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Abstract. — In these lectures, we present a triple description of
the concentration of measure phenomenon, geometric (through Brunn-
Minkoswki inequalities), measure-theoretic (through transportation cost
inequalities) and functional (through logarithmic Sobolev inequalities),
and investigate the relationships between these various viewpoints. Spe-
ctal emphasis s put on optimal mass transportation and the dual hy-
percontractive bounds on solutions of Hamilton-Jacobi equations that
offer a unified treatment of these various aspects.

These notes survey recent developments around the concentration of measure
phenomenon through various descriptions, geometric, measure theoretic and functional.
These descriptions aim to analyze measure concentration for both product and (strictly)
log-concave measures, with a special emphasis on dimension free bounds. Inequalities
independent of the number of variables are indeed a key information in the study of a



number of models in probability theory and statistical mechanics, with a view towards
infinite dimensional analysis. To this task, we review the geometric tool of Brunn-
Minkowski inequalities, transportation cost inequalities, and functional logarithmic
Sobolev inequalities and semigroup methods. Connections are developed on the basis
of optimal mass transportation and dual hypercontractive bounds on solutions of
Hamilton-Jacobi equations, providing a synthetic view of these recent developments.
Results and methods are only outlined in the simplest and basic setting. References to
recent PDE extensions are briefly discussed in the last part of the notes. These notes
only collect a few basic results on the topics of these lectures, and only aim to give a
flavour of the subject. We refer to [Le|, [B-G-L], [O-V1], [CE], [CE-G-H], [Vi]... for
further material, proofs and detailed references.

1. The concentration of measure phenomenon

The concentration of measure phenomenon was put forward in the early seventies
by V. Milman [Mil], [Mi3] in the asymptotic geometry of Banach spaces and the
proof of the famous Dvoretzky theorem on spherical sections of convex bodies. Of
isoperimetric inspiration, it is of powerful interest in applications, in various areas
such as geometry, functional analysis and infinite dimensional integration, discrete
mathematics and complexity theory, and probability theory. General references, from
various viewpoints, are [Bal], [Grom], [Le|, [MD], [Mi2], [Mi4], [M-S], [Sc], [St], [Tal]...

1.1 Introduction

To introduce to the concept of measure concentration, we first briefly discuss a few
examples.

A first illustration is suggested by the example of the standard n-sphere S™ in
R™™! when dimension n is large. By a standard computation, uniform measure 6™ on
S™ is almost concentrated when the dimension n is large around the (every) equator.
Actually, the isoperimetric inequality on S™ expresses that spherical caps (geodesic
balls) minimize the boundary measure at fixed volume. In its integrated form, given a
Borel set A on S" with the same measure as a spherical cap B, then for every r > 0,

o"(A,) > o"(B)

where A, = {x € S";d(x, A) < r} is the (open) neighborhood of order r for the geodesic
distance on S". One main feature of concentration with respect to isoperimetry is to
analyze this inequality for the non-infinitesimal values of » > 0. The explicit evaluation
of the measure of spherical caps then implies that given any measurable set A with,
say, 0" (A) > 3, for every r > 0,

o"(A,) > 1—e (m=Dr7/2 (1.1)
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Therefore, almost all points on S" are within (geodesic) distance —= from A which is
of particular interest when the dimension n is large. From a “tomographic” point of
view, the visual diameter of S™ (for ¢™) is of the order of \/iﬁ as n — oo which is in
contrast with the diameter of S" as metric space.

This example is a first, and main, instance of the concentration of measure
phenomenon for which nice patterns develop as the dimension is large. It furthermore
suggests the introduction of a concentration function in order to evaluate the decay in
(1.1). Setting

Oégn(r):Sup{l—a”(Ar);Aan’Un(A)Z%}’ 7”>0,
the bound (1.1) amounts to say that
Qgn (Ir) < ei(nil)TZ/Q, r > 0. (12)

Note that > 0 in (1.2) actually ranges up to the diameter = of S” and that (1.2) is
thus mainly of interest when n is large.

By rescaling of the metric, the preceding results apply similarly to uniform measure
o} on the n-sphere S% of radius R > 0. In particular,

gn (1) < e~ (n=DrF2RE 5, (1.3)

Properly normalized, uniform measures on high dimensional spheres approximate
Gaussian distributions. More precisely, the measures a’\l/ﬁ converge when n tends

to infinity to the canonical Gaussian measure on R". The isoperimetric inequality
on spheres may then be transferred to an isoperimetric inequality for Gaussian
measures. Precisely, if 7 = 7" is the canonical Gaussian measure on R* with density
(27)~*/2e=121*/2 with respect to Lebesgue measure, and if A is a Borel set in R* with
v(A) = ®(a) for some a € [—o0,400] where ®(t) = (2r)~1/? fioo e~ /2dz is the
distribution function of the standard normal distribution on the line, then for every
r >0,
v(A;) > P(a+T1).

Here A, denotes the r-neighorhood of A with respect to the standard Euclidean metric
on R”. Throughout these notes, R* (or subsets of Rk) will be equipped here with
the standard Euclidean structure and the metric |z — y|, x,y € R”, induced by the

norm |z| = (Zle x?)l/Q, x = (21,...,2) € R*. The scalar product will be denoted
x-y = Z?Zl Ty, © = (x1,...,%6), ¥ = (Y1,...,yx) € R*. Defining similarly the
concentration function for v as

oy (r) =sup {1 —~(4,); A C R, ~v(A) > 5}
we get in particular since ®(0) = % and 1 — ®(r) < e—r2/2, r > 0, that

ay(r) <e” , r>0. (1.4)



One may also think of (1.3) in the limit as n — oo with R = y/n. One may again
interpret (1.4) by saying that given a set A with y(A) > 1, almost all points in R” are
within distance 5 or 10 say from the set A whereas of course R” is unbounded. We have
thus here a second instance of measure concentration with the particular feature that
the concentration function of (1.4) does not depend on the dimension of the underlying
state space R” for the product measure ~ = ~*. This example will be the reference one
in these lectures.

Our third example will be discrete. Consider the n-dimensional discrete cube
X ={0,1}"™ and equip X with the normalized Hamming metric

d(z,y) = %Card({l <i<n:xz; # yi}),

r= (21, s Zn)yy = (Y1,.--,Yn) € {0,1}™. Let u = p™ be uniform (product) measure
on {0,1}™ defined by pu(A) = 27" Card (A) for every subset A of X. Identifying the
extremal sets A in X for which the infimum inf{u(A,); u(4) > 1} is attained may be
used to show here that

a,(r) < )

where the concentration function «, for p on {0,1}" equipped with the Hamming
metric is defined as above.

