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TRANSPORTATION-INFORMATION INEQUALITIES FOR MARKOV

PROCESSES

ARNAUD GUILLIN, CHRISTIAN LEONARD, LIMING WU, AND NIAN YAO

ABSTRACT. In this paper, one investigates the following type of transportation-information

T.I inequalities: «a(T.(v,un)) < I(v|p) for all probability measures v on some metric
space (X, d), where p is a given probability measure, T.(v, 1) is the transportation cost
from v to p with respect to some cost function c(z,y) on X2, I(v|u) is the Fisher-
Donsker-Varadhan information of v with respect to u and « : [0,00) — [0, 00] is some
left continuous increasing function. Using large deviation techniques, it is shown that
T.I is equivalent to some concentration inequality for the occupation measure of a pu-
reversible ergodic Markov process related to I(+|u), a counterpart of the characterizations
of transportation-entropy inequalities, recently obtained by Gozlan and Léonard in the
i.i.d. case [R4]. Tensorization properties of T.I are also derived.

Let d be a metric. One denotes W1l := Tyl and Wl := Ty21 the transportation-
information inequalities associated with the metric cost ¢ = d and the quadratic cost
c=d>.

It is proved that WaI is stronger than Poincaré inequality, weaker than log-Sobolev in-
equality, and equivalent to it when Bakry-Emery’s curvature is bounded from below.
For the trivial metric cost d, one establishes the sharp transportation-information in-
equality W11 in terms of the spectral gap. In particular, a Hoeffding type concentration
inequality for Markov processes is derived and one shows that Wil implies a Poincaré
inequality.

For a general metric cost d, it is established that the spectral gap in the space of Lipschitz
functions of the Markov diffusion process implies W11. A sharp estimate of the constant
is obtained for general one-dimensional diffusion processes. Finally, a Lyapunov function
condition for W7l is proposed. It may be applied to a wide class of examples; some
examples are worked out.
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1. INTRODUCTION

Let M;(X) be the space of all probability measures on some complete separable metric
space (X, d) and consider the cost function c(x,y) : X? — [0, +00] with ¢(z,z) = 0 (for
all z € X), which is lower semicontinuous on X?. Given p,v € M;(X), the transportation
cost Tp(v, u) from v to p with respect to the cost function c is defined by

To(v, 1) = inf //X c(a,y) m(dx, dy) (1.1)

mEM:(X2):mo=v,m1=p
where mo(dz) = 7(dx x X), m(dy) = 7(X X dy) are the marginal distributions of 7. When
c(x,y) = d’(z,y) where p > 1, (T.(v, u))"? = W, (v, ) is the LP- Wasserstein distance
between v and p.
The relative entropy (or Kullback information) of v with respect to pu is given by

/flogfdu, ifl/<<,uandf::§—:
X

400, otherwise.

H(vlp) = (1.2
The usual transportation inequalities for a given p € M;(X), introduced by K. Marton
BT, B2] and M. Talagrand [B7], compare the Wasserstein metric W, (v, i) with the relative
entropy H (v|p). The following extension of these inequalities:

a(Tu(v. 1) < H(vl), Vo € My (X), (T.H)

has recently been proposed and developed by Gozlan and Léonard [R4]. Here a : [0, 00) —
[0, +00] is some left continuous and increasing function with a/(0) = 0.
Let us denote

a®(\) = sup(A\r — a(r)) (1.3)

r>0

the monotone conjugate of a. With « as above, one sees that a® is the restriction to [0, 00)
of the usual Convex conjugate &*(A) = sup,cp(Ar — a(r)) of a(r) = 1,>o0a(r), r € R. We
also denote p(v) := [, vdp.

Notation. In the special case c¢(x,y) = dP(x,y) where p > 1 and d is a metric, T.(v, ) =
W, (v, 1)?. We shall use the notation W,H instead of Ty H. In particular, Wi H stands for
T4H.

As an extension of the Bobkov-Gétze criterion [[], we have

Theorem 1.1 (Gozlan-Léonard [B4]). Let (X,,)nen be a sequence of X -valued i.i.d. random
variables with common law p and o« be moreover conver. Then the following properties
are equivalent:

(a) The transportation inequality T.H holds;

(b) For any couple of bounded and measurable functions uw,v : X — R such that
u(z) —v(y) < c(w,y) over X2,

log/ eMdp < Au(v) + a®(N), VA > 0;
X

(c) For alln > 1 and r > 0 and for any couple of bounded and measurable functions
u,v: X — R such that u(x) —v(y) < c(z,y) over X?, the following concentration
inequality holds
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n
k=1

P <l iu(Xk) > p(v) + 7“) < el

(¢’) The following large deviation upper bound holds for any couple of bounded and
measurable functions u,v : X — R such that u(z) —v(y) < c(z,y) over X?,

, 1 1 <
lim sup - log P (E Zu(Xk) > u(v) + r) < —a(r), ¥r > 0.

The main purpose of this paper. In this paper, instead of the transportation-entropy
inequality T.H, one investigates the following transportation-information inequality

a(Te(v, 1)) < I(v|p), Vv € My(X) (Te1)

for some given probability measure u. Here I(v|u) is the Fisher-Donsker-Varadhan infor-
mation of v with respect to

oy =[S VT €D s

associated with the Dirichlet form & on L?*(u) with domain D(E).

Notation. In the special case where c¢(z,y) = d?(z,y), we use the notation W,I instead
of Ty I. In particular, W11l stands for T,1.

Organization of the paper. This paper is organized as follows. In the next section we
characterize T.I by means of concentration inequalities for the empirical means L;(u) =
: fg u(Xs) ds of observables u along the symmetric Markov process (X;) associated with
the Dirichlet form &, extending Theorem [.] from i.i.d. sequences to time-continuous
Markov processes. The method of proof is borrowed from Gozlan and Léonard [R4] who
proved Theorem by means of large deviations of the empirical measure of an i.i.d.
sequence. In the present paper, it relies on the large deviations of the occupation measure
of (X;). The tensorization of T.[ is proved, and the relations between W51, Poincaré and
log-Sobolev are exhibited with the help of Otto-Villani [B4].

In Section 3, we prove Wi for the trivial metric d(z,y) = 1,., with the sharp constant
in terms of the spectral gap and derive a sharp Hoeffding concentration inequality for
Markov processes. Furthermore, we also prove that W1 implies the existence of a positive
spectral gap in the symmetric and uniform positive improving case by means of a result
of L. Wu [4q].

For a general metric, using Lyons-Meyer-Zheng forward-backward martingale decom-
position, we obtain in Section 4 sharp W;I under the spectral gap existence of the Markov
diffusion process in the space of Lipschitz functions, and an explicit and sharp constant
is provided for one-dimensional diffusions.

Finally in Section 5 we propose a practical Lyapunov condition for Wil (or a more
general Ty 1), which, although not providing the sharp constant, provides a good order.
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About the literature. Let us give some historical notes on the usual transportation in-
equality W,H. K. Marton [B]] first noticed that W, H implies the concentration inequality
for p by a very elementary and neat argument, and she established W; H for the law of a
Dobrushin-contractive Markov chain in [B9]. M. Talagrand [B7] established W5H for the
Gaussian measure p with a(r) = r/2C and provided the sharp constant C' (this particu-
lar case of T, H is often called Talagrand’s transportation inequality). Bobkov and Gotze
[A] obtained the characterization of W,H in Theorem [[.]] with [p = 1, @ quadratic] and
[p = 2, a linear]. Otto and Villani [B4] proved that the log-Sobolev inequality is stronger
than Talagrand’s transportation inequality and presented a differential geometrical point
of view on M;(X) equipped with the Way-metric. Bobkov, Gentil and Ledoux [H] shed
light on a profound relation between Talagrand’s transportation inequality, log-Sobolev
inequality, inf-convolution and some Hamilton-Jacobi equation. Djellout, Guillin and Wu
[[3] obtained a necessary and sufficient condition for W1 H with a quadratic @ by means
of the Gaussian integrability of d(x,z() under p, and gave a direct proof of Talagrand’s
transportation inequality for the law of a diffusion process by means of Girsanov’s for-
mula, without appealing to log-Sobolev inequality. Bolley and Villani [[f] and later Gozlan
and Léonard 4] refined the result of [I3] under a Gaussian integrability condition. Cat-
tiaux and Guillin [ constructed the first example for which Talagrand’s transportation
inequality holds but not log-Sobolev inequality, and Gozlan [BJ] found a necessary and
sufficient condition for Talagrand’s transportation inequality with p(dz) = eV ®dz on R
when the Bakry-Emery curvature V" is lower bounded. Otto-Villani’s differential geomet-
rical point of view on M;(X) equipped with the Wa-metric is very fruitful, as developed
by the recent works of Sturm [BH, Bd] and Lott and Villani [B{]. The reader is referred to
the textbooks by Ledoux [27] and Villani [BY, Bg] for further references pertaining to this
very active field.

Convention and notation. Throughout this paper either (X, d) is a complete separable
metric space with the associated Borel o-field B.

The space of all real bounded and B-measurable functions is denoted by bB.

The functions to be considered later are assumed to be measurable without warning.
For p,v € My(X), [|[v — pllry = sup,,j<; [ wd(v — p) is the total variation norm.
Throughout this paper a cost function ¢ is a nonnegative lower semicontinuous function
on X? such that c(x,z) =0 for all z € X.

2. GENERAL RESULTS ON T,/

2.1. Markov processes, Fisher-Donsker-Varadhan information and Feynman-
Kac semigroup. The main probabilistic object to be considered in this paper is an
X-valued time-continuous Markov process (€2, F, (X;)i>0, (Ps)zcx) With an invariant prob-
ability measure p. The transition semigroup is denoted (P;)s>o.

Assumption: Ergodicity. It is assumed that the invariant probability measure p is ergodic:
if f € bB satisfies P,f = f, p-a.e. for all t > 0, then f is constant p-a.e. Denoting
Ps(-) := [, P2(-) B(dzx) for any initial probability measure (3, the previous condition on 4
amounts to stating that ((X;)i>0,P,) is a stationary ergodic process.
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Assumption: Closability of the Dirichlet form. It is assumed that (F;) is strongly contin-
uous on L?(u) := L*(X, B, u). Let L be its generator with domain Dy(L) on L*(p). It is
also assumed that
£(9,9) = (=Lg,9)u, 9 €Da(L)

is closable in L?(u). Its closure which is denoted by (£,D(£)) is a Dirichlet form: the
symmetrized Dirichlet form associated with the Markov process (X;) (or (F;)). Notice
that (£,D(&)) corresponds to a self-adjoint generator £7 (formally £7 = (L+ L£*)/2), and
P? = £ is the symmetrized Markov semigroup of (P;). When P, is symmetric on L?(p),
the above closability assumption is always satisfied and the domain D(E) of the Dirichlet
form coincides with the domain Dy(y/—L) in L?(1).

