REFLECTION COUPLINGS AND CONTRACTION RATES FOR
DIFFUSIONS

ANDREAS EBERLE

ABSTRACT. We consider contractivity for diffusion semigroups w.r.t. Kantoro-
vich (L' Wasserstein) distances based on appropriately chosen concave func-
tions. These distances are inbetween total variation and usual Wasserstein
distances. It is shown that by appropriate explicit choices of the underlying
distance, contractivity with rates of close to optimal order can be obtained
in several fundamental classes of examples where contractivity w.r.t. standard
Wasserstein distances fails. Applications include overdamped Langevin diffu-
sions with locally non-convex potentials, products of these processes, and sys-
tems of weakly interacting diffusions, both of mean-field and nearest neighbour

type.

1. INTRODUCTION

Consider a diffusion process (X;);>o in R? defined by a stochastic differential
equation

Here (B;)i>0 is a d-dimensional Brownian motion, o € R4 is a constant d x d
matrix with det o > 0, and b : R? — R is a locally Lipschitz continuous function.
We assume that the unique strong solution of (1.1) is non-explosive for any initial
condition, which is essentially a consequence of the assumptions imposed further
below. The transition kernels of the diffusion process on R? defined by (1.1) will
be denoted by pi(z, dy).

Contraction properties of the transition semigroup (p:)i>o have been studied
by various approaches. In particular, L? and entropy methods (e.g. spectral gap
estimates, logarithmic Sobolev and transportation inequalities) yield bounds that
both are relatively stable under perturbations and applicable in high dimensions,
cf. eg. [1, 2, 3, 4, 5, 6, 33, 37]. On the other hand, coupling methods pro-
vide a more intuitive probabilistic understanding of convergence to equilibrium
32, 31, 35, 12, 11, 14, 37, 21, 22]. In contrast to L* and entropy methods, bounds
resulting from coupling methods typically hold for arbitrary initial values z, € R.
In many applications, couplings are used to bound the total variation distances
drv (ppe, vpy) between the laws pp; and vp, of X; w.r.t. two different initial distri-
butions p and v at a given time t > 0, cf. [31, 32]. Typically, however, the total
variation distance is decaying substantially only after a certain amount of time.
This is also manifested in cut-off phenomena [16, 30, 17, 10].
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Alternatively, it is well-known that synchronuous couplings (i.e., couplings given
by the flow of the s.d.e. (1.1)) can be used to show that the map p +— up; is
exponentially contractive w.r.t. LP” Wasserstein distances W? for any p € [1, 00)
if, for example, (X;) is an overdamped Langevin diffusion with a strictly convex
potential U € C?(R?), i.e., 0 = I; and b = —VU/2, see e.g. [6]. This leads to an
elegant and powerful approach to convergence to equilibrium and to many related
results if applicable. However, it has been pointed out in [36] that strict convexity
of U is also a necessary condition for exponential contractivity w.r.t. WP». This
seems to limit the applicability substantially.

Here, we are instead considering exponential contractivity w.r.t. Kantorovich
(L' Wasserstein) distances Wy based on underlying distance functions of the form

di(z.y) = f(lz—yl)  on R,

and, more generally,

n

di(w,y) = Y fillle' =y')  on R x - xR

i=1

where f, f; 1 [0,00) — [0, 00) are strictly increasing concave functions, cf. Sections
2.1 and 3.1 below for details. For proving exponential contractivity, we will apply a
reflection coupling on R? and an (approximate) componentwise reflection coupling
on products of FEuclidean spaces. It will become clear by the proofs below, that
for distances based on concave functions f, f;, these couplings are superior to
synchronuous couplings, whereas the synchronuous couplings are superior w.r.t.
the Wasserstein distances W? for p > 1, cf. e.g. Lemma 6.2.

The idea to study contraction properties w.r.t. Kantorovich distances based on
concave distance functions appears in Chen and Wang [13, 14] and Hairer and
Mattingly [21]. In [14], similar methods are applied to estimate spectral gaps of
diffusion generators on R¢ and on manifolds. In [21] and [22], Hairer, Mattingly
and Scheutzow apply Wasserstein distances based on particular concave distance
functions to prove exponential ergodicity in infinite dimensional situations. The
key idea below is to obtain more quantitative results by “almost” optimizing the
choice of the functions f and f; to obtain large contraction rates. In the casen = 1,
this idea has also been exploited in [14] to derive lower bounds for spectral gaps.
The novelty here is that we suggest a simple and very explicit choice for f that leads
to close to optimal results in several examples. Furthermore, by a new extension
to the product case based on an approximate componentwise reflection coupling,
we obtain dimension free contraction results in product models and perturbations
thereof without relying on convexity.

Before stating the general results, we consider some examples illustrating the
scope of the approach:

Example 1.1 (Overdamped Langevin dynamics with locally non-convex
potential). Suppose that o = I; and b(z) = —+VU(z) for a function U € C*(R?)
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that is strictly convex outside a given ball B C R%. Then Z := [exp(—U(z))dx is
finite, and the probability measure

dp = Z lexp(—U)dzx

is a stationary distribution for the diffusion process (X;). Corollary 2.3 below
yields exponential contractivity for the transition semigroup (p;) with an explicit
rate w.r.t. an appropriate Kantorovich distance W;. As a consequence, we obtain
dimension-independent upper bounds for the standard L' Wasserstein distances
between the laws vp; of X; and p for arbitrary initial distributions v and ¢ >
0. These bounds are of of optimal order in R, L € [0,00) and K € (0,00) if
(x —y) - (VU(z) — VU (y)) is bounded from below by —L|x — y|? for |x —y| < R
and by K|z — y|? for |x —y| > R.

Example 1.2 (Product models). For a diffusion process X; = (X},..., X7) in
R™4 with independent Langevin diffusions X', ..., X" as in Example 1.1, Theorem
3.1 below yields exponential contractivity in an appropriate Kantorovich distance
with rate ¢ = min(cy, ..., c,) where ¢i,..., ¢, are the lower bounds obtained for
the contraction rates of the components.

Example 1.3 (Systems of interacting diffusions). More generally, consider a
system

dX; = —SVU(X))dt — E;VV(X;—Xg)dt +dBi, i=1,...,n,

of n interacting diffusion processes in R? where U € C?(R?) is strictly convex
outside a ball, V € C?*(R%) has bounded second derivatives, and B!, ..., B" are
independent Brownian motions in R?. Then Corollary 3.4 below shows that for a
sufficiently small, exponential contractivity holds in an appropriate Kantorovich
distance with a rate that does not depend on n.

We now introduce briefly the couplings to be considered in the proofs below:

A coupling by reflection of two solutions of (1.1) with initial distributions p and
v is a diffusion process (Xy,Y;) with values in R?*? defined by (X,, Yy) ~ n where
7 is a coupling of p and v,

dXt = b(Xt) dt +o0 dBt for ¢ Z 0,
(1.2) dY; = b(Y;)dt +o(I —2ee])dB, fort<T, Y, = X, fort>T.
Here ese/ is the orthogonal projection onto the unit vector
e =0 (X = Vi) /|loTH (X = V)],

and T = inf{t > 0 : X; = Y,} is the coupling time, i.e., the first hitting time of
the diagonal A = {(x,y) € R* : 2 = y}, cf. [32, 12]. The reflection coupling can
be realized as a diffusion process in R?, and the marginal processes (X;);>o and
(Y:)i>0 are solutions of (1.1) w.r.t. the Brownian motions B; and

t
B, = / (Ia — 2Is<ryesel ) dB.
0
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Notice that by Lévy’s characterization, B is indeed a Brownian motion since the
process Iy — 2[{8<T}6565T takes values in the orthogonal matrices. The difference
vector
Zy = Xy =Y,
solves the s.d.e.
(1.3) dZ, = ((X,) —b(Yy))dt +2|c Z| ' Z, dW, fort <T,
Zy = 0 fort>T,

w.r.t. the one-dimensional Brownian motion
t
W, = / el dB,.
0

A synchronuous coupling of two solutions of (1.1) is defined correspondingly with
e; = 0, i.e., the same noise is applied both to X; and Y;. Below we will also consider
mized couplings that are reflection couplings for certain values of Z;, synchronuous
couplings for other values of Z;, and mixtures of both types of couplings for Z; in
an intermediate region. Notice that the standard reflection coupling introduced
above is a synchronuous coupling for t > T, i.e., if Z, =0!

More generally, we will consider couplings for diffusion processes on product
spaces (such as in Examples 1.2 and 1.3) that are approximately componentwise
reflection couplings, i.e., the i-th component (X}, Y}) of the coupling (X;,Y}) is
defined similarly to (1.2) provided |X] — Y;!| > § for a given constant § > 0, cf.
Section 6 below.

