M|x — y|*. (1.6)

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 x, y € R4, then the proof of exponential
convergence in the L'-Wasserstein distance is quite straightforward, using just the synchronous
coupling for (L;);>¢ 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

where (L;)t>0 is a pure jump Lévy process with the Lévy measure v satisfying Assumptions 1
and 2, whereas b : R?Y — RY is a continuous, one-sided Lipschitz vector field. Then a
coupling (X;, Yi)r>0 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

Ef (X, —Yi]) <e “Ef(|Xo — Yol) (1.8)
and the coupling (X;, Y;)s>0 is successful.

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

Corollary 1.2. Let (X;);>0 be a solution to the SDE (1.7) with (L;)s>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 ju1 and s on R? we have

Wr(1 pes wape) < e " Weu, o), (1.9)

where (p;);>0 is the semigroup associated with (X;);>0.
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The function f in the theorem and the corollary above is given as f = al(o,o0) + f1, where

Al = /O ()5 (s)ds

" h(1) - _
¢(r) = exp| — dt ), h(r)y= sup tx (1), (1.10)

0o Ce te(r,r+e)

1 ("R B(1 + &) Rig(t+e) \~ r
r)y=1- —/ ——dt </ —dt) , d(r) =[ ¢ (s)ds,
§ 2)y o0 o o0 0
while the contractivity constant c is given by ¢ = min{c; /2K, Cs /4} with
-1
T ) =

= — —dt and Cj5 = inf v) Ag( + x)dv.
T2\ e ? 7 eR0<ir<s qu( Il )

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

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

2C
R]:inf{RzRo-‘ré‘:V}’zR:K(l’)Zm}, (111)

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

0 ~
CLé + Cs5£1(8)/2
=2 pPuay. K=
—e/4 Cs f1(8)/2
where v; 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.

and a = Kfi(5), (1.12)

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 ¢ 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 corollaries.
Corollary 1.4. For any t > 0 and any probability measures jv| and j1 on RY we have

lipe = papliry < 2a~'e™ " We(ur, 12, (1.13)
where a > 0 is the constant defined by (1.12).

Corollary 1.5. For any t > 0 and any probability measures jv| and [t on RY we have

Wi (i1 prs papr) < 20(Ro) Le ™" W (1, p2), (1.14)

where the function ¢ and the constant Ry > 0 are defined by (1.10) and (1.11), respectively.
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Remark 1.6. The corollaries above follow in a straightforward way from (1.9) by comparing
the underlying distance function f from below with the 19 ) 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

Wi (1 pe, apr) < Le” " Wi(u1, 12) (1.15)

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 ¢ — ¢/ 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 o-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 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 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 «-stable processes with o € (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(dx) = (1j—g,—0/81(x) + 1jg/p,61(x)) dx for arbitrary 6 > 0 and B > 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
B < 3,then 20/ > 6 — 6/ (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 § < 6 — 6/8 (taking § = 6 — 6/ or larger
would result in an overlap of zero mass). This means that ¢/2 < 6/2 — 6/28 < 6/ and thus
the quantity in Assumption 4 cannot be positive. On the other hand for 8 > 3 we can take any
8 < 20 in Assumption 3 and thus Assumption 4 can also be satisfied.

Corollary 1.8. In addition to Assumptions 1-5, suppose that the semigroup (p;);>0 preserves
finite first moments, i.e., if a measure [ has a finite first moment, then for all t > 0 the measure
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up; also has a finite first moment. Then there exists an invariant measure [y for the semigroup
(p1)r=0- Moreover, for any t > 0 and any probability measure n we have

W (s, npr) < e Wr (s, ) (1.16)

and therefore

s — npellry <2a~ e ™ Wi (p, 1) (1.17)

and

Wi (s 1P1) < 26 (Ro) e W (s, ). (1.18)

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 semi-
groups (pr)s>0 associated with solutions of equations like (1.1). In his recent paper [25], Y. Song
obtained exponential upper bounds for ||8x p; — §yp;ll7v forx, y € R4 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 «-stable processes, while requiring the drift b to satisfy a condition of the type
(b(x), x) < —C|x|* when |x| > 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 «-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 condi-
tions 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 condi-
tion similar to the one in [30], whose solution is exponentially ergodic under some relatively
mild assumptions on the Lévy measure (see Proposition 0.1 in [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., Eq.
(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
o € (1, 2), but also for a much larger class of Lévy processes without «-stable components.

Several months after the previous version of the present manuscript had been submitted, 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 un-
der a technical assumption on the Lévy measure, 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
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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 con-
struction 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 /11 and i3 on R, the problem is to find a measure y on R? with
marginals ©1 and 3, such that the quantity

C(y) :=f c(x, y)dy(x,y),
]RZ

called the transport cost, is minimized for a given concave function c : 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 y (i.e., the optimal coupling of w1 and w») is unique and independent
of the choice of ¢, and gave an explicit expression for y. Intuitively speaking, in the simplest
case the idea behind the construction of y (i.e., of transporting the mass from | to uz) is to
keep in place the common mass of 1 and p» 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. 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 coupling can be also
applied to other Markov processes. Assume we are given a symmetric transition density p;(x, z)
on R and that we want to construct a coupling starting from (x1, x2) as a joint distribution of an
R2-valued random variable ¢ = (1, £&2). We put

Pty = £1]¢1 = 21) = pr(x1,21) A pr(x2,21) @)
pi(x1,21)

and

pr(x1,21) A pr(x2,21)
pi(x1,21)

Poo=x1+x2—-0l1=21)=1~-

so the idea is that if the first marginal process moves from xj to zj, then the second marginal
can move either to the same point or to the point reflected with respect to xo = %, with
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appropriately defined probabilities, taking into account the overlap of transition densities fixed at
points x1 and x. Alternatively, we can define this coupling by the joint transition kernel as

mg(x1, x2, dyy, dy2) = 8y, (dy2)ho(y1)dy1 + Sry, (dy2)h1(y1dy1,

where ho(z) = p;(x1, 2) A pr(x2, 2), h1(2) = pe(x1, 2) —ho(z) and Ry} = x1 +x2 — y1. 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;):>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

dX, = b(X,)dt + dB, (2.2)

driven by a d-dimensional Brownian motion (B;);>0, we can define (¥;);>0 by setting

dY, = b(Y,)dt + (I —2e.el )dB,, (2.3)
where
X, - Y 4
e = —— . .
X -

Of course, Eq. (2.3) only makes sense for t < T, where T = inf{t > 0 : X; = Y;}, but we
can set ¥, := X, for + > T. The proof that Egs. (2.2) and (2.3) together define a coupling,
i.e., the solution (¥;);>0 to Eq. (2.3) has the same finite dimensional distributions as the solution
(Xt)r>0 to Eq. (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 —2e¢; etT takes values in
orthogonal matrices (and thus the process ([3,)[30 defined by d E, := A,dB; is also a Brownian
motion).

Similarly, if we consider an equation like (2.3) but driven by a rotationally invariant Lévy
process (L;);>o instead of the Brownian motion, it is possible to show that the process (ZI)tZO
defined by dit = A;_dL,; with A,_ =1 — 2et_etT_ is a Lévy process with the same finite
dimensional distributions as (L;);>0. 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.

2.2. Construction of the SDE

We apply the ideas from [17,8] by coupling the jumps of (X;);>0 and (¥;);>0 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;);>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;);>0

via (1.3). Recall that there exists a sequence (r.,-)ﬁo | of random variables in R encoding the

jump times and a sequence (& j)j?ozl of random variables in R encoding the jump sizes such that

o0
N0, 1], A)@) = > 8(c (.6, ((0. 11 x A) forallw € 2and A € BRY)
j=1
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(see e.g. [18], Chapter 6). At the jump time 7; the process (X;);>0 jumps from the point X, to
X 7 and our goal is to find a way to determine whether the jump of (Y;);>¢ should be reflected
or whether (¥;);>¢ should be forced to jump to the same point that (X;);>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 x R? x [0, 1], replacing the
d-dimensional random variables &; determining the jump sizes of (L;);>0, with the (d + 1)-
dimensional random variables (§;, n;), where each ; is a uniformly distributed random variable
on [0, 1]. Thus we have

o0
N((0, 1], A)(@) = D 8(z;(@).;(@)m; @) (0. 1] x A x [0, 1])
j=1
forall w € 2 and A € BRY)

and by a slight abuse of notation we can write

t ' -
L; =/ / vN(ds, dv, du) +/ / vN(ds, dv, du), 2.5)
0 J{v|>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;);>0 moves from the point X;_ to X;_ 4 v and we draw a random
number u € [0, 1] which is then used to determine whether the process (¥;);>0 should jump to
the same point that (X;);>0 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 g and its translation by the difference
of the positions of the two coupled processes before the jump time, that is, by the vector

Z[, = Xl* — th.

