LONG-TIME BEHAVIOR FOR DISCRETIZATION SCHEMES OF
FOKKER-PLANCK EQUATIONS VIA COUPLINGS

ANSGAR JUNGEL AND KATHARINA SCHUH

ABSTRACT. Continuous-time Markov chains associated to finite-volume discretization
schemes of Fokker—Planck equations are constructed. Sufficient conditions under which
quantitative exponential decay in the ¢-entropy and Wasserstein distance are established,
implying modified logarithmic Sobolev, Poincaré, and discrete Beckner inequalities. The
results are not restricted to additive potentials and do not make use of discrete Bochner-
type identities. The proof for the ¢-decay relies on a coupling technique due to Conforti,
while the proof for the Wasserstein distance uses the path coupling method. Furthermore,
exponential equilibration for discrete-time Markov chains is proved, based on an abstract
discrete Bakry—Emery method and a path coupling.

1. INTRODUCTION

We investigate finite-volume discretizations for Fokker—Planck equations, which preserve
the exponential decay of the continuous equation with respect to the entropy and Wasser-
stein distance. Exponential equilibration is often proved by means of the Bakry—Emery
method [4]. The computations needed to apply this method use the chain rule, which is not
easily available on the discrete level. Possible approaches, which avoid any discrete chain
rule, are discrete Bochner-type inequalities [11] or nonlinear summation-by-parts formulas
[22]. Recently, Conforti suggested in [14] a new approach that combines the Bakry-Emery
method and coupling arguments as a probabilistic alternative to the discrete Bochner iden-
tities. In this paper, we extend his approach to Markov chains arising from finite-volume
schemes for Fokker—Planck equations. An advantage of this approach is that we can allow
for non-additive potentials, which were needed in, e.g., [25].

1.1. The setting. We are interested in the long-time behavior of finite-volume discretiza-
tions on rectangular grids of the Fokker—Planck equation

(1) du = o*Au + div(uVV)

on the cube D = [~ K, K|? (K > 0) with homogeneous Neumann boundary conditions and
the initial condition u(0,z) = ug(x) for z € D. The diffusion constant ¢ > 0 is positive
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2 A. JUNGEL AND K. SCHUH

and the potential V' = V/(x) is assumed to be smooth and strongly convex (see below).
Equation (1) is the analytic counterpart of the stochastic differential equation (SDE)

d

(2) dX; = —=VV(X,)dt + V202dB, + > ¢;(dL’* —dL’") on D

j=1
with the initial condition X, with law uo, e; are the Euclidean basis vectors, and the local
time L’* is a continuous, nondecreasing process such that L(J)jE = 0, which increases only
when the process (X}):>o is in the half-spaces associated to D, i.e. Li* = fot Lix eaD_i}dLgi,

s J

where 8D]j-E ={z € D: (x F Kej,e;) =0} and (-, ) is the standard inner product on R%.
The existence and uniqueness of a strong solution to (2) holds by [30]. The terms involving
L= ensure that the solution to the SDE is reflected at the boundary dD.

The probability density of the solution to the SDE (2) solves the Fokker-Planck equation
(1), and the corresponding generator to (2) is of the form

(3) Lf(r) =0*Af(z) —VV(z)-Vf(z) for f€ A z€D,
where the domain of L is
(4) A={f e C3R%R):0;f(x) =0 forz € 0D}, j=1,...,d}.

Note that its adjoint £* is given by the right-hand side of (1).

The finite-volume discretization for (1) is defined as follows. Let KCj, be the centers of the
cells of a regular rectangular grid (see Section 2 for details). We study the semi-discretized
equation of (1),

Owu(t,i) = Lyu(t,i) fort >0, 1€ Kp,
where £} is a discretization of £*. As in the continuous case, this operator is the adjoint
of some operator £, of some stochastic process, namely a continuous-time Markov chain
on the state space K, and it can be written as

Lnf(i) =" ci,7)(f(i) — i),
v€G;
where G; is the set of all moves %, to the neighboring states ¢ — i & he; (with the grid
size h > 0) and c(4,7) denotes the rate that a jump happens from i in the direction -,
o {e—w<z’ihe]->—Vh<z’>>/<202> if i & he; € K,

(5) C<i7 j:j) — 792

h% 10 else,

where V" is the mean value of V over the control volume with center 1,
1

— V(i + s)ds.
he /[—h/z,h/zld 6+ 3)

Because of the homogeneous Neumann boundary condition, the rate function for states at
the boundary vanishes for moves going outside of the domain. We discuss the choice (5)
in Remark 2. The Markov chain associated to this scheme has a unique invariant measure
my, on Kp; see Lemma 1.

Vi) =
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1.2. Main results and key ideas. We suppose that
(i) ¢ and ®, defined by ®(a,b) = (¢'(a) — ¢'(b))(a — b) for a,b € R, are convex;
(ii) the potential V is strongly convex in the sense (x —y, VV (z) — VV (y)) > k|z —y|?
for all z,y € R? and some & > 0;

(iii) the Hessian of the potential is strictly diagonally dominant in a sense specified in
(18)—(19) below.

Condition (i) is satisfied for the power-law entropies ¢, (x) = x® with 1 < a < 2 and the
Boltzmann entropy density ¢,(z) = zlogz with o = 1. For this family of functions, the
exponential decay is closely related to convex Sobolev inequalities, namely the modified
logarithmic Sobolev inequality for o = 1, the Poincaré inequality for o = 2, and Beckner-
type inequalities for 1 < a < 2. The convexity of ¢ is natural in this context, while
the convexity of ® is needed in Conforti’s coupling approach; see Theorem 15 below. The
strong convexity of the potential in Condition (ii) is required to conclude exponential decay.
Condition (iii) is satisfied for additive potentials being of the form V(z) = $2¢ i1 Vi(T))

with # = (21,...,24) € R% see Remark 5.
Our main results include the quantitative decay rates for the continuous-time Markov
chain and its discrete-time version (obtained from an explicit Euler scheme) in the relative

¢-entropy
Ho(flmn) = > o(f - ¢( > f(z')mh@'))
i€k, i€k,
and the L' Wasserstein distance W;:
(6) HO(Seflmn) < e " H®(flmy) for f>0, t >0,
(7) Wi (vpe, nps) < Vde ™"W,(v,n) fort >0,

where S; denotes the semigroup of the Markov chain, i.e. 9;(S;f) = L,(S:f), v and 7 are
two probability measures, and (p;):>o is the transition function of the Markov chain. The
constants kg > 0 and x; > 0 depend on the gap of the strictly diagonally dominance for
the Hessian of V' from condition (iii).

The first idea of the proof of inequality (6) is based on the Bakry—Emery method. Indeed,
if the convex Sobolev inequality

(8) kg (flmn) < E(Y(f), f)

holds for all functions f > 0, where £(f, g) is the Dirichlet form associated to Ly, (see (16)),
a formal computation shows that

—7-[¢ Stf\mh Z Qb St at St Z ¢ St ﬁhStf)( ) (2)

i€y, U
= —E(H(Sf), Suf) < —rgHO(Sefma),

and Gronwall’s inequality implies (6). To prove the convex Sobolev inequality (8), Bakry
and Emery [4] have shown that the second derivative d>H?/d¢? is bounded from below by
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the Dirichlet form, which implies (8). However, this task is very delicate in the discrete
setting.

Therefore, the second idea is to use the coupling method of Conforti [14]. Roughly
speaking, the idea is to compare two probability measures v and 7 and to construct a joint
probability spaces with marginals v and 7. Conforti proved (6) for Markov chains with
transition rates (5) but with a different value of k,. We recalculate k, and interpret its
value in the context of finite-volume schemes with strongly convex potentials. In the proof,
we use a synchronous coupling for the contraction rates with maximal probability. When a
synchronous move is not possible, Otherwise, we couple the rates of the neighboring states
such that the states after a jump are identical with maximal probability or are at least
neighboring states.

Inequality (7) is proved by using the path coupling method of [9]. It holds for two
continuous-time Markov chains Y;' and Y;? that

SR Y] = E[LLA0 V)] < —mE(Y, V)
where d is the graph distance, £2 is the operator £;, on the product space Kj, x K, and
k1 > 0 is related to the gap of the strictly diagonally dominance of the Hessian of V. We
apply Gronwall’s inequality, take the minimum over all couplings, and use the fact that
the graph and Euclidean distance are equivalent (with constant v/d) to conclude (7) from
the previous inequality.

If the potential is additive, we obtain exponential contraction in the L? Wasserstein
distance and, in one space dimension, in the LP Wasserstein distance with p > 2 (up to
some numerical error). The contraction rate x, in (6) is of the order of the convexity
constant k.

We prove similar results as (6)—(7) for discrete-time Markov chains associated to an
explicit Euler scheme for the Fokker—Planck equation. Here, the idea is to apply the
discrete Bakry—Emery method of [22], which is based on an estimate between the Fisher
information &(¢'(f), f) and the entropy production —(dH?/dt)(S;f|ms) (which are the
same in the continuous setting). We do not obtain contraction but exponential decay with
a prefactor that depends on the initial datum f.

