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Dimensional contraction via Markov transportation distance

Francois Bolley! Ivan Gentil' and Arnaud Guillin?

April 23, 2014

Abstract

It is now well known that curvature conditions a la Bakry—Emery are equivalent to con-
traction properties of the heat semigroup with respect to the classical quadratic Wasserstein
distance. However, this curvature condition may include a dimensional correction which up
to now had not induced any strenghtening of this contraction. We first consider the simplest
example of the Euclidean heat semigroup, and prove that indeed it is so. To consider the case
of a general Markov semigroup, we introduce a new distance between probability measures,
based on the semigroup, and adapted to it. We prove, in the setting of a compact Riemannian
manifold, that this Markov transportation distance satisfies the same properties as the Wasser-
stein distance does in the specific case of the Fuclidean heat semigroup, namely dimensional
contraction properties and Evolution Variational Inequalities.

Key words: Diffusion equations, Wasserstein distance, Markov semigroups, Curvature-dimension
bounds.

1 Introduction

Contraction properties of (Markov) semigroups are an important probabilistic and analytic tool:
for instance they enable to study the existence of invariant probability measures, or the stability
and long time behaviour of solutions to various linear (Fokker-Planck, kinetic Fokker-Planck, ...)
or non linear (McKean-Vlasov, porous medium, Boltzmann, ...) partial differential equations.
An important aspect is of course the distance in which we measure this contraction. Recent
progress has shown that the Wasserstein distance is a particularly relevant and natural choice,
in particular, but not only, for dynamics which have been interpreted as gradient flows for this
distance (see for example [Ott01, CT05, CMV06, CGM08, BGM10, NPS11, BGG12] and the
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reference books [AGS08, Vil09]). Here and below the Wasserstein distance between two Borel
probability measures v and p on a Polish metric space (E,d) is defined by

Walu) = nt ([ @egpara))”

where the infimum runs over all probability measures m on E x E with marginals ¢ and v. We
refer again to [AGS08, Vil09] for a reference presentation of this distance and its interplay with
the optimal transportation problem.

On the other hand, geometric properties of metric spaces are an important and vast topic
with many diverse issues, and the Wasserstein distance has provided new insight on them, see
[OWO05, vRS05, Stu06, LV09, AGS12a, AGS12b]. A particularly relevant notion is the one of
curvature which has recently attracted much attention. It turns out that it can be handled in
terms of a contraction property in Wasserstein distance, as follows.

Let (H¢)¢>0 denote the heat semigroup on a smooth and complete (and connex) Riemannian
manifold (M, g): it solves the heat equation dyu = Aju where A, is the Laplace-Beltrami oper-
ator on M. Let also 1 be the Riemannian measure on (M, g) and d the associated Riemannian
distance. Then a fundamental result, due to M. von Renesse and K.-T. Sturm in [vRS05], says
that the Ricci curvature of the manifold is bounded from below by a constant R € R if and
only if

Wa(Hy f, Higp) < e Wo(fp, gp) (1)

for any t > 0 and any probability densities f, g with respect to pu. Diverse proofs and general-
izations of this contraction result are given in [OW05, Wan04, BGL13].

A crucial challenging problem now consists in understanding the role of the dimension in
the contraction property in Wasserstein distance. Indeed curvature and dimension are jointly
considered in the synthetic definition by Lott-Sturm-Villani [Stu06, LV09], contraction proper-
ties, gradient commutation type properties or the Bakry—Emery curvature-dimension condition.
It is for instance well known that, given R € R and n > 1, the CD(R,n) curvature-dimension
condition proposed by D. Bakry and M. Emery in [BE85], see section 4, is satisfied for the
Laplace-Beltrami operator on an n-Riemannian manifold if the Ricci curvature of the manifold
is uniformly bounded from below by R.

This has been very recently performed in the following two remarkable results, by deriving
an upper bound on the distance Wy (Hy fu, Hsgu) with two different times s,t > 0:

e The first result is due to K. Kuwada in [Kuw13] : the Ricci curvature of the n-dimensional
manifold M is bounded from below by a constant R € R if and only if

W3 (Hyfp, Hogp) < A(s, t, W3 (fu, gu) + B(s, t,n, R), (2)

for any s,t > 0 and any probability densities f, g with respect to pu, for appropriate functions
A, B > 0. In the case R = 0 the bound simplifies into

W3 (Huf p, Hgp) < W3 (fi,gp) +2n(vVt = V/5)?, (3)
stated independently in [BGL13].
e The second result is due to M. Erbar, K. Kuwada and K.-T. Sturm [EKS13] : the Ricci

curvature of the n-dimensional manifold M is bounded from below by a constant R € R if and
only if
(Vt = V/s)?

1 2 1 2 n
- < o—R(t+s) il 1 o RNV T V)
55 <2W2(Htf,u,Hsg,u)> e 55 <2W2(f,u,g,u)> + R(l e ) 2(t s)



for any s,t > 0 and any probability densities f, g with respect to u. Here s,(x) = sin(\/rz)//r
if r > 0, s,(z) = sinh(v/—rz)/v/—r if r < 0 and so(z) = =z, hence recovering (3) for R = 0.

Observe that in these two results the dimension dependent additional term in the right-hand
side is positive, and appears only when the two solutions are considered at different times s and
t.

A first aim of this paper is to take the dimension into account and to improve inequality (1)
for solutions considered at the same time. For instance in section 2 we prove that

t
W3(H, fdx, Higdx) < Wi(fdzx, gdz) — % /0 (Entye(Hyf) — Entge(Hy,g) ) du (4)

for the heat semigroup on R™, any ¢t > 0 and any probability densities f, g with respect to the
Lebesgue measure dz; here Ent,(g) = [ glog gdu is the entropy. This inequality improves on (1)
since the Euclidean space R™ has null Ricci curvature and then satisfies (1) with R = 0. Let us
observe that a dimensional contraction property in a Wasserstein distance with a modified cost
was derived by Wang in [Wanl1].

A second aim it to obtain dimensional contraction inequalities for more general Markov
semigroups. For that purpose we will work with a new distance called Markov transportation
distance, based on the generator of the semigroup, and adapted to it and to the Bakry—Emery
curvature-dimension condition formulation. It is defined by a modification of the following
dynamical formulation of the Wasserstein distance proposed by J.-D. Benamou and Y. Brenier
in [BB0O] : for any probability densities f and g with respect to the Lebesgue measure in R,

1 2 1/2
Wy (fdz, gdz) = inf </ /% dxds)
0 S

where the infimum runs over all paths (ps)sc[o,1) and vector fields (ws)sejo,17 such that dsps +V -
ws =0, po = f and p; = g; here V- stands for the divergence operator on R™. This dynamical

approach is the starting point of the definition in [DNS09, DNS12] of generalized distances.
Instead, one can consider the quantity

1 hs 2 1/2
inf </ [Vhs| d:cds)
0 Ps

where the infimum runs over all paths (ps, hs)sefo,1] such that Osps +V - (Vhs) =0, po = f and
p1 = ¢g. This quantity is more adapted to the context of a general Markov semigroup, and gives
us the way to define the Markov transportation distance. Given a Markov generator L on a
space F/, with carré du champ I'" and invariant measure u, we let

To(fp, gu) = inf (/01 / %}:S)duds)m

for two probability densities f and g with respect to p, under the constraints dsps + Lhs =
0,p0 = f,p1 = g. In this abstract formulation, discrete and non-local operators can be studied
in a similar way. A fundamental instance is that of L = A; —VV -V on a Riemannian manifold
(E,g), with carré du champ I'(f) = |V f|? and invariant measure u with density e~". This will
be the main example in this article, and in this case Wa(fu, gu) < To(fp, gp) since the infima
defining the distances run over a smaller set for 75 than for Ws.




The paper is organized as follows. In section 2 we show in a simple way how to reach
the dimension dependent contraction property (4) in Wasserstein distance for the specific heat
semigroup on R™. It will give a flavor of the results proved and the methods used below in the
Markov transportation distance 7% in our context of Markov semigroups (P;);>0 on a connected
and compact Riemannian manifold.