Our first guess would be to define our control function by

(2.6)

o, Z;) = min{M } _qw+Z)rq)

q(v) q(v)

when g(v) > 0. We set p(v, Z;—) := 1 if g(v) = 0. Note that we have g(v + Z;_)/q(v) =
q+X;——Y;_)/q(v+X;— —X;—), so we can look at this formula as comparing the translations
of g 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 g and its translation and the total mass of g. 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 > O satisfying Assumption 3. For the larger jumps we will apply
the synchronous coupling, i.e., whenever (X;);>o makes a jump of size greater 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:)r=0 makes a large jump v, then instead of reflecting the jump for (¥;);>0 and having a large
change in the value of Z;, we make the same jump v with (¥;);>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
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the reflection applied to small jumps only (see Lemmas 3.3 and 3.6) and on the other the quantity
(1.4) from Assumption 3 (see Lemma 3.7). If the latter, however, holds for some my > 0 then it
also holds for all m > m¢ 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;);>0.

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

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

t
—}—// 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 Eq. (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;);>0 and b by setting

t t
L; :=/ f vN(ds, dv, du) +/ f vN(ds, dv, du) 2.7
0 J{lv|>m}x[0,1] 0 J{lv|=m}x[0,1]

and modifying b accordingly.
Since we want to apply different couplings for the compensated and uncompensated parts of
(L¢)s>0, we actually need to modify the definition (2.6) of the control function p by putting

qW) Ag+ Z; )iz, |<m)

VL) =
o, Z;-) 7()

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

1 v+z|<m
/ F)pv, 2)v(dv) =/ F a0 F Disatzm g,
{lv|<m} {lv|<m} q(v)

f@) (@) Aq+2))dv,

/{Ivlsm}ﬁ{lvﬂlsm}

while with (2.6) we would just have

/ f@p, 2)v(dv) =/ f ) (@) Aq(v+2))dv.
{lvl=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 4+ Z,_| is still big), then the probability 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¢)r=0 at time ¢ is v and |v| < m, then the jump vector of (¥;);>0 should be X, —Y,_ 4+ v (so
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that (¥;);>0 jumps from Y;_ to X;— + v) when
u<p(, Z). 2.8)

Otherwise the jump of (¥;);>0 should be v reflected with respect to the hyperplane spanned by
the vector ¢;— = (X;— — Y;—)/|X;— — Y;—|. If |v] > m, then the jump of (¥;);>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
(Y1)r=0- Recall that (X;);>0 is given by (1.1) and thus

dX, = b(X,)dt +f

vN(dt, dv, du) +/ oNdt, dv,du).  (2.9)
{lvl>m}x[0,1]

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

Now, in view of the above discussion, we consider the SDE

dY, = b(Yy)dt +/ vN(dt, dv, du)
{lv|>m}x[0,1]

+ / (X;— =Y +v)l{u<p(v’zlf)}]v(dl‘,dv,du)
{lv]<m}x[0,1]

+ / R(X;—, Y )l po.z, N (dt, dv, du), (2.10)
{Jo]<m)x[0,1]

where

s Kim = Y )Xo — Y, )T
IX,— —Y,_|?

=1 - Zet_etT_

R(X;—, Y, )=1-

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

T :=inf{t >0: X, = ¥,}, @2.11)

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

dY; = b(Y;)dt +/ vN(dt, dv, du)
{lv]|>m}x[0,1]

+ / R(X,_,Y,_)uN(dt, dv, du)
{lv|<m}x[0,1]

+ / X =Y —-+v—R(X;—, Yt_)v)l{u<p(v,ztf)}ﬁ(dt, dv,du). (2.12)
{lvj=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;, ¥;);>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 x,
y € R? we have

/ Ix — ¥ 4+ v — R, VI uzpx—yyv(dv)du < C(A + |x — y|).
{lv]<m}x[0,1]

Proof. We will keep using the notation z = x — y. We have

/ |z+v—R(x,y>v|2p(v,z>v<dv)52/ |z + vI2p (v, 2)v(dv)
{lv|<m}

{lv|<m}

+2/ IR(x, y)v|*p(v, 2)v(dv) (2.13)
{lvl<m}
and, since R is an isometry, we can estimate

2/ IR(x, y)vI*p(v, 2)v(dv) = 2/ 20 (v, 2)v(dv)
{lv|<m} {l

v|<m}

v 2q(v)dv =2f wPv(dv).

{lv|<m}

§2f Ivlzq(v+z)Aq(v)dv§2/
{lv|<m} {

[v|<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/ Iz + v’ o, D)v(dv) < 2/ Iz + v|?q(v + 2) A g(v)dv
{lv]<m} {lv|<m}

= 2/ [v]2g(v) A q(v — 2)dv.
{lv—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/ w12 (V) A g(v — 2)dv < 2/ [v|?v(dv) < 2/ lv]2v(dv) < oo.
{lv—z|<m} {lv—z|<m} {lv|<3m}

On the other hand, when |z| > 2m, we have
veRY: jv—zl <m}C{veR?: |v| <m) = B(m),
and v(B(m)¢) < oo, which allows us to estimate
2/ [v*q() A gv = 2)dv
{lv—z|<m}
54/ Iv—zlzq(v)/\q(v—z)dv+4/ |z|2q(v)Aq(v—Z)dv
{lv—z|<m} {lv—z|<m}

54/ Iv—zlzq(v—z)dv+4/ zI*q (v)dv
{jv—cl<m) {jv—cl<m)

< 4/ [wIPv(dv) + 41zPv(B(m)°).
{lv|<m}
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Hence, by choosing

C:= max{2/ |U|2v(dv)+2f |v|2v(dv),6f |v|2v(dv),4v(B(m)C)}
{lv]<3m) {lv|<m) {lv]<m)

we get the desired result. [

Here we should remark that by the above lemma we have

t
P (f / |Zs— 4+ v — R(Xs—, Ys )P N uzpu.z, yv(dv)duds < oo) =1.
0 Jijpl=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

/ |[IR(x + h, y)v — R(x, y)v|2v(dv)du — 0, ash—0,
{lvl=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
o, 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

/ p(v,z>v<dv>=/p(v,z)v(dv)+/ p(v, ()
R4 U Uc

< / q(v)dv+/ q(v+ z)dv
U Uc

= / q)dv +/ q)dv < oo,
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
f [(x+h—y+v—Rx+h V<o)
{lvl=m}x[0,1]
—(x—y+v—R(, Y)U)l{u<p(v,z)}|zv(dv)du — 0, ash— 0.
Proof. We have
/ [(x+h—y+v—Rx+h »)V)]1ucpw+h)
{lv|=m}x[0,1]
— (¥ =y +v = RO, Y)W u<po P v(dv)du
:/ |(x+h—y+U—R(x+h, y)v)l{u<p(v,z+h)}
{lv]=m}x[0,1]

—(x—y+v—R(, y)v)l{u<p(v,z+h)} +(x—-y+v— R, y)v)l{u<p(v,z+h)}
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2
—(x —y+v—R(, y)v)l{u<p(v,z)} [“v(dv)du

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

+2/ Ix —y+v— R, Yo, z+h) — pv, 2)|v(dv)
{lv|<m}

=1L+ .