1.3. Comparison to the literature. Based on the Bakry—Emery approach, ¢-entropy
bounds for solutions to the Fokker—Planck equation are provided in [6] from a probabilistic
viewpoint and in [3] from a PDE viewpoint. For discrete settings, the analysis becomes
more involved because of the lack of a general (nonlinear) chain rule. We are aware of the
following approaches.

Caputo et al. used in [11] a new Bochner-type inequality, which replaces the Bochner
identity of the continuous case, to prove a modified logarithmic Sobolev inequality for cer-
tain continuous-time Markov chains, including zero-range processes and Bernoulli-Laplace
models. The idea to employ such an inequality was first presented in [8]. The Bochner—
Bakry—Emery method was extended by Fathi and Maas in [18] in the context of Ricci
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curvature bounds and in [23] to prove discrete Beckner inequalities, which were also de-
rived in [5] using an iteration method.

Mielke investigated in [26] geodesic convexity properties of nonlocal transportation dis-
tances on probability spaces such that continuous-time Markov chains can be formulated
as gradient flows. It is known that the geodesic convexity property implies exponential
decay [2]. This idea was extended to nonlinear Fokker—Planck equations in [12].

A discrete Bakry—Emery method was suggested in [22]. Unlike in the continuous case,
the discrete entropy production and the Fisher information are distinguished and compared
to each other. The Bakry—Emery method relies on an estimate of the production of the
Fisher information, which requires discrete versions of integrations by parts and suitable
chain rules. The nonlinear integration-by-parts formulas are “translated” to the discrete
case by using the systematic integration-by-parts method of [21]. This method allows for
the treatment of nonlinear equations, but it seems to be restricted to numerical three-point
schemes and hence to one-dimensional equations only.

Conforti established in [14] a new probabilistic approach to prove convex Sobolev in-
equalities of the type (8) and to quantify the exponential decay in terms of the entropy
for continuous-time Markov chains. His approach uses coupling rates to treat the second
time derivative of the entropy, thus avoiding the use of discrete Bochner-type inequalities.
Recently, Petrotti [29] has analyzed how contractive coupling rates can be used to prove
stronger inequalities in the form of curvature lower bounds for Markov chains and geodesic
convexity of entropy functionals.

Maas and Matthes [25] suggested a finite-volume discretization for a nonlinear parabolic
fourth-order equation, which can be written as a gradient flow similarly as the Fokker—
Planck equation (1). The long-time asymptotics was shown for additive potentials by
taking advantage of the factorization of the problem. Cances and Venel [10] studied an
implicit Euler finite-volume approximations of nonlinear Fokker—Planck equations using a
discretization of the flux, which was motivated by probabilistic exclusion processes (and
which have some similarity to our rates (5)). Their approach allows for non-additive poten-
tials, but the long-time asymptotics was not investigated. The finite-volume scheme of [13]
allows for the proof of exponential equilibration, but the decay rate depends on the size of
the domain (because of the use of the Poincaré inequality; also see [19]), while we assume
strong convexity of the potential. A link between finite-volume-type discretizations for the
Fokker—Planck equation in Voronoi meshes and gradient flows with discrete Wasserstein
distances on graphs was established in [1].

In this paper, we use Conforti’s coupling method to quantify the exponential decay
of finite-volume schemes allowing for non-additive potentials and with a decay rate only
depending on the potential and not on the domain size.

This work is organized as follows. In Section 2, the continuous-time Markov chain is
defined and its unique invariant measure is determined. Our main results for continuous-
time and discrete-time Markov chain are presented in Sections 3 and 4, respectively. We
introduce Conforti’s coupling method in Section 5 and prove the main results in Section 6
(for continuous-time Markov chains) and Section 7 (for discrete-time Markov chains).
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2. DEFINITION OF THE CONTINUOUS-TIME MARKOV CHAIN

The state space is defined by D = [-K, K]|¢ for K > 0, d > 1. Let h > 0 be such
that 2K /h € N, and let ey, ..., e; be the Euclidean basis vectors of R, The rectangular
finite-volume mesh is given by a family of control volumes (cubes)

Ni=[iy — h/2,i1 +h/2] X - X [ig — h/2,i4+ h/2]

with center i = (i, ...,1q) € Ky, where i; = (=K +n; +h/2) for n; € {1,...,2K/h}. Let
o > 0 be a diffusion constant and V € C%(R%) be a potential.

To define the continuous-time Markov chain, we recall definition (5) of the transition
rates. The rate c(i, £5) defines the numerical flux from the cell N; to Niip.,. The definition
of ¢(i,+;) implies that the numerical flux at the boundary vanishes. The rates are path-
independent in the sense

9) c(i, £5)c(i £ hej, £4) = (i, £o)c(i £ hey, £;) fori ey, j,0=1,...,d.

This identity means that the rate of jumping first in direction j and then in direction ¢
is the same as moving first in direction ¢ and then j. The discrete generator £; can be
written as

(10) Lof(i) = [eli,+5) (f(i + hey) = (i) + c(i, =) (f(i — he;) = £(0))].

j=1

With these preparations, we can define the continuous-time Markov chain (Y,");>0 on
I, via the discrete generator L. Recall that G; denotes the set of all moves from ¢ to
i+ he; for j=1,...,d, written as +;. Let (Z"),en be a discrete-time Markov chain on Ky,
with initial distribtion v, given by the transition kernel

c(i, )/ T it there exists v € G such that 7 = i,
(11) m(i,7) = Q1= cq, cli,)/T ifi=7,
0 else,

where T = 2max;ex, ZyeGi c(i,7). Let T,, for n € N be independent exponential random

variables with parameter one, which are independent of (Z!),en. Set S, = > 1, Ti/T.
Then the continuous-time Markov chain is defined by
(12) Yth—{Z’g if S, <t < S, for some n € N,
oo else.
The corresponding transition function is denoted by (pt)¢>o.
The discrete Fokker—Planck equation on /Cj, is given by dyu(t,7) = Liu(t, i), where t > 0,
1 € Ky, and the adjoint generator reads as

(13) Lig(i) = (c(i — hej,+;)g(i — hej) + c(i + hej, —;)g(i + hen)

= (i, +)g(i) — c(i, —;)g(i)),

by
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with homogeneous Neumann boundary conditions. We observe that if V' is additive, i.e.
V(i) = Z;l:l Vj(i;) for ¢ € Kj (which allows for a factorization of the invariant mea-
sure), the finite-volume scheme and the generator coincide with the scheme and generator
considered in [25].

The following lemma determines the invariant measure associated to the Markov chain.

Lemma 1. The unique invariant measure my, of the continuous-time-time Markov chain
(Y")i>0 with the transition rates (5) is given by

(14) mp(i) = Z Lexp(=V"(i)/0®) foric K,

with the normalization constant Z =37, . exp(=V"(i)/0?).

Proof. As the state space is finite and the Markov chain is irreducible and aperiodic, there
exists a unique invariant measure my. To show that (14) is that invariant measure, we

verify that >, L f(i)mp(i) = 0 for all positive functions f on Kj,. We use summation
by parts to factor out f(i) and then insert definition (14):

S Laf(i)mai)

1ELH

=y Z c(i, +5) (f(i + he;) — f(@)) + c(i, =) (f(i — he) — f(i))]ma(i)

e, j=1

d

=Y fi)[ei — hej, +5)mn(i — he;) + (i + hej, —;)mn(i + he;)
i€k, j=1
— (i, +5)mn(i) — e(i, —;)m(i)]
d
f s i—hej)/o? : - i)/o?

Z Z %( — hej, +J) Vhlihes)/ Liohejercy — c(i, +j)e e/
ek, j=1

—Vh(ithe;)/o . —Vh@)/o
+ c(i + hej, —j)e Vi (ithe;)/o® 1{Z+heje;ch}—c(2,—j)e vr@)/ 2).

Finally, we insert definition (5) of the rates ¢ and rearrange the terms:

_ hZ i—he. 0.2 _ hi— e 0_2
> "L f (iymali ZZM—Zf ( (V@) -V (i—hey))/(20%) ,~ V" (i—hey)/

1€ 1€y =1

. hif e:)— h’i o — hi e
— o~ (VP(i=he)=V"(i)/(202) .~V (5)/ 2}1{i—hejelch}

+ [e—(Vh(i)—Vh(i+hej))/(202)e—Vh(i+hej)/a2

_ o= (VM(ithe)=VM(i)/(20?) o=V (i) /o

]1{i+h6jElCh}> - O’
since the expressions in the brackets [ - -] vanish. U

We remark that the continuous-time Markov chain (Y,"),cy satisfies the detailed-balance
condition ¢(i,4;)mp (i) = c(i + hej, —j)mp(i + he;) for all i € Ky and j = 1,...,d, which
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implies the reversibility of the continuous-time Markov chain starting with initial measure
mp,.