A further, non-product, example is given by the symmetric group II" of permuta-
tions of {1,...,n} equipped with the normalized metric

d(o,m) = 1 Card({1 <i <mn;0(i) # n(i)})

n

and uniform measure 1 (assigning mass (n!)~! to each permutation). Then

ay(r) < e /32 >0,

1.2 Concentration functions and deviation inequalities

Motivated by these examples, we introduce and formalize the concept of concentration
function of a probability measure on, say, a metric space. The preceding concentration
examples indeed rely on two main ingredients, a (probability) measure and a notion of
(isoperimetric) enlargement with respect to which concentration is evaluated.

Let thus (X, d) be a metric space equipped with a probability measure p on the
Borel sets of (X,d). In other words, (X,d, p) is a metric measure space in the sense
of M. Gromov [Grom]). The concentration function (x4, (denoted more simply a,
when the underlying metric space (X, d), is implicit) of u is defined as

a(X7d7u)(7“) = sup{l —u(A); AC X, u(A) > %}, r > 0. (1.5)
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Here A, = {x € X;d(x, A) < r} is the (open) r-neighborhood of A (with respect to d).
A concentration function is less than or equal to %, and decreases to 0 as r — oco. When
(X,d) is bounded, the enlargements r > 0 in (1.5) actually range up to the diameter
of (X,d), the concentration function being 0 when r is larger than the diameter. By
definition of the concentration function «, = a(x,q,,), given a set A with measure
1(A) > 1, the set of points which are within distance r > 0 from a point in A has
measure larger than or equal to 1 — oy, (7).

The idea of the concentration of measure phenomenon is that, in a number of
basic examples, o (x,q,,)(r) decreases rapidly as r, or the dimension of X, is large. In
particular, we say that p has normal concentration on (X,d) if there are constants
C, c > 0 such that, for every r > 0,

2

ax,du(r) <Ce . (1.6)

Important examples share this normal concentration, and we will mostly be concerned
with this property throughout these notes. In particular, as we have seen with (1.2), the
normalized invariant measure o on the standard n-sphere S™, n > 2, satisfies a normal
concentration with ¢ = (n — 1)/2 and C' = 1 that thus yields strong concentration in
high dimension. By (1.4), the canonical Gaussian measure on Euclidean space satisfies
this concentration (with constants ¢ = 3 and C' = 1 independent of the dimension).
Concentration on the cube {0,1}" and the symmetric group II" also belong to this
family. While these examples follow from stronger isoperimetric inequalities, the
approximate property of measure concentration may be investigated in settings far
away from isoperimetry as demonstrated by the tools discussed in these notes. See also

[Tal] for further examples.

One important technical aspect of the preceding definition is that it may be
expressed equivalently in terms of deviation and concentration inequalities for Lipschitz
functions. If u is a probability measure on the Borel sets of (X,d), and if F' is a
measurable real-valued function on (X, d), we say mp is a median of F for p if

p({F <mp}) >3 and p({F >mp}) > 3.

A median mp may not be unique. A real-valued function F on (X,d) is said to be
Lipschitz if

F(z) —
| F||;, = sup < 00.
Lip TH#Y d(xay)

We say that F'is 1-Lipschitz if [ F|;;, < 1.

If F is Lipschitz on (X,d) and if A = {F < m}, for every r > 0 we have the
inclusion A, C {F <m +r[|F||;,}. Therefore, if m = mp is a median of I for u, we
get that for every r > 0,

p({F = mp +1}) < au(r/I1F]L,)- (1.7)
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We speak of (1.7) as a deviation inequality. The same argument with —F yields

p({F <mp—r}) < 04“(7“/||F||Lip)'

Therefore, together with (1.7), we deduce that for every r > 0,

p({IF = mp| = r}) < 20, (/1 Fllpsy)- (1.8)

This inequality describes a concentration inequality of F' around its median (one of
them) with rate a,. According to the relative size of a;, and [[F||;,, the Lipschitz
function F' “concentrates” around one constant value on a portion of the space of big
measure. For example, by (1.2), a Lipschitz function on a high-dimensional sphere
will be almost constant on almost all the space. Moreover, it should be emphasized
that mp and ||F[[;, might be of rather different scales, an observation of fundamental
importance in applications. On the other hand, concentration usually does not yield
any particular kind of information on the size of the Lipschitz functions themselves (in
particular of mp). By homogeneity, it is enough to consider the preceding deviation
and concentration inequalities for 1-Lipschitz functions.

The deviation or concentration inequalities on Lipschitz functions (1.7) and (1.8)
are actually equivalent to the corresponding statement on sets. Let A be a Borel set
in (X,d) with p(A) > 1. Set F(z) = d(z, A), z € X. Clearly | F |, < 1 while

p({F=0}) =2 u(4) =

N |

Hence, since F' > 0, 0 is a median of F' for u, and thus, by (1.7), for every r > 0,

1—p(Ar) = M({F > 7’}) < ay(r).
We may summarize these conclusions in the following statement.

Proposition 1.1. Let (X,d, 1) be a metric measure space, and let o, = a(x 4, be
its concentration function. Then, for every r > 0,

au(r) =supu({F > mp +1})
where the supremum runs over all 1-Lipschitz functions F' : X — R.

The notion of observable diameter emphasized by M. Gromov [Grom] is dual to
the one of concentration function, and may be used as a further description of measure
concentration. It describes the diameter of a metric space (X,d) viewed through a
given probability measure p on the Borel sets of (X,d). Fix k > 0 to be thought of
as small. define first the partial diameter PartDiam,(X,d) of (X, d) with respect to
i as the infimal D such that there exists a subset A of X with diameter less than
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or equal to D and measure u(A) > 1 — k. This diameter is clearly monotone for the
Lipschitz ordering: if ¢ : (X,d) — (Y, ) is 1-Lipschitz, and if p, is the pushed forward
measure i by ¢, then PartDiam,, (Y,d) < PartDiam,(X,d) (for all x > 0). What is
not obvious is that the partial diameter may dramatically decrease under all 1-Lipschitz
maps from X to a certain Y, that we always take to be R below. We then define the
observable diameter ObsDiam,, (X, d) of (X, d) with respect to p as the supremum of
PartDiam,,, (R) over all image measures pp of p by a 1-Lipschiz map F' : X — R.
Following [Grom2|, we think of p as a state on the configuration space (X, d) and a
Lipschitz map F': X — R is interpreted as an observable giving the tomographic image
pr on R. We watch pup and can only distinguish a part of its support of measure 1 — k.

On the basis of (1.8), it is not difficult to see (cf. [Le|) that

ObsDiam,, (X, d) < 2a;;" (g)

(where oz;l is the generalized inverse function of a,. As an example, if ;1 has normal

concentration oy, (1) < Ce " r >0, on (X,d), then

1
ObsDiam,, (X, d) <24/ - log —.
c K
The important parameter in this bound is the rate ¢ in the exponential decay of the
concentration function, the value of C' > 0 being usually a numerical constant that
simply modifies the numerical value of k by a factor. For example, by (1.2),

1
ObsDiamg» (S™) = O(—)
(e} ( ) \/ﬁ
as n is large, which is of course in strong contrast with the diameter of S™ itself as
a metric space. Similarly, the observable diameter of Euclidean space with respect to
Gaussian measures is bounded.