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

o,z +h) — p(, 2) L <m)
_ lg(v + z + W)L szani<m) A q) — q(v + 2D jpizj<m) A g (V)]
lg (v)]

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

Ljvi<m)-

2.4. Existence of a solution

Note that having the above estimates, it would be possible 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;);>0 and (¥;);>0. Hence we can consider the
equation for (Y;);>0 written as

dY, = b(Y,)dt +/ R(X,_, Y,_)uN(dt, dv, du)
{lv|=m}x[0,1]

+ (Xi— — Yo v = Ry Y )0 uepiorz, ) N, dv, du).
{lv|=m}x[0,1]

(2.14)
Now observe that if we only consider the equation
dy} = b(ydt +f R(X,—, Y uN(dt,dv,du), (2.15)
{lv|=m}x[0,1]

itis easy to see that it has a unique strong solution since the process (X, Y,1 )¢>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

/ 1{u<p(v,Z,,)}v(dv)du = f o, Z;—)v(dv) < oo,
R4 x[0,1] R4
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as long as Z;_ # 0 (see Remark 2.2). Then in principle in such situations it is possible to
use the interlacing technique to modify the paths of the process (Y,l)lzo 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 =inf{r > 0:& < p(AL,, Z)},
where Zt1 = X; — Yt1 and (L;);>o is the Lévy process associated with N. Then if we define a
process (Y2);=0 by adding the jump of size X, — Yr11— + AL — R(X4,—, lel_)ALT1 to the

path of (Y,l),zo at time 71, we see that Yr21 = X,. Moreover, since p(v, 0) = 1 for any v € R,

we have Y,2 = X, for all + > 1. 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 to the coupling time, and
like the process (X;);>0 later on. In consequence we obtain a solution (X, ¥);>¢ to the system
defined by (2.9) and (2.10).

2.5. Proof that (X;, Y;)i>0 is a coupling

By the previous subsection, we already have the existence of the process (X;, Y;);>0 defined
as a solution to (2.9) and (2.10). However, we still need to show that (X;, ¥;);>0 is indeed a
coupling. If we denote

B(X;—. Yi—,v,u) = R(X;—, Y )v + (Zi— + v — R(X;—, Vi)V lu<p,z,oyy  (2.16)

and

'
L, ::// vN(ds, dv, du)
0 J{lv|>m}x[0,1]
t
+f/ B(Xs—,Ys_,v,u)N(ds,dv, du), (2.17)
0 J{lv|=m}x[0,1]

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

Then, if we show that (Z,),Zo is a Lévy process with the same finite dimensional distributions
as (L;)s>0 defined by (2.7), our assertion follows from the uniqueness in law of solutions to
Eq. (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 r > 0 we
have

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

L, —L,

is independent of F, where (F;);>o is the filtration generated by (L;);>0. We will need the
following lemma.
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Lemma 2.4. Let f (v, u) be a random function on {|v| < m} x [0, 1], measurable with respect
to Fy,. If

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

%) ~
E [exp (i <z, / f f,u)N(ds, dv, du)>) ‘.7-",1:|
fn J{vl=m}x[0,1]

— exp ((tz - tl)/ <e"<z’f<”~“>> =iz, fv, u))) v(dv)du) . (220)
[v]<m}x[0,1]

then

Proof By a standard argument, if the condition (2.19) is satisfied, we can approximate
f{\v|<m}x[0 11 f (v, u)N(ds, dv, du) in probability by integrals of step functions f" of the
orm

A
f',u) = ZleAj
=1

where A; are pairwise disjoint subsets of {|v| < m} x [0, 1] such that (v x A)(A;) < oo for
all j, where A is the Lebesgue measure on [0, 1] and c; are J;,-measurable random variables.
Thus it is sufficient to show (2.20) for the step functions f” and then pass to the limit using the
dominated convergence theorem for conditional expectations. Indeed, for every f" we can show

that
%) o
E [exp (i <z, / / f"(v,u)N(ds, dv, du)>> ‘}',]:|
f J{lv[=m}x[0,1]
[n 153 ~
=E l_[ exp (i <z, [ / cjla;N(ds, dv, du)>> ‘]—",]
il n JHlvlsmix(0.1]

I 5
=FE |:]_[ exp (i (z. cjN((t1, 121, A)))) ‘711] .
j=1

The random variables N ((t1, 12], Aj) are mutually independent and they are all independent 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 ¢ back
in. Thus we get

Enexp 2, ¢jN((11, ), A}))) H]Eexp z,¢jN((11, 121, A))))

= Hexp (=) (570 x (A = T =iz )0 x M(A)) )

j=1

= exp ((tz - tl)/ (e"“»f”(”’"” —1—ilz, ', u))) v(dv)du) ,
(Iol<m)x[0.1]
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where in the second step we just used the formula for the characteristic function of the Poisson
distribution. [

Now we will prove (2.18) in the special case where
~ t ~
L; = [ f B(X,_,Ys_,v,u)N(ds, dv, du)
0 Jflvl=m}x[0,1]

and the process (L;)>0 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 every t > 0 and every z € RY we have

t
Eexp <i <z, / / B(X;_,Ys_,v,u)N(ds,dv, du)>>
0 J{lv|=m}x[0,1]

t
=Eexp (i <z, / / vN(ds, dv, du)>> .
0 J{lvl=m}x[0,1]

Proof. First recall that we have
P (f |B(X,_, Yi—, v, w)|*v(dv)du < oo) =1
{lv|<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

/ BOXo—, Yi_, v, 1) 2v(dv)du
{lv]=m}x[0,1]

has left-continuous trajectories. This means that (almost surely) we can approximate B(X;_,
Y, v,u) in L2([0, t] x ({Jv] < m}; v) x [0, 1]) by Riemann sums of the form

my—1
B'(s.v.u):= ) BXp. Yo, v.)lgrar, (5) (221)
k=0
for some sequence of partitions 0 = 7y < 7{ < --- <t =t of the interval [0, 7] with the

mesh size going to zero as n — 00. From the general theory of stochastic integration with
respect to Poisson random measures (sge e.g. [1], Section 4.2) it follows that the sequence
of integrals fé f{\v|<m}x[0 1 B"(s,v,u)N(ds, dv, du) converges in probability to the integral

fé f{|u\5m}x[0,1] B(X,_, Y,_, v, u)N(ds, dv, du). Thus we have

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

t
— Eexp (i <z/ / B(Xs_,Ys_,v,u)N(ds,dv,du)>>
0 J{|v|<m}x[0,1]

forany z € R? and r > 0, as n — oo. We will show now that in fact for all n € N we have
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t
E exp <i <z, f / B"(s,v,u)N(ds,dv, du)>>
0 J{lv|=m}x[0,1]
t
= Eexp <i <z, / f vN(ds, dv, du)>> , (2.22)
0 JH{vl=m}x[0,1]
which will prove the desired assertion. To this end, let us calculate
t ~
E exp (i <z, f / B"(s,v,u)N(ds,dv, du)>>
0 |U|<m}><[0 1]
1"
— Eexp (i <z /k“/ B(Xy, Yy, v, N (s, dv, du)>)
# {lv]<m}x[0,1]
n 2 g ~
= E<E|: klj exp <l < /’ /\v\<m}><[0 . th R th ,v,u)N(ds,dv, du)>>
X exp <z< / / B(X;n s Yn v, u)N(ds dv, du)>> ‘ "
{lvl<m}x[0,1] ma—=1" " mp =17 ne

mp—1

m,l—2 tk+l ~
= < exp f / B(Xt]?, Yt/?’ v, u)N(ds, dv, du)
[ {lvl=m}x[0,1]
|:exp( < / n / B(Xpn . Yp L v.uw)Nds,dv, du)>>
" {lv|<=m}x[0,1] mp=1" “mp—1

mp—1

7))

Now we can use Lemma 2.4 to evaluate the conditional expectation appearing above as

(2.23)

CXP((t;Z,n_l — )
i(z,BX;n Y o) .
X e mp—1 ‘mp—1 — 1= Z(Z, B(th s Ytn , U, M)> U(dv)dl/l .
(o] <m]x[0.1] mp—1 mp—1

Here comes the crucial part of our proof. We will show that
i(Z,B(X;n Y vu) .
e =17 g =1 —1—-i{(z, B X Y ,v,u)) | v(dv)du
(ol <m}x[0,1] et
- / (€ =1 =iz, v)) vidv)du. (2.24)
{lvl=m}x[0,1]
Let us fix the values of X "o and Y',',Z » for the moment and denote