Remark 2 (Choice of ¢(7,7)). By Definition (14) of the invariant measure, we can write
the discrete generator as
o d :
) o M (i, +j) . .
Lyf(i) = 72y > (T(i)(f(z + he;) — f(i)) +

Jj=1

My (i, —5)

(f( = hey) = £@))).

where My (i, +,) = \/mh(i + he;)my (7).

The mean value M}, (i, £;) corresponds to the geometric mean used in [26, Cor. 5.5] (also see
23, Sec. 4]). Other choices for M (i, £;) can be found in [20, Sec. 3.2] and [13, Sec. 2.1.3].
We observe that the difference of the flows to and from the neighboring cells satisfies
2 h(; s
c(i,+;) — c(i+ he;, —;) = 2% sinh (V (9) ;/UQ(Z il hej)).

This is related to the stochastic jump process in [7, Sec. 1.2] and to the cosh structure
of the dissipation potential of generalized gradient flows from [24]. In [7], the transition
rates of the one-dimensional Markov jump process depend only on the energy decay of the
current state and do not take into account the energy difference between the current and
the next state. Therefore, carrying these transition rates to multiple space dimensions,
the path-independence property (9), which is essential in our analysis, does not hold in
general. U

3. MAIN RESULTS FOR CONTINUOUS-TIME MARKOV CHAINS

We present the main results for continuous-time Markov chains. The proofs will be given
in Appendix A and Section 6.

3.1. Convergence of the Markov chain approximation to the SDE. Let (Y});>0 be
the continuous-time Markov chain solving the martingale problem with operator £; defined
in (10), and let (X});>0 be the solution to the SDE (2), which solves the martingale problem
with operator £ given by (3). A Taylor expansion shows that L£f(i) — L, f(i) = O(h) for
i € Ky, and functions f € A, defined in (4). This estimate is crucial in the proof that the
Markov chain converges in distribution to the solution to (2) as the grid size converges to
zero, h — 0. The following theorem is proved in Appendix A.

Theorem 3 (Convergence to SDE). Let (Y*);>o be the continuous-time Markov chain with
generator Ly, on the grid D N (hZ)? such that the laws of Y converge in distribution to
the measure py as h — 0. Then (Y{")i>o converges in distribution to the solution (X;)i>o
to (2) with initial datum py.

To construct a continuous-time Markov chain that converges to the solution to the SDE
dX; = —VV(X;)dt + v20dB; in the whole space, with (B;);>o being a Brownian motion,
we need to modify the cube D = [—-K, K]¢. In fact, we replace K by K}, for h > 0 such
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that K; — oo as h — 0. Then Theorem 3 holds similarly after adapting the diffusion
approximation of [17, Theorem 7.4.1].

3.2. Exponential decay in ¢-entropy. Consider the Markov chain (Y;);~ on Kj,, char-
acterized by the generator (10). Let ¢ : Ry — R, and f, ¢ : K, — Ry be functions, where

R, :=[0,00). We recall the definition of the ¢-entropy, relative to the invariant measure
mp:
(15) W fima) = 3 607 (@)= o 3 i)

€K 1ELH

We also introduce the Dirichlet form

(16) =) F@)(Lag)(i ZZ c(i, 7)1 f (i) V1 g(i)mn (i),

1ELH ZEICh veG

where we have set V, f(i) = f(vi) — f(i). The last identity follows from the reversibility
of the Markov chain (see, e.g., [15, (2.12)]).

Our aim is to find the optimal constant s, such that the exponential decay (6) in the
¢-entropy holds for all functions f : K;, — R, and ¢ > 0, where S; is the Markovian
semigroup generated by L£;. For continuous-time processes, this problem is known to be
equivalent to find the optimal constant for the convex Sobolev inequality (8). Introduce
the family of functions

a—1D)"zr—a2)—2+1 fl<a<?2,
(17) $a(z) = o= 17X ) .
xlogr —xz+1 if a=1.

Then the convex Sobolev inequality becomes the modified logarithmic Sobolev inequality
for a = 1, the Poincaré inequality for o = 2, and the Beckner inequality for 1 < o < 2.

We need the following assumptions.

(A1) Convexity of entropy: Let the functions ¢ € C*(R,;R,) and ® : (0,00)* — Ry,
defined by ®(a,b) = (¢'(a) — ¢'(b))(a — b), be convex.

(A2) Strong r-convexity: Let V € C'(D;R) be such that there exists £ > 0 such that
(x—y,VV(z)—VV(y)) > klx—y|* for all x,y € D, where (-, -) is the inner product
on R¢.

(A3) It holds that for all 4,7+ he; € K and j =1,...,d,

(18) /'$+(i,j) = C<i7 _'_J') - C(Z + hej? +j) - Z max{c(z' + h’eja 7) - C<i7 7)7 O} >0,
YEG\{+;}
and for all ¢,% — he; € K, and j =1,...,d,
(19) ’i—(ivj) = C(i7 - ) - C( he]7 - ) Z max{c(i - h6j7 7) - C(i, 7)7 0} > 0.

YEG\{=£,}
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Theorem 4 (Exponential decay). Let Assumptions (A1)-(A3) hold. Consider the continuous-
time Markov chain (Y;")i>o on Kj, with transition rates (5), which satisfy (9). Then the
convex Sobolev inequality (8) holds with constant

Ky = 2i,i+hejer%ir,lj:1 ..... d{/ﬁ.,.(@,j), k_(i+ hej, 5)},
and the exponential decay (6) is valid. Moreover, the modified logarithmic Sobolev inequality
holds with k1 = 2k, and the discrete Beckner inequality holds with k. = akg for a € (1,2].

Compared to [25], the coupling approach allows us to show exponential decay in the
¢-entropy for more general (non-additive) potentials. We observe that the constant k4 is
independent of the size of the domain D. Moreover, kg4 scales linearly with the size of the
transition rates. In particular, if we multiply the rates by some constant and change the
rate when a jump occurs, k4 changes by this factor.

In the following, we discuss Assumptions (A1)—(A3). The functions ¢, from (17) and
®(a,b) = (¢, (a) — ¢.(b))(a — b) satisfy Assumption (Al).

Remark 5 (Additive potentials). For additive potentials V(i) = Z;.lzl Vi(i;) (i € Kp) that
satisfy Assumption (A2), also Assumption (A3) is fulfilled. Indeed, for jumps v # %;, a
computation shows that c(i & he;,y) — ¢(i,7) = 0. Then

ki (i, 7) = c(i,+;) — c(i, +hej, +;)

2
= T (e~ (s M=V G50)/(20%) _ o= (Vs 20)=V i)/ 2%
h

o? 1 h W
:ﬁexp<—27‘2/0 8‘/; (Z]+S)d8>
I , .
X {1—exp <—@/0 (V) (i + h+s) —(‘)th(zj—l—s))ds)}.

Assumption (A2) implies for additive potentials that h(9V}(i;4+h+s)—0V]*(i;+s)) > kh®
and hence

o 0_2 1 h . 1 h
K+(Z’])2ﬁeXp(_T;2/o )% (zj—l—s)ds) {1—exp(—ft2/o /ihds)] > 0.

It follows similarly that x_(7,7) > 0, thus verifying Assumption (A3). We observe that
the last expression converges to /2 as h — 0. Thus, the decay rate x, is asymptotically
optimal in this situation. [l

Remark 6 (Strictly diagonally dominance of D?V). Assumption (A3) can be interpreted
as a modified strictly diagonally dominant condition on the Hessian of V. Indeed, let
V € C?*(D;R) and let the Hessian D*V (i) € R%*“ of V be strictly diagonally dominant,
i.e., there exists ¢ > 0 such that for all i € I, and j =1,...,d,

(D*V);(i) = Y |(D*V)(4)| > c.

(#j
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Let 9%; be the discrete derivative on Ky, in direction j, defined by 0%, f (i) = £(f(i+ he;) —
f(@))/h. A Taylor expansion yields
c(i,+¢) — c(i + hej, +¢) = cﬂj(ﬂevh(i) + O(h),
c(i, —¢) — c(i + hej, —¢) = 01,0" V(i) + O(h), etc.
Then k4 (7,7) from Assumption (A3) can be approximated by
k(i ) = 08,00 V(i) =Y (max{d};0%,V"(i),0} + max{-0} 0" V"(i),0}) + O(h),
4
k_(i,j) = 0",0" V"(i) = ) (max{d" 0", V"(i),0} + max{—0",0,V"(i), 0}) + O(h).
i
In the limit A — 0, the discrete second derivatives of V" converge to the Hessian of V.

Thus, if D*V is strictly diagonally dominant, Assumption (A3) is satisfied for sufficiently
small A > 0. O

3.3. Exponential decay in the Wasserstein distance. Let p > 1 and let v, n be two
probability measures on K;, with finite pth moment. The LP Wasserstein distance between
v and 7 with respect to the Euclidean distance is defined by

1/p
(20) Wy(v.n) = inf ( / \x—y\pwdxdw) |
’ChX’Ch

~vel(v,n)

where T'(v, 1) denotes the set of all couplings between v and 7, i.e. the set of all probability
measures on Kp, X K, with marginals v and . We first present results for additive potentials.