Inequality (1.8) describes a concentration property of the Lipschitz function F
around some median value mp. Often, measure concentration is expressed by tail
inequalities around the mean of Lipschitz functions. The following statement easily
shows that these also entail measure concentration on sets. For simplicity, we only
state it for normal concentration. The numerical constants are not sharp.

Proposition 1.2. Let p be a Borel probability measure on a metric space (X,d).
Assume that for any bounded 1-Lipschitz function F' on (X, d),

w({F > [Fu+r}) < Ce e’/ (1.9)

for every r > 0. Then
2
ax, g (r) <Ce B r>0.
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Moreover, any 1-Lipschitz function F' is integrable with respect to p and satisfies (1.9).

Proof. Let A with p(A) > 3 and fix r > 0. Consider F(z) = min(d(z, A),r), z € X.

Clearly [|F|[;, <1, while

/qu < (L—p(A)r<

N3

By the hypothesis,
1—u(Ay) = p({F > r})
<p({F = [Fdp+3})
< Ce—crz/S'
The first claim follows.
Let now F' be a 1-Lipschitz function on (X, d). For every n > 0, F;, = min(|F|,n)
is again 1-Lipschitz and bounded. Applying (1.9) to —F,,, for every r > 0,
p({Fn < [Fodp—1}) < Ce /2, (1.10)

Choose m such that p({|F| <m}) > 1 and rq such that Ce=cro/8 < 1. Since for every
n, p({F, <m}) > 1, intersecting with (1.10) for r = ro, we get that, independently of
n,

[Fpdu <m+rg

and thus [|F|du < co by monotone convergence. Apply then (1.9) to the 1-Lipschitz
function min(max(F, —n),n) and let n — oo. Proposition 1.2 is established. O

A convenient tool to achieve normal concentration is Laplace transforms. If
(X,d, i) is a metric measure space, define the the Laplace functional of 1 on (X, d) as

Bix,aum(A) = Sup/edeu, A€R, (1.11)

where the supremum runs over all (bounded) mean zero 1-Lipschitz functions F' on
(X,d). We often write more simply E, = E(x 4 )

The following elementary proposition, that follows from Chebyshev’s inequality,
gives a simple criterion on the Laplace functional E,, for normal concentration.

Proposition 1.3. Let pu be a probability measure on the Borel sets of a metric space
(X,d). If, for some constant C' > 0,

Bix.aum(\) e/ XeR, (1.12)
then, every 1-Lipschitz function F' : X — R is integrable and for every r > 0,
p({F > [Fdu+r}) < e /20,
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In particular, (X, d, u) has normal concentration

QX ,d,p) (r) < e_rz/gc, r > 0.

The Laplace functional E(x 4 ,) is a convenient tool to handle concentration in
product spaces with respect to the £!-metric. Namely, if (X,d) and (Y,§) are two
metric spaces, we equip the product space X x Y with the metric

d(z,z') +6(y,y"), =2 €X yy €Y.

Then

Exxvdtopor) < Bxdw By

In particular, if (1.12) holds for metric measure spaces (X;,d;, i), ¢ = 1,...,n, it
holds with constant Cn for X; x --- x X, and p1 ® --- ® pu,, with respect to the ¢!-
metric >, d;. In this form, measure concentration behaves ackwardly with respect to
products, and stability for the £!-products, as on the discrete cube, induces dimensional
factors. The basic example of the Gaussian measure suggests that tensorization should
be well-behaved with respect to the classical £2-metric. This is why we investigate here
various descriptions of measure concentration that will be well-suited with respect to
Euclidean tensorization and motivated by dimension free bounds. We refer to [Tal],
[Le] for further aspects on concentration for product measures.

2. A triple description of measure concentration

In this section, we present three approaches to measure concentration, geometric
(through Brunn-Minkoswki inequalities), measure-theoretic (through transportation
cost inequalities) and functional (through logarithmic Sobolev inequalities). All of them
are well-behaved with respect to Euclidean products, are satisfied by families of log-
concave measures, and yield dimension free concentration bounds. Mass transportation
will be used as a first unifying tool to establish the basic inequalities.

2.1 Brunn-Minkowski inequalities

Our first description will be geometric. Brunn-Minkoswki inequalities may indeed be
used to provide simple but powerful concentration results.

The classical Brunn-Minkowski inequality indicates that for all bounded Borel
measurable sets A, B in R",

vol, (A + B)Y™ > vol,, (A)Y™ + vol,,(B)Y/" (2.1)
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where A+ B ={x+y;x € A,y € B} is the Minkowski sum of A and B and where we
recal that vol,(-) denotes the volume element in R". In its equivalent (dimension free)
multiplicative form, for every 6 € [0, 1],

vol, (0A + (1 — 6)B) > vol, (A)%vol,(B)'~°. (2.2)
Indeed, under (2.1),

vol, (04 + (1 — 0)B)"" > 0vol,,(A)"/" + (1 — O)vol,,(B)!/™

> <voln(A)9voln(B)1_9>1/ !

by the arithmetic-geometric mean inequality. Conversely, if A’ = vol,, (A4)~'/"A and
B’ = vol,,(B)~'/" B, then (2.2) implies that vol,, (#A’+(1—0)B’) > 1 for every 6 € [0, 1].

Since
A+ B

vol, (A)Y/" + vol, (B)1/"

A"+ (1-0)B' =

for
vol,, (A)1/™

~ Vol (A" + vol,, (B)L/n’

(2.1) immediately follows by homogeneity.

The Brunn-Minkowski inequality may be used to produce a simple proof of the
classical isoperimetric inequality in R™ by taking B the ball with center the origin and
radius 7 > 0: then (2.1) shows that

voly (A,)/™ = vol, (A + B)"™ > vol,,(A)"/" + v(r) !/

where v(r) is the volume of the Euclidean ball of radius » > 0. Whenever vol,(A) =
vol,, (D) for some ball D with radius s > 0, since v'/" is linear,

vol, (A)Y™ + o(r)Y/™ = v(s 4+ )/

so that
vol,, (A,) > vol, (D)

which amounts to isoperimetry.

The multiplicative form of the Brunn-Minskowski inequality admits a functional
version. We refer to [DG], [Bar| for the historical aspects of this result.

Theorem 2.1. Let 6 € [0, 1] and let u, v, w be non-negative measurable functions on
R"™ such that for all z,y € R",

w(fz + (1—0)y) > u(z)lv(y)t 0. (2.3)
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Then

fute ( foar)'( fur) ™ ”

Applied to the characteristic functions of bounded measurable sets A and B in R",
it yields the multiplicative form (2.2) of the geometric Brunn-Minkowski inequality.

For the sake of completeness, we present a proof of the functional Brunn-Minkowski
theorem using mass transportation that we learned from F. Barthe (cf. [Bar]). Mass
transportation is used in [CE-MC-S] to provide the suitable extension of Theorem 2.1
in a Riemannian context using geodesics and curvature.