These above assumptions of ergodicity and closability of the Dirichlet form prevail for
the whole paper.

Fisher-Donsker-Varadhan information. The following definition is motivated by standard
large deviation results.

Definition 2.1. Given the Dirichlet form & with domain D(E) on L*(u), the Fisher-
Donsker-Varadhan information of v with respect to p is defined by

L) = {5(\/7, VD, i v=fn VT €D(E) 1)

~+00, otherwise.

Convention. We adopt the following convention for the Fisher-Donsker-Varadhan infor-
mation on a Riemannian manifold X: if v = fu with f > 0 smooth,

v 2
o) = 5 [ F

This means that [ = Ir/4 where I is the standard Fisher information. This will lead
to transportation-information inequalities with a natural interpretation in terms of large

deviations, see (£.9) below.

When (P,) is p-symmetric, v — I(v|u) is exactly the Donsker-Varadhan entropy i.e.
the rate function governing the large deviation principle of the empirical measure

1 t
L, = —/ 0x,ds
tJo

for large time ¢. This was proved by Donsker and Varadhan [[3, [[f, [7] under some con-
ditions of absolute continuity and regularity of P;(z, dy), and established in full generality
by L. Wu [, Corollary B.11]. When p = e=V®dz/Z (Z is the normalization constant)
with V' € C' on a complete connected Riemannian manifold X = M, the diffusion (X;)
generated by L =A — VV -V (A, V are respectively the Laplacian and the gradient on
M) is p-reversible and the corresponding Dirichlet form is given by

£.(9,9) - / VoPdu, g€D(E) = H'(X, )
M

where H'(X, i) is the closure of C;°(M) (the space of infinitely differentiable functions
f on M with |V"™f| bounded for all n) with respect to the norm

Vgl + Vgl?).
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It also matches with the space of these g € L?*(M) such that Vg € L*(M — TM;p) in
distribution. In this case, if v = fu with 0 < f € C'(M), then

1ol) = [ 19V/Fdu = Wﬂ (2.2)

Feynman-Kac semigroup. The derivation of the large deviation results for L, as t tends
to infinity is intimately related to the Feynman-Kac semigroup

Prg(z) == E"g(X,) exp (/Ot w(X,) ds) . (2.3)

When w is bounded, (P}) is a strongly continuous semigroup of bounded operators on
L?(u) whose generator is given by L£%g = Lg + ug, for all g € Dy(L*) = Dy(L).
It is no surprise that this semigroup also plays a role in the present investigation.

2.2. Characterizations of T.I. Recall that Kantorovich’s duality theorem (see [B9])
states that for any v, u € M;(X) so that T.(v, p) < 400,

T.(v,p) = sup /udl/—/ (2.4)
(uv )ED,

¢ = {(u,v) € (bB)” : u(z) — v(y) < c(z,y), ¥(z,y) € X*}.
This motivates us to introduce as in [24]

To( = sup /udu—/ (2.5)
(u,v)ed

where ® C (bB)? (non-empty) satisfies
(A1) u <w for all (u,v) € ® (or equivalently Ty(v,v) =0 for all v € M;(X));
(A2) For all vy, 5 € M;(X), there exists (u,v) € ® such that [udy, — [vdyy > 0 (or
equivalently Tg (v, v9) > 0 for all vy, vy € M(X)).
Note that for (A1) and (A2) to be satisfied when ® = ®,, it is enough that ¢(x,z) =0
for all . The main result of this section is the following generalization of Theorem [[]].

where

Theorem 2.2. Let ((X;)i>0,Pu) be a stationary ergodic Markov process with the sym-
metrized Dirichlet form (€,D(E)), ® be as above and « : [0,00) — [0, 00] be a left contin-
uous increasing function such that a(0) = 0. Consider the following properties:

(a) The following transportation inequality holds
(T, 1)) < 1(vlps), Vo € M () (Tal)
(b) For all (u,v) € ® and all \,t >0

||Pt/\u||L2(u) < etPu)+a® (] (2.6)

where PM is the Feynman-Kac semigroup (2.3) and o® is defined at ([[.3).
(b') For all (u,v) € ® and all A >0

t
hmsup logE exp ()\/ u(X5s) ds) < A\u(v) + a®(N)
0

t—o00
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(c) For any initial measure 3 < p with dB/du € L*(n) and for all (u,v) € ® and
r,t >0,
I d
Ps (—/ u(Xs) ds > p(v) +r) < dp e telr) (2.7)
t Jo dp||,
(') For all (u,v) € ® and for any r > 0, there exists € M;(E) such that f < p,
dp/dp € L*(i) and

1 I
lim sup i log Pg <¥/ u(Xs)ds > p(v) + r) < —a(r)
0

t—oo

We have
(1) (a) = (b) = (V) and (a) = (c) = ().
(2) If a is convex, then (a) < (b).
(3) If (Py) is symmetric on L*(u), then (a) < (c) & ().
If furthermore a is convex, (a), (b), (V'), (c) and (¢') are equivalent.

The proof of this result is similar to [R4, Theorems 2 and 15]’s ones. It takes advantage
of large deviation results previously obtained by L. Wu. Namely,

- the identification of the rate function in the symmetric case and the large deviation
lower bound are taken from [f4] and

- the non-asymptotic Cramér’s upper bounds which are used in [24] are replaced by the
following result.

Lemma 2.3 (L. Wu [[3]). For any u € bB with p(|u|) < +oo and any t > 0, the following
statements hold true.

(1) Denoting

Afu) = sup { [ s~ £6.9):9 € D u(s?) = (5"l < +oo} L @)
one has
| P2y < eth ) (2.9)

and the equality holds in the symmetric case;
(2) For all r > 0,

P G /Otu(Xs) ds — () > 7«) < H%

where

2 exp <—t1§%1 L(p(u) + 7 — 5)) (2.10)

I,(r) .= inf {I(v|p);v € My(X),v(u) =r}, reR.

It is proved in [[3, 4] that in the symmetric case, I, (r) is exactly the rate function
governing the large deviation principle of % fot u(Xs) ds for bounded u. In these papers
no mixing assumptions are required, this is in contrast with the usual assumptions for
the large deviation principle as discovered by Donsker and Varadhan [[5, [, [[q] and
reconsidered by Deuschel and Stroock [[J]. This relaxation of the usual assumptions
is allowed by the assumed restriction that the initial law is absolutely continuous with
respect to the ergodic measure .
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Proof of Theorem 2.3. Part (1). As v — I(v|u) is convex on M;(X), sois I, : R —
[0, 4+00]. Since I,(u(u)) = 0, I, is increasing on [pu(u), +00). For all (u,v) € ® and all
A > 0, we have

AAu) =TI (N) (2.11)
where I is the convex conjugate of I,,. Indeed for A > 0, by (2.9)

Auw=wmﬂx/ufdu—e@yxgemwxnm%:1}
= sup{A/ug2 i —E(g,9);0 < g € D(E), u(g?) = 1}

= sup{)\/udy —I(v|p);v € My(X)}
= sup{Aa — I, (a)}

a€eR

where the second equality follows from the fact that £(|g|, |g|) < E(g,¢) for all g € D(E).
Note also that Tg/ implies that for any (u,v) € P,

L(p(v)+7r) > alr), Vr e R (2.12)

where a(r) = a(r) for r > 0 and = 0 for r < 0. Indeed it is trivial for » < 0 and for any
r >0 and v € M;(X) such that v(u) = u(v) +r, Tel implies that

1) > a(Talv, 1)) > a(u(u) — (v)) = a(r).
e (a) = (b): Putting together (B.11]) and (R.13) leads us to
A(w) = sup[Aa = Lu(a)] < sup [A(pu(v) + ) — a(r)l} = Au(v) + a®(A)

for all A > 0. Statement (b) now follows from inequality (E.9).

e (a) = (c): This follows from (R.1() and (R.17), noting that by (A1), u(u) < p(v) for all
(u,v) € P.

e (b) = (V) and (¢) = (¢/): These implications are trivial.

Part (2). (b) = (a) in the case where « is convex. By (R.0)), we have for (u,v) € ® fixed
and for any g € Dy(L),

(PXg, Pg), < e OH0re Mg g,
Differentiating at time zero we obtain
2(g, Lg + Mug), = 2(Au(g*u) — £(g,9)) < 2(Mu(v) + a®(N)u(g”).
Then for all g € Dy (L),
Ap(g*u) = p(v)u(g®)] — a®(Nulg®) < (g, 9)-
It can be extended to g € D(E). Now for any v € M;(X) such that I(v|u) < +oo,
dv

applying the above inequality to g = 4 [ qn> We get

Alv(u) = p(v)] = a®(X) < I(v|p).
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Taking the supremum over all A € R, as « assumed to be convex and a® = &@* on [0, c0)
(see the remark below ([.3)), we get

a(v(u) = p(v)) < I(v|p)
and taking the supremum over all (u,v) € ® leads to the desired result.

Part (3). Let us assume from now on that the semigroup (F;) is symmetric in L?(p).

e () = (a) : By the large deviation lower bound in [I4, Theorem B.1] and the identifi-
cation of the rate function in the symmetric case in [[[4], Corollary B.11], we have for any
initial probability measure § < p,

1 1
litminf p log Ps (;/ w(X,)ds > p(v) + 7’) > —inf{I(v|p); v(u) > pu(v) +r}.
This together with (¢) implies that for any r > 0,

inf{1(v]j2); v(u) > p(v) + 7} > afr).

Fix now v such that ro = Te(v, ) > 0 (otherwise Tl is obviously true.) Choosing a
sequence (uyn,v,) € ® so that v(u,) — p(v,) > ro — 1/n, for all large enough n,

alro — 1/n) < I(v]p)
where Tg I follows by letting n — oo and by the left-continuity of a.
e « is convex and (P;) is symmetric. (0') = (¢) with § = u: The proof is standard
and consists in optimizing exponential upper bounds. So doing, one obtains by means of
(0') the asymptotic upper bound (¢’) with the convex envelope of & instead of &. As « is

assumed to be convex, () is proved.
This completes the proof of the theorem. O

We now investigate two particular cases of Theorem P.3.

Corollary 2.4 (The inequalities W11(c) and Wal(c)). Let ¢ > 0 and let (X;) be a -
reversible and ergodic Markov process such that [ d*(x,x¢) dp(z) < +oo.