Theorem 7 (Convergence in Wasserstein distance). Let the potential V' € C?*(R) be of
additive form, V(i) = Z?Zl Vi(i;) for i € Ky, satisfies Assumption (A2), and has a Lip-
schitz continuous gradient. Furthermore, let v and n be two probability measures on ICp, and
(Y0 be the continuous-time Markov chain with transition function (p;)i>o associated to
the transition rates (5). Then it holds with the constant k > 0 from Assumption (A2) that

Wa(vpe, mpe) < e " Wa(v, ) + O(hY?)  for all t > 0.
Moreover, in one space dimension and for p > 2,

W,(vpe, np) < e "W, (v,m) + O(hl/p) for all t > 0.

The error term O(h'/P) can be avoided by relaxing the contraction rate to x — O(h)
for sufficiently small h > 0. If the potential is not of additive form, we can still conclude
long-time guarantees in the L! Wasserstein distance.

Theorem 8 (Convergence in L' Wasserstein distance). Let the potential satisfy Assump-
tions (A2) and (A3). Furthermore, let v and n be two probability measures on K, and
(Y/")i>0 be the continuous-time Markov chain with transition function (p;)i>o associated to
the transition rates (5). Then it holds that

Wi (vpe, npe) < Vde ™ Wi (v,n)  for allt >0,
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where d s the dimension of the state space and

(21) = ielchr,l}iznl,...,d (K+<i’j) T ’ii(i’j»'

Remark 9 (Discussion of Theorem 8). The contraction rate does not equal £ > 0 from
Assumption (A2) but is generally smaller. This is due to the fact that we use a rectangular
mesh in the approximation. In the case of additive potentials, the value x; is of order k.
The prefactor v/d originates from the change of the Wasserstein distance Wa,1 with respect
to the graph distance to the Euclidean Wasserstein distance W,;. Indeed, we prove first,
using the path coupling method of [9], that

(22) Wai (vpe, npe) < e Waa(v,1m),

where d(z,y) = Z?Zl |z; — y;| for z,y € R? is the graph distance. Our result then follows
from the fact that the graph distance is equivalent to the Euclidean distance, resulting in
the prefactor v/d. O

Remark 10 (Finite-difference scheme). The finite-difference discretization of (1) reads as
Ou(t, i) = Liu(t,i) = o Apu(t, i) + divy(u(t,i)VV (t,4)),
where the discrete Laplacian and divergence are defined by

1
h

7=1

A f(@) =5 Y (fi+hej) = 2f (i) + f(i — hey)),

SIS
=

divy, g(i) = (9;(i + hej) — g;(i — hey))

1

J

for i € K;, and functions f : K, — R and g : K, — R?% The generator of the associated
Markov chain reads as (3), but the jump rates are now given by

h_2(0'2 F h@V(z)/?) if 1 + h€j7i — hej € Ky,
C(i, :l:j> = h72(20'2 F h@V(z)) if i F hej ¢ lCh,
0 it i+ he, & K.

At the boundary 0Ky, the process is reflected, which corresponds at the level of the Fokker—
Planck equation to homogeneous Neumann boundary conditions. To ensure the positivity
of the rates, we need to impose the general assumption

h
2 inf 2 —10; > 0.
( 3) zGD,le'lzl,..A,d (U 2 ’a]V(l‘)‘) =0
We observe that the rates given above are a first-order approximation of the jump rates
(5). As for the finite-volume scheme, we define the continuous-time Markov chain (Y,*);>q
on K, via the discrete generator £;, by (12). Then (Y;);> is non-explosive, irreducible,
and recurrent.



DISCRETIZATION SCHEMES FOR FOKKER-PLANCK EQUATIONS 13

For additive potentials V' (z) = z;i:l Vi(z;), a computation shows that the invariant
measure of (Y;");>o equals

li[ 1 o2 — hoV;(0)/2

ek gei 02 + hoV;(L+ h)/2’
where Z > 0 is a normalization constant. For non-additive potentials and multiple space
dimensions, the structure of the invariant measure becomes more complicated compared
to the finite-volume scheme and we leave details to the reader.

The finite-difference scheme has the drawback that the rates are not commutative for
more than one space dimension in the sense that (9) does not hold. However, assuming
that the potential is additive, it is possible to carry over the results stated for the finite-
volume scheme to the finite-difference discretization (supposing condition (23)). Again, we
leave the details to the reader. [l

4. MAIN RESULTS FOR DISCRETE-TIME MARKOV CHAINS

4.1. Exponential decay in ¢-entropy. We consider a discrete-time Markov chain as
an approximation of the solution to the SDE (2). Instead of exponentially distributed
random times, we choose equidistant time steps, which means that for fixed 7 > 0, the
Fokker—Planck equation is discretized according to the explicit Euler finite-volume scheme

1
—(u(tns1,7) — u(ty, 1)) = Lru(ty,i) fori € Ky, t, =nt, n €N,
-

where £} is defined in (13). The corresponding Markov chain (Z"),cy is defined through
the transition kernel (11). Interpreting = as the matrix with entries (i, k), we have

wf@) =Y w(i, k) f(k).

ke

With the choice of the rescaling factor 7 = 2maxXex, D¢, ¢(é,7), We obtain a lazy
random walk, where we remain at the current position with probability at least 1/2. Fur-
thermore, we introduce the rescaled jump rates

c(i,v)

(24) p(i,y) = T

for v € G,.
and we set 7 := T 1.

In the situation of Lemma 1, the unique invariant measure of the discrete-time Markov
chain (Z"),en with transition kernel (11) is still given by (14). Indeed, the lazyness of the
random walk ensures the aperiodicity of the Markov chain, which yields the uniqueness of
an invariant measure and moreover, it holds for all functions f : K, — R that

(25) S f@mal) = 33 pl ) (riymali) = 3 fiyma(i

1€y iE’Cg yeG 1€
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Unfortunately, we cannot use the convex Sobolev inequality (8) to prove the exponential
decay in the ¢-entropy, since the discrete time derivative of the ¢-entropy does not corre-
spond to the Dirichlet form. We overcome this issue by applying the abstract method of
[22], which distinguishes the entropy production and the Fisher information (which both
equal the Dirichlet form in the continuous case). Interestingly, while the approach of [22]
is based on the implicit Euler scheme, we are able to analyze the explicit Euler scheme.

We introduce for f > 0 the (discrete) entropy production P(f) and Fisher information
F(f), respectively, by

P(f) = = (HO(nflmp) = HO(flmn)),  F(f) = ES (), ).
The following results are proved in Section 7.

Proposition 11. We assume that
(i) There exists Cp > 0 such that 0 < P(x"f) < CpF(n"f) for all f >0 and n € N.
(ii) There exists A > 0 such that F(z" " f) — F(z"f) < —7AF(x"f) for all f >0 and
n € N.

(iii) limy, oo HO (7" f|ms) = 0.

Then for all f >0, n €N, and T < 1/A,
7—[¢(7r"f|mh) S C'fefA"T?[d’(f]mh),

where Cy = CpF(f)/(NH?(f|my)).

We impose a weaker condition compared to [22, Prop. 1], but we obtain a weaker result.
In particular, the prefactor Cy depends on f and may be very large. This prefactor
equals one in [22], thus providing a contraction result, but assuming the lower bound
cpF(m™f) < P(x"f) for some cp > 0. Unfortunately, this bound does not hold in our
situation. It is not surprising that our result is weaker than in [22], since we consider an
explicit scheme, while an implicit scheme is studied in [22].

Using the same coupling approach as for the continuous-time Markov chain, we conclude
the exponential decay for the discrete-time Markov chain.

Theorem 12 (Exponential decay). Let Assumptions (A2) and (A3) hold and let the dis-
crete-time Markov chain with transition matriz (11) be given. Then, for ¢, defined in
(17), there exists CF > 0 such that for f >0, n € N, and 7 < 1/ky,

HO (7" flmn) < CFe"e"THP=(flmy),
where C¥ > 0 is as in Proposition 11 with ¢ replaced by ¢o, and kg is as in Theorem 4.

4.2. Exponential decay in the Wasserstein distance. Analogously to the continuous-
time situation, we obtain contraction in the Wasserstein distance up to some error term.

Theorem 13 (Convergence in Wasserstein distance). Let the potential V € C'(R) be of
additive form, V(i) = Z;lzl Vi(i;) fori € Ky, satisfies Assumption (A2), and has a Lip-
schitz continuous gradient. Furthermore, let v and n be two probability measures on KCp,
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and consider the discrete-time Markov chain with transition matriz (11). Then it holds
with the constant k > 0 from Assumption (A2) that

Wa(vr®™, nr™) < e "™ W,y (v, 1) + O(hY?)  for all n € N.
Moreover, if the potential satisfies additionally Assumption (A3),
(26) Waa (v, ) < e "Wy 1 (v,m)  for alln € N,

and
Wi (v, nm™) < Vde ™" W, (v,n)  for alln € N,
where k1 > 0 is defined in (21).

The theorem is proved in the same way as Theorems 7 and 8.