For diffusion processes with non-constant diffusion matrix o(z), the reflection
coupling should be replaced by the Kendall-Cranston coupling w.r.t. the intrinsic
Riemannian metric G(z) = (o(z)o(z)") “!induced by the diffusion coefficients, cf.
28,15, 25, 37]. Here, we restrict ourselves to the case of constant diffusion matrices
where the Kendall-Cranston coupling coincides with the standard coupling by
reflection.

The main results of this paper are stated in Section 2 for Reflection coupling,
and in Section 3 for componentwise Reflection coupling on product spaces. The
proofs are contained in Sections 4, 5 and 6. A part of the results in Section 2 have
been announced in the Comptes Rendus Note [18].

2. MAIN RESULTS FOR REFLECTION COUPLING

2.1. Reflection couplings and contractivity on R?. Lindvall and Rogers [32]
introduced coupling by reflection in order to derive upper bounds for the total
variation distance of the distributions of X; and Y; at a given time ¢t > 0. Here we
are instead considering the Kantorovich-Rubinstein (L'-Wasserstein) distances

20 Wylnv) = int [ dyeg)ntdzdy), dyeg) = flle=l) (oy € R

of probability measures p, v on R?, where the infimum is over all couplings 1 of u
and v, f:[0,00) — [0,00) is an appropriately chosen concave increasing function
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with f(0) =0, and ||z]| = V2 - Gz with G € R¥? symmetric and strictly positive

definite. Typical choices for the norm are the Euclidean norm ||z|| = |z| and
the intrinsic metric [|z|| = |o7'z| corresponding to G = I; and G = (g0 ')~}
respectively.

Remark 2.1 (Interpolating between total variation and Wasserstein dis-
tances). For the choice of the function f there are two extreme cases with minimal
and maximal concavity:

(1) Choosing f(xr) = =z yields the standard Kantorovich (L' Wasserstein)
distance W; = W' In this case it is well known that if, for example,
G =0 =1, and b(z) = —VU(x)/2, then the transition kernels p;(x, dy) of
the diffusion process (X;) satisfy

We(up, vpy) < e K12 W, v) for any p, v and t > 0,

provided V2U > K - I; holds globally. This condition is also sharp in the
sense that if U is not globally strictly convex, then contractivity of p; w.r.t.
W does not hold, cf. Sturm and von Renesse [36].

(2) On the other hand, choosing f(x) = I (x) yields the total variation
distance Wy = dry. In this case,

We(upy,vp) < P[T > 1] for any p,v and t > 0,

but there is no strict contractivity of p; w.r.t. dry in general. Indeed, in
many applications dpy (ups, vp;) only decreases substantially after a certain
amount of time (“cut-off phenomenon”).

By choosing for f an appropriate concave function, exponential contractivity
w.r.t. Wy may hold even without global convexity, cf. [14]. We now explain how the
function f can be chosen in a very explicit way such that the obtained exponential
decay rate w.r.t. the Kantorovich distance Wy differs from the maximal decay
rate that we can achieve by our approach based on reflection coupling only by a
constant factor.

At first, similarly to Lindvall and Rogers [32], let us define for r € (0, 0o):

o™ @ —y)P? (z—y) - G(b(z) — b(y))
[l = yll? [l = yll?

H(T):inf{—Q cx,y € RY st ||z —y| :7’},

i.e., k(r) is the largest constant such that
1 -
(2.2) (z—y)- Gb(z) =b(y)) < —5r()llz —y[/lo™ (@ —y)P
holds for any z,y € R? with ||z —y|| = r. Notice that if || - || is the intrinsic metric

then the factor o' (x — y)|?/||z — y||? equals 1 . In Example 1.1 with G = I, we
have

1
k(r) = inf {/ 8(2x_y)/‘x_y‘U((1 —tx+ty)dt:z,y € R st |z —y| = T} .
0
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We assume from now on that x(r) is a continuous function on (0, co) satisfying
1
(2.3) liminf x(r) > 0 and / re(r)” dr < oo.
r—00 0

In Example 1.1 with G = I, this assumption is satisfied if U is strictly convex
outside a ball.

Next, we define constants Ry, Ry € [0, 00) with Ry < R; by
(2.4) Ry = inf{R>0: k(r) >0Vr > R},
(2.5) Ry = inf{R> Ry : k(r)R(R— Ry) >8Vr > R},

Notice that by (2.3), both constants are finite. We now consider the particular
distance function dy(x,y) = f(||x —y||) given by

(2.6) f(r) = /@(s)g(s)ds, where

0

o(r) = exp —i/s&(s)_ ds) ; D(r) = /Or ©(s) ds,
! r/\R?q)( ) qu)( )
g(r) = 1-— 5 O/ (5 ds/O/ (5 ds.

Let us summarize some basic properties of the functions ¢, g and f:
e ¢ is decreasing, ¢(0) =1, and ¢(r) = ¢(Ry) for any r > Ry,
e g is decreasing, g(0) = 1, and g(r) = 3 for any r > Ry,
e fis concave, f(0) =0, f'(0) =1, and

(2.7) O(r)/2 < f(r) < ®(r) for any r > 0.

The last statement shows that d; and dg as well as Wy and Wy differ at most by
a factor 2.

We will explain in Section 4 below how the choice of f is obtained by trying to
maximize the exponential decay rate. Let us now state our first main result which
will also be proven in Section 4.

Theorem 2.2 (Exponential contractivity of reflection coupling). Let a:=
sup{|o1z|? : 2 € R? with ||z|| = 1}, and define c € (0,00) by

Ry Ry s s
1 1
(2.8) o= a/q)(s)go(s)l ds = a//exp Z/UH(U) du | dtds.
0 00 t

Then for the distance d; given by (2.1) and (2.6), the function t — e“E[d;(X;, Yy)]
is decreasing on [0, 00).
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The theorem yields exponential contractivity at rate ¢ > 0 for the transition
kernels p; of (1.1) w.r.t. the Kantorovich distance W;. Moreover, it implies upper
bounds for the standard Kantorovich (L! Wasserstein) distance W' = Wiq w.r.t.
the distance function d(z,y) = ||z — y||:

Corollary 2.3. For any t > 0 and any probability measures j,v on RY,

(2.9) We(upr,vp) < exp(—ct) We(p,v), and
(2.10) W (ups,vpr) < 29(Ro) ™" exp(—ct) W (u, v).

Note that the second estimate follows from the first, since by the properties of
¢ and g stated above, ¢(R)/2 < f' <1, and hence

(2.11) p(Ro)llz—yll/2 < d(z,y) < lle—y|  forany 2,y €R"

The corollary yields an upper bound for mixing times w.r.t. the Kantorovich
distance W1. For ¢ > 0 let

mwi(e) = inf{t >0 : W(upy, vp) < W, v) ¥V, v € MR}
Then by Corollary 2.3,
mwi(e) < ¢ tlog(2/(ep(Ry))) for any & > 0.
The proofs of Theorem 2.2 and Corollary 2.3 are given in Section 4 below.

Remark 2.4 (Non-constant diffusion coefficients). The methods and results
presented above have natural extensions to diffusion processes with non-constant
diffusion matrices. In that case, one possibility is to use an ad hoc coupling as
in [32], but this leads to restrictive assumptions and bounds that are far from
optimal. A better approach is to switch to a Riemannian setup where the metric
is the intrinsic metric G(z) = (o(z)o(x)T)~! given by the diffusion coefficients.
Then by replacing the Reflection Coupling by the corresponding Kendall-Cranston
coupling, one should expect similar results as above.

2.2. Consequences. We summarize some important consequences of exponential
contractivity w.r.t. Kantorovich distances as stated in Corollary 2.3. These conse-
quences are essentially well-known, cf. e.g. Joulin [26], Joulin and Ollivier [27], and
Komorowski and Walczuk [29] for related results. For the reader’s convenience, the
proofs are nevertheless included in Section 4 below. We assume that [|z|| = |o7'z|
is the intrinsic metric, b is in C*(R¢, RY), and

(2.12) /|z|pt(x0,dz) < 0

holds for some 7y € R? and any ¢ > 0. Then, equivalently to (2.9), Theorem 2.2
implies Lipschitz contractivity for the transition semigroup

(ng)(x) = / 9(2) pi(e, d2)

w.r.t. the metric dy, i.e.,

(2.13) 1Peglluing) < exp(—ct) [|glluin(s)
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holds for any ¢+ > 0 and any Lipschitz continuous function g : RY — R, where

l9(x) — 9(y)] d }
gllLi = sup cr,yeRst.x#y
|| ||L p(f) { df(l‘,y) 3&

denotes the Lipschitz semi-norm w.r.t. d;. An immediate consequence is the exis-
tence of a unique stationary distribution p with finite second moments:

Corollary 2.5 (Convergence to equilibrium). There erists a unique stationary
distribution p of (pt)eso satisfying [ |y| u(dy) < oo, and

(2.14)  Var,(g) < (20)’1HgHiip(f) for any Lipschitz continuous g : R — R.