Proof. We start with n = 1 and then perform induction on dimension. By homogeneity,
we may assume that [udz = [vdr = 1, and by approximation that u and v are

continuous with strictly positive values. Set dy = udzx, dv = vdr, and define T : R — R
by
V((—OO, T(.CE)]) = ,U((—OO,ZL']), z eR.

Then 7T is increasing and differentiable, and v is the image measure of p by T'. By the
change of variable formula,

v(T(2))T(z) = u(z), zeR.

Set then z(z) = 0z + (1 — §)T(x) so that 2/(x) = 0+ (1 — 6)T'(x). By the arithmetic-
geometric mean inequality, for every =,

1-6

2 (z) > (T (z)) (2.5)

Now, since z is injective, by the hypothesis (2.3) and (2.5),

/wd:): = /w(z(x))z'(x)da:
> [ u@)o(0() " (@(@) i

:/udle.

This proves the case n = 1. It is then easy to deduce the general case by induction
on n. Suppose n > 1 and assume the Brunn-Minkowski theorem holds in R™ L. Let
u,v,w be non-negative measurable functions on R" satisfying (2.3) for some 6 € [0, 1].
Let ¢ € R be fixed and define u, : R"™' — [0,00) by u,(z) = u(x, q) and similarly for
vy and w,. Clearly, if ¢ = 0go + (1 — 0)q1, g0, 1 € R,

wq (0 + (1= 0)y) = ug, () vg, (y)' ™
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for all z,y € R™'. Therefore, by the induction hypothesis,

0 1-9
/ wqedxr > (/ uqodx> (/ vqldx) .
Rn—1 Rn—1 Rn—1

Finally, applying the one-dimensional case shows that

Joe [ o o (o)

which is the desired result. Theorem 2.1 is established. O

The transportation argument for dimension one may actually be extended to higher
dimension by the introduction of monotone mass transportation (see below) to give a
direct proof of the theorem (cf. [Bar]).

As announced, Brunn-Minkowski inequalities may be used to produce concentra-
tion type inequalities, including the basic example of uniform measures on spheres (see
[Le]) and Gaussian measures. The argument goes back to [Mau].

Assume that p is a probability measure on R™ with smooth strictly positive density
e~V with respect to Lebesgue measure, where V is strictly convex in the sense that for
some ¢ > 0 and all x,y € R",

r+y
2

V(@) +Viy) —2v () = S la -yl (2.6)

The typical example is of course the canonical Gaussian measure v on R™ for which
¢ = 1. Given a bounded measurable function f on R", apply then the functional
Brunn-Minkowski Theorem 2.1 to

u(z) = eRF@=V@ () = eSOV y(2) = e VE),
where we define () f as the infimum-convolution

e E o 2 n
Qf(e)= inf [J(y)+ e —yP’|. @R
By definition of @ f and the convexity hypothesis (2.6) on V, condition (2.3) is satisfied
with 6 = 3 so that

1> /ledu/e_fd,u. (2.7)

Given now a measurable set A in X, apply this result to the function f that is equal
to 0 on A and +oo outside. Then Qf(z) = $ d(x, A)* where d(z, A) is the Euclidean
distance from the point = to the set A and thus

Ed(-,A)z 1
ef dp < ——.
/ (A)
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Hence, for every r > 0,

Theorem 2.2. Let du = e~V dx where V satisfies (2.6). Then,
a,(r) < 2e7c /4 >0

In particular
ay(r) <2e" A 1 >0,

for the canonical Gaussian measure v on R".

2.2 Transportation cost inequalities

We next turn to our second description of measure concentration that will be measure-
theoretic. Let us start with the classical Pinsker-Csizsar-Kullback inequality (cf. [P1i],
[R-R]) that indicates that whenever pu and v are two probability measures, then

1
[ =vpy < 2 H(V | M) : (2.8)

Here ||-||Tv denotes the total variation distance, whereas H(v | ) is the relative entropy
of v with respect to p defined by

dv
H(v = [ log — dv
(v 1) / g 0
whenever v is absolutely continuous with respect to p with Radon-Nikodym derivative
(Cil_Z’ and 400 if not. Inequalities such as (2.8) have been often considered in information
theory.

That such an inequality is related to concentration properties was emphasized by K.
Marton [Marl], [Mar2], and may be shown in the following way. Given a metric space
(X,d) and two Borel probability measures p and v on X, consider the Wasserstein
distance between p and v

W (u, v) = inf / / d(z,y)dn(z, y)

where the infimum runs over all probability measures m on the product space X x X
with marginals p and v having a finite first moment (for d). By the Monge-Kantorovitch
theorem (see below), the total variation distance corresponds to the trivial metric on
X. Given u, consider then the inequality

Wi (g, v) < 4/2CH(v|p) (2.9)
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for some C' > 0 and every v. Let A and B be Borel sets with u(A), u(B) > 0, and
consider the conditional probabilities 4 = pu(-|A) and pup = u(-|B). By the triangle
inequality for Wy and (2.9),

Wl(uAv,uB) < Wl(:ua IL[/A) + Wl(:uvluB)
< \/20H(MA|M) +\/2CH(MB|/~L)

1 1
= \/QC’logM(A) +\/2010g,u(B).

Now, all measures with marginals 4 and pup must be supported on A x B, so that,
by definition of Wy,

(2.10)

Wi(pa, pp) > d(A, B) = inf{d(z,y);z € A,y € B}.

Then (2.10) implies a concentration inequality. Indeed, given A and B in X such that
d(A,B) >r >0, we get

1 1
r < /2Clog —— + ,/2Clog ———— 2.11
\/ w(A) \/ T u(A,) 21)

where we recall that A, = {x € X,;d(x,A) < r}. Inequality (2.11) appears as a
symmetric form of concentration. If, say, u(A) > %,

1

so that, whenever r > 2,1/2C'log 2 for example,

1— pu(A,) < e " /80,

As for Laplace transforms, while suitable to ¢!-metrics, the W; Wasserstein dis-
tance does not behave dimensional free with respect to Euclidean products. Motivated
again by the example of Gaussian measures, it is more fruitful in order to reach dimen-
sion free concentration properties to think in terms of a quadratic cost. To this task,
let us restrict ourselves to the case of R" with the Euclidean norm |- |. Given a proba-
bility measure p on the Borel sets of R™, say that it satisfies a quadratic transportation
cost inequality whenever there exists a constant C' > 0 such that for all probability

measures v,
Wy (p,v) < /CH(v|p). (2.12)

Here W5 is the Wasserstein distance with quadratic cost

W) <ot ([ [ §1e-sirta)
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where the infimum is running over all probability measures m on R" x R"™ with respective
marginals g and v. (The infimum in Wy is finite as soon as p and v have finite second
moment which we shall always assume.) It is clear by Jensen’s inequality that the
quadratic transportation cost inequality is stronger than the W; transportation cost
inequality (with d(z,y) = |x — yl, z,y € R").