This distance is properly defined in section 3, together with fundamental properties and
examples. In particular we derive an Otto-Villani theorem for 75 : a logarithmic Sobolev
inequality implies a transportation Talagrand inequality.

Section 4 is devoted to our main application : the contraction property under the curvature-
dimension condition C'D(R,n) on our semigroup. Under this condition we prove that

_ 2 (T
T3 (Prfp. Prop) < e *FT3 (fp.gp) — ~ /0 e 2RI (Ent,, (P,g) — Ent,(P.f))dt,

for any T' > 0 and any probability densities f, g with respect to the invariant measure u.

In section 5 we briefly consider the so-called evolution variational inequalities (EVI in short).
These inequalities say that if the Ricci curvature of a manifold is bounded from below by a
constant R € R, then

e 2Rt _ 1 4 2Rt

W3 (fu, Higp) — W3 (fu, gp) < — S

W3 (fu, gi) + 2t(Ent,,(f) — Ent,(Heg)). ()

for the heat semigroup (Hy);>0, any ¢ > 0 and any probability densities f,g with respect to
p. This inequality characterizes (Hy)i>o as the gradient flow of the entropy with respect to
the Wasserstein distance. This interpretation has been made by R. Jordan, D. Kinderlehrer
and F. Otto in [JKO98|, and has led to numerous developments, see in particular the seminal
paper [OV00] and the huge contribution of [AGS08]. In section 5 we explain how to obtain a
dimensional EVI for the Wasserstein distance and the Euclidean heat semigroup, and then for
the Markov transportation distance and our Markov semigroup under a curvature-dimension
condition.

In Section 6 we briefly investigate natural generalizations of the Markov transportation
distance.

Many questions are left aside in this work, such as the general existence of geodesics, dual
formulations and further equivalence between the obtained contraction and curvature condi-
tions. The purpose of this work is rather to show the interest of the 75 distance, and these
questions will be further investigated elsewhere. We haven chosen to present the Markov trans-
portation distance in the classical setting of a compact Riemannian manifold to properly prove
the dimensional contraction inequality. We are convinced that the new distance can be defined
in a general setting.

Since this work was completed, the second author [Gen13] has extended the bound (4) to the
heat semigroup on an n-dimensional compact Riemannian manifold. Moreover, related results
are studied in the work [AMS14] in preparation.



2 The heat equation on R"

This section is devoted to the simple derivation of a dimension dependent contraction property
for the heat semigroup (Hy)i>o on R™. It is defined by

_le—y[?
e 4t

J— dy
(4mt)"/?

i@ = [ £

and is obtained as the solution of the heat equation 0yu = Aw; here A is the usual Laplace
operator in R".

For this semigroup, the bound (1) is classical with R = 0 and p the Lebesgue measure
dx on R™, and is optimal in the sense that equality holds for all ¢ if g is obtained from f by
a translation in R™. Let us see how to simply turn this classical bound into a more precise
dimension dependent bound.

Following [DNS12], let (R;):>0 be the heat semigroup acting on R"-valued maps, coordinate
by coordinate. It satisfies

Hy(V-w) =V - (Rw) (6)

for all R™valued functions w. This semigroup acting on vectors will be the main tool in our
derivation. We omit regularity issues which are carefully considered in [DNS12].
As recalled in the introduction, the Benamou-Brenier Theorem ensures that

2 N
W5 (fdz, gdx) = inf/ /p—dsdx (7)
0 S

for any probability measures fdr and gdx in R™; here the infimum runs over all couples
(ps ws)se[o,l} such that
Osps +V -ws =0 (8)

where, for all s € [0,1], ps is a probability density with respect to Lebesgue measure, py = f
and p; = g.

Let now (P37ws)se[0,1} interpolate the densities f and g with the constraint (8). Then
(Ht(ps))se[o,1) interpolates the densities Hy f and H;g and, by (6), the couple (Hy(ps), Bi(ws))sefo,1)
satisfies (8). Then, by (7),

[ By (ws)]

2
W3(Hr fdx, Hrgdx) < / dsdx (9)

0 Hr(ps)

for any T' > 0. Moreover:

Lemma 2.1 Let F': R" — R" and g a positive probability density with respect to the Lebesgue
measure, with F' and g smooth. Then, for oll T >0

F|? F|? 2 (T F-VH, 2
/Mdmg/udx__/ (/MC%) dt.
Hrg g n Jo Hg
Proof
< We let



for t > 0 and prove that
N(t) < __</ ful - VHy VHtgd >

which will prove the lemma by time integration. Indeed

RiF - AR{F AHyg|RF|?
A(t) = .
Q / ( Hig (Hig)? >d

For notational simplicity, we let F = R;F, § = H;g and then G = logg. Since

0= /A(‘ g‘Q)dm - /zvuﬁ\?) - v(%) + % A(FP) + |FP AG) dz,

we obtain
N = /2( A|F]? = F - AF + V(F]2)V G‘—i—]F]Q\VG‘\Z)dm
1<2j<n glgiﬁn
_ 2 O; F; F@G) dx
1<z<n
7 Z F V
< -= Z/aFJr 5199y q ) _E(/ g%)

1<i<n

by the Cauchy-Schwarz inequality, the Jensen inequality for the probability measure gdx and
the relation /Z 0;F;dx =0. >

Then, by Lemma 2.1 and the Cauchy-Schwarz inequality (with respect to the measure ds),

1 2 2 2
0 Hr(ps) 0 s

Moreover the couple (H¢(ps), Ri(ws)) satisfies (8), so

/Rt ws th /Os)

do =0, [ Hilp.)og Hilp.)da.

and then
Ry( -VH,
// t(ws) t(ps)dxds = Entg, (H; f) — Entg, (Hg) .
Ht ps
Then inequality (9) leads to the following refined contraction inequality for the heat semi-
group in R™:

Proposition 2.2 Let (H;)i>o be the heat semigroup on R™. Then for any probability densities
f and g in R™ such that Wy (fdx, gdx) < oo, for any T > 0,

T
W5 (Hr fdz, Hrgdz) < W3 (fdx, gdx) — % /0 (Entg,(Hef) — Entg,(Hig) ) dt.  (10)



Remark 2.3 By comparison with (3), the dimension brings a negative correction term in the
contraction property. The bound (10) is again an equality if g is obtained from f by translation.
Finally, a Taylor expansion of (10), for T close to 0 and g close to f, for any given f, implies
back the curvature dimension CD(0,n) for the Laplace operator (see section 4 below for the
precise definition of the curvature-dimension condition).

Remark 2.4 Note that this result not only gives a correction for equal times, but also for
different times s,t in the spirit of [BGL13], [EKS13] or [Kuwl3]. Let indeed s < t: then
applying the contraction estimate (10) to P,—sf and g and then using (3) lead to

2 S
WQZ(Htfd:c, Hggdx) < W;(fd:c,gdx) +n(t—s)— —/ (Entdx(Ht,eruf) — Enty, (Hyg) )Qdu.
0

n

Our main goal is then the extension of this contraction result to general Markov semigroups
satisfying a CD(R,n) condition, which will be given in Theorem 4.5 : there the Markov trans-
portation distance will prove to be an adapted and efficient tool.

3 The Markov transportation distance

3.1 Definition

Let (E,g) be a C™ compact connected Riemannian manifold with volume measure dz, and V'
be a smooth function on E with [ e Vdx = 1. Let also p be the Borel probability measure on
E with density e=". Let (P;)¢>0 be the Markov semigroup on F with infinitesimal generator

L=A,—VV.V

where A, is the Laplace-Beltrami operator on E. The generator is defined on a dense subspace
D(L) of L?(u1), which includes the algebra A of (bounded) smooth functions (in our context,
smooth means C'*°). This algebra is itself stable by L and F;.