Moreover, for any probability measure v on R,

(2.15) Wi(p, vpy) < exp(—ct) We(p,v) for any t > 0.

We refer to [6, 9] for other recent results on convergence to equilibrium of diffu-
sion processes in Wasserstein distances.

Further important consequences of (2.13) are quantitative non-asymptotic bounds
for the decay of correlations and the bias and variance of ergodic averages. Let
1o € R? and suppose that (X,P) is a solution of (1.1) with initial condition
XO = Xy.

Corollary 2.6 (Decay of correlations). For any Lipschitz continuous functions
g,h:RT—= R and s,t >0,

1 — e—QCt s
Cov (9(Xy), h(Xits)) < —5 € 9llLipcr) 1Pl Lip(s)-

Corollary 2.7 (Bias and variance of ergodic averages). For any Lipschitz
continuous function g : R — R and t € (0, 00),

1 t 1 _ e*Ct
'IE <¥/0 9(X.)ds — /gdu)’ < — ||g||mp<f>/df(l“o’y)#(dy% and

1 [t 1
Var (2 / g<Xs>ds) < o
o c-t

In the variance estimate in Corollary 2.7, one of the factors 1/c is due to the
variance bound (2.14) w.r.t. the stationary distribution whereas the second factor
1/c bounds the decay rate for the correlations. Short proofs of Corollaries 2.5, 2.6,
and 2.7 are included in Section 4.

Remark 2.8 (CLT, Gaussian deviation inequality). The contractivity w.r.t.
Wy can also be used to prove a central limit theorem for the ergodic averages [29]
and a Gaussian deviation inequality strengthening Corollary 2.7, c¢f. Remark 2.10
in [26].
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2.3. Examples. In order to illustrate the quality of the bounds given in Theorem
2.2 and in Corollary 2.3, we estimate the constant ¢ defined by (2.8) in different
scenarios, and we study the behaviour of ¢ under perturbations of the drift b.

We first consider the situation where s is bounded from below by a negative
constant for any r, and by a positive constant for large r:

Lemma 2.9 (Contractivity under lower bounds on ). Suppose that
(2.16) k(r) > —L forr <R, and k(r) > K forr>R
hold with constants R, L € [0,00) and K € (0,00). If LR? < 8 then

1 3
(2.17)  ale! < eTR2 + eV8KIR + 4K < 56 max(R?, 8K 1),

and if LR > 8 then

2

LR
(218)  a7le! < 8V2rRT'LTVAHL T 4+ K Y exp (T) + 32R2K 2,

Remark 2.10. If L = 0 then the bound in (2.17) improves to
(2.19) a~ et < 2max(R?2K7h).
The proofs of Lemma 2.9 and Remark 2.10 are given in Section 5 below.

In the first case considered in the lemma, the constant ¢ is at least of order
min(R™2, K). Even if L = 0 (convex case), this order can not be improved as one-
dimensional Langevin diffusions with potential U(z) = Kx?/2, or, respectively,
with vanishing drift on (—R/2, R/2) demonstrate. In particular, for U(z) = Kz?/2
with K > 0, the distance W} is equivalent to W', and the exact decay rate is
K /2. This differs from the bounds in (2.19) and (2.17) only by a factor 2, 6e
respectively. Thus, if LR? is not too large, the contractivity properties are not
affected substantially by non-convexity !

In the second case (LR2 > 8), if K > const. - L then the upper bound for ¢!
is of order L=3/2R~1 exp(LR?/8). By the next example, this order in R and L is
again optimal:

Example 2.11 (Double-well potential with U”(x) = —L for || < R/2).
Consider a Langevin diffusion in R! with a symmetric potential U € C?(R) satis-
fying U(x) = —La?/2 for x € [-R/2, R/2], U" > —L, and liminf |, U"(z) > 0.
If || - || is the Euclidean norm then x(r) = —L for r € (0, R]. On the other hand,
let 79 = inf{t > 0 : X; = 0} denote the first hitting time of 0. Then for any initial
condition zy > 0,

(2.20) lim ttlog Py lro > 1] = —Ai(0,00)
—00
where —\; (0, 00) is the first Dirichlet eigenvalue of the generator Lv = (v""—=U"v") /2

on (0,00), cf. [20] or see Section 5 below for a short proof of the corresponding
lower bound that is relevant here. If LR? > 4 then by inserting the function g(z) =
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min(v/Lz, 1) into the variational characterization of the Dirichlet eigenvalue, we
obtain the upper bound

(2.21) M (0,00) < 261/2L3/2Rexp(—LR2/8),

cf. Section 5 below. The estimates (2.20) and (2.21) seem to indicate that for
ro > 0, the Kantorovich distance W1(§_,,ps, 0,,p:) decays at most with a rate
of order L¥?Rexp(—LR?/8). Indeed, under appropriate growth assumptions on
U(z) for |z| > R, one can prove that

Prlro>1t] > 3/4  forany ¢t < A\ (0,00)""/4,

cf. Section 5. Hence for t < 37le /2L =3/2R~exp(LR?/8), the Kantorovich dis-
tance W (0grps, it) between dgp; and the stationary distribution p is bounded from
below by a strictly positive constant that does not depend on L and R if LR? > 4.

For analysing the behaviour of ¢ under perturbations of the drift, we assume

that ||z|| = |07 'z| is the intrinsic metric corresponding to the diffusion matrix,
i.e., G = (o0T)~L. Suppose that
(2.22) b(x) = bo(x)+ v(z) for any x € R

with locally Lipschitz continuous functions by, : R? — R%. For r > 0 let

(z —y) - G(bo(z) — bo(y))
|z —yl?

be defined analogously to x(r) with b replaced by by. We assume that ro satisfies

the assumptions (2.3) imposed on k above, and we define Ry, and R; similarly

to (2.4) and (2.5) but with x replaced by ko. Now suppose that there exists a
constant R < Ry such that

(224) (z—vy) - (v(x)—~v(y)) < 0 for any 2,y € R? s.t. ||lz —y|| > R.

Then k(r) > ro(r) for r > R, and hence the constants Ry and R; defined w.r.t. b
are smaller than the corresponding constants defined w.r.t. by. In this situation,

we can compare the lower bounds ¢ and ¢y for the contraction rates w.r.t. b and
by given by (2.8):

(2.23) ko(r) = inf {—2 ca,y €RY st o -yl = 7“}

Lemma 2.12 (Bounded and Lipschitz perturbations). Suppose that the drift
b:RY — R? is given by (2.22) with by and ~y satisfying the assumptions stated
above, and let ¢ and cy denote the lower bounds for the contraction rates w.r.t. b
and by given by (2.8).

(1) If v is bounded and (2.24) holds for a constant R € [0, Ry| then
(2.25) ¢ > ¢oexp(—Rsup||v]).

(2) If v satisfies the one-sided Lipschitz condition
(2.26) (x—y)-Gly(x) =(y) < L-llz—y|* VayecR?
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with a finite constant L € [0, 00) and (2.24) holds for a constant R € [0, Ry
then

(2.27) c > coexp(—LR?*/4).

Remark 2.13. The condition R < Ry is required in Lemma 2.12. If (2.24) does
not hold for z,y € R? with |z — y|| > Ry then the constants Ry(b) and R;(b)
defined w.r.t. b are in general greater than the corresponding constants defined
w.r.t. by, i.e., the region of non-convexity increases by adding the drift . This will
also affect the bound in (2.8) significantly.

The proof of Lemma 2.12 is given in Section 5.

2.4. Local contractivity and a high-dimensional example. Consider again
the setup in Section 2.1. In some applications, the condition liminf, . x(r) > 0
imposed above is not satisfied, but the diffusion process will stay inside a ball B C
R? for a long time with high probability. In this case, one can still prove exponential
contractivity up to an error term that is determined by the exit probabilities from
the ball. Corresponding estimates are useful to prove non-asymptotic error bounds,
i.e., for fixed t € (0,00), cf. e.g. [8, 7, 19].