(1) The statements below are equivalent:
(a) The following W11(c) inequality holds true:

Wiy, p) < 4c* I(v|p), Vv € My(X); (Wil(e))
(b) For all Lipschitz function u on X with ||u||Lip, < 1 and all X\,t > 0,
12200 < exp (An(u) + A% 5
(¢) For all Lipschitz function u on X with ||ul|Lp <1, p(u) =0 and all X >0,
1 t
limsup - log E,, exp ()\/ u(Xs) ds) < AN
0

t——+o0 t

(d) For all Lipschitz functionu on X, r > 0 and 3 € My(X)such that d3/du € L*(u),

1/ ag r?
Ps| - X,)ds > < ||— _ .
3 (t A U( ) S ~ ,U(U) —+ T) < Hd'u 2€Xp < 402HUH%ip>

(2) The statements below are equivalent:
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(a) The following Wyl (c) inequality holds true:

W2(v, 1) < 4PT(v|u), ¥ € My(X); (W21(0))
(b) For any v € b8,
1 v t
1P || 2 < ea2®) Wt > 0

where Qu(x) = in}f{{v(y) +d*(z,y)} is the so-called “inf-convolution” of v;
ye
(c) For any u € bB,

1

|’Pt402uHL2(u) < eﬁu(&'u)7 Vi >0

where Su(y) = sup{u(y) — d*(z,y)} is the so-called “sup-convolution” of u.
reX

Notation. The best constants ¢ > 0 in W;1(c) and W5I(c) will be denoted respectively
by cw,(j1) and ev,i(p).

Remarks 2.5.

(i) The best constants cw,1(pt) and cw,i(p) depend on the metric d and the Dirichlet
form £. Of course cw,1(p) < ew,n(p).
(ii) The above corollary may be seen as the counterpart of Bobkov-Goétze’s characteri-
zations of W,H (p = 1,2) for Markov processes.
(iii) For a justification of the choice of the constant 4¢* in W1(c), see Example 219 below,
where cw,1 and cw,1 are identified as standard error in a Gaussian model.

Proof. Part (1). Notice that Wi (v, ) = Te(v, 1), where @ := {(u,u); ||u|up < L,u €
bB}. The result is a direct consequence of Theorem R.J in case u is bounded. The
transition from a bounded to an unbounded wu follows from an elementary monotone
convergence argument.

Part (2). The equivalence of (b) and (c) is direct. Though (a) < (b) follows easily from
Theorem P.2, we nevertheless present a simple proof. In the present symmetric case, by
Lemma .3, for any u € L'(u) the equality is achieved in inequality (2.9):

||Ptu||L2(u) = etA(“), \V/t Z O

(possibly infinite) where A(u) is given at (B.§). Notice that Qu is upper semicontinuous
and Su is lower semicontinuous.
e (a) = (b). Since for any v € M;(F),

/ Qudy — / vdu < W2(v, 1) < 4 I(v|w)
then
L[ Quav — 10lw) < (o)
g2 | O T AW = g a Y

Taking the supremum over all v yields (b).
e (b) = (a). Reverse the above proof. O
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Remarks 2.6. We have seen that, by Theorem R.9, T5I inequalities lead to exponential
deviation inequalities when the initial measure (3 is such that d3/du € L?(u). Tt is of
course a limitation for the applications. Let us see that in the diffusion case we may
overcome this limitation. As remarked by Wu [, p.441-442] , this assumption can be
replaced by d3/du € L(u) for 1 < ¢ < 2, provided that one replaces (B.9) in Lemma P.3
by |PAl, < e+, with

Ay (u) = sup { [ alsP -+ eI L0 £ B0 and [ 17— 1} ,

where p and ¢ are conjugate numbers. Now, suppose that £ admits a carré du champ TI'.
One can integrate by parts and get

(I L0 = = (4= 0/?) [ TP dn
Taking g = | f[P/? in the definition of A, we obtain that
Ap(u) = (4(p = 1)/p*) M(p*/4(p — 1))u).
Once again a deviation inequality is obtained, however with worse constants.
2.3. Tensorization of T.I. Assume that p; € M;(X;) satisfies
where [;(v|u;) is the Fisher-Donsker-Varadhan information related to the Dirichlet form

(&,D(E))), and «; is moreover convex. On the product space X™ := [, X; equipped
with the product measure p =[], p4;, consider the sum-cost function

7

@ici<x7 y) = i C<xi7 yl)7 V.T, Y € X(n) (214>
and the inf-convolution of (o) -
a0+ - - Oay,(r) == inf {z": a(ry); rp > O,zn:m = r} . (2.15)
i=1 i=1
It also shares the following properties of every «; : it is increasing, left continuous and
convex on RT with «(0) = 0 (see [B4]). Define the sum-Dirichlet form of &;&; by

ID)(EBZEZ) = {g c L2<:u) 1 g; € D((%),fOI‘ H-a.e. Z; and / Z((:Z(gl,gz) d,u < +OO}
X

=

®:&i(g,9) = /( )Zgi<givgi) dp, g€ D(E)
A1
(2.16)
where g;(z;) := g(x1, -+ , x4+ ,x,) wWith Z; :== (21, -+ , i1, T, -+, x,) fixed.

Theorem 2.7. Assume ([2.13) for each i = 1,--- ,n with a; moreover convex. Define

c,a, & respectively by (2.14), (B-13) and ([2.18). Let Is,s (v|p) be the Fisher-Donsker-
Varadhan information associated with (&;&;,D(®,E;)). Then

a0 Oay (r)(Tae, (v, 1) < Ise (v|n), Yv € M (X(")) ) (2.17)
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This result is similar to [B4, Corollary 5], but the proof will be different. It is based on
the following sub-additivity result for the transportation cost of a product measure which
is different from Marton’s original proof [BI)] where an ordering of sites is required.

Lemma 2.8. Given a probability measure v on [[\_, &;, let v; be the regular conditional
distribution of x; knowing ;. Then with the cost function ¢ given at (£.19),

TEBCz’ (:uv V) < E” Z Tci(”iv Vi)'
i=1

Notation. The expectation E” simply means integration with respect to v.

Proof. Let (Z; = (X;,Y;))i=1..n be a sequence of random variables valued in [, X7
defined on some probability space (2, F,P), realizing Ty, (i, v), i.e., the law of X =
(Xi)izt,om is =1 fti, the law of Y = (Y;);=1.... ,, is v, and

EZCZ(XHY;) = T@Ci(:uv V)'

For each i fixed, construct a couple of r.v. (X;,Y;) so that its conditional law given (Z;)ji
is a coupling of (w;(dx;), vi(dx;|Y;, j # i) and P-as.,

Elei(Xi, V)| Z5, 5 # 1) = Te (s, vi-Y5, 5 # 7).

Obviously (X;,j # i; X;) and (Y},j # i;Y;) (more precisely their joint law) constitute a
coupling of (u,v). Thus E c](Xj,Yj) <E[D_, (X5, Y)) + (X, Y5)] or

Ee,(X;,Y;) < Eei(X,, ;) = BT, (i, vi(-Y5, 5 # 4)).
Consequently

TEBQ’(M’ V) = EZTQ(XZ?Y;) < EZT@(M@',V@'(‘D/},j # Z)) = /ZT%(M%VZ') dv
=1

i=1 i=1

O

The following additivity property of the Fisher information will be needed. It holds
even in the dependent case.

Lemma 2.9. Let v, ju be probability measures on [[;—_, X; such that I(v|p) < +oo, let u;,
v; be the reqular conditional distributions of x; knowing T; under p, v. Then

I (v]p) = E”Z[ (Vi 12)- (2.18)

Proof. Let f = dv/du. Then dv;/du; = f/w(f) = fi/umi(fi),v-a.s. (recalling that f; is

the function f of x; with #; fixed). For v-a.e. z; fixed,

i) = (1o [ = e T
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(for p;(f;) is constant with z; fixed). We obtain

B Livilw) E“fz E(WVFi v F)
i=1

—E“Zé’ \/E’\/E
= i ff Lse,(v|p),

which completes the proof. O

The above additivity is different from the super-additivity of the Fisher information for
product measure obtained by E. Carlen [[.

Proof of Theorem B.]. Without loss of generality we may assume that I(v|u) < +oo. For
simplicity write o = ;0 - - - Ocv,. By Lemma P.§, Jensen’s inequality and the definition

of a,
a(Tee, (v, 1)) < a (E” > Te(vi, m))

i=1
«Q <Z T, (v, MJ)
i=1
<E” Z o (T, (vi, pa)
i=1

i=1
The last quantity is equal to Ige, (v|@), by Lemma P.9. O

As an example of application, let (X});>0,4 = 1,--- ,n be n Markov processes with the

same transition semigroup (P;) and the same symmetrized Dirichlet form & on L?(u),
and conditionally independent once (X} )i—1.. , is fixed. Then X, := (X},---,X}") is a
Markov process with the symmetrized Dirichlet form given by

B89, ) = / >l g0 lde) -+ )

which is the n-fold sum-Dirichlet form of £.

Corollary 2.10. Assume that u satisfies T,I on X with o convex. Then u®" satisfies

T @n
na (M) < I e(W|u®), Vv € Mi(X™). (2.19)

n

In particular for all (u,v) € @, for all initial measure 3 on X™ with dB3/du®" € L*(u®")
and for any t,r > 0,

(54 ez ) < ]

e~ntelr), (2.20)
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Proof. As a""(r) = na(r/n), (B.19) follows from Theorem .. Noting that for u,v € ®,,
OO0 ulay), > 5 v(x;)) as a couple of functions on X™ belongs to @, we obtain (2:20)
by Theorem P.2 O

The tensorization of W,I in the dependent Gibbs measure case is carried out in Gao

and Wu [20].

2.4. Relations between W51, Poincaré and log-Sobolev inequalities. In the rest of
the paper we are interested in two particular cases of T.I: W11 (k) and W51 (k) introduced
at Corollary P.4.

Notation (Spectral gap). As usual, one says that p satisfies a Poincaré inequality if
Varﬂ(g) S Cg(gag)7 vQ € D2(£)

for some finite ¢ > 0 and a Dirichlet form £ which is closable in L?(1). We denote cp (1)
the best constant ¢ in the above Poincaré inequality. It is the inverse of the spectral gap
of L.

From the work of Otto-Villani [B4], we have the following observations.

Proposition 2.11. Let X be a complete connected Riemannian manifold and p = e=V @ dx /7
where dx is the Riemannian volume measure, V € C*(X) and Z = [, e”Vdx < +oo. Let
D(E) be the space H'(X, ) of those functions g € L*(X,u) such that Vg € L*(TM, 1)

in the sense of distribution and consider the Dirichlet form,

Ev(9,9) ::/ IVgl>du, g € D(E)
X

and the associated Fisher-Donsker-Varadhan information I(v|u), see (£-3).
(a) If the log-Sobolev inequality below

H(v|p) < 2c¢I(v|p), Vv

is satisfied, then p satisfies Wol(c). In other words the best constant cps(p) in the
log-Sobolev inequality above satisfies

crs(p) 2> ewyr(p).-

(b) If W5I(c) holds, then the Poincaré inequality holds with constant c. In other words
the inverse spectral gap cp(p) of Ev satisfies

ew,1(p) > cp(p).