The semigroup is reversible with respect to u, in the sense that

/fPtgd,u:/gPtfd,u or equivalently /ngd,u:/gLfd,u (11)

for all f,ge Aandt >0,
Such a Markov semigroup admits a Markov probability kernel, that is for any function
fel?*u),t=>0andz€E,

Pif(z) = - f(y) pe(z, dy).

The carré du champ operator, defined on functions f,g € A by the general expression

P(f.0) = 5(L(fg) ~ FLg—gLf) € A

satisfies T'(f, f) = |Vf|> where |Vf| stands for the length of the vector Vf; for simplicity
we shall let T'(f) = T'(f, f). The Dirichlet form &,(f) = [T'(f)du is defined on its domain
D(E,) C L*(p), which also includes A.

The generator satisfies the following so-called diffusion property :

Ld(g) = ®'(g)Lg + @"(9)T'(g) (12)



for any smooth function ® and any function g € A. In particular I'(®'(g)) = ®"%(9)I'(g).
We refer to [BGL14] for further details on these notions, and for their definition in a more
general setting (there, the triple (E,T", 1) is called a compact Markov triple).

Before giving the definition of the Markov transportation distance, we need to define the
paths between probability densities. We let F be the set of positive probability densities (with
respect to u) in A.

Definition 3.1 For a couple (ps, hs)sejo,1) of smooth functions on [0,1] x E with ps in F we
define
['(hs
@(pss hs) = / Qd/‘ € [0, 00)

S

for s € [0,1], and the action

1 1
v = [ plpuitds = [ [FEduas € 0.

For f,g in F we call admissible path between f and g such a couple (ps, hs)se[o,l} for which
moreover
Osps + Lhs = 0, (13)

po=f and p1 = g. We let A(f,g) be the set of admissible paths between f and g.

Definition 3.2 The Markov transportation distance is defined for f,g € F by

1 1/2
Tz(fu,gu):inf</0 /%}%)duda :

where the infimum runs over all admissible paths (ps, hs)se[o,l] e A(f,9).

For given f, g € F, there exists a smooth function h € A such that Lh = f —g. In particular
A(f, g) is nonempty since ps = sf + (1 — s)g, associated with the function hy = h (independent
of s), is an admissible path.

Moreover, To(f, gu) is well defined and finite since it is bounded from above by

1 _ [T _ log(f) — log(g)
/Ow(sf"i_(l _S)g7h)ds _/O/m deu— /P(h)ﬁdu

which is finite since h € A. For instance, if f, g > n for some 1 > 0, then
2 1
T5(fr. gp) < ; L(h)dp < oo.

3.2 Remarks and examples

The Markov transportation distance heavily depends on both the reference measure p and the
generator L.

As it has been presented in the introduction, the Markov transportation distance is a gen-
eralization of the Benamou-Brenier dynamical formulation of the Wasserstein distance Wa (see
[BB00]). In our setting of a compact Riemannian manifold E equipped with the probability



measure du(z) = e~V ®)dz, it was indeed proven by F. Otto and M. Westdickenberg [OW05,
Prop. 4.3 and (4.15)] that, given two positive densities (with respect to ) f and g in F,

2
W3 (fp, gp) mf/ /‘wS’ duds

where the infimum runs over all smooth vector fields (ps,ws)sefo,1) on [0,1] x E with ps > 0 in
F satisfying

Osps +V -wg — VV - ws =0, po=rfp1=g. (14)
By comparison, in this setting,
Vh 2
T3 (f . gp) = inf/ sl s
0 Ps

where the infimum runs over all smooth functions (ps, hs)sepo,1) satisfying
Osps + Aghs —VV - Vhy =0, po=Ffm=g (15)
But (ps, ws = Vh) satisfies (14) for any (ps, hs)seo,1) € A(f,9), 50 T35 (fr, gp) = W3 (f i, gp).

The Markov transportation distance as defined in Definitions 3.1 and 3.2 can also be consid-
ered in the more general setting of a Polish measure space, a generator L, its carré du champ I’
and a reference measure p, but below we prefer to stick to our framework to be able to properly
justify our computation. Here is however an example in the discrete case.

In the case of a countable state space E, a Markov semigroup (P;);>o is described by an
infinite matrix of positive kernels (p¢(z,¥)) , yepxp: t = 0, such that for all £ > 0 and z € E,
and any positive function f on F,

Pif(z)=>_ fy)pelz,y).

yek

(z,y)

For any = € E, pi(x,.) is a probability measure on E. The generator L is given by an infinite
matrix (L(z, y))(m,y)eExEv where for any finitely supported function f on E,

2) =Y L(x,y)f(y)

yek

For the matrix L to be a generator, it is required that L(z,y) > 0 whenever x # y, and
Zy L(z,y) = 0 for every x € E. The carré du champ operator is defined on finitely supported
functions f by

1 2
=52 L@y[f@) - W), =€k
yeE
The measure is u reversible if
w(@)L(z,y) = p(y)L(y, z).
Let us illustrate the discrete setting with the two point space {a,b}. The generator is unique
up to a multiplicative factor, and is given by Lf(a) = k(f(b) — f(a)) and Lf(b) = r(f(a)— f(b))

for a nonnegative constant x; moreover the carré du champ is constant, equal to



and the reversible measure is p = %(5(1 + 0p). There one can simply and explicitly compute a
geodesic curve for the T5 distance between two generic measures (1 —7)d,+7d, and (1 —1)d, +1tdp
with 0 <7t < 1.

Let indeed (ps, hs)sejo,1] e an admissible path between 2(1—7)1,+2r1, and 2(1—1)1,+2¢tT,.
Then there exists a map ¢ : [0,1] — [0, 1] such that ¢(0) = r and ¢(1) = ¢, and

ps = 2¢(s)1p + 2(1 — ¢(s))1,.

The map hs has to satisfy 2¢'(s)(I,—1,) = —Lhs for s € [0, 1], that is ¢/(s) = (hs(b)—hs(a))r/2.
It remains to minimize

1 k1 s — s\a ’ 1 '
I e e S

Since ps(a) = 2(1 — ¢(s)) and ps(b) = 2¢(s) we need to minimize

1 [t 1 1

o (55 + T

over all functions ¢ such that ¢(0) = r and ¢(1) = ¢. The Euler-Lagrange equation is

2@//(1_’_#) _(p/Q(i_;)
p 1-¢ 2 (=)

It implies that ¢ = ap(l — @) for some a > 0. We let » = sin?f and ¢t = sin

0 < 0,w < /2. This solves into ¢(s) = sin%@s + &) for s € [0,1], and some ¢ = +1. For
such a ¢,

26 Jo

2w with

1 1 o
5T "

But the smallest a for which ¢(1) = t is a = 4(w — 6)? (and ¢ = 1) : hence ¢ is given by
©(s) = sin?(sw + (1 — s)@). This implies that

¢'(s)2<¢ —a, sel0,1].

2(w —0)?

T5((2(1 — 7)1 + 2rLy)p, (2(1 — )1, + 2tT,)p) = -

for the Ty distance defined as in Definitions 3.1 and 3.2. Moreover

Ps K

/ D(hy) ,, _ 2w =07

for all s € [0, 1], so for such a ¢ the path (ps, hs) is a geodesic between 2(1 — )1, + 2r1; and
2(1 — )1, + 2tT.

In this example, in a discrete setting, one has obtained the existence of a geodesic path
between two probability measures associated to the Markov transportation distance. Let us
recall that there is no such geodesic for the Wasserstein distance.

10



3.3 General properties of T5

We first exhibit e-geodesics for the T5 distance. Actually, we shall see below how properties on
the distance and curvature-dimension bounds can be obtained without geodesics.

Proposition 3.3 (s-geodesics) Let f,g € F and let € > 0. Then there exists an e-geodesic
map, that is an admissible path (ps, hs)sejo,1) € A(f,g) such that for all s € [0,1],

©(ps, hs) =/P<h$)du < T5(fu, gp) + <.