Fix R € (0,00) and let Wy, denote the Kantorovich distance based on the
distance function dy,(x,y) = fr(||x — y||) given by

(2.28) fr(r) = /07" ©(8)gr(s)ds for r >0,

where ¢ and ® are defined by (2.6), and

o[22

Notice that
gr(r) =0 and fr(r) = fr(R) for any r > R,
i.e., we have cut the distance at fr(R).
Theorem 2.14 (Local exponential contractivity). Suppose that the assump-
tions from Section 2.1 are satisfied except for the condition liminf, . x(r) > 0.
Then for any t, R > 0 and any probability measures p, v on RY,
Wi (upe, vpe) < exp(—crt) Wiy, (1, v)
(2.30) + R (Pulrrp <t]+Plrrp <)),
where (Xy,P,) is a diffusion process satisfying (1.1) with initial distribution p,

Try = inf{t > 0: ||Xy|| > R/2} denotes the first exit time from the ball of radius
R/2 around 0, and

R R s s
1 1
(2.31) — = a/@(s)gp(s)_l ds = a//exp Z/UI{(U)_ du | dtds.
CRr
0 0 0 t

The proof of the theorem is given in Section 5. In applications, the exit proba-
bilities are typically estimated by using appropriate Lyapunov functions.
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Example 2.15 (Stochastic heat equation). We consider the diffusion in R?~?
given by X? = X¢ =0 and

(2.32) dX; = [ (X7 —2X] + X7 + V/(X))] dt + VddB,

i=1,...,d—1, where V : R — R is a C? function such that V" > —L for a finite
constant L € R. The equation (2.32) is a spatial discretization at the grid points
i/d (i = 0,1,...,d) of the stochastic heat equation with space-time white noise
and Dirichlet boundary conditions on the interval [0, 1] given by

(2.33) du = Apypu + V'(u)dt + dW

with the Dirichlet Laplacian Ap;, on the interval [0, 1] and a cylindrical Wiener
process (W;)sso over the Hilbert space L?(0,1). We observe that (2.32) is of the
form (1.1) with 0 = v/dI;_, and b = —dVU where

d d
d i i—1(2 1 i
U(az)zig‘x—x | +E;V<SL’)

forz = (2',... 297!) € R" ! and 2° = ¢ = 0. By the discrete Poincaré inequality,

d d—1
Z B xi_lf > 2(1 —cos(m/d)) Z ‘xlf
i=1 i=1

Hence for any z, & € R¥! and 2° = 2¢ = ¢° = ¢4 = 0, the lower bound

d

o 1] o 1=
GU(x) = dY [ =&+ 23 VI €] =GR fe
i=1 =1

holds with K; = 2d? (1 — cos(m/d)) — L, and thus
(x—y) (b(z) = b(y)) = —d(z—y) - (VU(x) = VU(y)) < —Kqlz —y|*

for any z,y € R4 where | - | denotes the Euclidean norm. Choosing for || - || the
intrinsic metric ||z|| = d~'/2|x|, we obtain

k(r) > 2K, for any r > 0.

In particular, the function x is bounded from below uniformly by a real constant
that does not depend on the dimension d since

(2.34) lim Ky = 7°— L > —o0.

d—o0

Theorem 2.14 now shows that for any R > 0, local exponential contractivity in
the sense of (2.30) holds on the ball

Brp = {z € R |z|| < R/2} = {x e R&Y: |z < dV?R/2}
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with rate cg satisfying

1

— < 4VAR YK exp(—=K4R*/4)  for K4R* < —4,
CRr

1

— < (e—1)R?/2 for —4 < K R* <0,

CR

1

— < R%*)2 for K4y = 0 respectively.

CRr

Here the explicit upper bounds are obtained analogously as in the proof of Lemma
2.9. For Ky > 0, strict convexity holds, and we obtain global exponential con-
tractivity with a dimension-independent rate. We remark that because of (2.34),
the bounds also carry over to the limiting SPDE (2.33) for which they imply local
exponential contractivity on balls w.r.t. the L? norm.

3. MAIN RESULTS FOR COMPONENTWISE REFLECTION COUPLINGS

3.1. Componentwise reflection couplings and contractivity on product
spaces. We now consider a system

(3.1) dX! = b (X,)dt + dB;, i=1,...,n,
of n interacting diffusion processes taking values in R%, d; € N. Here B', i =
1,...,n, are independent Brownian motions in R%, X = (X*!,..., X")is a diffusion

process taking values in R where d = Y d;, and b : R? — R% are locally
Lipschitz continuous functions. We will assume that

(3.2) bi(z) = by(x") + ~' (), i=1,...,n,

where the functions b} : R% — R% are locally Lipschitz continuous, and 7 : R —
R% are “sufficiently small” perturbations, cf. Theorem 3.1 below. In particular,
for 4 = 0 the components X!, ..., X" are independent.

To analyse contraction properties of the process X, one could use a reflection
coupling on R? and apply the results above based on a distance function of the
form d¢(x,y) = f(|]z — y|). In some applications, this approach does indeed pro-
vide dimension-free bounds, cf. Example 2.15 above. However, in the product case
vt = 0 it leads in general to lower bounds for contraction rates that degenerate
rapidly as n — oo, even though one would expect exponential contractivity with
the minimum of the contraction rates for the components. The reason is that the
approach requires convexity outside a Euclidean ball in R? whereas in correspond-
ing product models, in general convexity only holds if all components are outside
given balls in R%.

Instead, we now consider contractivity w.r.t. Kantorovich distances W, based
on distance functions on R? = R4+ +dn of the form

(3.3) dfw(z,y) = Zfz(\xi —y'wi.

Here f; : [0,00) — [0,00), 1 <i < n, are strictly increasing concave C' functions
with f;(0) = 0 and f/(0) = 1 that are obtained from b}, in the same way as f
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has been obtained from b above, and w; € (0,1] are positive weights. In many
applications, one can choose w; = 1 for any ¢. The corresponding distance will
then be denoted by d; s. Notice that d; ; is bounded from above by the /' distance

dpi (z,9) Z|x

Hence W, f is bounded from above by the Kantorov1ch distance Wy based on d.
For r € (0, 00) let

(34) ri(r) = r 2 inf {-2(z —y)- (b)(z) = by(y)) : =,y € RY s.t. |z —y| = r}.

Similarly as above, we assume that for 1 < i < n,

(3.5) ki : (0,00) — R is continuous with liminf x;(r) > 0.

T—00

MOI‘GOVGI‘, we assuime

(3.6) lim rk;(r) = 0.
r—0
Let Ry, R, gi(r), @i(r), fi(r) and ®;(r) = [] @i(s) ds be defined analogously to
(2.4), (2.5) and (2.6) with s replaced by Ki. Moreover, we define ¢; € (0,00) by
R} R

(3.7) Cl _ /@Z(s) //exp —/u,‘ii(u)_ du | dt ds.

0
Recall that by Theorem 2.2 and gorollary 2.3, ¢; is a lower bound for the contrac-
tion rate of the diffusion process X* on R% satisfying the s.d.e. dX] = bj(X})+dB;.

Let p;(, dy) denote the transition kernels of the diffusion process X; = (X}, ..., X2)
on R? satisfying (3.1). We now state our second main result:

Theorem 3.1 (Exponential contractivity on product spaces). Suppose that
(3.5) and (3.6) hold, and suppose that there exist constants €; € [0,¢;), 1 <i <mn,
such that for any x,y € R,

(3.8) ZW(»’C) — 7 (y)|w; < Ze fill' =y w

Then for any t > 0 and any probability measures p1, v on RY,

(3.9) W w(ppe, vpr) < exp(—ct) Wy (p, v), and
(3.10) W (pupe,vpr) < A exp(—ct) W (p, v),

where ¢ = min (¢; — &) and A = 2/ min (cpZ(RO)wZ).

i=1,...,n i=1,...,

Example 3.2 (Product model). In the product case, v' = 0 for any 7. Hence
Condition (3.8) is satisfied with e; = 0, and, therefore,

Wi w(upe, vpr) < exp(—ct) Wy (p,v)

holds with ¢ = min ¢; for any choice of the weights wy, ..., w,.
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More generally than in the example, suppose now that v = (y!,..., ") satisfies
an ¢'-Lipschitz condition
(3.11) S @ =AWl < A =yl VayeR’
i=1 i=1

Then exponential contractivity holds for the perturbed product model provided
A < ¢ip(Ry)/2 for any i

Corollary 3.3 (Perturbations of product models). Suppose that (3.2), (3.5),
(3.6) and (3.11) hold with A\ € [0,00). Then for any t > 0 and any probability
measures i, v on RY,

(3.12) Wia(ppe, vp) < exp(—ct) Wya(p,v), and
(3.13) W (upe, vpy) < Aexp(—ct) Wp(u,v),
where ¢ = min (c; =2 pi(RY)™Y) and A =2 max oi(R)~L

The inituitive idea of proof for Theorem 3.1 is to construct a coupling (X, Y?)
of two solutions of (3.1) by applying a reflection coupling individually for each
component (X7, Y} if X} # Y/, and a synchronuous coupling if X/ = Y. In the
product case this just means that X} = Y} for any ¢ > 7" where 7° = inf{t > 0 :
X! =Y/} is the coupling time for the i-th component. In the non-product case,
however, X} and Y}’ can move apart again after the time 7 due to interactions with
other components. In that case it is not clear how to define a coupling as described
above rigorously. Instead we will use a regularized version where reflection coupling
is applied to the i-th component whenever | X} — Y| > § for a given constant
§ > 0, and synchronuous coupling is applied whenever | X} — Y;’| < §/2. A precise
description of the coupling and the proofs of Theorem 3.1 and Corollary 3.3 are
given in Sections 6 and 7 below.