Remark 14 (Coarse Ricci curvature). If the transition kernel 7 on /Cj, satisfies (26), we say
that the tripel (K, 7, d) has a coarse Ricci curvature at least 17 in the sense of Ollivier
[28]. Furthermore, according to [16], the decay (22) implies that

2H (v|my,) )1/2

K1T(2 — RyT)

Wai(v,myp) < (

where H? (v|my,) denotes the relative entropy between two probability measures, which
equals H? (p|my) with p = dv/dmy, if v is absolutely continuous with respect to my,, and
+oo else. Theorem 4 guarantees the validity of the modified logarithmic Sobolev inequality
with constant k4. Peres and Tetaly have conjectured for Markov chains on discrete spaces,
for which a coarse Ricci curvature in the sense of Ollivier holds, that a modified logarithmic

Sobolev inequality with the same constant up to a constant factor holds; see [16, Conjecture
3.1]. O

5. COUPLING METHOD

We introduce the coupling rates for Markov chains and present sufficient conditions to
conclude the convex Sobolev inequality. These conditions were established by Conforti
[14], and we recall them for the convenience of the reader. More precisely, we define a
coupling of two Markov chains by coupling their rates. Recall that G; is the set of all
possible moves of the Markov chain starting in i € IC;. We set G = G; U {e} for the set
of all moves starting from ¢ and the null element e (no move).

Definition 1 (Coupling rate). Let L; be the generator (10) with transition rates c(i, 7).
Given 1,1 € Ky, we call the function c(i,z,-,-) : Gf X G¥ — R, a coupling rate for (i,7) if
and only if

> eli,ny,7) = cli,y)  for ally € G,

yeGT

> eli,i,7,7) =c(i,7) for ally € G-.

vE€GT
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As in [14], we introduce the nonnegative function

o0, 61) = (£(i), £(50) = (¢'(f(2)) — &'(f(80))) (f (i) — f(57))

for i € Kp, 6 € G;, and f > 0. Furthermore, let S = {(i,0) € K, x G : ¢(i,d) > 0} be the
set of all combinations of states and moves with positive transition rate.

Theorem 15. [14, Prop. 2.1] Let Assumption (A1) hold. Let ¢(i,i,-, ) be coupling rates
and my, be the invariant measure associated to the generator Ly,.

(i) If there exists k' > 0 such that

(3,0)eS
v€GT,7eGT

holds uniformly for f > 0, the convex Sobolev inequality holds with constant k'
(ii) If in addition to (27) there ezists k" > 0 such that

f 81, 0, Si,e, 0 H >k
(Zlg)lesmm{CZ i,0,€),c(i,0i,e,6 ")}

the modified logarithmic Sobolev inequality holds with k1 = k' + 2K".
(iii) If in addition to (27) there exists k" > 0 such that

inf c(z. 1 ) >
(i,0)€S Z (4,04,7,7) = &,
v€G;,7€G;
yi=Y6i
the discrete Beckner inequality holds for 1 < a < 2 with ko, = k' + (o — 1)&"".

The proof of this theorem relies on the following construction of the coupling rates, which
is also used in the proof of Theorem 4. We define for ¢,¢ + he; € K, with j =1,...,n,
(28)

(min{c(i,~), c(i + he;, 7)} ify=5¢€a,
max{c(i + he;,y) — ¢(i,%),0}  ify=+4;,7€ G, 7 # +j, —j,

(i + hej, 7, 7) = max{—c(i + he;,v) +c(i,7),0} fye G, v#+,,—;7=—j

/iJr(iu.j) 1f’y:+]7f7:€7
k(i + hej, j) ify=e 3=—j,
0 else,

\

recalling definitions (18) and (19) of k4 (4, j). Assumption (A3) guarantees that k4(7,j) >
0. The coupling ensures that the new states i and (i + he;) are at most neighboring
states on the grid and that they are coupled with maximal probability, i.e. yi = J(i + he;)
with rate x4 (4,7) + £_(4, 7). Analogously, we define

c(i,i — hej,v,75) = c(i — hej, (i — he;) + hej,7,7v) fori,i—he; € Ky, j=1,...,d.
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We remark that if the potential has an additive structure, i.e. V(i) = Z;l:le(ij),
coupling (28) simplifies to

min{c(4,v), c(i + he;,5)} ify=7€G,
c(i,+;) —c(i + hej,+;) ify=+;,,7=e¢,
c(i+ he;,—;) —c(i,—;) ify=ey=—
0 else.

c(i,i+ hej,v,7) =

6. PROOFS FOR CONTINUOUS-TIME MARKOV CHAINS

6.1. Exponential decay in ¢-entropy. In this subsection, we prove Theorem 4. It is
sufficient to verify the conditions of Theorem 15. The most delicate condition is the first
one, whose validity is proved in the following lemma.

Lemma 16 (Condition (i)). Let Assumptions (A2) and (A3) hold and let f > 0. Then,
for kg as given in Theorem 4, the following inequality holds:

(29)
> eli,0)e(i, 1,7, 7) (2 (vi, 361) — (6, 00))ma(i) < —kg > i, 6) (i, 6i)my (i)
(i,0)eS (4,0)eS

V€GT,7EGE,
Recall that S is the set of pairs (7,d) € K, x G with positive transition rate c(i,§) > 0.

Proof. Inequality (29) is proved in [14] for a slightly different model, obtaining another
value of k4. We adapt the proof to the present situation. The idea is to split the left-hand
side of (29) into two parts and to reformulate both parts separately:

(30) > i, )i, 6,7, 7) (f2(vi, 701) — f2(i, 6))ymn(i) = T — J,  where
(3,0)€S
V€GT,yEGY,
=Y (i, 8)e(i,di,,7) f(vi, 70i)ma (i),
(i,0)eS

v€GT,¥eGT,

J = Z c(i,0)c(i, 0i,y, ) £ (i, 61 )mu(3).
(i,0)es
YEGT, 7EGs;

To simplify the notation, we write Vsc(i,v) = ¢(di,v) — ¢(i,7) in the following.
Step 1: Reformulation of J. We insert the coupling rates (28) into the expression for J
and observe that we have always two possibilities to move (£; and £,). This leads to

J:' > i) AT ) O+ heg)mn(i)

+ > eli,—)A (6, §) (i, — he;)my(i), where
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d
Z min{c(i, +¢), c(i £ hej, +¢)} + min{c(i, —), c(i £ hej, —)})
=1

+ Z (max{vijc(i, ++¢), 0} +max{Vy;c(i, —, O)})

+ Z (max{—Vijc(i,—l—g),O}+max{—vij0(i,_£)ao})

+ R:I:(iuj) + ,i:F(Z. + he]v])
We insert into A* (i, j) definition (18) for k4, namely
ki (i, j) = c(i,+;) — c(i + hej, +;)
d
- Z (max{V_;c(i,+¢),0} + max{V_;c(i, —),0}),
(=10
k—(i + hej, j) = c(i + hej, —;) — c(i, —;)
d
_ Z (max{—V;c(i, 4¢), 0} + max{—V_;c(i, —),0}),
(=10
which cancels the terms in A™ (7, j) involving the maximum, and use the identity min{a, b} =
a — max{a — b,0} for a,b € R to find that
d
A*(i,5) =) (min(c(i, +o), c(i + hej, +¢)) + min(c(i, —¢), c(i + hej, —¢)))
=1

c(i, +5) = cli + hej, +5) = (i, =) + (i + hej, =)

+(\

M=

(c(i, 4+¢) — max{0, —=Vy;c(i, +¢)} + c(i, =) — max{0, =V ;c(i, —)})

1
c(i,+;) — c(i+ he;, +;) — c(i,—;) + c(i + hej, —)

+ 7

M=

(c(i,+¢) + c(i, =) + k_(i + hej, 7).

~
Il

1

Proceeding in a similar way, we obtain

Q

d
Ai(zaj) = Z (C(ia +€) + C(ia _Z>) + K'Jr(i - hejaj)'
/=1
This shows that

J= > cli,+;) ( > (eli,+0) + (i, =) + m-(i + hej,j)) fo(i,0 + hej)my (i)

i€Kp, j=1,...,d =1
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+ Z c(i, —j)<z (c(i,4e) + (i, —¢)) + 4 (i — hej,j))f¢(i,i — he;)mp(i).