Ps

Proof
< Let € > 0 and an admissible path (ps, hs) € A(f, g) such that

L rT(hy
wo) = [ [P0 duts < T3 gu) + =

It is easy to see that there exists a > 0 such that

1
/0 V@(pu, hy) +adu =/ P(p, h) + ¢.

Then let 3 : [0,1] — [0, 1] be defined by

B(s)
/ V e(pu, hy) + adu
0

®(p,h) +e

for s € [0,1]. The function § is increasing and differentiable in [0, 1] and satisfies §(0) = 0 and
B(1) =1, so (pg(s), B'(s)ha(s)) € A(f, g). Moreover

©(pp(s)s h(s))
©(pps) B ()hags)) = B'(5)*0(pss), has) = (P(p,h) +e
( B(s) (s) B( )) ()7 B(s) 5()) (®(p,h) )¢(P5(s),h6(s))+a

< ®(p,h)+e < T5(fp,gp) + 2

for any s € [0,1]. This means that the couple (pg, 5'hg) is a 2e-geodesic. >

Proposition 3.4 The space (F,T) is a metric space.

Proof
< For any f € F, then To(fu, fuu) = 0 by choosing ps constant equal to f. Conversely, if f and
g in F are such that To(fu, gu) = 0, then Wo(fu, gu) = 0 since it is smaller than To(fu, gu), as
seen in section 3.2; hence f = g. Moreover T5 is a symmetric function with respect to the two
densities.

Let now f, g and h in F. Let (pl, hl) (resp. (p%,h?)) be an e-geodesic map between f and
g (resp. g and h). Let a € (0,1) and define (ps, hs)sepo,1) by

1 .
{ o if s € [0,al, " ~N/a if s € [0,a),
Ps = 2 s =

Pls—a)/(1—a)s i s € [a,1]. - 1

mh%s—a)/(l—a)? if s € [a, 1].

11



Then the couple (ps, hs) is an admissible path between f and h. Moreover

@/ 1\? L1 )2
2 _ 1 1 2 2
T5(fp, hp) < @(p, h) —/0 (a) @(Ps/a,hs/a)d5+/a <m) C(Pls—a)/(1-a) Pls—a) /(1-a) )dS-

Now p! and p? are e-geodesics, so

and
P(Pls—ay/(1-ay s—a)(1—ay) < T2 (g1ts hpt) + €

Hence
1

T3(fu, h) < -

(T3 (fp, gu) +€) + ﬁ(Tﬁ(gu, hu) + €).

Now, choose
o (fu, gp)

- To(fpgp) + Tolgp, hir)
and let € go to 0 to obtain the triangular inequality

To(fu, hie) < To(fu, gp) + To(gp, hy).

Proposition 3.5 (Tensorization) Let (Pf)i>o, i € {1,---,N} be N Markov semigroups on
compact connected Riemannian manifolds E; with probability measure p;, with generators L; and
carrés du champ I'; as in Section 3.1. Then one can define a product semigroup P, = ®£\L1Pf
on the product space E = x| E; with p = @ pu; with generator L = ©.|L; and carré du
champ T’ = @ﬁ\ilri.

Then, for any densities f(x) = Hf\il fi(z;) and g(x) = Hfil 9i(z;) (x = (1, -+ ,zN)) in F,

N
T3 (fu i) 2> T fitti, giti)- (16)
=1
Proof
<1 For simplicity we prove the result for N = 2 Let (ps, hs) be an admissible path between the
densities fi(z)f2(y) and g1(x)g2(y). Let pi(x) = [ ps(z,y)dpz(y) and hy(z) = [ hs(z,y)dpa(y),
and let p? and h? similarly defined. Then
' (hs 'y (hs La(hs
@(ps; hs) =/Mdu1duz =/#dmduz+/%dmduz- (17)

Let us first prove that

Iy (hs I'y(h!
/ 1( )d/LQ > 1(18)’ (18)
Ps Ps
and similarly for the second coordinate. Since
L)) = lim o [ [ () = £yt o, ) (19)

12



for every function f, and for the Markov kernel p; of the semigroup (Pl);>o (see for in-
stance [BGL14]), then for all =

/ Liho)(@y)

1) p2(y) =

) lim 2t///< 1.y xy)(zg’y)>2p;§(cj)/) duz(y) pi (z, d=1) pi (2, d2s)

2 21 // / s(21,9) = hs(22,9))dua(y))? pi (z, dz1) py (2, dza) = M

) t—0 2t Pé (v)

by the Cauchy-Schwarz inequality for the probability measure (( ))dug( ).
By (17) and (18) written for both variables we obtain

©(ps, hs) = o1(ps, hy) + @2(p2, h2).

After integration over s € [0, 1], we get, for any admissible path (ps, hs) € A(f1f2,9192) :

1
®(p,h) = /0 @(ps, hs)ds = @1(p', h) + @o(p®, %) = T3 (fip1, g1p1) + T3 (foin, gopt2)  (20)

since (p’, h') is an admissible path between f; and g;, for i = 1,2. The result follows by opti-
mizing over (ps, hs). >

3.4 First application : the Talagrand inequality

As explained in the introduction, we will recover classical bounds as the contraction properties
in the Markov transportation distance. We first make some observations on related functional
inequalities.

The so-called Otto-Villani Theorem says that a logarithmic Sobolev inequality with constant
C (see (24) below) implies the Talagrand inequality

W3 (fu, 1) < 4C Ent,,(f)

for all probability densities f. This inequality has first been derived by M. Talagrand in [Tal96]
and linked with the logarithmic Sobolev inequality in [OV00] (see also [BGLO1]). The proofs
in [OV00, GL13] are based on the general inequality

W3 (Pefp, fu) < t(Ent,(f) — Ent,(Pf)) (21)
(see also [GKO13]). We prove the same inequality for the larger T5 distance :
Proposition 3.6 For our diffusion semigroup (P;)i>o and any f in F, there holds

T22(Ptfﬂa fu) <t (Entu(f) - Entu(Ptf)) (22)

for every t > 0, and in particular

lim sup 1. (23)

t—0t 3

Tz(Pth,fM)< /md
- !
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Proof
< Let f in F be given. Then (Pyf, —tPstf)se[o,u is an admissible couple between f and P f.
By definition of the distance T, it implies that

t
1wt [ o

by change of time variable. Moreover

d

d
%Entu(Prf):%/PrflogP,ﬂfdlu:_/

L(Ef)
P f

by diffusion property of the semigroup. This leads to (22) by integrating in r. >

dp

Corollary 3.7 In our notation, assume that the probability measure p satisfies a logarithmic
Sobolev inequality with constant C, that is,

Ent,(f) < C/@du, (24)

for any f in F. Then
T3 (fp. Prfp) < ACEnt,(f)

for any f in F. In particular, if for instance Ty is lower semicontinuous with respect to narrow
convergence, then u satisfies a Talagrand type inequality for the distance Ta, namely

T3(fp, i) < ACEnt,(f) (25)
for any f in F.

Proof
< Let fin F be given, and let ¢(t) = Ent, (P f). Then (23) and semigroup properties imply

d+
ETQ(Ptf,U’a fur) </ =¢'(2).

Moreover the logarithmic Sobolev inequality for u ensures that ¢/(t) < —p(t)/C, and thus

/

—¢(1) < —VAC(V/2D) -
Let now T > 0. Then

T g+

d T /
To(Prfu, f) S/O —To(Pifp, f)dt < —\/E/O (Ve(t)) dt
= \/E<\/Entu(f) - \/EntM(PTf)> < V4C \/Ent,(f).

Moreover Prfu narrowly converges to fu. Hence
To(u, fr) < liminf To(Prfp, fu) < VAC\/Ent,(f)

if T5 is lower semicontinuous with respect to narrow convergence. >

Inequality (25) will be useful in the following section in the derivation of refined convergence
rates.
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4 Contraction property under the curvature-dimension
condition CD(R,n)

In this section we prove a dimension dependent contraction property in the Markov transporta-
tion distance. We will see that the I's-calculus is a well adapted and efficient tool.