3.2. Consequences. The contractivity results in Theorem 3.1 and Corollary 3.3
have corresponding consequences as the contractivity results in the non-product
case, cf. Section 2.2 above. An important difference to be noted is, however, that
on product spaces,

df,w(xay) S Z|xl_y2| S n1/2 |l‘—y|
=1

by the Cauchy-Schwarz inequality. Therefore, an additional factor n occurs in the
variance bounds from Corollaries 2.5, 2.6 and 2.7 on product spaces. Apart from
this additional factor, all results in Section 2.2 carry over to the setup considered
in Section 3.1.

3.3. Interacting Langevin diffusions. As an illustration of the results in Sec-
tion 3.1, we consider a system

. 1 . " . , .
(3.14) dX; = —SVU(X{)dt — > ai; VV(X| - X])dt + dB

Jj=1
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of n interacting overdamped Langevin diffusions taking values in R* for some
k € N. Here B!,..., B" are independent Brownian motions in R¥, U € C?(R¥)
is strictly convex outside a given ball, the interaction potential V is in C?(R¥)
with bounded second derivatives, and a;;, 1 < 4,7 < n, are finite real constants.
For example, we are interested in nearest-neighbour interactions and mean-field
interactions given by

B a/2 ifi—j=1modn or i —j=—1modn,
(3.15)  ay = { 0 otherwise,
(3.16) ay = an’! respectively,

where o € R is a finite coupling constant.
Choosing bjy(z') = —=VU(2")/2 and v(z) = Y."_, a;; VV (2" — 27), we observe

=1
that the function '
1
ki(r) = inf {/ ey UL =)z +ty)dt - z,y € R¥ s.t. |z —y| = r}
0

does not depend on i. Let ¢ and f be the corresponding functions given by (2.6),
and consider the distance

dyf(z,y) = Zf(lxi —y']).

Morover, let ¢ be given by (2.8) with a = 1, i.e., ¢ is the lower bound for the
contraction rate of the diffusion process Y in R¥ satisfying dY = —iVU(Y)dt +
dB. We note that v satisfies the ¢! Lipschitz condition (3.11) with

A= M- miaxz (las| + lajil)
j=1

where M = sup || V2V||. Therefore, if

S (lagl + lazl) < eo(Ro) M~

j=1
then by Corollary 3.3, contractivity in the sense of (3.12) holds with contraction
rate

¢ = c—2\p(Ry)™" > 0.

In particular, in the nearest neighbour and mean field case, we obtain contractivity
with a rate that does not depend on the dimension if « is small:

Corollary 3.4 (Mean field and nearest neighbour interactions). Let py,
t >0, denote the transition kernels of the diffusion process on R™ solving (3.14).
Suppose that sup |V?V|| < oo and that a;; is given by (3.15) or by (5.16) with
a € R. Then there ezist finite constants c,0, A € (0, 00) that do not depend on the
dimension n such that

(3.17) Wi (upe, vpe)
(3.18) Wi (ppe, vpr)

e Wi (u,v), and

<
< AW (u, v),
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hold for any t > 0 and any probability measures p, v on R™ . In particular, expo-
nential contractivity holds for a < ¢/0.

The bounds in (3.17) and (3.18) are not sharp. However, it is known that
for example in mean field models where U is a double-well potential and V is
quadratic, exponential contractivity with a rate independent of the dimension
can not be expected to hold for large . Indeed, in this case the corresponding
McKean-Vlasov process has several stationary distributions if @ > ay for some
critical parameter oy € (0, 00), cf. [23, 24].

4. PROOFS FOR REFLECTION COUPLING

In this section, we first motivate our particular choice of the function f, and we
prove Theorem 2.2. Afterwards, we prove Corollaries 2.3, 2.5, 2.6 and 2.7.

Let ry, = || Xy —Y;|| where (X,Y) is a reflection coupling of two solutions of (1.1).
Our goal is to find an explicit concave increasing function f : [0, 00) — [0, 00) with
f(0) = 0 and f’(0) = 1 such that e“f(r;) is a (local) supermartingale for ¢ less
than the coupling time 7" with a constant ¢ > 0 that we are trying to maximize

by the choice of f.

An application of It6’s formula to the s.d.e. (1.3) satisfied by the difference
process Z; = X; —Y; shows that the following It6 equations hold almost surely for
t < T whenever f is C' and f’ is absolutely continuous:

d|Z|* = Ao Z| M| Z " dW;
+27,- GO(X,) = 0(Yy)) dt + 4]0~ Z,| || Zi|* dt,
dry = 2|0 Z| iy dWy + v Z0 - G(B(X,) — b(Y;)) dt, and
df(r)) = 2]o7 " Z ey f'(r0) AW,
(4.1) +r7 2 GO(Xy) — b(Y)) f/ (re) dt + 2|07  Z| 2r /(1) dt
By definition of the function s, the drift term on the right hand side of (4.1) is
bounded from above by

1
(42) 6t = 2 |O'_1Zt|_2’l“t2 . (f”(”l“t) — Z Tt /{(T‘t)f/(rt)) .
Hence the process e f(r;) is a supermartingale for t < T if 8, < —cf(r;). Since
(4.3) o7tz < alz))? for any z € R,

a sufficient condition is

1
(4.4) f'(r) — Zr&(r)f’(r) < —%f(r) for a.e. r > 0.
We now first observe that this equation holds with ¢ = O (i.e., f(re) is a super-
martingale fort < T) if f is chosen such that f'(r) = ¢(r) = exp(— [, sk(s) " ds/4).
Indeed, f(r fo s) ds is the least concave among all concave functions f sat-
isfying (; S 0.

To satisfy the stronger condition 5, < —cf(ry) with ¢ < 0, we make the ansatz

(4.5) f'(r) = e(r)g(r)
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with a decreasing absolutely continuous function g > 1/2 such that ¢(0) = 1.
Note that the condition g > 0 is required to ensure that f is non-decreasing. By
replacing this condition by the stronger condition g > 1/2, we are loosing at most
a factor 2 in the estimates below. On the other hand, the condition 1/2 < g <1
has the huge advantage of ensuring that

(4.6) /2 < f < @
where ®(r) = [ ¢(s)ds. The ansatz (4.5) yields

1 1
J"= gl g < el A+ e
i.e., Condition (4.4) is satisfied if
, ac
(4.7) g < - fle. almost surely.

We will see in the proof below that for » > R;, Condition (4.4) is automatically
satisfied since « is sufficiently positive. Therefore, it is enough to assume that (4.7)

holds on (0, Ry).
Now on the one hand, if (4.7) is satisfied on (0, Ry) then

Ry R
g(Re) < 1= | 7)ol s < 1= [ @(s)els) " ds

This condition can only be satisfied with a function g taking values in [1/2,1] if

ae < 2//0R1 B(s)p(s) " ds

On the other hand, by choosing

®(r) o a(s)
4.8 Jgr) = — // ds for r < Ry,
) =50 /w6 1
Condition (4.7) is satisfied with the constant

ac = 1//0&@(5)@(5)—%5.

This shows that up to a factor 2, choosing g as in (4.8) is the best we can do under
the assumptions that we have made.

The considerations above explain the particular choice of the function f made
in (2.6). Once this choice has been made, the proof of Theorem 2.2 is almost
straightforward:

Proof of Theorem 2.2. As remarked above, the drift in the s.d.e. (4.1) for
f(r¢) is bounded from above by J; defined by (4.2). We now show that by our
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choice of f in (2.6), this expression is smaller than —cf(r;) where ¢ is given by
(2.8). Indeed, for r < Ry,

M9) ) = ) e(rglr) - S () / JLCECREE

1
< Zm( ——f / Lds .