R = R(Xt:z,,—l’ Ytﬁ:n—l) and c¢:= Xt;nn,,—l — eryrlt,,—l = Zl;rrlm B (2.25)

Then, using the formula (2.16) we can write

B(X,»

mp—1

, Yt,’,’,n,l’ v,u) = Rv+ (c+v— R)ljy<pw,e)-
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Next, integrating over [0, 1] with respect to u, we get

1

— / (ei(Z,RU> (el'<Z,C+U7RU>p(v, C) + (1 _ ,O(U, C))) _
{lv|=m}

iz, Ro) —i(z.c 4+ v — R)p(v, c))v(dv).

i(z,B(X;n Yo ,0,u)
/ (@l<z Imnfl “mnfl v,u)) - 1= i<Z, B(th s Ytn , U, u))) v(dv)du
{IU‘<m}X[0 1] mp— mp—1

Since IB(X,Z o Yt::? oV u)|? is integrable with respect to v x A over {|v| < m} x [0, 1],

et k) (e"“”*”"*”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, ¢! ©R?) — 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,Rv) —1—i{z, Rv)) v(dv) = /
{lvl=m} {

We infer that (e(-Rv) (e!@ctv=Rv) _ 1) —i(z ¢+ 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 g is the density of a rotationally invariant measure
v, we have g(Rv) = g(v) and g(Rv — ¢) = q(v + ¢) forany v € R?. Now

(e"<Z~v> —1—i(z, v)) V(dv).

[v|<m}

/ (e"<Z»R”>(ei<Z»c+“*R”> —D—i(gctv— Rv)) (v, )v(dv)
{jvl<m)

= f () — OB iz ¢ ) +ile, Ru)) g0) A g0 + O yefzm)dv
{lvl=m}

/ (e —elGRO=O) itz v) +i(z, R = ) ) (v = &) Ag()dv
{lv—c|<m}N{lv|<m}

/ (e”“) — HORVF iz vy iz, Ru + c>) g(v — ) A g(v)dv
{lv—cl<m)n{lv]<m}

/ (ei<Z’R”) —eavte) i Ryy +ilz, v+ c)) q(Rv —¢) A g(Rv)dv
{I[Rv—c|<m}N{|Rv|<m}

/ (el<Z’RU> —eHav e i Ruy +ilz, v+ c)) q+c¢) Ag)dv
{lv+cl=m}n{lv|<=m}

- / (ei(Z'Rv> — VT i, Ru) iz, v + c>) p(v, )v(dv)
{lvl=m}

= _/ (ei<Z’RU)(ei<Z’C+U_Rv) —D—ilz,c+v— Rv)) p(v, )v(dv),
{lvl<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

mn -2 Ik+1 ~
E( exp|i z,/ / X, Y, v,u)N(ds, dv, du)
k=0 0" {lvl=m}x][0, 1] ko Tk
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1 -~
«E | exp i z,/m” f B(Xp  Yp L v,w)N(ds,dv,dw))||F" )
i Jivlsmyxio - et "

mp—1

=exp| (@} -1 _ )/ PSR —1—i{z,v) v(dv)du)
<m” mn =1 {\vlfm}x[O,l]< )

mp—2 " -
<E( [T e (i z,/k+1/ B(Xn, Yy, v, u)N(ds. dv,du)) ) ). (2.26)
=0 0 Jlsmyxpoy kK

Then we can just repeat all the steps from (2.23) to (2.26), this time conditioning on ]—"y’:ln_z, and
after repeating this procedure m, — 1 times, we get (2.22). [

It remains now to show the independence of the increments of (Zt)[z().

Lemma 2.6. Under the above assumptions, for any ty > t; > 0 the random variable Z,z — Z,,
is independent of F,.

Proof. We will show that for an arbitrary F; -measurable random variable £ and for any
21, 22 € R? we have

15 ~
Eexp (i <Zl,/ / B(X,_, Ys,v,u)N(ds,dv,du)>+i(z2,$)>
1 J{lv|=m}x[0,1]

15 o
=Eexp <i <Z],/ / B(X;_, Ys,v,u)N(ds,dv,du)>) -Eexp(i(z2, &)).
f J{lvl=m}x[0,1]

As in the proof of Lemmfi 2.5, the integral ft? f{lv\fm}x[ovl] B(Xs_,Ys_, v, u)ﬁ(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 #; = fj < #{ < --- < f, = fp such that §, =
maxkeo,....my—1} |t1:l+1 —t/| = 0asn — oo. Denote

my—1

Bt ~
I ::/ / B(Xy, Yy, v,u)N(ds, dv,du), I":= Z 1.
zg {lvl<m}x[0,1] =0

Then we have

my—1
Eexp (i{z1. I") +i(22.8)) = E (exp(uzz,s» [T exptitar. 1,:'>))
k

=0
my—1
=E (E [expmzz,s» [T exptitar. 1£>)‘f,;;nl})
k=0
mp—2
=E (exp(i<zz, &) [ exptitzr. ! )HE [exp(i(zl, 1,22,,1»‘&;"_1]) : (2.27)
k=0
where in the last step we used the fact that for every k € {0, ..., m, — 1} the random variable

§ is J;; C JFyp-measurable. Now, using Lemma 2.4 and our calculations from the proof of
Lemma 2.5, we can show that

z,’,’m _
En i| :]ECXP i Zl,/ / vN(ds, dv, du)
" iy Hlvl=m)x[0,1]
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and thus we see that the expression on the right hand side of (2.27) is equal to

Eexp Zl,/’"n / Uﬁ(ds,dv’du)
to—1 ¢ {VI=m}x[0,1]

my—2
(exp(z 22,&)) 1_[ exp(i Zl,lk))>

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

Eexp (i(z1, I") +i(z22,§)) = Eexp(i(z2, £))

my—1 tl?+l -
X ]—[ Eexp (i zl,/ / vN(ds,dv,du) )| . (2.28)
k=0 ©w {lv|<m}x[0,1]

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

my—1 " N
l_[ Eexp (i zl,/HI/ vN(ds,dv,du) )| = Eexp(i{z1, I")).
k=0 1 {lv|=m}x[0,1]

Since I" converges in probability to fff f{‘v|<m}x[0 1 BXs—, Yoo, v, w)N (ds, dv, du), we get

15 -
Eexp(i{z1, I")) — Eexp (i <zl, / / B(Xs_,Ys_,v,u)N(ds, dv, du)>>
lv|<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,&))

1% ~
— Eexp <i<zl,/ / B(XS_,YS_,v,u)N(ds,dv,du)>+i(zg,§)>,
f J{lv|=m}x[0,1]

which proves the desired assertion. [
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

Wr(ups, vp) < e " We(u, v), (3.1

we will prove that
Ef(1X: = Y;) < e “Ef (X0 — Yol), (3-2)

where (X, Y;)s>0 is the coupling defined by (2.9) and (2.10) and the laws of the random variables
Xo and Yy are u and v, respectively. Obviously, straight from the definition of the distance W ¢
we see that for any coupling (X;, Y;);>0 the expression E f (| X; — Y;|) gives an upper bound for
W (upy, vpy) and since we can prove (3.2) for any coupling of the initial conditions X and Yy,
it is easy to see that (3.2) indeed implies (3.1). Note that without loss of generality we can assume
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that P(Xo # Yo) = 1. Indeed, given any probability measures u and v we can decompose them
by writing

wu=pAv+pg and v=pAv+7v (3.3)
for some finite measures i and ¥ on R?. Then, if « = (u A V)(RY) € (0, 1), we can
define probability measures & := /H(R?Y) and v := V/V(RY) and we can easily show

that Wy(u,v) = (1 — a)Wy(x, v). Obviously, the decomposition (3.3) is preserved by the
semigroup (p;);>0 and thus we see that in order to show (3.1) it is sufficient to show that
Wy (p, Tpy) < e W (i, D).