4.1 Curvature condition, examples and useful commutation prop-
erties

The I's-operator, or iterated carré du champ operator, is defined on functions f € A by the
general expression

Da(f) = 3 (L0() ~ 207, L))

Definition 4.1 The Markov semigroup (P;)¢>o (associated to the generator L) is said to satisfy
a curvature-dimension condition CD(R,n) for R€ER and n > 1 if

Da(f) > pT(F) + - (LF),
for all functions f € A.

This criterion has been introduced in the seminal paper [BE85] by D. Bakry and M. Emery. For
instance the Laplace-Beltrami operator on the sphere S™ C R™"*! satisfies a CD(n —1,n) condi-
tion. More generally, for a complete Riemannian manifold M with dimension d, equipped with
the Laplace-Beltrami operator A, and the Riemannian measure dz, the curvature-dimension
condition CD(R,d) holds for Ay if the Ricci curvature of M is uniformly bounded from below
by R. An explicit condition on the potential V' which is equivalent to a C'D(R,n) condition for
L =A,—VV -V is given in [BGL14, Appendix C.6] for instance. Observe that n need not be
the dimension on the manifold.

One of the main results concerning the curvature-dimension condition CD(R, c0) is a regu-
larity property of the Markov semigroup. The C'D(R, oo) conditions holds for a diffusive Markov
semigroup if and only if for any function f € A

L) < e (/TR (20)

This result, proved in [Bak94], is the key point for many applications such as logarithmic Sobolev
inequalities, Harnack parabolic inequalities, etc. (see [BGL14]). Gradient bounds, in a weaker
form, also hold under the CD(R,n) condition with finite n (see [BL06] and [Wanl1]). Here is
a new such bound which will be the key point for the Markov transportation distance.

Lemma 4.2 Let (P)i=0 be a diffusion Markov semigroup, and let R € R and n > 1. The
following assertions are equivalent :

(i) The Markov semigroup satisfies a CD(R,n) condition.
(ii) For all functions f,g € A with g >0 and all t > 0

L(Pf) _ o <Lf)> 2 ' op [LPf — Pu(U(Pout Jog Prug))]”
Fig = h g n/o Pg du.  (27)
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In particular, under the CD(R,n) condition and for anyt >0, f € A and g € F,

/ LBS) ), < oom / L), -2 /O 2R ( / L2/, Fug) d,u>2du. (28)

Pg g n Pug
Proof
< Let us first prove that (i) implies (i7). We let ¢t > 0 and f, g € A be fixed, with g > 0. Then
we define
A(S) — Ps <F(Ptsf)>
P59

for s € [0,t], and then FF = P,_,f and G = P,_sg. Then

o= (2L L (1Y)

But
L(hk) =2T'(h,k) + hLk + kLh

for any function h, k € A, so the diffusion property (12) and the definition of I'y lead to

AN(s) = 2P (é [Do(F) —T(D(F),log G) + I'(F)['(log G)] > .

Now Lemma 4.3 below, applied with f = F and g = —log G, ensures that
1
[o(F) —T(I(F),logG) + T'(F)I'(log G) > RT(F) + E(LF —T(F,log @))>.

Since G > 0, this gives

[LF —T(F,log G))
G

2
) > 2RA(s) +% [LE:S ~ PS(F(%—;f’ log P,s9))]

N(s) > 2RA(5)+%PS<

by the Cauchy-Schwarz inequality for the Markov kernel of Ps; and semigroup properties. In-
equality (27) follows by integration over s € [0, ¢t].

Let us now assume (i7) and let g = 1. Then inequality (27) writes

D(P.f) < e 2HPI(f) — % /0 t e 2B LP, f)?du.

Taking the time derivative at ¢ = 0 implies back the C D(R,n) condition.
Let us finally prove (28): integrating (27) with respect to p gives

I(P;f) om [T 2 [ gl [ [EPS = PuT(Piuf,log Prug))]’
IS O o i

by invariance property of u. Then the Cauchy-Schwarz inequality for the measure p implies (28)
by recalling that [ gdu = 1, invariance property of y and change of time variable. >
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Lemma 4.3 For a diffusion Markov semigroup, under the curvature-dimension condition C D(R,n)
(with R € R), for all functions f,g € A

Da(f) + T(0(f),0) + T(T(g) > RT(f) + (Lf +T(1,))" (29)

Proof
< The proof is inspired from Lemma 5.4.4, p. 83 of [ABCT00]. Let f,g € A and zg € E. Let
® be a smooth map on R? such that

1
P =02d=0%5P=0, ;=1 and 95, = 3

at the point (f(xo),g(zo)). Then the CD(R,n) condition applied to the function ®(f,g) at the
point zq yields

Ca(B(f.9) > RT(f.g) + - (L8 (f,q))"

The usual change of variable rules for the I' and 'y operators (see for instance [ABC'00, p.
83]) imply

Da(f) + D)) + 5 [0, 90 + T(IT(@)] > BE() + (L +T(7,))*

The result follows since I'(f, g)?> < T'(f)I'(g9). >

Remark 4.4 Without the dimension, namely under the curvature-dimension condition C D(R, o0),
inequality (27) is a direct consequence of inequality (26). Indeed (26) implies

L)) < e_ZRtipt( F(f))2 < e_QRtPt<¥>7

Pg Pg

by the Cauchy-Schwarz inequality for the Markov kernel of P;.

4.2 Contraction property under CD(R,n)

The following result is a extension of Proposition 2.2 for the heat semigroup on R" to our diffu-
sion Markov semigroup on a manifold under the curvature-dimension condition CD(R,n). For
R = 0 we precisely recover the bound obtained in Wasserstein distance for the heat semigroup
on R™.

Theorem 4.5 Let (P;)i>0 be our diffusion Markov semigroup on E satisfying a CD(R,n) con-
dition with R € R and n > 1. Then, for all f,g€ F and T > 0,

_ 2 (T R
T3 (Prfu, Prop) < e * T3 (fu gp) — — /0 e 2070 (Ent,,(P,g) — Ent,,(Pif))dt.  (30)

Proof
<0 Let (ps, hs) be an admissible path between f and g. Then (P (ps), P;(hs))sejo,1) is also an
admissible path between P;f and Pig.
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Then inequality (28) of Lemma 4.2, applied at time 7" to the functions hg and ps, implies

Integrating over s € [0, 1] and the Cauchy-Schwarz inequality imply

[ 1
el )

We finally obtain (30) since, letting ¢(s) = Ent,(P;ps),

1
/ / Pt Pilhs) 5 = /O #'(s)ds = p(1) = (0) = Ent,(Prg) — Ent,, (P f)

by the reversibility property (11) of the semigroup. >

Remark 4.6 As noted in the introduction, this result has a particular new flavor. Indeed the
recent results (2)-(3) in [BGL13], [EKS13] and [Kuwl18] present a dimensional correction term
for the contraction property, but for solutions at different times only. If the approaches for
these inequalities are slightly different, it would be of interest to obtain a dimensional correction
term for our contraction also in different times. A possible approach could be through Evolution
variational inequalities, as studied in the mext section, as the contraction result in [EKS13] is
deduced from these inequalities.

Assuming that p is a probability measure, and taking g = 1, under the CD(R, o) condition,
the following bound

T3(Prfu,p) < e RT3 (fu, p)

holds for the T5 distance as it does for the W5 distance. The following corollary gives a more
precise bound under the CD(R,n) condition:

Corollary 4.7 Let (P)i>0 be our diffusion Markov semigroup on E satisfying a CD(R,n)
condition with R > 0 and n > 1. Then, in the framework of Corollary 3.7, for all f € F and
T >0,

1
1—e—2RT *

T3(Prfu,p) < e 2BUTI(fu, ) —
1+nRTF(fu, ) =T

Proof
<1 Taking g = 1 in (30), the map A(t) = T3 (Pr fu, i) satisfies

nR?
A/(t) S —me QRtA(t)Q.