It has been shown by M. Talagrand [Ta2] that the canonical Gaussian measure 7
on R" satisfies (2.12) with C' = 1. We outline a proof of it relying, as for the Brunn-
Minkowski theorem, on mass transportation. We first consider the one-dimensional
case n = 1. Let f > 0 such that [fdy =1, and set dv = fdv. For simplicity, assume
that f > 0 everywhere. As in the proof of Theorem 2.1, let T': R — R be defined by

v((—o0,T(x)]) =7((—00,2]), w€R,

so that v is the image measure of v by the increasing map 7T'. By the change of variables
formula,

f(T(z))T' () e T@? /2 — g=a"/2 4 e R
Hence, taking logarithms, for every x,

log f(T'(z)) +1og T (z) — %T(ac)2 = —% z2,

Integrating with respect to v, and using that T x v = v, we get that

/ log fdv = % / [T(2)? — 2*]dy — / log T"d~.

Integrating by parts,
/x(T —x)dy = /(T’ — 1)dy
so that .
/logfdv =3 / |z — T(m)‘Qd'y + /[T’ — 1 —logT']dy

> %/{x—T(x)‘zdy

where we used that « — 1 —loga > 0, a > 0. Now, since v is the image of v by T, the
image measure 7 of v under the map = — (x,T(x)) has marginals v and v respectively

so that ) )
2
5/}1‘—T(1‘)| d7=//§|w—yl2d7rz W (7, ).

The result follows in this case. The n-dimensional case follows by tensorization from
the fundamental product property of entropy (together with additivity of the Euclidean
cost) as outlined in [Ta2]. The argument is summarized in the next simple proposition
(see [Le] for a proof).
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Proposition 2.3. Let P = 1 ®- - -®@u, be a product probability measure on the Borel
sets of R". Assume that each u;, i = 1,...,n, satisfies a quadratic transportation cost
inequality

Wa(pisvi) < 4/Ci H(vs | i)

for every v; on R. Then

Wa(P,R) < , | max C;H(R|P)

1<i<n
for every probability measure R on R".

The n-dimensional case may actually be proved alternatively following the one-
dimensional case ([Bl], [CE]) by appropriate monotone transportation in the form of
the Brenier-McCann [Br|, [MC] map. Given two probability measures x4 and v on R",
amap T : R" — R" (defined p-almost everywhere) is said to push p forward to v (or
to transport p onto v) if v is the image measure of p under T. In other words, for
every bounded non-negative Borel functions ¢ : R" — R,

/ o(y)du(y) = / o(T(2))du(z).

If 4 and v have finite second moments, a map T pushing u forward to v is said to be
optimal with respect to the Wasserstein distance Wy if

Wa(uv)? = 5 [ |o = T(@)du(o).

A fundamental result of Y. Brenier [Br|, and R. McCann [MC] (cf. [Vi]), is that when
1 is absolutely continuous with respect to Lebesgue measure, there exists a convex
function ¢ such that T'= V¢ pushes p towards v in the optimal sense.

Take p = v the canonical Gaussian measure on R", and assume that dv = fd~ for
some f > 0 with [fdy = 1. Whenever licit, the change of variables formula in the
transport from v to v leads to the so-called Monge-Ampere equation

f(T(z))det (Hess <b(x))e_|T($)|2/2 —e 72 g eR”,

where Hess ¢ is the Hessian of ¢ (we ignore here and below the fact that T'= V¢ may
exist only almost everywhere). Proceeding then exactly as in the one-dimensional case,
using that

log det(Hess ¢(z)) < Ap —n = A( - @), (2.13)

shows that Wy (y,v) < /H(v|v). The argument easily extends to probability measures
dp = e~Vdx with a strictly convex potential V' (in the sense of (2.6)) so to yield the
following theorem.
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Theorem 2.4. Let du = e~V dx where, for some ¢ > 0, Hess V(z) > cId uniformly in
x € R™. Then, for every probability measure v on R",

Wa(v) < /T H(w | )

Extensions to Riemannian manifolds are pointed out in [O-V1], [B-G-L]. More
general transportation cost inequalities on probabilistic path spaces are investigated in

[Wal.
2.3 Logarithmic Sobolev inequalities

Our third description will be functional through logarithmic Sobolev inequalities.

Given a probability measure u, for every non-negative measurable function f define
its entropy as

Entu(f)Z/flogfdu—/fdulog/fdu

if [flog(l+ f)dp < 0o, +o0 if not. In other words, if [fdu =1,

Ent,(f) = /log fdv=H(v|p)

where dv = fdu. Note that Ent,(f) > 0 by Jensen’s inequality and that entropy is
homogeneous of degree 1.

We introduce the concept of logarithmic Sobolev inequality. To avoid technical
questions, let us consider only the case of the Euclidean space R". A probability
measure p on the Borel sets of R™ is said to satisfy a logarithmic Sobolev inequality if
for some constant C' > 0 and all smooth enough functions f on R",

Ent,,(f?) < 20/ IV fI2dp. (2.14)

Here V f denotes the usual gradient of f and |V f| its Euclidean length. By smooth we
understand above and below enough regularity so that the various terms in (2.14) make
sense. Changing f2 into f > 0 such that [ fdp =1, (2.14) may be written equivalently
as

mwmsg/iﬁmpgaw (2.15)

for all v where I(v) is the Fisher information of dv = fdpu.

Logarithmic Sobolev inequalities are parts of the family of classical Sobolev
inequalities. In terms of Sobolev embeddings, under a logarithmic Sobolev inequality,
functions in H! do not belong necessarily to some LP-space with p > 2, but to the
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Orlicz space L2logL. This embedding is optimal for the basic example of Gaussian
measures. On the other hand, no constant depending on the dimension arises in the
logarithmic Sobolev inequality for Gaussian measures. This is one fundamental aspect
of the infinite dimensional character of logarithmic Sobolev inequalities that will be
exploited here toward dimension free concentration.

The canonical Gaussian measure v on R" satisfies (2.14) with C' = 1. Numerous
proofs of this result may be found in the literature (see [An]| and the references therein).
We present below two proofs, one relying on semigroup tools, and one based on mass
transportation in the spirit of the one for the transportation cost inequality (2.12)
(and the Brunn-Minkowski theorem) due to D. Cordero-Erausquin [CE] (he actually
presents there a statement including both (2.12) and (2.14) as well as more general
inequalities - see below). In particular, the latter shows the central role played by mass
transportation in this context.