For r > Ry, we have f'(r) = ¢(r)/2 = ¢(Ro)/2 and k(r)Ri(Ry — Ry) > 8 by

definition of R, whence

7 1 / _ 1 (p(RO) r
fir) = grafin) = —gra(e(f) < =5 R T
o(Ro)  D(r) 4
(410) S R1 0 . (Rl S ——(I) / ds

< 5l //R ds

Here we have used that for r > Ry, the function ¢(r) is constant, and, therefore,
O(r) = @(Ro) + (r — Ro) p(L), and

/ B(s)p(s)" ds / (@(Ro) + (5 — Ro)p(Ro))p(Ro) ™" ds

= ®(Ro)p(Ro) "' (R1 — Ro) + (R1 — Ro)?/2
> (Ri— Ro) (®(Ro) + (R1 — Ro)(Ro)) p(Ro) ™" /2

= (Ry — Ro)®(R1)e(Re) /2.

By (4.9) and (4.10), we conclude that 3, < —cf(r;). Optional stopping in (4.1) at
T, =inf{t >0: r, & (k7' k)} now implies

E[f(r): t < Ty < —c/OtE[f('rs); s < Ty ds

for any k € N and t > 0. The assertion follows for k — oo since r, = 0 for t > T,
and T = sup T} by non-explosiveness. []

Proof of Corollary 2.3. Let (X,Y) be a reflection coupling of two solutions
of (1.1) with joint initial distribution (X, Yy) ~ 1. Then by Theorem 2.2,

Wf(ﬂptant) < E[df(Xt,Yt)] < €_CtE[df(X0>Y0)]
= e / dy(z, y) n(dx dy)

for any ¢ > 0. The estimate (2.9) now follows by taking the infimum over all
couplings 7 of two given probability measures p and v on R%. Moreover, (2.10)
follows from (2.9) by (2.11). O
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Next, we are going to prove the results in Section 2.2. Suppose that (2.12) holds,

||| = |o~'z| is the intrinsic metric, and b is in C''. Corollary 2.3 implies
[lslneds) < [ 1ol oo dy) + W )piGao ) < o
for any ¢t > 0 and any = € R%. In particular, (p;g)( = [ g(y) pi(x, dy) is defined

for any Lipschitz continuous function g : R — R, and

[(peg) () — (peg)(y)| = [Elg(Xe) —g(YD)]| < llgllipnElds (X, Y)]
for any coupling (X;,Y;) of p;(z,-) and p,(y, -). Hence by Theorem 2.2,
(4.11) ((Peg) (@) — (eg) W) < e Nlglluines) dy(2,y),

i.e., py satisfies the exponential contractivity condition (2.13) w.r.t. || - [[Lipcs). If
pig is C*! then by (4.11) and since

di(z.y) < oyl = o7 (z—y)| Va,yeR’
we obtain the uniform gradient bound
(4.12) sup |0 Vpg| < e |gllLing) Vit>0.

It is well-known that this bound can be used to control variances w.r.t. the mea-
sures p;(x,-):

Lemma 4.1. For anyt >0, x € R?, and any Lipschitz continuous g : R* — R,

1 — exp(—2ct)

(4.13) Vary,z,)(g9) < 2% ”gHLip(f)'

Proof. We may assume g € C?(R?) and ¢t > 0. Then, by standard elliptic
regularity results, (¢, x) — (p.g)(z) is differentiable in ¢ and x, and
d
P9 = Lpg = pelLy

where £ = 13" a; 8:1:1;11 +b(z) -V, a = ool is the generator of (X;), cf. e.g.
(34, 33]. In partmular for s € (0,1),

d
gps(ptfsg)2 = s (L(P—s9)” — 2p—s9 LPt—s9)
2 —2c(t—s
= Ds }OTth—sg’ < e 2ele )HgH%ﬂp(f)
by (4.12). Integrating w.r.t. s, we obtain

1 — exp(—2ct)
90 Hg”Lip(f)7

pg® — (pg)® <
which is equivalent to (4.13). O

By Lemma 4.1 and (4.11), we can now easily prove Corollaries 2.5, 2.6 and 2.7:

Proof of Corollary 2.5. Existence and uniqueness of a stationary distribu-
tion p for (pe)iso satisfying [ |y| u(dy) < oo follows easily as in [29], Section 3: By
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Corollary 2.3, the map v +— vp; is a contraction w.r.t. the distance Wy (equiv-
alent to W1) on the complete metric space P! of all probability measures v on
(R%, B(R?)) satisfying [ |y| u(dy) < oo. Hence by the Banach fixed point theo-
rem, there exists a unique probability measure py such that pgp; = . It is then
elementary to verify that the measure p = fol Lops ds satisfies up; = p for any
t € [0, 1], and hence for any ¢ € [0,00). Moreover, by Corollary 2.3,

Wilp,vp)) = Welupe,vpr) < e “Wi(p,v)

for any v € Pl In particular, as t — oo, p;(x,-) — p in P! for any x € R
The variance bound for p now follows from the corresponding bound for p;(z, -) in
Lemma 4.1. [J

Proof of Corollary 2.6. By Lemma 4.1,

Cov (9(X1), h(Xys)) = Elg(Xe) h(Xeps)] = Elg(Xy)] E[A(Xips)]
= E[(gpsh)(X2)] = Elg(X)] El(psh)(Xe)] = Covp,(ay, (9, psh)
< (L —exp(=2ct)) (20) " lglluiner s lLiner)

for any s, > 0. The assertion now follows by (4.11). OJ

Proof of Corollary 2.7. The bound for the bias follows immediately from
(4.11), since

’E E /Otg(Xs) ds — /gdu” = ’%/Ot/(psg(xo)—psg(y))u(dy) ds

1 ! —CS
2 | eeas ol [ dyten ) nia).

IN

Moreover, by Corollary 2.6,

Var (% /Otg(Xs) ds) — Cov G /tg(XS)ds, %/Otg(Xs) ds)

2 [ Cov (000,060 s
1 t

t
R / e duds |19l )

2
ct Jo

IA

IN

1 2
2t ”gHLip(f)' U

5. EXAMPLES

We now prove the results in Sections 2.3 and 2.4, including in particular Lemma
2.9, Lemma 2.12 and Theorem 2.14.

Proof of Lemma 2.9 and Remark 2.10. We first prove the lower bounds on
the exponential decay rate ¢ in (2.8) stated in (2.19), (2.17) and (2.18). Notice that
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the constant ¢ defined by (2.8) increases if x(r) is replaced by a greater function.
Indeed, for r > 0,

T r T

(5.1) O(r)p(r) ™t = /gp(t)@(r)l dt = /exp i/sm(s) ds | dt,

0 0 ¢
Ry

whence Ry, Ry and ¢! =« [ ®(s)p(s)™" ds are decreasing functions of k.
0

Convexr Case. Suppose first that x(r) > 0 for any » > 0 and k(r) > K for r > R
with constants K € (0,00) and R € [0,00). Then Ry = 0, R, < max(R, /8/K),
¢ =1, and hence

c = (aR?/2)™" > a 'min(R?/2,K/4).

Locally non-convex case. Now suppose that x(r) > —L for r < R and k(r) > K
for r > R with constants K, L € (0,00) and R € [0,00]. Since ¢(r) = ¢(Ry) and
O(r) = ®(Ro) + (r — Ro)p(Ry) for r > Ry, we have

R

alel = / O(s)p(s) " ds
ORO

(5.2) = /CP(S)@(S)_1 ds + (Ry — Ro)®(Ro)p(Ro) ™" + (R — Ro)?/2.
0
The lower curvature bounds imply the upper bounds

(5.3) Ry < R,  Ri—Ry < min(8/(KRy),/8/K), and

s

d(r)p(r)™t < /exp(L(T2 —t%)/8) dt

(5.4) < min(y/27/L,r)exp(Lr*/8) for r < Ry.
Since expx < 1+ (e — 1)z for z € [0, 1] and

/ exp(u?) du < e+/ (2 —u?)exp(u?)du = 2 'exp(z?) forz > 1,
0 1

we can conclude that
Ry

/@(7’)@(7‘)1 dr < /0 Orexp(Lr2/8) dr = 4L '(exp(LR:/8) — 1)

< (e—1)R3/2 if LR3/8 <1, and

Ro , /LR2/8
/@(T)cp(r)_l dr < \/2%/ exp(%)dr = \/%/ exp(uZ)du
0 0

< 8V2rL %2Ry exp(LR2/8) if LR2/8 > 1.

o
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Combining these estimates, we obtain by (5.2), (5.3) and (5.4),

alet < (e—1R*/2+ey/8/KR+4/K if LR3/8 < 1, and
aled < 8V2rRTLTVAHL T + K Y exp(LR?/8) + 32R2K 2 if LR2/8 > 1,

where we have used that the function x — 27! exp(z?) is increasing for z > 1. [J

Proofs for Example 2.11. Consider the one-dimensional Langevin diffusion
(X;) with drift —VU(z)/2 and generator