(c) Assume that the Bakry-Emery curvature Ric+HessV is bounded from below by K € R,
where Ric is the Ricci curvature and HessV is the Hessian of V. If Wyl (c) holds with
cK <1 (this is possible by Part (a) and Bakry-Emery’s criterion), then the log-Sobolev
imequality

H(vlp) < 2(2¢ — 2K I(v]p0), o

18 also satisfied or equivalently

2ew,i(p) — Kew,i(p)? > es().
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Proof. Before the proof, let us remind the reader that I = Ir/4 where I is I in Otto-
Villani’s paper [B4].
e Statement (a). The proof is direct, as by [B4] or ] a logarithmic Sobolev inequality

implies the Wy H (sometimes called T3) inequality so that

Walv. 1) < v/2eH(wlp) < 20/ T([p)

which is the announced conclusion.

e Statement (b). The proof follows from the usual linearization procedure. Set u. =
(14 eg)p for some smooth and bounded g with [ gdu = 0, we easily get: as e — 0,

1
I(pielp) /e® — ZSV(gag)
and by Otto-Villani [B4, p.394], there exists r such that

Wo (e, r
/92 dp < \/Ev(g,g)y + ng(Ma,u)-

Using now W51 (c) we get

2

/g dp < 2¢v/Ev (9, 9) ME'” (el ).

€

Letting ¢ — 0 gives the result.

e Statement (c). This result is a direct application of the HWT inequality [B4, Th.3] in
the Euclidean case and [ for a general Riemannian manifold:

Hul) < 2Wolor, )/ TT) — 5 W30 1), (2.21)
O

Example 2.12. Let = N (0,X) be the centered Gaussian measure on R", with positive
definite covariance matrix 3. We claim that with respect to the Euclidean metric | - |,

cew,i(i) = ewar(p) = A (71
where A\, denotes the minimal eigenvalue. Indeed it is well known that with respect to
the usual gradient V on R™ (cf. Ledoux [27)),

cp(p) = cus(p) = Agin(E 7).
Then by Proposition R.11|(a) and (b),
CWJ(M) < CWQI(/’L) = )‘r;}n<271)

On the other hand, let v = N (m,X) where m € R™. Then Wi(v,u) = |m| (indeed
Wy(v, ) = |m| for all p > 1), and I(v|p) = $|S 'm|*. Thus

N
Cwll(ﬂ)Z(in| m‘) k(s

néwr ]

completing the proof of the claim.
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As is seen from this proposition, in the bounded below curvature case, W5l (k) is (qual-
itatively as constants are lost) equivalent to a logarithmic Sobolev inequality. It is an
interesting question to know whether or not it is the case in full generality. We do not
believe this to be true, and the hint for this conjecture comes from the fact that even for
the usual W5 H inequality, the only cases of measures satisfying W5 H but not log-Sobolev
inequality which are known so far have an infinite curvature [J]. That is why in the rest of
the paper we are mainly interested in W1 (k). Nevertheless, note that Wl may easily be
applied to obtain tensorization results in some situations where dependence occurs and
the log-Sobolev inequality seems to be unfruitful, see [B{].

3. POINCARE INEQUALITY IMPLIES HOEFFDING’S DEVIATION INEQUALITY

3.1. Relations between Poincaré and W, inequalities. The purpose of this section
is to establish
Theorem 3.1. Let ((X;),P,) be a stationary ergodic Markov process.
(a) The Poincaré inequality
Var,(g) < cp €(g,9), Vg € Da(L) (3.1)
implies
v =l < dep L), W € My(X). (32)
In particular for every initial probability measure 3 < p with dB3/du € L*(n) and for

allu € bB, t,r > 0,
tr?
(‘qﬁmw) (33)

1 t
(5 f oy z0) <],
tJo
where 0(u) := sup, ¢y [u(r) — u(y)| is the oscillation of u.
(b) Conversely, under the additional assumption that (X;,P,) is reversible and Ry :=

fooo e 'P,dt is p-uniformly positive improving, if there is some left-continuous and
increasing o such that a(r) >0 for all r > 0 and

a(lly = pllrv) < I(vlp), Vv € Mi(X),

then the Poincaré inequality ([3.4) holds.
(¢) In other words when d is the trivial metric, W11 is equivalent to Poincaré’s inequality
in the symmetric and uniformly positive improving case.

Here the kernel R; is said p-uniformly positive improving, if for any ¢ > 0,

inf u(14R1p) > 0.
A B A) u(B)>e
Note that if the symmetric semigroup (P,) is irreducible, i.e. Ry(z, A) = [[° e 'Py(z, A) dt >
0, Vx € X for any A € B charged by u, then R is - umformly pos1t1ve improving for every
t >0 (cf. [, P2]). A typical example of this situation is when Pi(z,dy) = pi(x, y)u(dy)
and pi(x,y) > 0, u ® p-a.s. for some t > 0. See [[[0, 9] for related results and references
on this subject.

Remarks 3.2.
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(i) Let d(x,y) = 1,2, (the trivial metric) and ® = {(u,u);d(u) < 1}. Then

1
v = ullrv = Wiy, p) = To(v, p).

Hence (B.2) is exactly the inequality Tpl or Wil(c) with 4¢®> = cp, and (B.3) is a
direct consequence of (B.9) and Corollary R.4-(1-d).

(i) Hoeffding type inequality (B.J) improves a similar result by Cattiaux and Guillin [§].
Lezaud [B§] proved a deviation inequality, which is better than (B.3) in the moderate
deviation scale (r very small), nevertheless his proof involves a difficult argument
based on Kato’s theory of perturbation of operators.

(iii) Inequality (B.J) is only meaningful for r small enough, since its left-hand side vanishes
as soon as r > 0(u).

(iv) About the deviation inequality in Theorem P.9(c), several variants are already known.
K. Marton [BZ] proved a Gaussian deviation inequality for Doeblin recurrent Markov
chains (X, )neny by means of L'-transportation inequality for the law of the chain.
Her result is next generalized in Djellout and al. [[[J].

(v) Does WiI(c) imply the exponential decay: Wi(vP,u) < Ce Wy(v,1)? In the
trivial metric case this decay means Doeblin recurrence and Theorem B.]] gives a
negative answer. Indeed, there exist reversible Markov processes having a positive
spectral gap which are not Doeblin recurrent, for instance the Ornstein-Uhlenbeck
processes.

Proof of Theorem [3.]. @ Statement (a). As noticed at Remark B.2-(i), all we have to
prove is the transportation inequality (B.9). To this end we may assume that f = dv/du
satisfies /f € D(E). By the inequality (B) in Theorem B.3 below and the assumed
Poincaré inequality,

v = nliy < Var,(VF) < o€ (V/F VP = ol ().

e Statement (b). This converse part is based on the third author’s paper [[[f]. Indeed by
Theorem .9 and our assumption,
> r) <0

t
lim sup E log P, (‘1 / u(Xs)ds — p(u)
t—o0 t t 0
for all u : X — R? bounded and measurable (d > 1) and any r > 0. This implies by [,
Theorem 3.9] that (F;) satisfies the Resolvent Tail-Norm Condition (named in [[I§]). This
last property together with the uniform positive improving property implies the existence
of a spectral gap by [[§, Theorem 4.1] or [P9, Theorem 4.4].
e Finally, (c) is a direct consequence of (a) and (b). O

3.2. A CKP type inequality. During the proof of (a), we have used inequality (B.3)
which is part of the Theorem below. The usual CKP (Csiszar-Kullback-Pinsker)
inequality is

1
Slv = plivy < HWlp), Vv € My(X).

We shall see during the proof of Lemma B.7 at (B.13) that (B.5) is of the similar form

1
LI = lldy < 1(vlw), v € M ()
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for some well chosen I. This is the reason why it is called a CKP type inequality.

Let ((X¢)t>0,P) be the pure jump Markov process on the state space X with generator
Lg(x) = [,lg(y) — g(x)] u(dy), g € bB and initial law p € M;(X). A representation of X
is given by

X; =Yy, t>0 (3.4)
where N is a Poisson process with parameter one which is independent of the sequence
(Y,)n>0 of independent identically p-distributed A'-valued random variables.

Theorem 3.3. Let p be any probability measure on X and X be its associated process

defined at (3.4).

(1) The following two equivalent families of inequalities hold true:
(a) For every u-probability density f, i.e. f >0 and p(f) =1,

£ = plfy < AVar, (V) (35)
(b) For all A € R and u € bB such that u(u) =0 and 6(u) < 2, we have
1 t
limsupglogEeXp ()\/ u(XS)ds) < p(N) (3.6)
t—o0 0

where p(A) = 15<1A? + Ly =1(2[A] = 1).
(2) The constant 4 in (B-3) is sharp and the equality holds if and only if
po fh=poiw +(1-p)de (3.7)

for some 0 < p < 1.

(3) The function p is the best right-hand side for the inequality (B-G) and the equality
is achieved for some A € R and some u € b3 such that p(u) =0 and §(u) < 2, if
and only if there exists 0 < p < 1 such that

A=1-2p:= Ap)

and
o ut = poa—2p + (1 = p)o_2p. (3.8)
Proof. The statement of Theorem B.J is simply a gathering of Lemmas B.5 and B.7 below.
These lemmas provide two distinct proofs of inequality (B.5). O]
Remarks 3.4.

(i) Note the symmetry p < 1 — p in (B]) and the antisymmetry in (B:§) : (A, u) <
(=, —u) gives p < 1 — p.

(ii) Let us recall some well-known facts about optimal transportation [B9, B§]. The total
variation ||y — v||rv is the minimal transportation cost T,(v, u) associated with the
cost function ¢(z,y) =2+ 1,,, (see Remarks B.9) :

lp—=vlrv =2 inf w({(z,y);z#y})
reP(vp)

where P(v, ) = {m € M;(X?) : my = v, = p}. The infimum is attained on P (v, p),
these minimizers are often called optimal couplings of v and p. One has the following
characterization: m € P(v, ) is optimal if and only if there exists some measurable
function w on X such that

T({(z,9) € X% u(@) —uly) =2 Log}) = 1. (3.9)
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Such a u is often called an optimal Kantorovich potential.
Let 0 < p <1 and f satisfy (B.7]). Any optimal coupling 7 of fu and u satisfies

m({(z,y); 2 #y}) =1 = 2p[ = |A(p)|

and it admits an optimal Kantorovich potential u (see (B.9)) satisfying (B.§). More

precisely,

(a) {u=2—=2p} ={f=(1—-p)/p}if 0 <p<1/2

(b) fu=2-2p}={f=p/(1-p}ifl/2<p<1

(¢) When p = 1/2, (B7) is equivalent to f = 1 u-a.e., that is ¥ = . On the other
hand, any u satisfying (B.§) with p = 1/2 is an optimal potential for the trivial
optimal coupling 7 (dzdy) = p(dz)d.(dy).