(=1

Step 2: Reformulation of I. Setting B g5 = c(i,0)c(i, 6i,7,7) f*(vi, 70i)my (i), we
write

I'= Y Busys=h+L+Is+1, where

(4,0)eS
¥,7€G"

Z Z (4, +5,+0,+0) +B(l+]—é - T B, J+z+z)+B(—'—e e))
’LG’ChdZ 1,0#7

d
Z Z (B(i7+j,+j7+£)  Blivtj4d—0) T Blivtjhe—5) + B(iv"‘jv_b—j))’
iG/ChdZZLZ;éj

d
Z Z (’iv*jy‘i’éfl’j) _|— B(L*jvffy‘i’j) _I— B(i77j77j7+l) _I— B(irfjvfjrfl)) :
zEICh 0=1,0#]

The term I is reformulated by inserting the coupling rates and performing the shift i —
== hej:

d
Z Z [(C(l — hey, +;) min{c(i — heg, +¢), c(i + he; — heg, +¢) }mp (i — hey)
zEICh 0=1,0#]

+ c(i + heg, +;) min{c(i + heg, —¢), c(i + he; + heg, —) ymy (i + heg)> FO(i, i+ hey)

+ ( (i — heg, —;) min{c(i — heg, +¢), c(i — hej — heg, +¢) }my (i — hey)

+ ¢(i + heg, —;) min{c(i + heg, —¢), c(i — hej + heg, —¢) (i + heg)>f¢(i,i - hej)] :
Assumption (A3) implies that ¢(i,%;) > c(i £ he;, £;). Hence,

min{c(i — hej, +;), c(i, +;)} = c(i, +5),

min{c(i + he;, —;), c(i + 2he;j, —;)} = c(i + hej, —;),
}
}

o(
min{c(i — hej, +;), c(i — 2hej, +;)} = c(i — he;, +;),
min{c(i + hej> _j>7 ( j) (Z’ )

c
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Then, inserting the coupling rates into Is, we find that

I, = Z [(c(z — hej, +;) min{c(i — he;j, +;), c(i, +;) }mn(i — he;)

+ c(i + hej, +;) min{c(i + he;, —;), c(i + 2he;, —;) ymn (i + hej)>f¢(i, i + he;)
+ <c(i — hej, —;) min{c(i — hej, +;), ¢(i — 2he;, +;) ymu(i — he;)
el hej, ) min{e(i + hey, =), (i, —5) bma(i + hey)) (0,0 = he)]
= ) [(c(i — hej, 45)c(i, +;)mp(i — he;) 4 c(i + hej, +;)c(i + hej, —;)ymp(i + hej)>

€KXy
Jj=1,....d

x f(i, i+ hej)
+ <c(z — hej, —;)c(i — he;, +;)myp(i — hej) + c(i + hej, —;)c(i, —;)mp (i + he]))
% foi,i — hej)}

= 7 [(eli = hej)elis +)mali = heg) + el +5)eli + hej, —5)mali + he;))

(
n <c(i,—j) (i — hej, +;)mn(i — he;) + c(i + hej, —;)e(i, — )mh(z—l—hej))
x f®(i,i — hej)

= Vi, +5)e(i, =) ma (@) fO(i,i — hej) = Vi, —5)ei, +5)ma (i) f2 (0,0 + hej)] ,

where in the last step, we split the second and third terms and performed the shifts
i+ 1 — he; and 7 — 1 + he; to these terms, respectively. Similarly, we insert the coupling
rates, perform the shifts ¢ — 7 + he;, and exchange the variables j and ¢, leading to

Z Z ( c(i — heg, +¢) max{—V _,c(i, +;),0}mu(i — he)) f*(i,i + he;)
€L, 4=1

j=1,....d t#j

+ c(i — heg, +¢) max{—V_,c(i, —;),0}my,(i — he,) f*(i,i — he;)

+ C(i, +5) maX{_VJrzc(ia +j)7 O}mh(i)fd)(i’ i+ hej)

(i, +e) max{ =V 4 eli, =), 0bmi (0) f(i, = hey) ).

> Z( (i, —) max{—V_,c(i, +,), V(i) f* (3,7 + he;)
ZE’Ch (=1
..... d #£j
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+ (i, =) max{—V_,c(i, =), 0ymp (i) f(i, i — he;)
+ c(i + heg, —¢) max{—V_,c(i,+;), 0ymu(i + heo) f2(i, i + he;)
+ (i + heg, —) max{—V,c(i, — ), 0ymn (i + heg) f*(i,i — hej>).

We collect first all terms with factor f¢(i,i+he;) appearing in Iy, I3, and I, and reformulate
them by observing that, by (9), we have

(i, +;) max{—V;c(i, £¢),0} = (7, £¢) max{—Vec(i, +;),0}.
This yields
d
(32) Z Z <c(@ — hey, +;) min{c(i — heg, +¢), c(i + he; — heg, +¢) }mp (i — hey)

€L, £=1
j=1,....d {#j

c(i + heg, +;) min{c(i + heg, —¢), c(i + hej + hes, —¢) ymp (i + hey)
c(i — heg, +¢) max{—V_,c(i,+;),0}m(i — hey)

c(i+ heg, —¢) max{ V,ci,+5), O}mh(z + hey)

X f¢(l 1+ h@j)

Z Z ( c(i, +;)c(i — heg, +o)mp(i — heg) + c(i + hes, —¢)c(i, +;)mn(i + hey)

€L, f=1
j=1,....d t#j

i) max{— V(i ), Jma (i) + (i, +;) max{ V., e(i. ), 0ymy (i)

X f2(i,i+ hej).
Similarly, by collecting the terms with factor f®(i,i — he;) in Iy, I, and Iy, we arrive at
(33) Z Z ( c(i — heg, +0)mp (i — heg) + c(i + heg, —¢)c(i, —j)mp(i + hey)

’LEICh =1
..... d ¢F#j

+ c(i, —;) max{—=V__c(i, +¢), 0}my (i) + c(i, —;) max{ -V _, (i, —g),()}mh(i))
x f®(i,i — hej)).

We insert I and (32)—(33) into I, giving

I = Z (c(i,+5) (i, i+ hey)ET +c(i,—;) f?(i,i — he;)E), where
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d
Z [c(i — heg, +o)mp(i — heg) + c(i + heg, —)m(i + hey))
(=1,0#]
+ c(i — hej, +j)mp(i — hej) + c(i + hej, —;))mp(i + hej) — Vi c(i, F5)mp (i)
d
+ Z [ max{—V4,c(i, +¢),0} + max{—Vy,c(i, =), 0} mp(i).
(=10

We combine the sum over £ # j and the second and third terms in E* to obtain

EY =" [e(i — heg, +¢)mu(i — heg) + (i + heg, —g)m(i + heq)] — Vje(i, —;)ma(i)

d

- Z [ max{—V_ c(i,+¢),0} + max{—V_,c(i, =), 0} mu (i)
0=1,04]
= (cli,+0) + c(i, =) = £_(i + hej, ),

(=1

where the last step follows from definition (18) of s, and the identity

MQ“

c(i — heg, +o)mp(i — hey) + c(i + heg, —)my (i + hey))
z=1

M:“

c(i,4¢) + c(i, —¢))mp(i) for i € KCy,
e:1

which is similarly shown as in the proof of Lemma 1. A similar computation is done for
E~, resulting eventually in

Bt — Z (c(i,+¢) + (i, =) — k(i £ hej, j).

This shows that

d
(34) I= Z {c(i,+j)f¢(i,i+hej)(2( (i, +¢) + c(i, —0)) —m_(i+hej,j)>
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Step 3: End of the proof. We compute the difference I — J by inserting the expressions
derived in Steps 1 and 2 and observing that the terms involving c(i, 44) cancel out:

I—J= > cli,+;)f°(i i+ he;)(—2k_(i + hej, j))mp(i)

1€y
j=1,....d
+ Z C(i, _j)f(b(i»i - hej)(_z'%-i-(i - hej’j))mh(i)
]iellfﬁ,d
< =2k Y (i, 8) (i, 6i)m (i),

where k¢ = Ming;ihe,ex,, j=1,..a{k- (@ + hej, ), 64, j)} and we have used that f¢(i,i +
hej) > 0. Note that the terms involving x_(i+he;, j) for i+he; ¢ K), and k(i — he;, j) for
i—he; ¢ Ky, vanish since the rates c(i, +;) for i+he; ¢ Kp, and c(i, —;) for i — he; ¢ ICy, are
zero. Inserting this inequality into (30) and dividing the resulting estimate by two finishes
the proof. O

Lemma 17 (Conditions (ii) and (iii)). Let Assumptions (A2)-(AS3) hold. Then conditions
(i) and (iii) of Theorem 15 are satisfied with 2" = K" = Kg.

Proof. By definition (28) of the coupling rates, we have
inf min{c(i,d,d,e),c(i,di,e, 6 1)}

(i,0)es
= _inf  min{e(i,i +hej,+5,€) e(i,i + heje, —;))
ZEK}Lv]:L...,d
i+h€j€]Ch
= inf  min{ky(i,5), k(i + he; )}_@
_iEICh,j=1,...,d +(J), k- i J)s = 5
i+h€j€K:h
: D . o .
(i,{%ﬁs Z c(i,01,7,7) iEICh,lJ'Ilzfl,...,d;(H+(Z’j)+R_(ij))_F%’
YEGT,YEG; U
Yi=5d%
since (1, 5) > rg/2. .

Theorem 4 now follows directly from Theorem 15.