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

t

Ef(Z) —Ef(ZoD) = E/O —cf(1ZsDds, (3.4)

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=hn+rfn

where fi € C?, fi =0, f{' <0and f1(0) = 0and f> = al(,c) 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 f] is
decreasing. Recall that our coupling is defined in such a way that the equation for the difference

process Z; = X; — Y; is given by

dZ; = (b(X;) — b(Yy))dt +/ (I = R(Xi—, Y, )vN(dt, dv, du)
{lvl=m}x[0.1]
- / (Zi— +v— RXi—, Yi2)0) upv, 2,y N (dt, dv, du). (3.5)
{lul=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 (¥;);>0. In order to simplify the notation, let us denote

AX—, Y-, v,u) = —(Zi— +v—RX,—, Y )V 1ju<pw,z,_))- (3.6)
Then we can write
dZ, = (b(X,) — b(Y,))dt +/ (I — R(X,_, Y,_))vN(dt, dv, du)
{lv]<m}x[0,1]
+ / AX,_, Y, v, u) N(dt, dv, du). (3.7)
{lv|=m}x[0,1]

Let us split our computations into two parts by writing

Ef(Z) —Ef(Zo) =EAUZD) —Efi1(1Zol) + aEl(0,00) (|1 Z:]) — aE1(0,00) (I Zo))-
(3.8)

We will first deal with finding an appropriate formula for f; by bounding the difference
Ef1(1Z:)) — E f1(Zo|) from above. This way we will obtain some estimates that are valid only
under the assumption that |Z;| > § for some § > 0 and all s € [0, r]. We will then use the
discontinuous part f> of our distance function f to improve these results and obtain bounds that
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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 Eq. (3.7) and the function g(x) := f1(Jx|). We have

, Xi 1 XjX;
Big(X)=f1(IXI)m and  9;9;8(x) = f{ (|x I)| E +f1(IXI)<z] - ) (3.9)

|x[?

where §;; is the Kronecker delta. By the It6 formula we have

d t )
$(Z) —gZ) =Y /0 0,87, )dZi
i=1

d
+ ) (g(zo—g(z‘v_)—zaig@x_mzi), (3.10)

5€(0,1] i=1

where Z, = (Zl, ce, Z,d) and AZ; = Z, — Z,_. Using the Taylor formula we can write
d .

8(Zs) —8(Zs-) — Y 0i8(Z_)AZi
i=1

/ (1 —u)d;0;g(Zs— + uAZg)duAZ, A7

i,j=1

Denoting Wy ,, := Zs_ +uAZ, and using (3.9), we can further evaluate the above expression as

i

1 "(|W. W
/( —u)[fl ( Su|) |WH|2

+ Fl(Wsu)— [ 8 WSJ”Wl duAZiAZI (3.11)
s |Wsu| Wl )[R '

i,j=1

Observe now that for every s € (0, t] 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 Y, is equal either to X
orto R(Xs—, Y;_) X, and hence Z; is equal either to zero or to 2e5_ e _ X, which is obviously
parallel to Z;_. Thus we always have

Z AZ! Ws,u, AZS) = :t|Ws,u| ' |AZS|

and in consequence (3.11) is equal to

1 2 2
Wy u2|AZy]

(1—u>[f”(|w, i o
fo PR W2

1 |Ws.ul?|AZy|?
+ Wy ) = <|sz|2—’— du
S We.u | Wil ) | W2

1
= /0 (1 —w) £ (\Ws.uD|AZ | *du,
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so we see that the second sum in (3.10) is of the form
1
> (182 [ a-wfize +uszpi).
5€(0,1] 0

Hence we can write (3.10) as

f1(|Zt|)_fl(|Z0|)—/ fl(IZrI)lz |< Zs—,b(Xs-) — b(Y;-))ds

/f FUZs—))——(Zs—, (I — R(Xs—, Y,_))v)N(ds, dv, du)
{lv|<m}x[0,1] |Zs |

+ / / f{(|zs_|)—<zs_, A(Xy—, Ys—, v, u))N(ds, dv, du)
0 J{vl<m}x[0,1] |Zs—|

+ >y <|AZ |2/ (1 —w) f'(1Zs— +uAZ, |)du> (3.12)

s€(0,¢]

Note that the above formula holds only for ¢t < T, 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:at]). In order to calculate the expectations of the above terms we will use a sequence of
stopping times (7,);2 ; defined by

T, = infl{t > 0:|Z,| & (1/n, n)}.

Note that we have t, — 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

IATy ) 1 ~
e[ ] F0Zs ) (Zy (] = R(Xs_. Y, )u)N (ds, dv, du) = 0.
|v|<m}x[0,1] |Zs_|

Proof. Observe that

(Zs—, (I = R(Xs—, Ys))v) = (Z—, 2e5—e]_v) = 2es—, v) <Z |?|>

= 2(es—, v)|Zs|

and therefore
ATy 1 ~
f [ FUZs-)=—(Zs—. (I — R(Xs—, Y;_))v)N(ds, dv, du)
[v]<m}x[0,1] |Zs—|

tATy -
-2 FUZs-Des— v)N (ds. dv. du).
[v]<m}x[0,1]
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By the Cauchy—Schwarz inequality and the fact that f{ < 1, for any > 0 we have

[AT,
/ / |f1/(|ZS—|)|2|<es—y v)lzv(dv)duds
0 lv|<m}x[0,1]

t
5/ f [v|?v(dv)duds < oo,
0 J{lv|=m}x[0,1]

which implies that

ATy -
/ / F1UZs-D)es—, v)N(ds, dv, du)
[u]<m}x[0,1]
is a martingale, from which we immediately obtain our assertion. [l

Lemma 3.2. We have

tAT,
f f f1(| N—AZs—, A(X5—, Y5, v, M))N(ds dv, du) = 0.
{lvl<m}x[0,1] |Zs |

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

tAT,
/ /v|<m}x[0 1]

ATy
= / / |A(Xs_, Ys_, v, u)|*v(dv)duds.
lv]<m}x[0,1]

2

£z |)|Z_|( s— A(Xs—, Ys—, v, u))| v(dv)duds

Using the bounds obtained in Lemma 2.1 and the fact that |Zs| < n for s < t,,, we can bound
the integral above by a constant. Thus we see that the process

ATy 1 ~
/ / f{('ZS—l)_<ZS—’A(XS—7YS—3U7M)>N(dS7dvﬂdu)
l[v|<m}x[0,1] |Zs—|
is a martingale. [

Lemma 3.3. For anyt > 0, we have

1 t
E Z (lAZslzfo A —w f{'(1Z- +MAZs|)du) < CsE/O fe(Zs-D1yz,_>s)ds,

s€(0,¢]
where § > 0, ¢ < & A 2m, the constant C is defined by
0 2
Co=2 [ P,
—e/4
where vy is the first marginal of v and the function f, is defined by

fe = sup fl().

xXe(y—e,y)

Remark 3.4. Note that the above estimate holds for any § > 0 and ¢ < § A 2m as long as ¢
satisfies Assumption 4 and m is sufficiently large (see (3.16)). 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
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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 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;);>0. It is non-trivial though, even in simple cases, since
¢ depends on § 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 f] over “small” jumps that
decrease the distance between X; and Y;.