Observe indeed that, under the CD(R,n) condition, the measure p satisfies the logarithmic

Sobolev inequality (24) with constant C' = Z=L1 (see [BGL14]), whence a Talagrand inequality
(25) with constant 4C by Corollary 3.7. The conclusion follows by time integration. >
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5 Evolution variational inequalities

Evolution variational inequalities (EVI in short) have recently been developed as a connection
between curvature conditions CD(R, c0) (usually in the sense of the commutation of the semi-
group and the carré du champ), heat semigroups and the notion of curvature bound introduced
by J. Lott, K.-T. Sturm and C. Villani (see [Stu06] and [LV09]). We refer to the recent work
[AGS12a] for a nearly complete picture in this dimensionless setting. However, no dimensional
EVI, namely related to a C D(R,n) curvature-dimension condition, were known until M. Erbar,
K. Kuwada and K.-T. Sturm very recently proved in [EKS13| that CD(R,n) is (roughly) equiv-
alent to

d

1 2 1 S
PRt <§W2(fM,Ht9M)> < —Rsx <§Wz(fu,Htgu)> +3 (1 — e n (Entu(f)= E“t“(Hf9)> (31)

on the heat semigroup. Here s,.(x) = sin(y/rz)//r if r > 0 and s,(z) = sinh(y/—rzx)/\/—r

if r < 0. Forgetting for a time the map s,, which is equivalent to x for small x, and using
that 1 — e™* < x, this inequality clearly appears to improve the classical EVI obtained under a
CD(R, o) type condition.

The main goal of this section is twofold. First, we will give a (time integrated) EVI for
the Markov transportation distance 75 (rather than the usual Wasserstein distance), under the
CD(R,o0) condition. Then we will see how the possible existence of geodesics can lead to a
dimensional EVI, here with a negative corrective term in the spirit of the contraction result
in Theorem 4.5. As in section 2 we will start with the Euclidean heat equation, i.e. under
a CD(0,n) condition, obtaining a dimensional EVI in Wasserstein distance. Assuming the
existence of smooth geodesics for T, we will see that one can obtain a statement under the
CD(R,n).

Evolution variational inequality for 75 under C'D(R, )

Theorem 5.1 Let (P;)i>o be our diffusion Markov semigroup satisfying a CD(R,c0) condition
with R € R. Then, for all f,g € F,

e 2Rt _ 1 4 2Rt

2Rt T22(fﬂ7 gu) + 2t(Ent,(f) — Ent,(Pig)).

T3 (fu, Pagp) — T (fr, gp) < —

Proof
< Let (ps,hs) be an admissible path between f and g. Then (Ps(ps), Pis(hs — tps)) is an
admissible path between f and Psg, so

Pts
Pts Ps

Pts s / / Pts s tps) Pts ps 2/ / Pts ps
d ds— 2t dpds—t ————duds. (32
// Pts Ps Pts s) Pts ps ( )

By Lemma 4.2 under the CD(R, o0) curvature condition, then for all s

D(Pis(h)) ;- —omis [T(hs) ) ores (o

—1ips
T35 (f 1, Prgp) < / p))duds
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if the admissible path (ps, hs) is an e-geodesic, for given & > 0. Moreover

/ L(Pis(hs — tps), Pis(ps))
Pis(ps)

by reversibility. Hence, forgetting the last term in (32) and integrating in s € [0, 1] conclude the
argument by letting € go to 0. >

d
= / Pys(ps) log Pis(ps)dp

Remark 5.2 Combining the contraction result of Theorem 4.5 under a CD(R,n) condition
and this EVI (of course valid under CD(R,n)) we may get a contraction type result in the Ty
distance for s < t, in the spirit of [EKS13] (see Remark 2.4).

To obtain dimension dependent bounds under the C' D(R, n) condition we will need geodesics.
As above for the contraction property, let us see first which additional term coming from the
dimension appears for the Euclidean heat equation.

5.1 A dimensional EVI in Wasserstein distance for the heat
equation in R”

For simplicity the EVI is here described in its time derivative form, but it may be easily justified
by first considering an integrated form of the EVI.

As in section 2, the Benamou-Brenier formulation (7) is the starting point. Let (ps,ws) be
an admissible path between f and g, satisfying the constraint (8). Then (His(ps), Res(ws) —
tV Hys(ps)) is an admissible path between f and H.g, and satisfying (8), so by (7),

Rts ws - thts(ps)’
dx, Hygdx) / / | dsdzx. 33
(f 9 Hts ps) ( )

Assume further that (ps, ws) is a minimizer in the Benamou-Brenier formulation, that is,

The path (ps) is then a geodesic path between fdx and gdxr with respect to the Wasserstein
distance (see [DNS09] for more details). In particular inequality (33) is an equality at time ¢t = 0
and, formally, the time derivative of (33) at ¢ = 0 implies

d |Rts ws - tVHtS(IOSN
— W3 (fdx, Higdx) dsd . 34
dt 2(f x, Hygdzx) S dt/ / Hys(ps) €L —0 (34)

The term on the right-hand side is controlled by the following lemma.

Lemma 5.3 Let (ps, ws)sc(o,1] be a couple satisfying the constraint (8), where ps is a probability
density with respect to Lebesgue measure. Letting

/ /|Rts Wg _tVHts(Ps)| dsdx
Hts Ps)

1 . 2 1 .
AN (0) < —g/ 5</ Lmdx) d5—2/ /Lv[)sdsdx.
n.Jo Ps 0 Ps

fort >0, then
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We skip the proof since it is almost the same as for Lemma 2.1.

Now Lemma 5.3 and (34) imply

d 2 rl s Vs 2 1 - Vs
—Wg(fdx,Htgdm)‘ < ——/ s</ ﬂdm) ds—2/ /ﬂdsdm.
dt =0 n Jo Ps 0 Ps

Letting ¢(s) = [ pslog psdz, the relation (8) between ws and ps implies
-V
S (s) = / Ws Vs g
Ps
so that

d 2 (! !
%Wg(fdx,Htgdx)]tzo < ——/ s(ap'(s))st — 2/ ©'(s)ds.
n Jo 0

Then the Jensen inequality for the measure 2 sds and an integration by parts give

1 2
WA (e, Hgdo)leo <~ (o) = [ ee)ds) = 2p() - p(0).

We have obtained the following result :

Proposition 5.4 Let (H;)i>o be the heat semigroup on R™. Then, for any probability densities
f and g in R™ such that Wa(fdx, gdx) < oo,

2

1d__, 2 !
1% (fdw,Htgdx)‘tZO < - (Entdm(g) — /0 Entg,(ps) ds) + Entg,.(f) — Entg.(g9) (35)

2dt
where (ps)sefo,1] 45 a geodesic path between f and g for the Wasserstein distance.

At the time being, we have not been able to get a “geodesic” free version of this dimensional
EVI. Note however, once again, that the correction term is quite different in nature from the

one obtained for example in [EKS13]. We will see in the next subsection that we obtain results
in the same flavor with the Ty distance.

5.2 A dimension dependent EVI for 7, in the geodesic case

In this subsection we will assume the existence of smooth geodesics for the T5 distance, for any
f>9 € F, there exists an admissible path (ps, hs)sejo,1) € A(f, g) such that for all s € [0, 1],

/Mdu = T3 (f, g)-

S

Therefore, this section is formal, as also we should first consider the integrated form of EVI
(which can be obtained, but is however quite difficult to read). We will closely follow the
approach used above for the Euclidean heat equation and the Wasserstein distance.