Lo 10 1 -U, n’
(5.5) Evzi(v —Uv)zéeU(e Yo'y

The assumption liminfj, . U”(xz) > 0 implies that there is a unique strictly
positive bounded eigenfunction v; € C?(0,00) N C([0,00)) satisfying v;(0) = 0,
v1(0) = 1 and Lv; = —Ajvy, where

L[/ (2)? exp(=U(x)) dx

N = (0 _ inf 2 Jo
1 1( 700) vGCiOE’l(Ovoo) fOOO’U<.§U)2 eXp<_U<x))dx

is the infimum of the spectrum of the self-adjoint realization of —£ with Dirichlet
boundary conditions on (0, 00). Since Lv; = —A\jv; and v; is bounded, the process
M, = exp(Ait)v1(X;) is a martingale. Optional stopping applied to the diffusion
with initial condition Xy = x9 shows that

vi(wo) = BEyo [Mo] = Eup [Mrnt] = Eaq lexp(Mit)oi(Xe); 0 > 1]
(5.6) < exp(Ait) Py, [10 > t] sup vy

for any xp > 0 and ¢t > 0. Since vy(x¢) > 0 and supv; < oo, the estimate (5.6)
implies the asymptotic lower bound

(5.7) h;ninffllog Py lmo > 1] > —X(0,00).
—o0
Moreover, for any fixed t < \71/4,
Prlm >t > e /o (R)/supv, > 3/4

provided v (R) > 3e'/*supv; = 0.96... supv;. By the eigenfunction equation

eV(e7Yv]) = —A\jvy, one verifies that the latter condition is satisfied whenever U

is growing fast enough on [R, 00).
For bounding A (0, 00) from above let

VLz if x <1/VL,
1 if 2 >1/VL.

By the assumptions on U, the function v is contained in the weighted Sobolev
space Hy?((0,00), e~V dz) (closure of C5°(0,00) w.r.t. the norm ||wl||?> = IS (w? +

o(z) = min(vVLz,1) = {
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(w')?) e~V dx). Therefore, if LR?/4 > 1 then (2.21) holds, since
s [V (2)? exp(—U(x)) dzx _ fol/\/zLeXp(LxQ/Q) dx

Ns Jv(@)?exp(=U(z)) dz ~ fOR/2U<SL’)2€Xp<LSL’2/2)d£U
L Jo exp(y?/2) dy _ 3Le” [LR? LR?
Y \/LR2/4 . B PR
2 VR min(y, 12 exp(y?/2) dy . ! ( ; )

Here we have used that by assumption, U(x) > —Lx?/2 for any r € R with
equality for |z| < R/2, and for x > 1,

1
/mmyl ey/zdy—/ / >—+—e/—12§ex2/2

as( x/2) (1—.77 )x/2<€x/2

Proof of Lemma 2.12. Since b = by + 7y, we have
(x —y) - Gb(x) = by)) = (x—y) Glbo(x) —bo(y)) + (x —y) - G(v(x) —(y))
for any x,y € R%. Therefore, by (2.24) and by definition of x and sy,
(5.8) k(r)” < ko(r)” for any r < R, and
(5.9) k(r)”™ < Kolr)” +4r tsup ||| for any r € (0, 00).

In particular, if v is bounded then & satisfies the conditions in (2.3). Since the con-
stant R;(b) defined w.r.t. b is smaller than the corresponding constant Ry defined
w.r.t. by, we obtain

% < /Rl /Sexp (l/sm(u)du) dt ds
< /R/ exp( /W(u)du) exp (Rsup ||) dt ds

< —-exp(Rsup|vl),
Co

A\

i.e., (2.25) holds.
Similarly, if v satisfies the one-sided Lipschitz condition (2.26) then
(5.10) k(r)” < ko(r)” 4+ 2L  for any r € (0, 00).

Hence again the conditions in (2.3) are satisfied, and we obtain

1 1 L [*#
- < —-exp| = rdr
c Co 2 Jo

similarly as above, i.e., (2.27) holds. OJ
Proof of Theorem 2.14. Fix R > 0 and probability measures y, v on R?. By

definition of fg,
) < i) - ntr) [ [ 2
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for any r < R. Therefore, similarly to the proof of Theorem 2.2, Equation (4.1)
shows that the process "' fr(r;) is a local supermartingale for ¢t < 7x where
7r = inf{t > 0:7 > R}.

Here r, = || X; — Y;|| again denotes the distance process for a reflection coupling
(X4, Y;) of two solutions of (1.1) with initial distribution given by a coupling 1 of
1 and v. By optional stopping and Fatou’s lemma, we thus obtain

E[fr(re); 7r > t] < E[fr(rineg)] < exp(—crt) E[fr(ro)]
for any ¢ > 0, and hence

Elfr(r:)] < exp(—cgt)E[fr(ro)] + Pltr <]
< e—th/fR(Hx —yl n(dzdy) + Pyrr < t] + P,lrrs < 1.

The assertion now follows as in the proof of Corollary 2.3 by minimizing over all
couplings n of y and v. [J

6. COUPLINGS ON PRODUCT SPACES
Let d = > 1" | d; with n,dy,...,d, € N. We now consider “componentwise”
couplings for diffusion processes X; = (X},..., X)) and Y; = (Y,!,...,Y;") on R?
satisfying the s.d.e.
(6.1) dX! = b (X,)dt + dB;, i=1,...,n,

with initial conditions Xy ~ p and Yy ~ v. Here B, i = 1, ..., n, are independent
Brownian motions on R%, and b : R% — R% are locally Lipschitz continuous
functions such that the unique strong solution of (6.1) is non-explosive for any
given initial condition.

Let § > 0. Suppose that \i, 7t : RY — [0,1], i = 1,...,n, are Lipschitz continu-
ous functions such that
(6.2) NP2 +7r'(2)? = 1 for any z € RY, and
(6.3) N(z) = 0 if [ <6§/2,
and let Bt and B, 1 < i < n, be independent Brownian motions on R%. Then a
coupling of two solutions of (6.1) with initial distributions p and v is given by a
strong solution of the system
(6.4) dX! = b(X,)dt + N(Z,)dB! + ©(Z,) dB.,
dY; = b(Y,)dt + XN(Z,) (I —2eiet")dB! + 7'(Z,) dB.,
1 <i < n, with initial distribution (X, Yy) ~ 1 where 7 is a coupling of y and v.
Here we use the notation
Zy = Xo =Y,
and e! is a measurable process taking values in the unit sphere in R% such that
G [ 7z ez Ao,
t u’ it Z; =0,
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where u’ is an arbitrary fixed unit vector in R%. Notice that by (6.3), the choice
of u' is not relevant for (6.4), which is a standard It6 s.d.e. in R?? with locally
Lipschitz continuous coefficients. To see that (6.4) defines a coupling, we observe
that (X;) and (Y;) satisfy (6.1) w.r.t. the processes B, = (B},...,B!") and B, =
(B}, ..., B!) defined by

t t
@::/x%m&+/ﬂ%m&
0 0

t t
&::/M&W—M¥W%+/ﬁ%W%
0 0

By Lévy’s characterization and by (6.2), both B and B are indeed Brownian
motions in R?, cp. the corresponding argument for reflection coupling.

Remark 6.1. (1) By Condition (6.3) and non-explosiveness of (6.1), the coupling
process (X, Y;) is defined for any t > 0.

(2) By choosing ' = 0 and 7" = 1 we recover the synchronuous coupling, i.e., the
same noise is applied to both processes X and Y.

(3) A componentwise reflection coupling would be informally given by choosing
N(z) = 1if 28 # 0 and N(2) = 0 if 2/ = 0. As this function is not continuous
and e'(z) = 2'/[2'| also has a discontinuity at zero, it is not obvious how to
make sense of this coupling rigorously. Instead, we will use below an approximate
componentwise reflection coupling where \'(z) = 1 if |2| > § and \'(z) = 0 if
2] < /2 for a small positive constant ¢.

By subtracting the equations for X and Y in (6.4), we see that the difference
process Z = X — Y satisfies the s.d.e.

(6.5) dzZi = (X)) = V(Y)dt + 2N(Z,) e} dW],

1 =1,...,n, where the processes
W) = /ef; By, 1<i<n,
0

are independent one-dimensitonal Brownian motions.