Theorem 2.5. For every smooth enough function f on R",

Eat, (/%) <2 [ VP,

First Proof. This proof is based on semigroup methods and diffusion operators. Let
the second-order differential operator L = A — z - V on R" with associated semigroup
(P;);> called the Hermite or Ornstein-Uhlenbeck semigroup (cf. [Bakl1]). The operator
L satisfies the integration by parts formula with respect to v expressed by

[f-Lady= [ V5 -vgan

for every smooth functions f, g. The Ornstein-Uhlenbeck semigroup (F;),-, admits
an explicit integral representation as

P f(x) = /f(etx +(1- e*Qt)l/Qy)d'y(y), t>0,zeR" (2.16)

Let f be smooth and non-negative on R™. To be more precise, we take f smooth and
such that ¢ < f < 1/e for some € > 0 that we take to 0 at the end of the argument.
Since Pyf = f and limy_,oo Pif = [ fdy, write

Ent,(f) = —/O %(/PtflogPtfd’y)dt.

Derivation along the semigroup yields the basic relation between entropy and Fisher
information. Namely, by the chain rule formula and integration by parts for L,

d
& [Psosriar = [Lpfiogpigay+ [Lrsay

_ ’vptf|2 d
=— | —) 7 ay
P f
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since v is invariant under the action of P; and thus [ LP,fdy = 0. Now, by the integral
representation (2.16), for every ¢t > 0,

thf = e_tPt (Vf)

and thus
IVP.f| < e 'P(IV f]).

By the Cauchy-Schwarz inequality for F;,

|Vf|2)_

PV < Pf B

Entw(f)g/Oooe_zt(/PtOVJ{P)du)dt:%/@d

by invariance. By the change of f into f2, the inequality is established.

Summarizing,

Second Proof. As announced, the second proof is based on mass transportation and
follows [CE]. With respect to the transportation proof of (2.12), we now transport
dv = fdy (f > 0, [fdy = 1) towards v in the optimal sense. The corresponding
Monge-Ampere equation then reads

f(x) e 1717/2 = o= IT(@)F/2 et (Hess ¢(x)), x€R"™

Taking logarithms, and using (2.13),
1

log f(x) — % |lz|? = ~3 |T(m)|2 + log det (Hess ¢())
<T@ +A(o- %).

Hence,

2
log f(z) < —% Vo —z> —x- (Vo —x) +A(¢_ %)

|/

51V - P +1(p-25)

where we recall the Ornstein-Uhlenbeck operator L = A — x - V. Integrate now with
respect to dv = fdvy to get

[rogsav<—5 [ 196 afar+ [rL(s ey,

IA

By the integration by parts formula for L,

[r(o- . Jir = [V5-¥(6-)n



so that .
[f1ogay < =5 [ 1196~ afdy = [5-90 -y
1 V£|? 1
§§/| ){| dry (251(’/));

where we used that for vectors a,b in R", —1|b]> —a-b < 1|a|?. The proof is complete.
O

The preceding proofs work similarly for strictly log-concave probability measures
dp=e Vdr in R” (cf. [Bakl], [CE]).

Theorem 2.6. Let du = e~V dx where, for some ¢ > 0, Hess V(z) > cId uniformly in
x € R". Then for all smooth functions f on R",

2
ut, (%) < 2 [ V7P

It should be observed that L. Caffarelli [Ca] (see [Vi]) recently showed that
whenever 4 is a probability measure on R™ such that du = e~ Vdzr and, for some
¢ > 0, Hess V(x) > cId uniformly in x € R"™, then the Brenier-McCann transportation
map [Br], [MC] from the canonical Gaussian measure 7y to u is Lipschitz with Lipschitz
norm ¢~ /2. In particular, Theorems 2.2, 2.4 and 2.6 all follow from their corresponding
statements for Gaussian measure. This justifies limiting ourselves to the Gaussian
model.

As for the quadratic transportation cost inequalities, the fundamental tensorization
property of entropy shows that logarithmic Sobolev inequalities are stable by products
for the Euclidean structure (cf. [Le]).

Proposition 2.7. Let p; on R satisfy the logarithmic Sobolev inequality

Ent,, (f?) < QCi/fIQd,Uz'a

i =1,...,n. Then the product measure P = j1®- - -®u, on R" satisfies the logarithmic
Sobolev inequality on R"

Entp(f?) <2 max ci/ IV f[2dP.

We now come to the application of logarithmic Sobolev inequalities to measure
concentration through the Herbst argument. To start with, let us consider a probability
measure 4 on the Borel sets of R"”. Assume that p satisfies the logarithmic Sobolev
inequality (2.14). We will show that the Laplace functional E,, of i (cf. (1.11)) satisfies

E,(\) <2 AeR. (2.17)
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By Proposition 1.3, 1 has normal concentration «,,(r) < e_TQ/SC7 r > 0.

Let thus F be a smooth bounded 1-Lipschitz function on R™ such that [Fdu = 0.
In particular, since F' is assumed to be regular enough, we can have that |VF| <1 at

every point. We apply the logarithmic Sobolev inequality (2.14) to f2 = e " for every
A € R. We have

A2 A2
/|Vf|2du =7 / |VE 2 M dp < R /e)‘Fd,u.

Setting A(X\) = [e*'du, A € R, by the definition of entropy,

A (A) — AN log A(N) < % AA(N)

for every A. If K(X\) = ;log A(\) (with K(0) = A’(0)/A(0) = [Fdp = 0), X € R, then
K'(\) < € for every A. Therefore, K(\) < £ for every A, that is

/e,\qu < oCX/2

Replacing F' by a smooth convolution, the latter extends to all mean zero Lipschitz
functions and hence (2.17) is established.

3. Relations between the three descriptions

In this third section, we investigate the connections between the preceding descriptions
of measure concentration by means of hypercontractive bounds. As discussed in
the preceding proofs, optimal mass transportation provides a first unified approach
to most of the geometric, measure-theoretic and functional inequalities developed so
far. Through the Monge-Kantorovich theorem, hypercontractive bounds will actually
appear as dual to mass transportation in this framework. They will allow a (almost)
complete circle of implications between the various descriptions presented in the
previous section. We start with a simple result between transportation cost inequalities
and Laplace bounds that will allow the further developments. The main references for

this section are [B-G], [O-V1], [B-G-L], [CE], [CE-G-H], [Vi]...

3.1 Transportation and Laplace bounds

In a first step, we observe that the transportation cost inequality (2.9) is actually
equivalent to the normal Laplace bound (2.17) deduced in the preceding chapter from
logarithmic Sobolev inequalities, and may be thought of as its dual version. We indeed
have the following result due to S. Bobkov and F. Gotze [B-G]. We recall the Laplace
functional

E,(\) = sup/e)‘qu, A€ER,
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where the supremum runs over all 1-Lipschitz mean zero functions F' : X — R, of a
probability measure p on (X, d).

Proposition 3.1. Let u be a Borel probability measure on a metric space (X,d).

Then
Wi () < \/2CH(v | n) (3.1)

for some C > 0 and all v if and only if

E,(\) <2 AeR. (3.2)

As we have seen at the end of Section 1, the functional description (3.2) (and thus
equivalently (3.1)) of measure concentration is not well adapted as it is to dimension
free bounds. This observation motivates the investigation of stronger transportation
and logarithmic Sobolev inequalities that do tensorize with dimension free bounds with
respect to the /2-metric (as in the fundamental example of the canonical Gaussian
product measure on R").