6.2. Exponential decay in Wasserstein distance. We prove Theorems 7 and 8.

Step 1: Decay in the L*> Wasserstein distance. Because of the infimum property of the
L? Wasserstein distance, it is sufficient to find a coupling of two copies (V;!);>0 and (Y;?)s0
of the Markov chain (with initial data v and 7, respectively) such that

d
TRV = Y2P) < —wE(]Y;" = Y71°) + O(h),

since by Gronwall’s inequality and the property W (vpy, np:)? < E(|Y;! — Y2|?), the conclu-
sion follows after taking the infimum over all couplings of v and n and taking the square
root.
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Consider the transition rates (5). We construct a coupling of two copies of the transition
kernel by coupling the transition rates in the following way. For i,k € I, and v,%5 € G,
we set
min{c(z, ), c(k,7)} ifty=%¢€aG,
max{c(i,y) — c(k,7),0} ifyeG, y=e,
min{c(i,y) — c(k,7),0} ify€G, v=e,

0 else.

(35) c(i, k,7,7) =

By definition (28), this defines indeed a coupling. We denote the generator for the corre-
sponding Markov chain on Kj, x Kj, by £3. We infer from the definition of the coupling
that

v, ¥EG*
= Z [max{c(iﬁ) - C(kaf}/)vo}(hﬂb - k|2 - |Z - k‘Q)
yeG
+ HlaX{C(/{I,’y) o C(i>7>7 0}(’Z o 7k|2 T |Z - k|2)} :
As G consists of the moves £; with j =1,...,d, this sum becomes
d
(36)  Lpli— k> = [CT(|i + he; — k> = |i — k[*) + C (|i — he; — k[ — |i — k[*)],
j=1

where C* = max{c(i, ;) — c(k, £;),0} + max{c(k, F;) — (i, F;),0}.

Since we have assumed that the potential is additive, V(i) = E;lzl V;i(i;), we have V(i +
he;) — V(i) = V(i; + h) — V!(i;). Then it follows from definition (5) of c(i, ;) that

J J

0.2
(VI (ij+h) =V} (i})) /(202)

C(ivfy) - C<k‘77) - m(ei

o? T
:ﬁeXp(_TcQ/O A% (Zj—l—s)ds)
1 rh
X [1 — exp ( — 27‘2/0 (8‘/}h(kj +5) — (‘9th(ij + s))ds)},

where 8th denotes the derivative of the scalar function th, interpreted as a function
defined on D. This gives

0.2

0" = Zomax Lo (= V0 0 - V16 )

X {1 —exp < — % /Oh (V) (k; + s) — OV]'(i; + s))ds)},O}

N Z_jmax { exp ( e (Vi = ) V;-’l(m))

A TR AICS)
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« [exp (%‘2 /Oh OV (k; — 5) — OV G, —s))ds) _ 1},0}.

Since max{a,0} = alyy>0}, we may remove the maximum by introducing the factor 1,51
Then we deduce from Assumption (A2) that

OV (kj+ s) — OV (i + s) > k(k; —i;)  on {k; > i},
and hence,

K

o? 1 . . h .
ot 2 Trewp (= 5oy + 1)~ Vi) ) 1= e (= 2505 =) 10,00
2
U

+ ewp (= eV =0 =V ) [ e (3ot =) = 1] L

By assumption, VV is Lipschitz continuous, and so is 81/;". Then the Taylor expansions
1 —exp(—x) =z + O(2?) and exp(x) — 1 = x + O(z?) show that

hk , , 1 .
CJF 2 ﬁ (—(k — Zj) — O(hQ(k] — Zj)2>> 1{kj>ij} = E(H — O(h))(k] — Zj)l{kj>ij}-

A similar computation leads to C~ > h™'(k — O(h))(i; — k;)1{s,<i;;. We insert these
estimations into (36) and use |i + he; — k|* — |i — k|*> = —2h|i; — k;| + h? (which is negative
for sufficiently small A > 0):

L2i — k> < Z ks — a5 (Mg >i,y + Liny<iy) (=203 — Ky + R)

= —2k|i — /{:]2 + O(h).
We infer for the two copies (Y;!) and (Y;?) of the Markov chain that

d
—E(Y) = Y7?) = E(LR]Y; = YP") < —26E(|Y) - Y7) + O(h),

and the result follows after an application of Gronwall’s lemma, as detailed above.
Step 2: Decay in the LP Wasserstein distance. Let 1 < p < oo with p # 2. The proof is
similar as in Step 1, but we need the condition d = 1. Using the coupling (35), we obtain

Lili — k[P = (c(i,k,+,e) +c(i,k,e, =) (i + h — k[P — |i — k|?)
+ (c(i, ke, +) +c(i,k,—,e)) (i — h — k[P — |i — k).
The assumption d = 1 enters in the estimate
lith—Ek|P —|i — k[P = +p(i — k)P h 4+ O(h?),
which generally does not hold for d > 1. Then, after a similar computation as in Step 1,
L2]i — K| < —prli — kP + O(h),

and we conclude with Gronwall’s inequality. This finishes the proof of Theorem 7.
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Step 3: Decay in the L' Wasserstein distance. We turn to the proof of Theorem 8.
Consider the graph distance d(i, k) = Z;l:l li; — k;| for i,k € KCp. With respect to this
distance, the set K, forms a geodesic graph in the sense that for every i,k € Kp,, there
exists a path ¢ = i(® i) i = k such that d(i, k) = Y. d(i®,i%Y). We remark
that an edge between i) and i+ exists in the graph if there exists ¥ € G such that
7 = i+ (and vice versa, there exists ¥ € G such that 7i(‘*1) = (),

By the path coupling method of [9], it is sufficient for obtaining contraction in Wasser-
stein distance with respect to the distance d to prove contraction with respect to the dis-
tance d for every neighbouring states (i, k). Indeed, let (i, k) be two neighbouring states,
i.e., there exists v € G such that vi = k (and vice versa, there exists 7 € G such that
¥k =1i). Note that d(i, k) = h. Without loss of generality, we can assume that i, k € K, is
such that k =i + he; for some j € {1,...,d}. Recalling the coupling rates (28), it holds
for the corresponding generator £ on the product space that

Lid(ik) =" c(i, kv, 3)(d(vi, k) — (i, k))

v, 7€G
= k4 (i,7)(d(i + hej, k) — d(i, k) + c_(k,5)(d(i, k — he;) — d(i, k))
= — (ks (i, J) + k_(i + hej, §))d(i, k) < —r1d(i, k),
where k1 = maxj_1 .4 iithe ek, (K4 (4, 7) +K_(i+he;, 7). It follows from the path coupling

method that for two continuous-time Markov chains driven by the transition rates c given
in (28),
d

TEAY Y] < —mE[A(Y, V)],

and hence by Gronwall’s inequality,
War(vpe, npe) < e ™ E[d(Yy, Y7,

where Wy 1 denotes the L' Wasserstein distance with respect to the graph distance d. We
take the infimum over all couplings v and n:

Wai(vps,npe) < e " Wq1(v,n).

We deduce from the equivalence of the distance d and the Euclidean distance, |z — y| <
d(z,y) < Vd|z - y|, that

Wi (vpe, npe) < \/ge_mtwl(% n),

which concludes the proof.

7. PROOFS FOR DISCRETE-TIME MARKOV CHAINS

7.1. Exponential decay in ¢-entropy. We present first the proof of Proposition 11 and
then of Theorem 12. We consider a discrete-time Markov chain with transition kernel 7
(see (11)), transition rates p(i,7) (see (24)), and the corresponding invariant measure my,
(see Lemma 1).
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Step 1: Proof of Proposition 11. We show Proposition 11 by following the lines of the
proof of [22, Prop. 1]. It follows from assumptions (i) and (ii) that
F(@"f) = F(x"f) < =7AF (7" f) < —7ACp P(x" f)
= MO (HO(n" ! flmy) — HO (7" flma)).
Iterating this argument leads for £ > n to
(37) F(ahf) = F(m"f) < XCp' (KO (" flmy) — HO (7" flm)).
We infer from (ii) that F (7" f) < (1—7\)"F(f) and thus limy_, F(7* f) = 0. We perform
the limit & — oo in (37), using (iii):
F(m"f) > ACp " HO (7" flmy,).
Then the result follows from
HO (" flmp) < ATICpF(a" f) < ATICp(1 = 7A)"F(f)

Step 2: Proof of Theorem 12. We need to verify conditions (i)—(iii) of Proposition 11.
First, we compute

e THE(flmy).

TP(f) = H¢(f|mh) - H¢(Wf‘mh)

= 3" 6(F@)mali) - ¢( > f <i>mh<i>)

€Ky, €KXy
S o f (i) mnli) ¢>( 5 wf(z')mh@)
€Ky, i€y
T (mf(0)))mni),
1€

where the last step follows from the invariance property (25). Jensen’s inequality (recall
that ¢ is convex) implies that

> (A1) = wo(£(0))ma(i) = D ((f(0) — ¢(f(0)))mn(i) = 0.
i€y, 1ELH
To prove that P(f) < CpF(f) for some Cp > 0, we use the definition of ¢, for all z,y > 0,

o) — _ ) a@el(@) —ydl(y) - 5@ —y) ifl<a<?,
9 Pult) = 0ul) {(ﬂfcb;(x)—y(b;(y))—(:r—y) if = 1.