The equalities in (a) and (b) are satisfied up to p-negligible sets.

(iii) Inequality (B.§) is already known in statistics. Indeed for v = fu, the Hellinger
distance between v and p is given by

dyumzé/ﬁ—vﬁﬂmzl—m¢ﬂ.

The known inequality (see Gibbs and Su [T]) is

1
1y = pllty < diy (v, 1)[2 = djy (v, )
and the above right-hand side is exactly 1 — [u(v/f)]* = Var,(V/f).

We are going to give two different new proofs of (B-H). The first one, at Lemma B.J,
is elementary and provides a characterization of these f’s which achieve the equality in
(B.H)). The second one, at Lemma B.7, is in the spirit of this paper since it is a corollary of
Theorem P.2. It also provides a characterization of the real parameters A which achieve
the equality in the “dual” inequality (B.G).

A first proof of the CKP type inequality ) and more. It may be seen as an amusing
exercise in graduate courses.

Lemma 3.5. The inequality holds for every p-probability density f. Moreover, equal-
ity is achieved in (B.3) if and only (3.7) is satisfied for some 0 < p < 1.

Proof of Lemma [3.J. Assume that pu(f = 1) < 1 (trivial otherwise) in the following. Then
0<pu(f<1),p(f>1)<1.

e Step 1. Reduction to the two-values case. This step might be the most difficult. Let
A={f <1} B ={f > 1} and [ = B*(flo(A)) = ala + Blp with a — p(1af)/u(A)
and 3 = p(1pf)/u(B). As u(f < 1) > 0and pu(f > 1) > 0, one sees that 0 < a <1 < .
Therefore, f < 1 if and only if f < 1 and

gt =10 = [ 0-pdu=[ Q== [ 0= Pan=guin- )

On the other hand, by Jensen’s inequality
2

van, (V) = 1= [u(V7)] <1- /P
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and the equality holds if and only if f = f. It follows that for f to satisfy (B) it is
enough that (B.5) also holds for f. Without loss of generality, we may assume from now

on that f = f, i.e. there are two numbers 0 < a < 1 < b such that
p=pu(f=0a*)€01), g=pnlf=0")€(0,1),p+q=1
e Step 2. Let £ € (0,7/2) such that \/p = cos§, \/q = sin§. Since

1 = u(f) = pa® + gb?
we may choose 6 € [0, 7/2] such that

a=——cosf, b= Lsir19.
p Vi
Asa€[0,1), 0 > & Now noting that
1
Var,(v/f) = (b= a)’pg, Sl = f) = p(lya(1 = f)) = (L —a®)p

the inequality (B.J) amounts to saying that
(b—a)y/pqg — (1 — a®)p = sinf cos & — cosfsin & — (cos® £ — cos® )
=sin(f — &) — (cos* € — cos?0) =: g(£,60) >0
for all 0 < £ < 0 < /2. Fix £ and put h(f) = g(£,0). We have

(9-@)—gmw)

and then 2/(6) = 0 if and only ifg—(ﬁ—g):% (if 20 < 7/2) org—(ﬁ—f)zw—%

OMQZM@JﬂQZ%:%+§m9:%:g—§
Case 1. £ € [n/4,7/2): Since 61,05 < & and h/(7/2) > 0, we have h'(0) > 0 for all
0 € (¢, m/2]. Hence for all 0 € (§,7/2], g(§,0) = h(0) > h(&) = 0.
Case 2. £ € (0,7/4): In this case £ < 0; < 0y < w/2. Since W'(§) > 0,h'(7/2) >
0, h(§) = h(h) = 0, K is positive, negative and positive respectively on (&, 6;),
(01,05) and (62, 7/2). Consequently for all 6 € (¢, /2], g(§,0) = h(f) > 0 and the
T

equality holds if and only if 8 = 0, = 5~ €.

(3.10)

T

h'(0) = cos(f — £) — sin(20) = sin (2

e Step 3. Equality in (B.3). If f = 1, u-a.s., then the equality in (B.5) holds. Now, assume
w(f = 1) < 1 and the equality in (B.§). By Step 1, f = f, i.e. f takes only two values
Vva < 1 < +/b. By Step 2, this is possible if and only if £ < 7/4 and § = 7/2 — £, i.e.
p = cos?& > %, cos? 0 +cos®* € = a’p+p = 1. That is p(1+ a?) = 1. Therefore, either there
exist two numbers 0 < a < 1 < b such that u(f € {a? v*}) =1 and

pa® + (1 —p)p* = 1
p(1+ a?) = 1

or f =1, p-a.e. This proves the desired parametrization (B.7]) for 1/2 < p < 1, and hence
for all 0 < p < 1 because of the symmetry in (B.7). O
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Example 3.6. (Bernoulli distribution). Let p be the Bernoulli distribution on X = {0, 1}
with x({1}) = p € (0,1). Consider the Dirichlet form &£(g,g) = (g(1) — ¢g(0))®. Then
cp(p) = pq. By Theorem B.1H(a) and Remark B.3-(i), we see that

pgWi(v, p)* < I(v|p)

where W is built with the trivial metric. The constant pq is sharp. However p does not
satisfy any Wal(k) as is easily seen with v = p. = (1 +eg)p.

A second proof of the CKP type inequality (3.3) and more. Recall that ((X;);>0, P) is the
pure jump Markov process defined at (B.4).

Lemma 3.7.

(1) The inequality ([3.3) holds for all probability density f if and only if for all X € R
and u € bB such that p(u) =0 and 6(u) < 2, we have

t
lim sup % log E exp ()\/ u(Xs) ds) <\ (3.11)
t—o0 0

(2) For all A € R and u € bB such that pu(u) =0 and §(u) < 2, the inequality (3.11)
holds true.

(3) The equality is achieved in (F11) for some A € R and some u € bB such that
p(u) = 0 and §(u) < 2, if and only if X = 1 — 2p and (5-§) hold for some
0<p<l

(4) The function p is sharp in inequality ([3.8), that is

1 t
p(N\) = sup {lim sup ~ log E exp ()\/ u(X5s) ds) }
0

u t—o0

for all real A\, where the supremum is taken over all w € bB such that u(u) = 0
and §(u) < 2.

(5) For all X € R and u € bB such that p(u) = 0 and 6(u) < 2, the inequalities (5.3),
(B-8) and ([5.11) are equivalent. The equality in ([5-§) is never achieved whenever
|A] > 1.

Proof. e Statement (1): Clearly, p is a reversing measure for the process X and the
associated Dirichlet form is

E(g,9) = Var,(g), g€ Dy(L) = L*(n). (3.12)

Therefore, statement (1) is a direct consequence of Theorem R.3- (V') applied with ® = @,
c(z,y) = 2.1,4, and a(a) = a?/4. Note that one passes from A > 0 to A € R, by
considering —u instead of u. This is possible since §(—u) = §(u) < 2 and p(—u) = p(u) =

0.

e Statement (2): Let us introduce the notations ¢ (t) = log ¢(t) with p(t) = Eexp (fot v(Xs) ds)
and v = Au. We wish to get an upper bound for v (¢). For all t > 0,

/

GO =20 = B
v = |2 (2)] @
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where E¥! is the expectation with respect to

P* = exp (/Otv(Xs) - @/}(t)) P.

In order to compute ¥ (t), let us apply 1t6’s formula to Y; = v(X;) exp fo s) ds. This
gives

t
dY; = exp </ v(X5s) ds) [(Ev(Xt) +0(X,)?) dt + th]
0
where M is some martingale. It follows that
¢'(t) = EY,

_ E<U(Xo)+/otdYs)
= Eu(X) + /0 E <exp( /0 sv(Xr)dr)[Ev(Xs)+v(X8)2]) ds

Hence ¢"(t) = E <exp(f0t v(Xs)ds)[Lo(Xy) + U(Xt)2]> and we obtain

00 — BN (LINl(X)) = NV [u(X0)

where VA% is the variance with respect to P %,
Since p(u) =0, Lu(x) = p(u) — u(r) = —u(x), one sees that

Y'(t) + () = NV u(X,)], t>0. (3.13)
As it is assumed that §(u) < 2, we have V*![u(X;)] <1 and
V() + () <N t>0. (3.14)
Clearly, ¥(0) = 0 and ¢'(0) = Ev(X,) = p(v) = 0. Let 6 be the solution of
0"(t)+0'(t) =)\, t>0 (3.15)

with the same initial conditions as ¢ : #(0) = 6'(0) = 0. Denote y(t) = 0(t) — ¥ (t). As
v'(t) +~'(t) > 0, for all ¢ > 0, we see that 7/(t) +v(t) > +/(0) + v(0) = 0. By Gronwall’s
inequality, it follows that v(¢) > 0 for all ¢ > 0. This means that

P(t) < e+t —1), Vt>0

where the right hand side is 6(¢) which is obtained by elementary differential calculus.
The upper bound (BI7]) follows immediately.

e Statement (3): Now, let’s investigate the equality in (B.I])). Inspecting the proof of
statement (2), one sees that this equality holds if and only if the equality holds in (B.14)
asymptotically as ¢t tends to infinity, i.e.

lim VA u(X,)] = 1 (3.16)

t—o00
To see this, remark that the solution to (B.1J) with general initial conditions 6(0) = 6,,
0'(0)=0is0(t) = (e "+t —1)+0,+0. (1 —e"), t >0 so that lim;_., 6(¢)/t = N2, for
any initial conditions. Using Gronwall’s inequality as above, one sees now with (B.13)) that
the desired equality holds if and only if lim inf; ., V**![u(X;)] = 1. But this is equivalent
to (B-16) since V2! [u(X,)] <1 as 6(u) < 2.
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It is an easy exercice to show that for any random variable Z such that —1 < Z < 1 almost
surely, we have Var(Z) <1 and Var(Z) = 1 if and only if the law of Z is 1(0_1 4+ d11). It
follows that (B.1G) holds if and only if u only takes two values a + 1 and a — 1 where a is
some real such that p(u) = 0 and

lim P (u(X) =a+1) = lim PMH (X)) =a —1) = 1/2. (3.17)
One immediately sees that with p := p(u = a+1), p(u) = 0 implies that a = a(p) = 1—2p.