We then consider our diffusion Markov semigroup (P;);>o and, for f,g € F, a geodesic path
(ps, hs) between f and g for the associated Th distance. Then (Pis(ps)), Pis(hs — tps)) is an
admissible path between for f and P.g. In particular

Pts s tps))
P dpds.
T3 (f 1, Prgp) / / Pa(pd) pds (36)

We will use the following adaptation of Lemma 5.3 to our setting, which does not need
(ps, hs) to be a geodesic path:
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Lemma 5.5 Let (ps)sejo,1] be a smooth path in F, (hs)scjo1] be a smooth path in A, and

Pts s tps))
duds
/ Pts Ps a

fort = 0. Then, under the CD(R,n) condition,

) < 2R/ /ps dd——/ (/ (hs’psdu>ds—2// S”Osdds

Since (ps, hs) is a geodesic path, then (36) is an equality at time ¢ = 0, so, taking the time
derivative at t = 0 and using Lemma 5.5,

1d
-T < _ dd
T, S(fu, tgu) L, = R/ / o, ds

1
__/ (/ (s, p5) dﬂ> ds—/ / Ls:5) .
nJo
Again (ps, hs) is a geodesic path, so

/ L) 1 = T3 1,910

S

for all s. Letting again ¢(s) = [ pslog psdpu, the inequality may then be rewritten as

1d

R 1 1 1
—T <—=T2 - '(s)%ds — ! .
o7 S(fu, tgﬂ)‘ =73 5 (fre, gu) n/o s¢'(s)"ds /OsO(S)ds

Hence, by the Jensen inequality for the measure 2sds and an integration by parts, the CD(R,n)
condition and the existence of geodesics ensure the following dimensional EVI:

2

d R !
%%TQQ(JC,U, Ptgu)‘t:o < —ETQQ(JC,U’ gu) — % <Entu(9) - /0 Ent,(ps) d3> +Ent,(f) — Ent,(g)

where (ps) is a geodesic path between fu and gu for the T5 distance.

6 d-entropies versus usual entropy

There are many ways of extending the Markov transportation distance. Here we present the
one associated with ®-entropies, well adapted to the I's-calculus. For the Wasserstein distance
this generalization has been formulated in [DNS09, DNS12].

Let again (P;)¢=0 be a diffusion Markov semigroup with invariant measure p. Let £ be a C?
positive function on (0,400) with 1/£ concave. Let also

Eue?(1) = [ @(dn—o( [ san)

be the ®-entropy of a positive map f, with ®” = £. The ®-entropies have been studied for
instance in [Bak94, Cha04, AD05, BG10]. By analogy with Definition 3.1, for ®(x) = z log
and &(z) = 1/x:
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Definition 6.1 For f,g € F we let

1/2
Te(fr,gn) = mf / / £(ps) deS)/

where the infimum runs over all admissible paths (ps, hs)se[o,l] e A(f,g).

For a general map & this distance shares the same properties of existence of e-geodesics and
tensorization as the distance T5, which can be proved as in section 3. For instance:

Proposition 6.2 (Tensorization) Let & be a C? positive function on (0,+00) with 1/¢ con-
cave. Let (P{)i=o0, i € {1,--- , N} be N Markov semigroups on compact connected Riemannian
manifolds E; with probability measure p;, with genemtors L; and carrés du champ T'; as in
Section 8.1. Let P, = ®ZN 1PZ on the product space B = ><Z 1EZ, as in Proposztzon 3.5.

Then, for any densities f(x) = HZ 1 filxi) and g(z) = Hz 19i(xi) (x = (z1,--+ ,zN)) in F,

TE(fus gp) > ZTg(fmi,gmi)- (38)

Proof
< The argument follows the proof of Proposition 3.5. The key bound (18) is replaced by

/ Ty (h)€(ps)dpia > T1(hLE(RL).

This is a consequence of the definition (19) of the carré du champ and of the fact that the map
(z,1) — 22£(y) is convex under our assumption on &, see [Cha04]. >

Contraction and evolution variational inequalities

Theorem 6.3 Let (P;)i>o be our diffusion Markov semigroup satisfying a C D(R,00) condition
with R € R. Then for any f,g € F andt > 0, the contraction property

TZ(Pifu, Pugp) < e P TE(fuu, gp) (39)

holds, as well as the Fvolution Variational Inequality

e 2R — 1+ 2Rt
2Rt

TE(f 1, Pegp) — TE(fu, gp) < —
where ®" = £.

Proof
<1 The proof follows the idea of the classical case of Theorems 4.5 and 5.1. It uses the relation

T (fu, gi) + 2t (Enty; (f) — Enty (Prg)), (40)

1
/ / T (Pra(hs — tps), Prs(p2))E(Pis(ps)) ds ds = Ent® (Prg) — Ent(f).

for any admissible path (ps, hs) between f and g, and in particular

// (psr ho)€(ps) diads = Ent® (g) — Ent? (),

and the following lemma.
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Lemma 6.4 Let f,g € A with g > 0 and let
A0 = [Tegergn
fort > 0. Then, under the curvature condition C D(R, o),

N'(t) < ~2RA(t / (Pyg) (—%)(Ptg) (Bf)T(Pog)dp (41)

Proof
<1 We only briefly check the proof since it follows the one of Lemma 4.2. For any ¢ > 0,

N = [ [20(PS. LPE(RG) + TP (P g

In the notation G = P;g and F' = P, f, the invariance property fL[I’(F)&(G)]d,u = 0 and the
diffusion property of L give that

/ D(F)¢/(G)LGdp = — / [26/(G)P(V(F), G) +€"(G)T(G)T(F) + E(G)LI(F)] dp.

Hence, using the definition of the I's operator,

N =2 [ €6)[Lalr) + TP 1w e(6)) + ST 0s ()] d
=2 [ €G)[PaF) T () or @)+ (PN og @) ] di [ €46~ ) @PEI )i

Then Lemma 4.3 for n = oo, applied to f = F and g = log {(G), implies inequality (41). >

The particular case of power functions

Poincaré and logarithmic Sobolev inequalities belong to the family of ®-entropy inequalities,
namely for ®(z) = 22/2 and ®(z) = = log x respectively (see [Cha04]). An interpolation family
of inequalities between them consist in the Beckner inequalities, for ®,(z) = p(;f—il). It has been
proved in [AD05, BG10] how to refine these Beckner inequalities under the curvature-dimension
condition CD(R, o). In the same way, the contraction inequalities proved in [DNS12] and in
(39) for a general ® can be made more precise for these power functions, as follows.

For p € (1,2) we let &y(7) = 2P~2 and ®,(z) = p( ry for # >0, so that Dy = &p.

Theorem 6.5 (Refined contraction inequality) Let (P;);>o be our diffusion Markov semi-
group satisfying a CD(R,0) condition with R € R. Then, for any f,g € F and t > 0,

T (Pifp, Prgn) < e *MT2 (fu, gp)

_ 2—p fR(tu P p du
4p(—1) 2 <\//Pf Py — \// w9) du) . (42)
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Proof

< Let (ps, hs) be an admissible path between f and g, and A(t,s) = [ T(P,(hs))&p(Pilps))dp-
Then inequality (41) for hs and ps writes

But

OpA(t,s) < —2RA(t,s) = (2—p)(p—1) /(Pt(ps))p4F(Pt(Ps))F(Pt(hs))dM-

(P02 (Pu(p). Pu(ho))ds)
J Pi(ps)Pdp

[ TR )P >

by the Cauchy-Schwarz inequality, so

where

2 — p [5590(75, S)]Q

OiA(t,s) < —2RA(t,s) — ’ ot 5)

p(t,s) = ]ﬁ /(Pt(ps))pdu-

Integrating over s € [0, 1] and applying the Gronwall inequality in ¢, we obtain

/OlA(t, 5)ds ge_QRt/OlA(O s)ds — —/ / —2R(t-u) S‘p((“ S))] dsdu.

/O <p(u,s) d > < 0 \/md> _4(\/90( 71) \/90( 70))

again by the Cauchy-Schwarz inequality. The result follows by optimizing over (ps, hs). >

In the limit case where p = 2, the improvement in the contraction inequality disappears
n (42), as observed in the refined Beckner inequalities of [AD05, BG10]. Morever this improve-
ment goes to 0 when p goes to 1, hence recovering the classical contraction inequality (30)-(39)
under the curvature condition CD(R, c0).