Proof of Proposition 3.1. By the Monge-Kantorovitch-Rubinstein dual characterization
(cf. [Du], [R-R], [Vi]) of the Wasserstein distance,

Wi (p,v) = sup [/gdv—/fdu}

where the supremum is running over all bounded measurable functions f and g such
that

g9(x) < f(y) +d(z,y)
for every x,y € X. Under (3.1),

/gdy—/fcm < \/20Entu(g—:),

or, equivalently, for every A > 0,

cx 1 dv
— <=4 - —).
fate— [rans G+ 3o (5)

Set ¢ = g—z. The preceding indicates that

/ Pédu < Ent,(6)

where 1) = Ag — A [ fdu — CA?/2. Since this inequality holds for every choice of ¢ (i.e.
v), applying it to ¢ = e¥/ [e¥dpu yields that log [e¥du < 0. In other words,
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When F' is Lipschitz with ||F'[|;;, < 1, one may choose F' = g = f so that the latter
amounts to (3.2). Since

Ent, (6) = sup [ o

where the supremum is running over all ¢’s such that [ e¥dp < 1, the preceding
argument clearly indicates that (3.2) is actually equivalent to (3.1). The proof of
Proposition 3.1 is complete. O

The same may be proved on the alternate (more classical and easily equivalent)
characterization of Wy as

Wi (i, v) = sup {/qu - /de}

where the supremum is running over all 1-Lipschitz functions F' on (X,d). However,
the preceding choice is motivated by the analagous argument for the quadratic cost (in
X = R"). Namely, the Monge-Kantorovitch theorem states similarly (cf. [R-R], [Vi])
that

Wa(p,v)? = sup {/gdv - /fdu] (3.3)
where the supremum is running over all bounded functions f and g such that
1
9(@) < fly) + 5 v =y’
for every z,y € R". In the infimum-convolution notation,
1
= inf z —yl?
9(z) nf Fy)+ 5 le =yl
achieves the optimal choice. Therefore, the proof of Proposition 3.1 may be exactly

repeated so to yield the analogous statement for Ws.

Proposition 3.2 Let u be a Borel probability measure on R". Then

Wo(u,v) < \/CH(v|p)

for some C > 0 and all v if and only if for all bounded measurable functions f on R",
/ledu < oJ ran
where Q f is here the infimum-convolution

Qftw) = inf 1)+ 5 lo — o], we®n

yeER™

The infimum-convolution inequality of Proposition 3.2 has to be compared to (2.7).
For the matter of comparison with Proposition 3.1, observe also that whenever F' is
Lipschitz,

C 2
QF > F — 5 1F [ Lip-
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3.2 Hypercontractivity

To go deeper into the relationships, we actually have to connect the quadratic
transportation cost inequality to logarithmic Sobolev inequalities. The key point in
this project will the concept of hypercontractivity. From now on, we only consider
measures on the Borel sets of R equipped with its standard Euclidean topology.

The fundamental work by L. Gross [Gros| put forward the equivalence between
logarithmic Sobolev inequalities and hypercontractivity of the associated heat semi-
group. Let us consider a probability measure p on the Borel sets of R™ satisfying the
logarithmic Sobolev inequality

Ent,,(f?) < 20/ IV f2du (3.4)

for some C > 0 and all smooth enough functions f on R".

For simplicity, assume furthermore that p has a strictly positive smooth density
which may be written e~V for some smooth potential V on R". For example, we
may restrict below to the canonical Gaussian. Denote by L the second order diffusion
operator L = A — VV . V with invariant measure p. Integration by parts for L is
described by

[#-Loydn= [V Vg

for every smooth functions f, g. Under mild growth conditions on V' (that will always be
satisfied in applications throughout this work), one may consider the time reversible
(with respect to p) semigroup (P:),», with generator L (cf. [Ev], [F-O-T]). In the
Gaussian case, we know that the associated Ornstein-Uhlenbeck (P;),, has the explicit
integral representation (2.16). Given f (in the domain of L), u = u(x,t) = P, f(z) is
the fundamental solution of the initial value problem (heat equation with respect to L)
% —Lu=0 inR" x (0,00),
u=f onR" x {t=0}.

Logarithmic Sobolev inequalities are a powerful tool to study exponential decay to
equilibrium in relative entropy. Namely, since differentiation of entropy along the heat
semigroup yields Fisher information, (3.4) implies (is equivalent to the fact) that for
every non-negative function f such that [fdu =1,

Entu(Ptf) < e_Qt/CEntu<f)

for every ¢ > 0. This estimate is the prototype of exponential entropy dissipation (cf.
[Vi]).

One of the main results of the contribution [Gros| by L. Gross is that the logarithmic
Sobolev inequality (3.4) for u holds if and only if the associated heat semigroup (),
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is hypercontractive in the sense that, for every (or some) 1 < p < ¢ < oo, and every f
(in L),

1Pl < WA, (3.5)
for every t > 0 large enough so that
—1
2/C > 17 - 3.6
M — (3.6)

In (3.5), LP-norms are understood with respect to the measure p. The key idea of the
proof is to consider a function ¢(¢) of t > 0 such that ¢(0) = p and to take the derivative
in time of F'(t) = || P fl| ) (for a non-negative smooth function f on R"). Since the

derivative of LP-norms gives rise to entropy, due to the heat equation %Pt f=LPf
and integration by parts, one gets that

a0 PO F ()
— /() But, (P)"0) +4(0)* [(Pf)"O 'L (3.7

= q’(t) Entu((Ptf)Q(t)) _ Q(q(t) _ 1) / %15)2 |thf|2(Ptf)q(t)_2d,U.

By the logarithmic Sobolev inequality applied to (Py.f)?*)/2, it follows that F’(t) < 0
as soon as ¢'(t) = 2(q(t) —1)/C, that is ¢(t) = 1+ (p— 1) /€ t > 0, which yields the
claim. It is classical and easy to see that the same argument shows that the logarithmic
Sobolev inequality (3.4) is also equivalent to

leP e < ey
for every t > 0 and f. For further comparison, observe that by linearity
le" || g2erc < (vesp. =) |le’],

according as a > 0 (resp. a < 0).

The main observation in our project is that a similar relationship for the solutions
of Hamilton-Jacobi partial differential equations holds. Consider namely the basic
Hamilton-Jacobi initial value problem

ov

1
N + 3 Vo] =0 in R™ x (0, 00),

v=f onR" x{t=0}

(3.8)

Solutions of (3.8) are described by the Hopf-Lax representation formula as infimum-
convolutions. Namely, given a (Lipschitz continuous) function f on R", define the
one-parameter family of infimum-convolutions of f with the quadratic cost as

Qif(@) = inf [£(y) + 2% o] >0z R (3.9)
Yy
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The family (Q:),~, defines a semigroup with infinitesimal (non-linear) generator
—L|Vf[>. That is, v = v(z,t) = Q¢f(z) is a solution of the Hamilton-Jacobi initial
value problem (3.8) (at least almost everywhere). Actually, if in addition f is bounded,
the Hopf-Lax formula @, f is the pertinent mathematical solution of (3.8), that is its
unique viscosity solution (cf. [Ev]).