Therefore, the image law p o u™" of u by u must satisfy (B-§) for some 0 < p < 1.
Fix 0 < p < 1 and take u as in (B.§). Let us introduce the {+, —}-valued process

defined by Z") = u(X¢) —a(p), t > 0 and denote x the identity on {+, —} : x(+) = +1,
x(—) = —1. Rewriting (B.I7) as a ratio, one obtains

E 1{u(Xt)_a( )+1} {eXp <)‘ fO ds) B i/f(t)H
1 = lim —
t=oo g 1{U(Xt y=a(p {exp <>‘ fo > - w(t)}}
X(2!
X(

E 1+(Z( ) exp <)\f0 )}
= lim —
HOOE_l (Z( ) exp ()\fo Zp )}

The process Z® is still Markov and its generator is given for all ¢ € {4, —} and g € R{+~}
by

Apg(a) = my(g) — g(0)
where m, = pd; + (1 — p)o_ is the image of u by x € X — u(x) — a(p).

The Feynman-Kac semigroup associated with Z®) and the potential Ay is defined for all
o€ {+,—} and g € RI""} by

Prg(o) :=E lg(Zt(p)) exp ()\ /OtX(Zs(p’) ds) ’Zém _ 0,} .

This allows to rewrite
E [1+(Zt(p)) exp <)\ fot X(Zép)) ds)}
B [1(Z) exp (A fy x(27) ds )

which can be computed explicitly by means of elementary linear algebra in R2. Indeed,

seeing the functions as vectors: g = (ggig) = (‘;) = z1, + yl_ where (1,1 ) is
the canonical base of R*~} one immediately identifies the operator A, 4+ A\x with the
matrix M = < “laptA d-p

p —p—A
real distinct eigenvalues s; > sy given by s; = —1/24+vA/2 and s, = —1/2—+/A/2 with
A =1+4\(A+2p—1)and A > 0since 0 < p < 1. One can check that 1, = (v; —vy)/VA

) . It is a simple exercice to show that M has two



24 ARNAUD GUILLIN, CHRISTIAN LEONARD7 LIMING WU, AND NIAN YAO

s s + A + s + A + s
and 1_ = (—H/\%m + ’%vz)/\/z where v, = (p p 1) and vy = (p ) 2)
are eigenvectors associated respectively with s; and ss. Using the elementary remark that

s1 > so implies that lim; ., e e (av; + bvy) = av; for all a,b € R, one obtains

lim <mp7 Ptil+> - _ p
t—oo (my,, PP1_) D+ A+ 59

for all 0 < p < 1 and A € R. Putting everything together, we conclude that the equality
in (B.I1) holds if and only if —p/(p + A + s2) = 1 which in turn is also equivalent to
A=1-—2p.

e Statement (4): Let us denote

u t—o00

1 t
R(\) :==sup {lim SUp — log E exp <)\/ u(Xs) ds) } , AeR
0

where the supremum is taken over all u € bB such that p(u) = 0 and 6(u) < 2. We have
to show that R = p.
Let us first prove that R is a convex function. As a log-Laplace transform, for each u and

t, logE exp ()\ f(f u(Xy) ds) is a convex function of A. Since X has stationary independent
increments, by a standard sub-additivity argument, one shows that limsup,_,, is a gen-

uine limit: lim;_ . It follows that for each u, limsup,_, . % log E exp ()\ fot u(Xs)ds) is a

convex function of A. Finally, R is convex as it is the supremum of convex functions.
Because of statements (2) and (3), it is already seen that R(\) = p(A\) = A? for all
—1 < A < 1. On the other hand, since sup|u| < 2 for each u such that p(u) = 0

and 0(u) < 2, it is clear that limsup,_ 1 logEexp ()\ fot u(Xs) ds) < 2|\| for all real

A. Therefore, for all A\, p(A\) < R(A\) < cvr(\) where cvr is the convex envelope of
r(A) = min(A?, 2|\|). Indeed, the first inequality holds since p is the lowest convex func-
tion which matches with A on A € (—1, 1) while the second one follows from the inequality
R(A) < min(A\?,2|)\|) for all A and the convexity of R. One concludes that R = p, remark-
ing that cvr = p.

e Statement (5) is a direct consequence of statement (1) and the proof of statement
(4). O

Note that Wil for the trivial metric implies W[ for any bounded metric. So our
next purpose is to obtain Wil for unbounded metrics. Our study is naturally separated
into two sections. Next Section 4 is concerned with estimating sharply cw,; under strong
dissipative conditions. In Section 5, Lyapunov function conditions for W; I or more general
Tsl are taken into consideration.

4. SPECTRAL GAP IN THE SPACE OF LIPSCHITZ FUNCTIONS IMPLIES W[ FOR
DIFFUSION PROCESSES

4.1. General observations. We begin with the particular case where p(dz) = e=V@dz/Z
(Z is the normalization constant) with V' € C?(X) on a connected and complete Riemann-
ian manifold X', the diffusion (X;) generated by £L =A — VV -V (A, V are respectively
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the Laplacian and gradient on M) is reversible with respect to u, and the corresponding
Dirichlet form is given by

E(h,h) = / IVh|*du, Yh € D(E) = HY (X, ).
X

Theorem 4.1. Assume that [, d*(x,xo) dp(z) < 400 and L has a spectral gap on the
space Crip(X) of Lipschitz functions with respect to the Riemannian metric d, i.e. there
is a best finite constant C' > 0 such that for any g € Cri, (0B with u(g) = 0, there is
h € Do(L) with p(h) = 0 solving the Poisson equation

—Lh=—-Ah+VV - -Vh=g, p-a.s.
such that one p-version h of h verifies
12 llip < Cllgllip- (4.1)
Then p satisfies W1I(C'):
Wi (v, p)* <4C* I(v|p), Yv € My(X) (4.2)

or equivalently for any Lipschitz function u on X and any initial probability measure [3
with dB/du € L*(p)

Py G /Otu(Xs)ds > ju(u) +r) < H%

Remarks 4.2.

(i) Let Cpy, be the Banach space of those g € Cip with pu(g) = 0, equipped with || - | Lip.

Hence the best constant C' in (f.1)) is exactly
-1
1(=£) s,

By the spectral decomposition we always have (cf. [I7, Proof of Lemma 4.3])

2
exp | ~t—7—5— |, Vr,t > 0. (4.3)
: ( 402||u||i-1p>

C=1(=£)"lleg, = I(=L) "M lz2g0 ntgerzuintar—oy = cp (k).

(ii) The constant in the concentration inequality ([.J) is sharp. Indeed let dX; =
V2dB, — X, dt, which is reversible with respect to u = N(0,1) on R. For this
model we have VP, = e 'P,V and then

V(-£)lg = V/ Pgdt=(1—L)"'Vg,¥g € C;*(R), u(g) = 0.
0
This implies C' =1 in (f.1)). On the other hand for u(x) = x, under P,, the law of

I I
—/ u(Xs) ds = —/ Xsds
tJo t Jo

is (0, 02(t)) where the variance o%(t) is given by

2 2 2 2
o?(t) = — // E, XXy dadb = — // e Vdadb == - Z(1—et)
= J Jo<a<b<t t= J Jo<a<b<t t

from which we get
2
tlim logIP’ < / Xgds > 7’) =-7T

<~
[\
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This coincides with the upper bound —r?/(4C?) derived from (f£J), showing the
sharpness of ([.3).

Proof of Theorem [[.3. Let ® = {(g, 9); ||9||lLip < 1, g bounded}. Then Wy (v, u) = To(v, i)
by Kantorovich-Rubinstein’s theorem. Let us verify that (') of Theorem P.7 holds.
For any g € CLip with ||g||lLip < 1, let b € CLip [ D2(L) such that —Lh = g. Hence

My(h) = h(X,) — h(Xo) + / §(X,) ds
and .
M;(h) = h(Xo) — h(X,) + / §(X,) ds

have the same law under P, by the reversibility of ((X;),P,). Consequently from Lyons-
Meyer-Zheng’s forward-backward martingale decomposition

(o) = [ (X ds = SO + 217 0), (1.4)

it follows that for any convex function ¢ on R,

B,0(51(0) < BV (h) + G(M; ()] = B, (Mi(h)

As My(h) is a (forward) continuous martingale, M;(h) = B,, where (B;) is some Brownian

motion with respect to another time-changed filtration (F,), and 7, = (M(h)), is a (F,)-
stopping time (a well known result). Since

t_2/ IVh|*(X,)ds < 2C*%t

By Jensen’s inequality, we obtain for all convex function ¢ on R that

Eud(Si(9)) < Ed(By,) = EG(E[Bacz|Fr,) < Ed(Baca) (4.5)
Applying this to ¢(z) = e, we get

¢
E, exp ()\/ g(Xs) ds) < BeMPacze = MO A € R (4.6)
0

Hence Theorem P.2-(V') holds with ® = {(g,9);[|g9llLip < 1,9 bounded} and a(r) =
r?/(4C?). Therefore (£J) and ([£3) follow from Theorem P2 O

Klein-Ma-Privault [BG] developed convex concentration inequality () for semimartin-
gales instead of S;(g), by means of a forward-backward martingale calculus, but their
result cannot be applied directly here.

Before estimating the constant C' in condition (f.1]), we extend the above result to
general symmetric Markov diffusions by following Bakry [[l].

Let ((X¢),P,) be a reversible ergodic Markov process with the Dirichlet form (£,D()),
with continuous sample paths valued in some separable complete metric space (X, d)
(called Markov diffusion). We assume that (£,D(£)) is given by the carré-du-champs
[:DE) xDE) — L' (i) (symmetric, bilinear definite nonnegative form):

E(h, h) = / T(h, h)du, Yh € D(E). (4.7)
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The continuity of sample paths of (X;) implies that I' is a differentiation, that is: for all
(hi)1<k<n CD(E),g € D(E) and F € CL(R"),

P(F(hla ,hn),g) = ZazF(hla 7hn)r(hivg)'
=1

With exactly the same proof as that of Theorem [I.] we have

Theorem 4.3. Assume that [, d*(x, o) du(z) < 400 and for any g € Crip(X, d) bounded
with 1(g) = 0, then g € D(E) and

VI(g,9) < ollglluip, p-as. (4.8)

and there is some h € Dy(L) such that —Lh = g (p-a.e.) and a p-continuous version h
of h satisfying

ol < Cligliuip (4.9)

where o,C' > 0 are fired constants. Then for any u € Cri,(X,d) and any convex function

¢ on R,
E.¢(Si(9)) < E¢(Baszc2t)

where B 1s a standard Brownian Motion. In particular
t
E, exp <)\ / 9(X,) ds) < MOt y) e R, > 0.
0

and p satisfies WiI(cC) on (X,d).
4.2. Multi-dimensional diffusions. Let us show now how to estimate the constant C

in (1) or ({.9) by means of some examples.