References

[ABC100] C. Ané, S. Blachere, D. Chafai, P. Fougeres, I. Gentil, F. Malrieu, C. Roberto, and G. Scheffer.

[ADO5]
[AGSO08]
[AGS12a]

[AGS12b)]

Sur les inégalités de Sobolev logarithmiques, volume 10 of Panoramas et Synthéses. Société
Math. de France, Paris, 2000.

A. Arnold and J. Dolbeault. Refined convex Sobolev inequalities. J. Funct. Anal., 225(2):337—
351, 2005.

L. Ambrosio, N. Gigli, and G. Savaré. Gradient flows in metric spaces and in the space of
probability measures. Lectures in Math. ETH Ziirich. Birkhauser, Basel, 2008.

L. Ambrosio, N. Gigli, and G. Savaré. Bakry-Emery-curvature-dimension condition and Rie-
mannian Ricci curvature bounds. Preprint, 2012.

L. Ambrosio, N. Gigli, and G. Savaré. Metric measure spaces with Riemannian Ricci curvature
bounded from below. To appear in Duke Math. J.

25



[AMS14]

[Bak94]

[BBOO]
[BES5]
[BG10]
[BGG12]
[BGLO1]
[BGL13]
[BGL14]

[BGMI10]

[BLO6]
[CGMOS]
[Cha04]
[CMVO06]
[CTO5]
[DNS09]
[DNS12]
[EKS13]
[Gen13]
[GKO13]
[GL13]

[JKO9S]

L. Ambrosio, A. Mondino, and G. Savaré. Nonlinear diffusion equations and curvature con-
ditions in metric measure spaces. Work in preparation.

D. Bakry. L’hypercontractivité et son utilisation en théorie des semigroupes. In Lectures on
probability theory (Saint-Flour, 1992), volume 1581 of Lecture Notes in Math., pages 1-114.
Springer, Berlin, 1994.

J.-D. Benamou and Y. Brenier. A computational fluid mechanics solution to the Monge-
Kantorovich mass transfer problem. Numer. Math., 84(3):375-393, 2000.

D. Bakry and M. Emery. Diffusions hypercontractives. In Séminaire de probabilités, XIX,
1983/84, Lecture Notes in Math. 1123, pages 177-206. Springer, Berlin, 1985.

F. Bolley and I. Gentil. Phi-entropy inequalities for diffusion semigroups. J. Math. Pures
Appl. (9), 93(5):449-473, 2010.

F. Bolley, I. Gentil, and A. Guillin. Convergence to equilibrium in Wasserstein distance for
Fokker-Planck equations. J. Funct. Anal., 263(8):2430-2457, 2012.

S. Bobkov, I. Gentil, and M. Ledoux. Hypercontractivity of Hamilton-Jacobi equations.
J. Math. Pures Appl. (9), 80(7):669-696, 2001.

D. Bakry, I. Gentil, and M. Ledoux. On Harnack inequality and optimal transportation. To
appear in Ann. Sc. Norm. Super. Pisa Cl. Sci., 2013.

D. Bakry, I. Gentil, and M. Ledoux. Analysis and geometry of Markov diffusion operators,
volume 338 of Grund. Math. Wiss. Springer, Berlin, 2014.

F. Bolley, A. Guillin, and F. Malrieu. Trend to equilibrium and particle approximation for
a weakly selfconsistent Vlasov-Fokker-Planck equation. Math. Mod. Num. Anal., 44 (5):867—
884, 2010.

D. Bakry and M. Ledoux. A logarithmic Sobolev form of the Li-Yau parabolic inequality.
Rev. Mat. Iberoam., 22(2):683-702, 2006.

P. Cattiaux, A. Guillin, and F. Malrieu. Probabilistic approach for granular media equations
in the non uniformly convex case. Prob. Theor. Rel. Fields, 140(1-2):19-40, 2008.

D. Chafai. Entropies, convexity, and functional inequalities: on ®-entropies and ®-Sobolev
inequalities. J. Math. Kyoto Univ., 44(2):325-363, 2004.

J. A. Carrillo, R. J. McCann, and C. Villani. Contractions in the 2-Wasserstein length space
and thermalization of granular media. Arch. Rat. Mech. Anal., 179:217-263, 2006.

J. A. Carrillo and G. Toscani. Wasserstein metric and large-time asymptotics of nonlinear
diffusion equations. In New trends in math. physics. World Sci., Singapore, 2005.

J. Dolbeault, B. Nazaret, and G. Savaré. A new class of transport distances between measures.
Calc. Var. Part. Diff. Eq., 34(2):193-231, 2009.

J. Dolbeault, B. Nazaret, and G. Savaré. From Poincaré to Logarithmic Sobolev inequalities:
a gradient flow approach. SIAM J. Math. Anal., 44(5):3186-3216, 2012.

M. Erbar, K. Kuwada, and K.-T. Sturm. On the equivalence of the entropic curvature-
dimension condition and Bochner’s inequality on metric measure spaces. Preprint, 2013.

I. Gentil. Dimensional contraction in Wasserstein distance for diffusion semigroups on a Rie-
mannian manifold. Preprint, 2013.

N. Gigli, K. Kuwada, and S. Ohta. Heat flow on Alexandrov spaces. Comm. Pure Appl.
Math., 66:307-331, 2013.

N. Gigli and M. Ledoux. From log Sobolev to Talagrand: a quick proof. Discrete Contin.
Dyn. Syst., 33:1927-1935, 2013.

R. Jordan, D. Kinderlehrer, and F. Otto. The variational formulation of the Fokker-Planck
equation. SIAM J. Math. Anal., 29(1):1-17, 1998.

26



[Kuw13]
[LV09)]

INPS11]

[Ott01]
[OV00]
[OW05]
[Stu06]
[Tal96]
[Vil09]
[VRS05]
[Wan04]

[Wan11]

K. Kuwada. Space-time Wasserstein controls and Bakry-Emery-Wang type gradient esti-
mates. Preprint, 2013.

J. Lott and C. Villani. Ricci curvature for metric-measure spaces via optimal transport. Ann.
of Math. (2), 169(3):903—-991, 2009.

L. Natile, M. A. Peletier, and G. Savaré. Contraction of general transportation costs along
solutions to Fokker-Planck equations with monotone drifts. J. Math. Pures Appl., 95:18-35,
2011.

F. Otto. The geometry of dissipative evolution equations: the porous medium equation.
Comm. Part. Diff. Eq., 26(1-2):101-174, 2001.

F. Otto and C. Villani. Generalization of an inequality by Talagrand and links with the
logarithmic Sobolev inequality. J. Funct. Anal., 173(2):361-400, 2000.

F. Otto and M. Westdickenberg. FEulerian calculus for the contraction in the Wasserstein
distance. SIAM J. Math. Anal., 37(4):1227-1255, 2005.

K.-T. Sturm. On the geometry of metric measure spaces. I and II. Acta Math., 196(1):65-177,
2006.

M. Talagrand. Transportation cost for Gaussian and other product measures. Geom. Funct.
Anal., 6(3):587-600, 1996.

C. Villani. Optimal transport, Old and new, volume 338 of Grund. Math. Wiss. Springer,
Berlin, 2009.

M.-K. von Renesse and K.-T. Sturm. Transport inequalities, gradient estimates, entropy and
Ricci curvature. Comm. Pure Appl. Math., 68:923-940, 2005.

F.-Y. Wang. Functional Inequalities, Markov Processes, and Spectral Theory. Science Press,
Beijing, 2004.

F.-Y. Wang. Equivalent semigroup properties for the curvature-dimension condition. Bull.
Seci. Math., 135(6-7):803-815, 2011.

Acknowledgements. The authors warmly thank Guillaume Carlier, Nicola Gigli, Christian Léonard
and Karl-Theodor Sturm for enlightening discussion. They are grateful to the referee for a careful reading
of the manuscript and most relevant comments and questions which helped improve the presentation of
the paper. This research was supported by the French ANR STAB project.

27