Let r; = | X} — Y}!| denote the Euclidean norm of Z;}. The next lemma is crucial
for quantifying contraction properties of the coupling given by (6.4):

Lemma 6.2. Suppose that f : [0,00) — [0,00) is a strictly increasing concave
function in C*([0,00)) such that f' is absolutely continuous on (0,00). Then for
any i =1,...,n, the process f(r}) satisfies the Ito equation

f@)=1W®+2AA%&—KHWDWﬁ

(6.6) F]g {ea - (0(Xo) = V'(Y)) f/(rd) + 2N (X5 = Yo)? f"(ro) } ds.
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Remark 6.3. The lemma shows in particular that the process ri satisfies
(6.7) dri = ef- (V'(X;) = 0'(Y)) dt + 2X\'(X, — ) AW,
Notice that in this equation, the drift term does not depend on the choice of \.

Proof of Lemma 6.2. Recall that e, = Z}/|Z;| if r} = |Z}| # 0. Since the
function y — y/|y| is smooth on R% \ {0} and x — /7 is smooth on (0, 00), we
can apply Itd’s formula and (6.5) to show that the Itd equations

dZ)? = 22 (0"(X) =b'(Y))dt + 4X(Z)*dt + 4A\(Z)|Z | dW*,
1 1 0|2
(6.8) = e (b'(X) = b (Y))dt + 2X(X = Y) dW*

drt =

|2

hold almost surely on any stochastic interval |7, 7] such that Z; # 0 a.s. for
1 S t S 72.

On the other hand, suppose that |Z¢| < §/2 a.s. on a stochastic interval [r3, 74].
Then on [r3,74), A(Z) = 0 by (6.3), and hence Z° is almost surely absolutely
continuous with

dZ'/dt = b'(X) —b'(Y) a.e. on [73, T4].
This implies that 7* = |Z¢| is almost surely absolutely continuous on [73, 74| as well
with
(6.9) drijdt = e - (b'(X) —b'(Y)) a.e. on |73, T4],
which is equivalent to (6.7) on [73,74]. Note that the value of ¢’ for Z* = 0 is

not relevant here, since Z° can only stay at 0 for a positive amount of time if
b'(X) — b'(Y) vanishes during that time interval.

Since R, is the union of countably many stochastic intervals of the first and
second type considered above, the It6 equation (6.7) holds almost surely on R, .
The assertion (6.6) now follows from (6.7) by another application of [td’s formula.
Here it is enough to assume that f is C' on [0, 00) and f’ is absolutely continuous
on (0, 00) because \/(X, — Y;) vanishes for r¢ < §/2. O

We now fix weights wy, ... w, € [0,00) and strictly increasing concave functions

fiy s Jn € CY[0,00)) N C?((0,00)) such that f;(0) = 0 for any i. Consider
(6.10) po= D filr)wi = dpu(X,Y)
i=1

where dy,, is defined by (3.3). By Lemma 6.2,

n

dpr = D (eh (0(X0) = ' (V2) fi(r}) + 2X'(X, — Y3)? f/(r})) wydt

i=1

(6.11) +2 ) N(X, = YY) fi(r]) AW
=1



28 ANDREAS EBERLE

Notice that the last term on the right hand side is a martingale since A" and f/
are bounded. This enables us to control the expectation E[p,] if we can bound the
drift in (6.11) by m — ¢p; for constants m, ¢ € (0, c0):

Lemma 6.4. Let m,c € (0,00) and suppose that
(6.12)
- (o i i i i fi(rt) i 2 e
Do leritr) + (@ =) (0(@) = 6(y) = A+ 2N @ —y) fi() ) we < m
i=1
holds for any x,y € R with v := |2* —y'| >0 Vi € {1,...n}. Then
(6.13) Elp:] < e “Elp] + m(1—e*)/c  foranyt > 0.

Proof. We first note that by continuity of b and f/, (6.12) implies that

n

(6.14) Y (efilr) + ¢ - (0 (x) = b'(y)) fi(r") + 2N (x = y)* f/ (1)) wi < m

i=1

holds for any z,y € R? (even if 2 — y* = 0) provided ¢! = (2 — y?)/r® if r* > 0
and e’ is an arbitrary unit vector if 7* = 0. Indeed, we obtain (6.14) by applying
(6.12) with z* replaced by x' + he' whenever z° — 3* = 0 and taking the limit as
h ] 0. In particular, by (6.14), the drift term g, in (6.11) is bounded from above
by

B < m—chi(ri)wi = M= Cpy.
i=1

Therefore by (6.11) and by the It6 product rule,
d(ep) = edp + ce“pdt < e“mdt + dM

where M is a martingale, and thus
t
Ele“p:] < Elpo] + m / e ds for any t > 0.
0
O

Since f! <0, the process p; is decreasing more rapidly (or growing more slowly)
if A\’ takes larger values. In particular, the decay properties of p, would be opti-
mized when \(z) = 1 for any 2z with 2* # 0. This optimal choice of A!,... A"
would correspond to a componentwise reflection coupling, but it violates Condition
(6.3). It is perhaps possible to construct a corresponding coupling process by an
approximation argument. For our purpose of bounding the Kantorovich distance
W (ppr, vpe) this is not necessary. Indeed, it will be sufficient to consider ap-
proximate componentwise reflection couplings where (6.2) and (6.3) are satisfied
and \'(z) = 1 whenever |z‘| > 6. The limit | 0 will then be considered for the
resulting estimates of the Kantorovich distance but not for the coupling processes.
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7. APPLICATION TO INTERACTING DIFFUSIONS

We will now apply the couplings introduced in Section 6 to prove the contraction
properties for systems of interacting diffusions stated in Theorem 3.1 and Corollary
3.3. We consider the setup described in Section 3.1, i.e.,

(7.1) Vi(z) = bh(x") + ~'(x) fori=1,...,n
with o) : RY% — R% locally Lipschitz such that ; defined by (3.4) is continuous
n (0,00) with

(7.2) liminf x;(r) > 0 and lir% rki(r) =0 for any 1 <i <n.
T

r—00

The functions f; are defined via k;, and ¢; is the corresponding contraction rate
given by (3.7).

Proof of Theorem 3.1. We fix § > 0 and Lipschitz continuous functions
MNopt o RY — [0,1], 1 < 4 < n, such that (6.2) and (6.3) hold and X\(z) =
1if |2/| > 6. Let (X}, Y;) denote a corresponding approximate componentwise
reflection coupling of two solutions of (3.1) given by (6.4), and let p; = dy,,,(X¢, Yy).
We will apply Lemma 6.4 which requires bounding the right hand side in (6.12).
For this purpose recall that f; and ¢; have been chosen in such a way that

20— SralI) < —efil) W0,
cf. (4.9) and (4.10). Therefore, by (7.1) and by definition of &;,
(' — ) (b'(z) = ') Fi(r) /rt + 2X (@ — ) ()
< - 7“ () fi(r') + (@) = A WL + 2N (@ =) f0)
(13)< —Na - 9)ahilr) + @) — 7))~ 51— Xa — ) i) £

< —ehil) + @) 7)) + b + 3 sup (rir))

r<d

)-
)

for any x,y € R? with r' = |2° — ¢| > 0. Here we have used that 0 < f/ < 1, and
that \'(x — y) # 1 only if r* < §. In this case, f;(r') < r" < §. By (7.3) and by
the assumption (3.8) on ~*, we obtain

n

S (@ =) (@) = B) S/ + 2N (= ) S w

< m(d) + Z(—cmLei) FirHw; < m(8) — CZ fi(rw;

for x,y as above, where

n

m(s) = (e + 5 suplrs(r))

i—1 r<d
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is a finite constant by (7.2), and ¢ = min;—;__,(¢; —¢;). Hence (6.12) is satisfied
with ¢ and m(0) and, therefore,

(7.4) Elp] < ¢ Elp] + m(5) (1 —e)/c.

By choosing the coupling process (X, ;) with initial distribution given by a cou-
pling 1 of probability measures 1 and v on R?, we conclude that

Wﬁw(ﬂpt,’/pt) < E[df,w(XtaYt)] = Elp]
(7.5) < eCt/df,w(:L’,y) n(dz dy) + m(d) (1 —e ") /c

for any ¢ > 0. Moreover, by (3.6), m(6) — 0 as 0 | 0. Hence the assertion (3.9)
follows from (7.5) by taking the limit as § | 0 and minimizing over all couplings 7
of p and v. Finally, (3.10) follows from (3.9) since p(R§)r/2 < fi(r) < r implies

AN dp (2,y) < dpw(z,y) = > fille' =y wi < dp(z,y). O

Proof of Corollary 3.3. The ¢'-Lipschitz condition (3.11) for  implies that
(3.8) holds with w; = 1 for any 4, and

Aeit = inf fi(r) = fi(R) = @i(Rg)/2,

ie., & =2\ p;(R}). The assertion now follows from Theorem 3.1.
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