A first ezample. At first in the framework of Theorem [.1], if the Bakry-Emery curvature
is positive

Ric+ V?*V > K >0
then it is well known that for g € C}(X) with u(g) =0,

[VPg| < e ™'P|Vy|
and then h := [;* P,gdt is absolutely convergent in Cry, C L*(u) (for [, d*(x,x0) dp <
+00). Hence h € Dy(L), —Lh = g and

< 1
Il < Vgl [ e dt = gl
0

In other words condition (f1]) holds with C'= K~ and p satisfies W1 I(K~!). Of course
one can also derive this sharp transportation inequality from the log-Sobolev inequality
of Bakry-Emery [J] and Proposition B.IT}H(b).
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A second example. Now we turn to another situation where the log-Sobolev inequality is
unknown as in Djellout et al. [[J]. Consider the stochastic differential equation

dX, = V20(X;) dB, + b(X,) ds (4.10)
where o : R — Mgy, (the space of real d x n-matrices) and b : R — R? are locally
Lipschitz, and (B;) is a standard Brownian motion in R”. Assume that for some ¢ > 0,

trl(o(y) — o(@))(o(y) — o(@))"] + {y — 2,b(y) — b(2)) < —dly — 2|*, Yo,y eRT (4.11)
Here tr(+) denotes the trace and AT the transposition of matrix A. With It6’s formula one
easily obtains

E| X (y) — Xi(2)|* < e |z —y|?, Yo,y €RLt >0
where X;(z) is the solution of (.10) with X, = z. This implies that (X;) has a unique in-
variant probability measure p. Hence for any g € Cp;,(RY) (with respect to the Euclidean
norm | - |) with u(g) =0,

[Eg(Xi(y)) — Eg(Xi(2))|
|y — =]

Then h = [;° P,gdt is absolutely convergent in Cp;p(R?) and [|A[lLp < 67 glLip- In

other words ([£9) holds with C'= §~!. Finally as the carré-du-champ of (X;) is given by

L(h, h)(z) = (00" Vh(z), Vh(z)), h € CF(R?)
the constant ¢ in ({.§) can be identified as ||o(*)|l = sup, ||o(x)||rr_ra, at least for
h € C3(RY).

Corollary 4.4. Assume that o,b are locally Lipschitz such that ||o(+)]|e < 400 and satisfy
the dissipativity condition ([.11). Suppose moreover that u is absolutely continuous and
its transition semigroup (P;) is symmetric with respect to the unique invariant measure
w. Then the Dirichlet form (€,D(E)) on L*(p) is given by the closure of

| PigllLip = Sl;ép < e || gllLip- (4.12)
TFY

E(h,h) = / (06"Vh,Vh)du, he CPRY
Rd

and p satisfies WiI(c) on R with respect to the Euclidean metric with

¢ = [lo()lloo/0-

Proof. As Cr;p (Do(L) is stable by () and contains C§°(R?), Cpip, [ D2(L) is an operator
core for (£,1D5(L)), hence a form core for (£,D(€)). Since any h € Cp;, can be approached
by a sequence h,, in C$°(RY) with respect to the norm

\/||h||2 (c0TVh,Vh)du
one sees that Cp;, C D(E
E(h,h) = / (0a"Vh,Vh)du, Yh € Crp
R4

and C5°(R?) is a form core for (£,D(€)). This proves the first claim. It also follows that
the conditions in Theorem [I.3 are verified. The remaining part follows from Theorem

3. O
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Remark. The crucial formula (f.13) for estimating our condition ([L.9) is equivalent to
W1<Pt<x7 ')7 Pt<y7 )) < ei&ed(l} y) (413)

which can obtained by means of numerous coupling techniques, see M.F. Chen [[[1]. Note
that this condition is the one introduced by Joulin [R5 under the name of Wasserstein’s
curvature, with which he obtains Poisson type deviation inequality.

4.3. One-dimensional diffusions. Now let us consider one-dimensional diffusion pro-
cesses with values in the interval (z¢,yo) and generated by

Lh =ah" +0h', he C§(xo,y0)

where a,b are continuous with a > 0. Let ((X¢)o<t<r,P,) be the martingale solution
associated with £ and initial position x, where 7 is the explosion time. With a fixed

cE (l’o, yO)a

§(z) = exp <_ / ' % dz) ) = e ( / ' % dz)

are respectively the derivatives of Feller’s scale and speed functions. Assume that

Z = /yo m/(z) dz < 400 (4.14)

zo

and let p(dz) = m/(x)dx/Z. Tt is well known that (£, C5° (o, yo)) is symmetric on L?(u).
Assume also that

/cyo s'(z) dx /j m'(z) dv = /x: s'(x) /xcm’(:c) dr = 400 (4.15)

which, in Feller’s classification, means that xo and gy are not accessible or equivalently
T = 00, P,-a.s. In this case by the L'-uniqueness in [i2, [9], the Dirichlet form

D) = {ne .m0 [ 0 du < o0},

Yo
e = [“(Pdn neD(E)
zo
is associated with (X;), where AC(x¢,yo) is the space of the absolutely continuous func-
tions on (g, Yo)-

Fix some p € C'(zq,y0) such that p € L*(u) and p'(z) > 0 everywhere, consider the
metric d,(z,y) = |p(z) — p(y)|. A function h on (x¢,yo) is Lipschitz with respect to d,
(one writes h € Crip(p)) if and only if h € AC(z0,10) and

h(y) — h(=)]

IhllLipy = sup  ——<————< = ||'//p[| , < o0
p(r) zo<r<y<yo p(y> - p(SL’)

The argument below is borrowed from [I4]. Assume that

/ " 1p(2) — (P (2) dz < +oo. (4.16)

C(p) == sup
x€(z0,Y0) p,(ZL‘)
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For every g € Clip(p) With (g) = 0, then the C? function h(z) = [ dy f - z)dz—A
solves

—(ah” + bh') = g (4.17)
It is obvious that ||AllLipp) = SUPse(zom0) T7(a) Pl f v m/(z) dz. An elementary exercise

(see [[[4]) shows that this quantity is not greater than C’( )H 9|lLip(p)- Thus h belongs to
L*(p) whenever p is in L?(p). By Ito’s formula, h € Dy(L). With the constant A so that
u(h) = 0, because of the ergodicity of (X;), h is the unique solution of (fI7) in L*(u)
with zero mean. One also sees that C'(p) is the best constant by taking g = p — u(p).
In other words, condition ([.9) is satisfied with C' = C(p). Hence, with Theorem [£.3 one
obtains

Corollary 4.5. Let a,b : (xg,90) — R be continuous with a > 0 and let conditions ({.14)

and ([ 13) be satisfied. Assume ([{.10) and 0 := SUpP,c(y,40) vV @(2)p'(2) < +00. Then p
satisfies WiI(k) on ((xo,yo),d,) with k = (cC(p))~*. In particular for

dz
Val(z)
if C(pa) < 400, then p satisfies W1l(c) on ((xo,yo), dp,) with ¢ = C(pg).
Remarks 4.6.

(1) d,, is the metric associated with the carré-du-champ operator of the diffusion.
(2) The quantity C'(p) in (£.16) is not innocent: Chen-Wang’s variational formula for
the spectral gap tells us that ([LT, []): cp(p) = inf, C(p).

5. LYAPUNOV FUNCTION CONDITIONS

We will use in this section general conditions on the generator of the process, known
as Lyapunov function conditions, for deriving W[ or more generally Tgl where & =
{(u,u);|u] < ¢} with ¢ unbounded, and log-Sobolev inequality. To state properly the
Lyapunov function condition, it is necessary to enlarge the domain of the generator. In
this section, the Markov process ((X;),P,) is reversible and its sample paths are IP,-cadlag
(possibly with jumps).

A continuous function h is said to be in the p-extended domain D.(L) of the gener-
ator of the Markov process ((X;),[P,) if there is some measurable function g such that

fo |9|(X) ds < 4+00,P,-a.s. and

My(h) = h(X,) — h(Xo) — / 4(X,)ds

is a local IP,-martingale. It is obvious that g is uniquely determined up to p-equivalence.
In such case one writes h € D.(£) and Lh = g.
The Lyapunov condition can now be stated:

(H) There exist a continuous function U : X — [1,400) in D.(L), a nonnegative
function ¢ and a constant b > 0 such that

—%Zgb—b [-a.s.
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When the process is irreducible and the constant b is replaced by bl for some “small set”
C, then it is well-known that the existence of a positive bounded ¢ such that infx\c ¢ > 0
in (H) is equivalent to Poincaré inequality (see [J], for instance).

Lyapunov conditions are widely used to study the speed of convergence of Markov
chains B3 or Markov processes [[§], large or moderate deviations and essential spectral
radii [IH, {q]. More recently, they have been used to study functional inequalities as weak
Poincaré inequality [ or super-Poincaré inequality [[(]. See Wang [AI] on weak and
super Poincaré inequalities.

Theorem 5.1. Assume that p satisfies a Poincaré inequality with best constant cp(p) <
oo and that the Lyapunov condition (H) holds. Suppose moreover that ¢ € L?(u), that is
o]z == ([ $*du)Y? < co. Then, for any a > 2 and for every probability measure v,

60— m)llry < (1 + 2beo () 104 + avEISla/e() T0) (5.1)

and

IVé(v — )l < 2 |3 (1 + 2bep(u)) + 2\/§II¢||20P(M)] I(v|p) (5-2)

Remarks 5.2. Since [|¢(v — p)llrv = sup,.j, <4 [ wd(v — p), the inequalities in this
theorem may be regarded as Tgl in Theorem with ® = {(u,u);u € bB,|u| < ¢}.
Since

Wi(v,p) = sup /fd[u —p] < inf ||d(-, z0) (v — w)l|7v,
FllfllLip<1 ToEX

one sees that (F.3) implies W11 (c) in Corollary B4 as soon as d(-, z) < Cv/¢ for some
xg € X and C' > 0. As will be seen with the Ornstein-Uhlenbeck process at Example (.9,
the order of this inequality is sharp.

Theorem 5.3. In the framework of Proposition 2.11, assume that the Bakry-Emery’s
curvature of u = e~Vdx/Z is bounded from below by some constant K < 0. Assume that
W satisfies a Poincaré inequality with best constant cp(p) < co.

If the Lyapunov condition (H) holds with ¢(x) = cd(x,x¢)? where ¢ > 0 and xg € X is
some fixed point, then p satisfies the log-Sobolev inequality on the Riemannian manifold
X.

Their proofs are based on the following large deviation result.

Lemma 5.4. For every continuous function U > 1 in D.(L) such that —LU/U is p-a.e.
lower bounded,

LU
/—792 dp < E(9.9), Vg € D(E). (5.3)
When U is bounded, this is contained in Deuschel-Stroock [14, Lemme 4.2.35].