Proof. Observe that for every u € (0, 1) we have

V(1 Zs— +ulZs)) = fi'(1Zs— +uAZ) Nz 002,117, D) + 12,102,117, D))

< sup F 0OYz00e(2,- 12,12, ))- (3.13)
ve(lZs——eZs-)

Indeed, f is assumed to be concave, and thus f{" is negative, so
V(1 Zs— + uAZiDY 2,192, ~s.12,-1) = O

We also know that the vectors Z;_ and A Z; are parallel, hence if | Z;| € (|Zs—| —¢, | Zs—|), then
|Zs— +ulAZg| = |Zs—| — u|AZ| for all u € (0, 1). In particular, we have |AZ;| € (0, ¢) and
|Zs— +ulAZg| € (|Zs—| — &, |Zs—]) for all u € (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 § in order for the integral in
(3.15) to be bounded from below by a positive constant. We have

sup  f1(x) - Lgy=p = sup S (x),
xX€(y—e,y) xX€(y—e,y)

SO We can write

1
> <|Azs|2 / (1—u)f{’<|zs+qux|)du)
0

s€(0,t]

A

1 _
=Y <§|AZS|2fs(|Zs—|)> Lz,1e02,- 1-e,1Z- 1 11 Z- | >6) - (3.14)
s€(0,1]

Now observe that
{1Zs] € (IZs—| — &,1Zs— D} = {1Zs] < |Zs— 1} N{IAZS| < e},
and the condition |Z;| < |Zs—_| is equivalent to (AZ,2Z,_ + AZ) < 0, so we have

Yz,1e02,-1—e.12,- 1) = Wiaz,<e)l(az,,22,_+A2Z,) <0}

Now we can use Eq. (3.5) describing the dynamics of the jumps of the process (Z;);>¢ 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

Please cite this article in press as: M.B. Majka, Coupling and exponential ergodicity for stochas-
tic differential equations driven by Lévy processes, Stochastic Processes and their Applications (2017),
http://dx.doi.org/10.1016/j.spa.2017.03.020




M.B. Majka / Stochastic Processes and their Applications 1 (1111) III-EER 29

can additionally bound it from above by a sum taking into account only the jumps for which
u> p(, Zs;_), i.e., only the reflected jumps. After doing all this, we get

E ) (-IAZ | fs(IZs|)> Lz,1e02,-1-e.12,- D L11Z,-128)

se(O 1
/ / [2es_e S—v|2f€(|z$_|)1{\2ex_eYT_v|<£}
{lv]<m}x[0,1] ’

{(2ey ,e 0,27 +2e5_ e _v) <0}1{|Zs |>3} N(dS dv, du).

Note that
(ev_e v,”Zs_ + ev_e _v) = ({es—,v)es—, | Zs_|es— + (es—, v)es_ )
= (e5—, V) (|Zs—| + (es5—, V)

and thus we can express the expectation above as

t
2E f fe(1Zs— D) f H(es—s V1P tesv)i<e/2)
0 {lv|<m}x[0,1]

X e, 0)(1Zy—|+(es— v <0} 1{ Z,_|=8yv(dv)duds.

Now denote 1" (dv) := 1{jyj<m}v(dv) and observe that if we consider the image v o h,,! of the
measure V" by the mapping &, : R¢ — R defined by A, (v) = (w, v) for a unit vector w € R?,
then due to the rotational invariance of v, the measure v o h;l is independent of the choice of
w,i.e.,

m o h;l =" for all unit vectors w € RY,

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
ZE/O fe(1Zs-]) (/R |y|21{|y<£/2}1{y(25|+y)<0}‘){n(d)’)) 1z, |>8)ds.

The condition y(|Zs—| + y) < 0 holds if and only if y < 0 and y > —|Z,_]|, so for those
s € [0, 7] for which |Z;_| > & holds, we can bound the above integral with respect to v " from
below, i.e.,

/RIy|21{|y|<a/2}1{y<|zs7|+y)<0}V'f’(dy) > /R|y|21{|y|<a/2}1{y<0Ay>—6}VT(dy)

0
- [ Y2 ) > 0. (3.15)
max{—§.—¢e/2}

Obviously, since ¢ < §, we have max{—4§. — ¢/2} = —e/2. Moreover, we can take m in our

construction large enough so that

0 2 0 2

[ wiran= [ pPua. (3.16)

—&/2 —e/4

where v is the first marginal of v (note that if the dimension is greater than one, the measures
1{yj<mv1(dy) and vT (dy) do not coincide and hence we need to change the integration limit on
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the right hand side above). Thus we can estimate

t
ZE/O fe(Zs—]) (/R |Y|21{y|<8/2}1{y(2s|+y)<0}vl(dy)> 1(z,_|>5ds
t
SCsE/O fe(Zs—D1yz,_|>8yds. O

The calculations in the above lemma still hold if we replace the time ¢ with ¢ A t,,. Hence,
after writing down the formula (3.12) for the stopped process (Z;x+,):>0, taking the expectation
and using Lemmas 3.1-3.3, we obtain

ATy 1

Ef1(1Zing, 1) = Ef1(1Zo]) = IE/O AUZs-D 7] (Zs—, b(Xs-) — b(Yy))ds

AT,
+QEA T Zo— D1z 1-sds. (3.17)

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 (3.15) from below. In order to obtain a negative term for |Z;,_| < § 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 [4,5].

Lemma 3.6. There exist a concave, strictly increasing C* function f, and a constant ¢ > 0
defined by (3.25) and (3.29) respectively, such that

— [k + Ce for) < —c1 fi(r) (3.18)
holds for all r > 8, where k is the function defined by (1.5).
Proof. Our assertion (3.18) is equivalent to

Cef_g(r) < —c1f1(r) + f{(r)ic(r)r forallr > §
or, explicitly,

ri(r)
C:

sup £ (X) < ——- 1) + £1)

xe(r—e,r) CS

forall r > 4. (3.19)

Observe that for this to make sense, we should have § > ¢. Define
h(r) :==rk(r).

If we use the fact that —h~ < h, where i~ is the negative part of &, then we see that in order to
show (3.19), it is sufficient to show

h-
sup  f{'(x) < —c—]fl(r) — fi(r) ) forall » > &,
xX€e(r—e,r) Cs Cg
which is equivalent to
h=(r)

foralla € (0,¢&) and r > 4.

R =a) < g hi) = f=z=
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We will look for f; such that
£ = $()g(r)

for some appropriately chosen functions ¢ and g. Then of course

fr—a)=¢"(r—a)g(r —a) + ¢(r —a)g'(r — a).

We will choose ¢ and g in such a way that

o(r—a)g' (r—a) < _%fl (r) (3.20)
and
/ ;. h ()
¢ (r—a)g(r—a) < —fi() o (3.21)

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

¢'(r —a)g(r—a) < —fi{(r —a)

(3.22)

' (r—a)< —h;(r)qﬁ(r —a) foralla € (0,¢) andr > §,
e
which is implied by
¢'(r) < —@q&(;’) foralla € (0,¢) and r > 0. (3.23)
€
Define

h(ry:= sup h™(t)= sup tk (1).
te(r,r+e) te(r,r+e)
Then of course
—h(r) < —h~(r +a) foralla € (0, &)
and thus the condition
h(r)
Ce
implies (3.23). In view of the above considerations, we can choose ¢ by setting
" h(t
¢(r) .= exp <—/ ( )dt> (3.24)
0 Ce
and this ensures that (3.21) holds.

¢'(r)<— ¢(r) forallr >0
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If we assume f1(0) = 0, then

Al = /O $()g(s)ds. (325)

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 f(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 g as a constant function equal to 1/2 beginning from some point R;.
Next we will show that if R; is chosen to be sufficiently large, then (3.19) holds for »r > Ry and
g = 1/2. Note that if we set

O(r) = / " p(s)ds,
0

then we have fj(r) < @(r) and in order to get (3.20) it is sufficient to choose g in such a way
that

o(r—a)g' (r —a) < —2—16 &(r) foralla € (0,¢)andr > §, (3.26)
which is implied by

d(g'(r) < —(C:—ls &(r+a) foralla € (0,¢) and r > 0.
Since @ is increasing, the condition

(g (r) < —E—L &(r+¢) forallae (0,¢)andr >0

implies (3.26). This means that we can choose g by setting

" P(t
gr)=1-— a M ¢
CeJo o)
Then obviously we have g < 1 and if we want to have g > 1/2, we must choose the constant c|
in such a way that

" 1
_ C_] Mdl > —
CeJo &) 2
or equivalently
C " P(t -1
o< (/ ﬂdt> _ (3.27)
2 \Jo ¢@®
Now define
Ry =inf{R>0:Vr >R :«k(r)>0}. (3.28)

Note that Ry is finite since lim, . k (r) > 0. For all r > Ry we have

h=(r)=0 and ¢(@) = ¢(Ro).
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Now we would like to define Ry > Ry + ¢ in such a way that

- ’ Mdr r< Rl
g(r) = | Ce Jo @)
= r>= Ry
2
and (3.19) holds for r > R;. By setting
Co [ (R Br+e) \
cl = > (/0 50 dt> (3.29)

we ensure that g defined above is continuous and that (3.27) and, in consequence, (3.20) holds
forr < Rj.
We will now explain how to find R;. Since fl/ r)= %(])(Ro) for r > Ry, we have

sup  f{(x)=0 forallr > R;

xe(r—e,r)
and therefore (3.19) for » > Rp holds if and only if
—fi(r) K( ) ——fl(r) forall r > Ry,

which is equlvalent to

R
—ri(r ¢(2°) <—c1fitr) forallr > Ry.
Using once again the fact that f; < &, we see that it is sufficient to have
R
—VK(V)¢(2 0) < —c;®(r) forallr > Ry.