We deduce from the definition of the Dirichlet form and the invariance property (25) that,
for functions f > 0,

F( = 5 5 ( S 0i) = F0) @00 = @) )i

€L, “~eG
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- <Zp(i,v)(2f(i)¢’a(f(i)) = FOL0D) = £ 1)) )i

€L, NveG

> 3 (FOAL0) = ZHOARI) = FF ) i

1ELH

where we used Jensen’s inequality for the concave function ¢/, in the last step. We use
definition (38) of ¢, and invariance property (25) again to find that

TP(f) = (¢alf(D) — pa(mf(i)))ma (i)

iG’Ch

=— Z — 1 f (@) f (i) mn(i).

lG/Ch
This shows that

F(f) - TP 2 5

5 2 (F@) = mf (@) (¢u(£(0) — S (mf(0)))ma(i) > 0,

1€
since (a — b)(¢L,(a) — ¢, (b)) > 0 for all a,b > 0 by the convexity of ¢,. This verifies
condition (i) with constant Cp = 2/(ar).
To show condition (ii), we consider the same coupling (28) as for the continuous-time
Markov chains, except that the rates ¢ are replaced by the transition rates (24). In partic-
ular, the resulting coupling rates p(i,z, -, -) satisfy

S plny ) =Y piy) =Y p@EF) =1 forizek.
veG; 7eGT veGy FEGE
We deduce from Lemma 16 that
1 . e e e .
Faf)=F(f)=5 D pli.0)p(i,8i7,7)(f* (vi,360) = £ (i,50))mai)

(3,0)eS
veGr,7eGy

S O 0,0 % (6,50mu(i) = ~Z2F(f),

(3,0)eS

We infer that condition (ii) holds with 7 = 7.

Finally, we verify condition (iii). We recall that since the Markov chain (Z"),>¢ is time-
homogeneous, aperiodic, irreducible and defined on a finite state space, its laws converge
to the unique invariant measure [27, Theorem 1.8.3|, and it holds that 7" f(i) — M :=
> ke, f(B)mu(k) as n — oo for all f >0 and i € K. Therefore, since 3, ma(i) = 1,

He ) = 32 6ue @) — 0 3 7m0

€L ey

= Y Ga(M)my(i) - %( > Mmh(z')> =0

€KXy, 1ELH
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Hence, we can apply Proposition 11 to conclude that
HO (w" flmy) < Cre” " HO(flmy,),
which finishes the proof.

APPENDIX A. CONVERGENCE OF THE MARKOV CHAIN TO THE SDE

We prove Theorem 3. The proof relies on the diffusion approximation of [17, Theorem
7.4.1], and it is rather standard. We present it for completeness. For n € N, let h = 27"¢,
where ¢ > 0 is such that 2K/h € N holds. We write (¥;") instead of (Y}*), £, instead of
Ly, K, instead of Ky, and V" instead of V". For each f € A with A defined in (4), we
introduce the process

t
By(0) = 109 + [ Ll
0
and we define for f, g € A the process

t
A3, 0 = [ S0 (Y2 - SO (96Y7) - o)) ds
0 veG
We notice that (A% ) is symmetric in the sense A} = A} . and that A% ((t) — A% ((s) is
positive for t > s > 0. We set F' = o(Y]", B}(s), A} ,(s) : s < t). The process (Y;")i>0
does not explode, since it is restricted to KC,. Then M7 (t) := f(Y") — B}(t) is an F'-
martingale and MM — A% = is an F/-martingale, since, using Definition (10) of £,, and
denoting by (-, -); the angle-bracket processs,

(My, M), :/0 (La(fOYg(Y) = FO)La(g(V)) — g(V)La(f(Y)))ds

-/ (ch,v) (FOY)g(Yr) — F(YMg(v™)

veG
— FO)D eV ) (9 — g(Y)
veG
v S Y ) (FY) f(Ys”)))ds
yeG
= [ SO — YD) a0V - 907) = A7, 1)
0 veG

Observe that the integrand of (M7, M), corresponds, up to the factor 1/2, to the Carré-du-
Champ operator associated to the generator £;,. Since each jump has the height h = 27"¢,
we have
lim E|sup|Y;" — Y;’i|2] < lim E[272"¢?] = 0.
n—oo

n—o0 |: t<T
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The processes (B}) and (A} ) are continuous in time, which implies for all T > 0 and

f,g € A that
lim | [ sup [B}(t) — B} (t—)| } = lim E[supm (t) — A;;g(t—)ﬂ — 0.

n—00 |: t<T n—r00 t<T

This shows that the processes M} are uniformly integrable and that the limit is a time-

continuous process.
Next, we claim that

t
Bit)~ [ (@Af07) =~ TV2) - VH0)s - 10| 2 <) <o

0

To this end, we introduce the differences

0f f(x) =n(f(x+n""ey) — f(x), 05 f(z) =n(f(z) — flx —n""e;)).
Then, by adding and subtracting some terms involving 0,V (Y*) := (0V/0xz;)(Y]),

By = [ (@ A507) = VY () D07 s = F07)

n—oo t<T

(39) lim P(sup

‘ / V7)) — (PAF(Y) — VV(V?) - VA(Y™)]ds
<It+ I +J+J +J°

where, inserting the definition of £, and c(i, +,),

[5 (oo (=) o (- 2520
x (FOY£nley) = F(Y))ds
[l (52588 (-2
x (f(Y £n7rey) — F(YT))ds

[ =govom)uos vty som

j=1

+ (a2n2 + gajV(Y:)) (fOY7 —nley) - f(i@”))}

—an

i:02n

JO =

LYV VAT 02Af(32")}d8

The terms I* and J* converge in expectation to zero as n — oo, since D is bounded
domain, V has a Lipschitz continuous gradient, and f € A is smooth. We claim that the
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expectation of JY also converges to zero. Indeed, let the discrete Laplacian and gradient
be given by

d
nQZ (i+nte;) —2f(@) + f(i —n'ey)),
Jj=1

nf( ) (f(l—l—n 1 j)_f(i—n_lej))jzl, 1€ Ky,
This gives

JV < o?

/ (ALY — AF(Y))ds

— 0.

+| V) - (Vaf (YD) — VE(Y))ds

It follows from (39) and the Markov inequality that

Bio) -~ [ (0" 502) = TV VY s - 107 2

lim P ( sup
n—oo t<T

1
< - lim (Y + 1M+ JM+ M+ %) =0

£ n—oo

Similarly, we estimate A} :

45,0 -20° [ V07 Vol as
I

o (g (V02 = 7)) = V7 (02) )05 V2007 (7))

:0‘2

M&

202

oxp (= 5 (V07 ey < V) )0 SO o)

1

<.
Il

_avi(Ym. ngn)}ds

<LT+L +1I°

where
; d
Lf=o [ Y {eXp(ZF%(V”(YS”j:n ) vn(yn))) 1}
(R o
x 07 F(Y)07g(Y]")ds|,
1 = o) [ (07 1007 a(v7) + 0] SO0 9(V2) =25 F07) - V(7)) ds
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Similarly as above, the expected values of L* and L° converge to zero as n — oo and an
application of Markov’s inequality shows that
> 6]

Summarizing the previous results and taking into account [17, Theorem 7.4.1], we con-
clude that the sequence of processes (M7 ),en and also (Bf),en are relatively compact in

lim P [ sup
n—oo tST

t
AT (1) — 20 / V(YT) - Vg(Y7)ds

1
<= lim E[LT+ L +L°] =0.

E nN—oo

the space of cadlag functions f : RL — D, i.e. of right-continuous functions for which the
left limit exists. Hence, (f(Y}"))i>0 is relatively compact for all f € A. Then, for given
[ € A, there exists a subsequence (ny)gen such that f(Y;"*);>o converges to some limit
(X )izo.
Set f;(xz) = sin(mz;/(2K)) for j = 1,...,d; then f; € A. There exists a subsequence
nl . . . nl
(n})ken of (nk)ren such that fi(Y;"™) converges to a limit X/'. Since ¥, € [-K, K]

1

is bounded for ¢t > 0 and f;'(y) = (2K/m)sin"'(y) for y € [—1,1], the processes Y,k

converges to the limit X! o= fr 1(th "). Repeating this argument for the subsequence
(n{jl) of (n},) for j =1,...,d — 1, we infer that there exists a subsequence (7y)gen such

that for j =1,...,d,
fi(Y]™) converges to thj, Y™ converges to X; 1= fj’l(thj).

Clearly, (M?’“)k, (B?’“)k, and f(Y;™)}, are relatively compact for f € A. Asin [17, Theorem
7.4.1], (M*)y, is uniformly integrable for f € A. Consequently,

My(t) = F(X) — F(Xo) / (PAF(R.) — VV(X.) - VA(X.)ds

is a martingale. Now, if (X});>0 is a solution to the martingale problem for £ with initial
distribution g, the uniqueness of this martingale problem implies that (Y;");>o converges
in distribution to (X¢):>o, finishing the proof.
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