Proof. For any initial law 3,

N, = U(X,) exp (_ /0 t %Uo(s)ds)
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is a local Pg-martingale. Indeed, denoting A; := exp (— J%(Xst), [to’s formula
is dNy = A, [dM,(U) + LU(X,) dt] — £%(X,) AU (Xy) dt = A, dM,(U) where M(U) is a
local Pg-martingale. As (/V;) is nonnegative, it is also a Pg-supermartingale. Choosing
B:=U"'u/Z with 0 < Z = u(U™') < 1, one sees that for all ¢t > 0

Egexp (— /Ot %(Xs)ds) <EgN, <BU)=1/Z < 4o0.

Let u,, := min{—LU/U,n}. The previous estimation implies that

1 t
F(uy,) := limsup i log E exp (/0 un(Xs)ds) <0.

t—oo

On the other hand by the lower bound of large deviation in [[f4, Theorem B.1, Corollary
B.11] and Laplace-Varadhan principle, as in the proof of (¢/) = (a) in Theorem P32,

F(uy,) > sup{v(u,) — I(v|p); v € My(E)}.

Thus [ w,dv < I(v|w), which yields to (by letting n — oo and monotone convergence)

/—ETU dv < I(v|p), Vv € My(E). (5.4)

This is equivalent to (B.3) by the fact that E(|h|, |h|) < E(h, h) for all h € D(E).

Note that one was allowed to apply the large deviation lower bound [f4], Theorem B.1]
under P since 3 is absolutely continuous with respect to p. In addition, in the symmetric
case, [i4, Corollary B.11] states that the large deviation rate function is I(-|u); it doesn’t
depend on 3 under the underlying assumption that P, is ergodic. As this lower bound
holds for the topology of probability measures weakened by all bounded measurable test
functions (sometimes called 7-topology), one can apply the Laplace-Varadhan principle
to the continuous bounded function v +— v(u,). U

Proof of Theorem [.3. 1t is a combination of the Lyapunov function condition and the
HWI inequality of Otto-Villani.
We begin with the following fact ([B9, Proposition 7.10]):

W3 (v, i) < 2/[d(-, 20)*(v — p)llzv-
Now for every function g with |g| < ¢(z) := cd(x, 1¢)?, we have by (H),

/ gd(v — 1) < (@) + p(®)

S/(—%JM) dv + (@)

< I(v|p) + b+ pu(o)

where the last inequality follows by Lemma [5.4. Taking the supremum over all such g,
we get

W) < elld(,0)*(v = w)llrv < I(vlps) + b+ u(@):
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which yields to (by the inequality at the beginning)
2 2
Wi (v, p) < SLWlp) + ~[b+ p(@)]-

Substituting it into the HWT inequality of Otto-Villani (B.21]), we obtain (using 2ab <
a’ +v?)

vy < 221000 + 20+ s T - 5 (216t + v o) o
< Al(v|p) + B
where
A=(1- %)i +1, B= %[bw(qb)](l - §>-

Finally by Rothaus’ lemma the non-tight log-Sobolev inequality (B.5) together with the
spactral gap implies the tight log-Sobolev inequality

H(v|p) <[A+ (B +2)cp ()] (v]p).
O

Remarks 5.5. In the case that the Bakry-Emery’s curvature is bounded from below by
a negative constant K, Wang’s criterion [[I(] says that the log-Sobolev inequality holds
if [ @20)dy(r) < 4oo for some A > |K|. Our Lyapunov condition (H) above is
complementary to that result and sharp in order (as seen for V(z) = |z|* on X = RY).
Furthermore our proof here is completely different and gives an explicit estimate of the
log-Sobolev constant.

Proof of Theorem [p.]. We may assume that v = fu with /f € D(E) (trivial otherwise).
For any a > 2, define h : R — R™ by

0 if ¢t <1;
h(t) = ﬁ@_ 1) it te[l,a);
Vi2—1 if t>a.
It is easy to see that [|h|Lip, < /%, Decompose
ot = wllrv = [ 617 = tidn = [ o2 (/Frd+ [ 005 =1 = B/ Pla
First consider the last term. Since t* — 1 — h%(t) < a(t — 1) for t € [1,a], and = 0 for

t>a>2,

/<Z5Hf — 1| = h*(V/f))dp = /¢[1{f§1}(1 — )+ Lagraya(\/f = 1)]dp
a/¢>|1 —V/fldu
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which is not greater than

al[glllIt = v/ flle = alléllav2y/1 = u(V/f) < alldll2\/2Var,(v/f)
< ay/2cp(p)l|dll2v/ 1 (V1)

We turn now to bound the crucial first term by means of (£.3):

Jere/aus [ (—%U " b) W2(y/Frn

< EMGF) R + bR, / (VF — 1?dp
< MR EC/TFAF) + 2 HIE Var, (V)
< (14 2bep(u) 1),

Substituting these two estimates into our previous decomposition, we obtam E).

For (B-2), noting that with Theorem B: [ |f — 1|du < 2min{1, \/cp(p)I(v|p)}, we have
by Cauchy-Schwarz inequality and (p.1])

||f (v — ||Tv

< [~ 1|du/¢|f ~ 1]dy

< 2min (1,v/er () I(v]1) ) [(1 + 2ben(0)) I 1000) + av30llon/ep () T )
< 2 [(1 + 2bep(u)) T aﬁnangcP(m] I(vlp)

which gives (p.9) with a = 2. O

Remarks 5.6. When v/2(cp(p)™' + 2b) > ||¢||2, optimizing @ > 2 in the proof of (F2)
above, we get the slightly better inequality:

IVo(r—m)l7y <2 (\/§|l¢|lch(ﬂ) + (1+ 2bep (1)) + 27/ 02(1 + QbCP(M))CP(#)) I(v]p).
Notice that by Lemma p.4 and condition (H), b > pu(¢) (in practice b is much bigger).

From now on the positive constant C' may change from one place to another.
One can do some variation of the proof of (b.g) above. For every p > 1 and its conjugate
number ¢ = p/(p — 1), instead of Cauchy-Schwarz we apply Holder inequality to get for
v=fnu,

1/q 1/p
1o (v = p)|lrv < (/If— 1|du) </¢|f— 1|du)

< 2Vmin{1, \/ep(I(WI) HC T (wlp) + Con/ Tl
< O+ I(wlp)*” — 12,

In other words, we have proved
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Corollary 5.7. Under the conditions of Theorem [b.1, for any p > 1, there exists some
constant k > 0 such that for a(r) = x[(1 4+ r?)P/? — 1],

a (¢ (v = wlrv) < 1(vlp), Vv € My(X). (5.6)

Corollary 5.8. Let = e Vdx/Z be a probability measure where V€ C®(X) is bounded
from below and |VV|* € L*(u). Let L= A—NV -V be the generator of the diffusion (X;)
on the non-compact connected complete Riemannian manifold X. Assume that for some
p>1,

d(z,z0) < C(1+|VV|* ()7, Vo e X

and

~v := limsup M <
. d(a:,xo)—>0<>|vv|2(x)

Then w.r.t. the Riemannian metric d, there exists k > 0 such that with a(r) = k[(1 +
7,2)]2/2 - 1]7
aWi(v,p)) < I(vjp), Yv € My(X). (5.7)

In particular for every Lipschitz function u with ||u||Lip, < 1 and any initial law 5 with

d/dp € L?(n),
Pg (% /Otu(XS)ds > pi(u) +r) < H%

Proof. Let v' € (v,1) and A\, ¢ € (0,1) sufficiently small so that A — A\* > '\ + §. For
U = eV, we have

LU
- = ALV = X|[VV]P = (A= \)|VV[P = AAV > §(1 + |[VV ) — b
where b := 0 + supy (MAV —4'A|VV]?) is finite under our assumptions. Thus (H) is
satisfied with ¢ = §(1 + |VV|?) which is in L?*(x) under our assumptions. On the other
hand our assumptions imply that ¢ tends to infinity at infinity. Hence (1—L£)~! is compact

on L?(u) and cp(p) < oo. Noting that
Wiy, p) < inf ld(:, z0)(v — p)llzv,
ToEX

exp (—tr[(1 + 7?2 —1]), Vt,r > 0. (5.8)

the statement now follows directly from Theorem [p.] and Corollary p.7. H
Example 5.9. Let X = R*, V(x) = C|xz|? for |z| > 1 where 3 > 1,C > 0. Then (H) is

satisfied for ¢ = 6(1 + |VV|?) ~ Clz>#=V (when |z| large).
(i) If 8 > 3/2, then the condition in Corollary is verified with p =2(5 — 1) > 1, so
we have (B.§) for Lipschitz observable u with p = 2( — 1). Then we have Gaussian

behavior for small r, and even a super-Gaussian tail for large » whenever 5 > 2.
(ii) Let 3 € [1,3/2]. Then for ¢ = (1 + |z|)’~!, we have by Theorem F.1(F.2),

(v = w7y < CI(v|p).

Then the Gaussian deviation inequality holds true for the observable u satisfying
lu| < C(1+ |z])P~ L.
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(iii) If B = 2 (Ornstein-Uhlenbeck process), the inequality (£.2) for /¢ ~ C|z| (proved
in (i)) becomes the correct one in order: indeed if ¢ (z) > |z| at infinity with
w(v) < 400, one cannot hope that

[ = @z < CI(v|w), Vv
since by Theorem P.9, this would imply that

1
E, exp (A/ 7/’<Xs)d8) < MOHEN2 g\ e R

which yields, integrating w.r.t. N(0,0%)(d\) with variance o < 1/C,

uexp< (/w 8))<+oo

for some 0 > 0. But this is impossible.
We conclude by an example of jump process.

Example 5.10. (M /M /oo queue). In this example X = N, p is the Poisson measure
with mean A > 0 and the Dirichlet form is

E(h,h) = (h(n+1) = h(n))*u(n)

The associated generator is
Lh(n) = A(h(n+1) — h(n)) + n(h(n — 1) — h(n)), Yn >0
(with the convention that h(—1) = h(0)). Let U(n) = e“* where ¢ > 0. We have
=)
Thus condition (H) is satisfied, and we have by Theorem [p.1] that for ¥)(n) := /1 + n,
(v = w7y < CIw|n), Vv € Mi(N).

By Theorem P.3, this gives the Gaussian deviation inequality for any observable u so that
lu(n)] < Cv/1+n. See Joulin [R5 and Liu-Ma [R9] for previous studies on deviation
inequalities of this model. Note that they only obtain Poisson tail by their approach for
the same test function. Remark also that our result provides exponential tail for u(n) = n,
which is close of the conjectured Poisson behavior.

=n(l—e) —(e“—1).
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