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

Rigr+e) \
—C.(r) <2 /0 0 dt)

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

/Rl ¢(t+8)dt </R1 qﬁ(t+s)dt
R —Jo

A0 é(1)
and we will look for R; such that
R -1
_ rK(r)¢(RO) < —C.P(r) (2/ 1 Mdt) for all » > Rj. (3.30)
2 Ry ¢(t)

We can compute

/Rl Pite), /R' P(Ry) + ¢ (Ro)(t +& — Ro) .
Ry (P(t) Ry ¢(R0)

_ _ ( 0) . _l 2

= (R R0)¢( Ro) + = (R1 +&— Ro)? 7€
¢(R) 2

> (Ri — R ¢(R) 2 R1 — Ro)

Please cite this article in press as: M.B. Majka, Coupling and exponential ergodicity for stochas-
tic differential equations driven by Lévy processes, Stochastic Processes and their Applications (2017),
http://dx.doi.org/10.1016/j.spa.2017.03.020




34 M.B. Majka / Stochastic Processes and their Applications 1 (1111) III-EIR

B(Ry) 1
SRy 2

_ (R1 — Ro)2(R1)
 20(Ro)
Therefore if we find R; such that
¢Ro) _ —Ce2(r)¢(Ro)
2 7 (Ri—Ro)P(Ry)
it will imply (3.30). Observe now that we have

1 2
E(Rl — Ro) (R1 — Ro)

—ri(r) forall » > Ry, (3.31)

&(r) r
< — forallr > R;. (3.32)
P(R) — Ry
This follows from the fact that ¢ is decreasing, which implies that #(R;) > ¢ (Ro)R; and thus
®(Ro)

1
@(Rl)(r — Ry =< R—l(r — Ry)

and

¢ (Ro)(r — R) + O(R) _ 1
(R1) TR

hold for r > R;. If we divide both sides of (3.31) by ¢ (Rp) and use (3.32), we see that we need
to have

- -C
re(r) < ad forall r > Ry
2 (R1 — Ro)Ry
or, equivalently,
2C,
e <«k(r) forallr > R;.
(R1 — Ro)Ry

T]liS shows tllat we can deﬁ]le Rl by
. 1 + & Vr L K7 ) .

which is finite since we assume that lim, oo x(r) > 0. [

Our choice of f1 and c¢; made above (see (3.25) and (3.29), respectively) allows us to estimate

INT, 1
E/O f{(IZsfl)ﬁ@sﬂ b(Xs-) — b(Ys )1z, |>s)ds
§—

tAT,

AT,
—i—CgE/(; fe(Zs— D1z, |>s1ds < E/o —c1 f1(1Zs D1y z,_|>s)ds. (3.34)

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 f7, but we can achieve this by assuming

a<kK inf6 fi(x) (3.35)
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or, more explicitly, a < K f1(8) (since fj is increasing), for some constant K > 1 to be chosen
later. Then we have

1 1
—c1 filZsD1yz,_|>5) = —c1 |:§f1(|zs|) + §f1(|zs|):| 1yz,_i>5

A

(4] cia
< —Ef1(|2s|)1{|zx,|>5} - ﬁluzx,pa}
Ccl C1
< —ﬁ(fl +a)(Z; D1z, |55 = _ﬁf(lzsl)l{lzx,bﬁ}

and hence

ATy

AT, c
E / 1 fi(1ZsD Yz, o5y < E / T (3.36)
0 0 K
Now if we write (3.17) as
Ef1(1Zins, ) — Efi(1Z0])

ATy 1
< E/O FIZs— )=

Z | (Zs—, b(Xs—) — b(Ys_))(Afz,_1>8) + Ljo<|z,_|<5))ds
o

ATy
+C51Ef0 fe(Zs—D1yz,_>5yds, (3.37)

we see that by (3.34) and (3.36) we already have a good bound for the terms involving 1yz,_|~s).
Now we need to obtain estimates for the case when |Z;_| < §. To this end, we should come back
to Eq. (3.8) and focus on the expression

alLl,00)(1Z¢]) — alE1(0,00) (I Z0)).

We have the following lemma.

Lemma 3.7. For anyt > 0 we have

t
E1(0,00)(1Z:]) — El(0,00)(I1Z0]) < —E/ Cs(m)1yo<|z,_|<s)dSs,
0

where

55 (m) = inf

/ q() A q(v+ x)dv > 0. (3.38)
xeR4:0<|x| <8 J{jv|<m)N{[v+x|<m})

Note that 53 (m) is positive by Assumption 3 about the sufficient overlap of q and translated g
(see the condition (1.4)).

Proof. Observe that almost surely we have

t
10,00)(1Z:]) = 1 —/ / Yu<pw,z,_n1yz,_ 120 N(ds, dv, du).
0 J{lv|=m}x[0,1]

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 {|Z;_| # 0}, it would also count all the jumps that happen after the coupling time and
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it would be possibly infinite. Since we obviously have

t
/ / Yu<p,z, o<z, 1<sy N (ds, dv, du)
0 J{jul=m}x[0,1]

t
S// Yu<p,z, Lz, 120y N (ds, dv, du),
0 J{lv|=m}x[0,1]

we can estimate
t
10,000(1Z:]) <1 —/ / Yu<pw,z,_nlio<z,_1<syN(ds, dv, du),
0 JH{lvl=m}x[0,1]
and therefore we get
a1 0,00)(1Z¢]) — a1 (0,00) (1 Zol)

t
S—a]E// Lu<p,z, o<z, |<s)v(dv)duds,
0 Jivi=myxo,1]

where we used the assumption that El g, 0)(|Zol) = P(|Zo| # 0) = 1 (see the remarks at the
beginning of this section). We also have

t
E/ f Lu<pw.z, n1o<iz,-|<syv(dv)duds
0 J{jvl<m)x[0.1]
t
= ]E/ / P, Zs )<z, |<syv(dv)ds
0 Jill<m}
t
= E/ / (qv+ Zs—) A q(0) o<z, |<sydvds
0 J{pl=mn{v+Z,—|<m)

t
> ]E/ Cs(m)1ljo<|z,_|<s)ds
0
and the assertion follows. [
Note that we can always choose m large enough so that

inf

[ g() A g+ x)dv
xeR%:0<|x|<8 J{|v|<m}N{Jv+x|<m}

1 1~
> — inf / q) Agq(v+x)dv = -C;s (3.39)
2 xeR4:0<|x|<8 JRI 2

and hence we have
Bli(12:) ~ Bl (20 < = | L Eti0eiz, yznds.
Combining the estimate above with (3.8) and (3.37), we obtain
Ef(Zirg, ) —Ef(1Zo))

INTy, 1
< JE/O FIZs— )

7 (Zs—, b(Xs—) — b(Ys-))(Ayz,_ 1581 + Ljo<|z,_|<5))ds
o

ATy l ~

AT,
+C5E/ fe(Zs—D1yz,_1>5yds — aE/ EC51{0<\Z.T7|58}d5-
0 0
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In order to deal with the expressions involving {|Z;_| < &}, we will use the fact that b satisfies
the one-sided Lipschitz condition (1.2) with some constant C > 0 and that f{(r) < f{(0) =1
for all » > 0 to get

INT, 1
E/(; f1,(|Zs7|)W(Zs7s b(Xs-) — b(st))l{Ode_ISS}dS
o—

ATy 1 ~
—QE/ —C51{0<|257|55}ds
0 2

1 ~ IAT,
< (CL5 — EaC(S) E/ Li0<|z,_|<s)ds. (3.40)
0

We would like to bound this expression by

tAT,
E/O —Cf(1Zs-DYjo<|z,_|<s1ds

for some positive constant C, but since the function f is bounded on the interval [0, §] by
f1(8) + a, we have

—Cf1(8) —Ca = =Cf(|Z;-]) if0<|Zs—|<$
and thus it is sufficient if we have
CL8 + Cfi(8) < (Cs/2 — C)a.

Of course the right hand side has to be positive, so we can choose e.g. C = 55 /4. Then we must
have

CLo+Csfi®)/4 _
a

~ , 3.41
Cs/4 B G40
but on the other hand, by (3.35), we must also have a < K f1(§). Hence we can define
CL8 + Cs f1(5)/4
K = L ~+ 8f1( )/ (342)
Cs [1(8)/4
and
a = Kfi(5). (3.43)

Then obviously both (3.35) and (3.41) hold and we get the required estimate for the right hand
side of (3.40). Using all our estimates together, we get

NG
Ef(Ziag, ) —Ef(1Zo]) < E/O _if(|zs|)1{|zs,|>5}ds

N ]
+E / — G S 1Z:D Y-z, <syds.
0

Denote

min] <L L& (3.44)
ci= — = . .
2K'4°
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Then of course

IAT,
Ef(Zirg, ) —Ef(Zo)) < E/o —cf(1ZsD1yz,_|>s)ds
tAT,
—HE/O —cf(1Zs)10<|z,_<s1ds

AT,
- E/ —cf (1Zs)ds. (3.45)
0

Note that we can perform the same calculations not only on the interval [0, ¢ A 7,], but also
on any interval [s A T,,t A 1,] for arbitrary 0 < s < ¢. Indeed, by our assumption (see the
beginning of this section) we have P(]Zg| # 0) = 1 and hence for any 0 < s < T we have
P(|Zsnr,| # 0) = 1. Thus Lemma 3.7 still holds on [s A T,,, f A7, ]. It is easy to see that the other
calculations are valid too and we obtain

t
Ef(1Zine,) = Ef (1 Zspr, ) < Ef —cf (1 Zrps, Ddr. (3.46)

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

Ef(1Zirg, ) <Ef(Zol)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;, = O for t > T (see the remarks after (3.12)) we get

Ef(1Z) < e “"Ef(|Zo|) forallt >0,
which finishes the proof of (1.8).

Proof of Theorem 1.1. By everything we proved in Sections 2.4 and 2.5 and the entire Section 3,
we obtain a coupling (X, Y;);>0 satisfying the inequality (1.8). The only thing that remains to
be shown is the fact that the coupling (X;, Y;);>0 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;, ¥;);>0, for a fixed ¢ > 0 we have

1
P(T > 1) = P(1Zi| > 0) = El(0,00)(1Z:]) < EE(fl(|Zt|) +al,0)(1Z:]))

1 1
~Ef(1Z:]) < e "Ef (I Zo)).
a a

Hence we get

P(T:oo):P(ﬂ{T>t}):tl_iglOIP’(T>t):0. O

t>0

4. Additional proofs and examples

Proof of Corollary 1.4. We have

Lo.oo) = a 'aleo) <a '(fi +alpo) =a"' f,
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hence we get

1
Ellmpz —wapillry = Wi o, (1 P1, 2P1)

IA

a "W pr, pap) <a e Wi, pa). O

Proof of Corollary 1.5. We have

$(r) _ $(Ro)
2 =2

fir) = (r)g(r) =
for all r > 0. But f1(0) = 0, so we get

¢(Ro)
’
2
for all » > 0 and in consequence

< 2f1(r) - 2f(r)’
~ ¢(Ro) T ¢(Ro)

which proves that

Wi (i1 pes papr) < 20(Ro) e "Wy (ur, p2). O

fitr) =

Proof of Corollary 1.8. Let us first comment on the assumption we make on the semigroup
(pr)i>0 stating that if a measure w 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 (H 1) 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 > O such that [b(x)|> < C(1 + |x?|) for all x € R¢. By Corollary 1.5, we have

Wi(ups, nps) < Le™“" Wy (u, ) 4.1

for some constants ¢, L > 0 and any probability measures p and 1. Now let u be a fixed,
arbitrarily chosen probability measure and consider a sequence of measures (up,); . Apply
(4.1) to p and n = pup; with r = n. We get

Wi (upn, tpnv1) < Le™ "Wy (i, up1).

Similarly, using the triangle inequality for Wi, we get that for any k > 1

k—1 —cn
Wr(pns i) < LY ™ DW oy pupr) < LWyt ).
j=0

It is now easy to see that (up,);- 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 (Mpn)f,ozo has a limit pg. Note that here
we use the assumption about the semigroup (p;);>0 preserving finite first moments. We also

know that W actually metrizes the weak convergence of measures and thus

/ PUpn — f Pio
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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 ¢ € C, we
have pi¢p € Cp and thus

/w(x)upn+1(dx) =/p1<p(x)upn(dx) — /plw(x)uo(dx) =/¢(X)M0P1(dx)-

Hence we infer that

Ho = Hop1-

Now if we define

1
M :=/ Hopsds,
0

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

Mx Pt = Mo,

i.e., iy is actually an invariant measure for (p;);>0. Now the inequality (1.16) follows easily
from (1.9) applied to . and 5. Indeed, we have

W (s, npe) = W (ispr, npe) < e Wr (s, 1).

Similarly, the inequalities (1.17) and (1.18) follow easily from (1.13) and (1.14),
respectively. [

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;);>0 be the solution to (1.1) and
(pr)r=0 its associated semigroup. If there exists a constant M > 0 such that for all x, y € R? we
have

(b(x) = b(y).x —y) < —Mlx — yP, 4.2)
then for all # > 0 and any probability measures (1, ;> we have

Wi (i1 pr, 2 pe) < e MWy (g, o).

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(x) = M|x?|/2 for some
constant M > (. Then we obviously have

(b(x) —b(y),x —y) = —M|x — y|?

and, by the above result, exponential convergence with the rate e~ holds for Eq. (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

k(r)>0 forallr >0 and «(r)>M forallr >R “4.3)
for some constants M > 0 and R > 0. This means that we have

(b(x) =b(y),x —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

r 1 1
r) = s)ds and N=1-———— —r2+8r>
f1(r) /o g(s) g(r) R+ 2R, <2

and therefore

1 1 1
h)y=r— ———— (—r3 + —8}’2) .
Ry +2¢Ry 6 2

We also have Ry = 0 and it can be shown that
R < max(R, W),

where W is the positive solution to the equation M = 2C,/W?, i.e., W = /2C,/M. Indeed,
if R > W, then 2C£/R2 < 2C5/W2 = M and thus, by (4.3), for all r > R we have
k(r) > 2Cs/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 r > W we have
k(r)y>=M = 2C5/W2 and thus R; < W. Observe that

_ G Ce
" R2+2eR;  max(R, W)? +2emax(R, W)’

C1

Moreover, K = 1 when C; = 0 (see (3.42)). Thus we have
Cl - Cs
2K ~ 2max(R, W)2 4+ 4e max(R, W)~

which means that the lower bound for ¢1/2K is of order min(R~2, M). This means that the
convergence rates in the Wj 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
g(v) = (1/]v|'**) for o € (0, 2). Then we can easily show that

2 £\2—« ~ 2 (2\*
C, = (—) and Cs=—|=-]) .
2—a \4 o \§

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

(¢) =

c1(8) i = ————,

: 2R? + 4sR

then as a function of & it obtains Nits maximum for &g = (2 — «)RQ2a — 2)~!. Thus if
c1(e0) < c2(gp), where c2(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{c| /2K, Cs/4} is to take ¢ = § = &o, at least as long as R > ,/2C,,/M, since
only then cq (&) is actually a lower bound for ¢1/2K. 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
a=3/2wehave gy = 1/2, Ce, = «/E and c1(gg) = «/5/4, hence when we consider M > 2\/5,
it is optimal to take ¢ = § = 1/2 and we obtain ¢ > ﬁ/ 8). Note that for fixed values of R and
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M, when o increases to 2, the values of Cg, c1(g0) and c2(g9) increase to co. However, in such
a case c1(&p) is no longer a lower bound for ¢1 /2K, since R < ,/2C,,/M. Instead we have

C1l < Cso

2K 4 M1 + 4 20, M

and the right hand side converges to M /4 when @ — 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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