Once this has been recognized, it is not difficult to try to follow Gross’s idea for
the Hamilton-Jacobi equation. Namely, letting now F'(t) = || thf||/\(t), t > 0, for some
function A(t) with A(0) = a, a € R, the analogue of (3.7) reads as

2 A(H)—1 / A QoS A(t)? 2 A(H)Q+f

M) F(t) F'(t) = N(t) Ent,, (eMV9]) — —5 IVQ.f|" eV dp.  (3.10)
By the logarithmic Sobolev inequality (3.4) applied to e’®®@:f F/(t) < 0 as soon as
N(t) =1/C, t > 0. As a result, the logarithmic Sobolev inequality (3.4) shows that,
for every t > 0, every a € R and every (say bounded) function f,

169 )l gepc < e - (3.11)
Conversely, if (3.11) holds for every ¢ > 0 and some a # 0, then the logarithmic Sobolev
inequality (3.4) holds. We may thus state the following main result (cf. [B-G-L] for
the detailed proof).

Theorem 3.3. Assume that u is absolutely continuous with respect to Lebesgue
measure and that for some C > 0 and all smooth enough functions f on R",

Ent,(f?) < 20/ IV fdu. (3.12)
Then, for every bounded measurable function f on R", every t > 0 and every a € R,
1 M apije < llefll, - (3.13)

Conversely, if (3.13) holds for some a # 0, all f’s and all t > 0, then the logarithmic
Sobolev inequality (3.12) holds.

An alternate proof of this result may be provided by the tool of vanishing viscosity
(cf. [Ev]). We only briefly outline the principle that requires some further technical
arguments. The idea is to add a small noise to the Hamilton-Jacobi equation to turn
it after an exponential change of functions into the heat equation. Given a smooth
function f, and € > 0, denote namely by v = v*(x,t) the solution of the initial value
partial differential equation

ove
ot

1
+ 3 IVve|? —elo® =0 in R™ x (0, 00),
v®=f on R" x {t =0}.
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As e — 0, it is expected that v® approaches in a reasonable sense the solution v of (3.8)

It is easy to check that u® = e~V /% is a solution of the heat equation aa—f = eLu®
(with initial value e=7/2¢). Therefore,

u® = Pgt (eff/Zs).

We may then apply, with some modifications (cf. [B-G-L]), classical hypercontractivity
to u® to recover Theorem 3.3. It must be emphasized that the perturbation argument
by a small noise has a clear picture in the probabilistic language of large deviations.
Namely, the asymptotic of

v® = —2¢elog P (e_f/zg)

as ¢ — 0 is a Laplace-Varadhan asymptotic with rate described precisely by the
infimum convolution of f with the quadratic large deviation rate function for the heat
semigroup.In this limit, the second order Laplace operator is the leading term in the
definition of L = A — VV - V so that the limiting solution u given by the infimum-
convolution Q;f is independent of the potential U and thus of p. (In particular, this
asymptotic is explicit on the basic Ornstein-Uhlenbeck example.)

With respect to classical hypercontractivity, it is worthwhile noting that @); is
defined independently of the underlying measure p. Due to the homogeneity property
Qi(sf) = sQstf, s,t >0, (3.13) may be rewritten equivalently as

I teer—i—l/C < ef”r (3.14)
for r € R. If (3.14) holds for either every r > 0 (or only large enough) or every r < 0

(or only large enough), then the logarithmic Sobolev inequality (3.12) holds.

When a =0 in (3.13), or 7 = 0 in (3.14), these two inequalities actually amount to
the infimum-convolution inequality

/eQCfd,u < o fin (3.15)

holding for every bounded (or integrable) function f. Now, as we saw in Proposition
3.2, (3.15) is exactly the quadratic transportation cost inequality

Wo(p,v) </ CH(v|p) (3.16)

holding for all probability measures v absolutely continuous with respect to pu.

That the transportation cost inequality (3.16) follows from the logarithmic Sobolev
inequality (3.12) was established by F. Otto and C. Villani [O-V1]. While the
arguments developed in [O-V1] do involve PDE’s methods, the approach presented
here only relies on the basic Hamilton-Jacobi equation and presents a clear view
of the connection between logarithmic Sobolev inequalities and transportation cost
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inequalities. One feature of the preceding approach is the systematic use of the Monge-
Kantorovitch dual version of the transportation cost inequality involving infimum-
convolution rather than Wasserstein distances. While optimal mass transportation is
not used in the argument above, it is however implicit at various stages (see [O-V2],
[Vi]). For example, optimality in (3.3)

1
s [ fau=Watuv? =5 [ o~ TP
is achieved at a function f such that
1 2
QlfoT:f+§|a:—T]

where T' = V¢ is the Brenier-McCann optimal transport of u to v by the gradient of
a convex function ¢ : R — R. Moreover, Vf =T~ — z.

It is an open problem (although probably with negative answer) to know whether
the critical case (3.15) (equivalently the quadratic transportation inequality (3.16)) is
also equivalent to the logarithmic Sobolev inequality (3.12) (with a possibly different
constant (). Partial converses are discussed in [O-V1] through a new family of
inequalities, called HWT inequalities (relating entropy, Wasserstein distance and Fisher
information). Extension to Riemannian manifolds are discussed in [O-V1], [B-G-L],
[Wa.

3.3 Brunn-Minkowski revisited

The final step in our program is to come back to the geometric Brunn-Minskowski
inequalities. Actually, it turns out that the Brunn-Minkowski theorem may be used to
prove the hypercontractive inequalities of Theorem 3.3 for the class of measures with
strictly logconcave densities. Assume, as in Theorem 2.2, 2.4 and 2.6, that di = e~V dx
where V' : R" — R is smooth and such that for some ¢ > 0, uniformly in z € R",
Hess (V)(z) > cld in the sense of symmetric matrices. This condition is thus the
condition under which both the quadratic transportation cost and logarithmic Sobolev
inequalities for p hold with C = % What we observe here is that the classical Brunn-
Minkowski inequality, in its functional form (Theorem 2.1), may be used to provide
a simple proof of the hypercontractive estimates (3.13) (with a = 1), and thus of
the logarithmic Sobolev inequality (and the quadratic transportation cost inequality
(3.16)). Namely, given a (bounded) function f on R", apply Theorem 2.1 to the
functions

u(z) = e%Q(k@)/cef(iU)*V(UC)7 v(y) = er(y)’ w(z) = of(2)=V(2)

(Note the somewhat different choice in the functions u, v, w with respect to the one used
in Section 2.1: the one here will lead to optimal constants.) The convexity assumption
on V amounts to

cO(1—0)

OV (z) + (1= O)V(y) = V(b2 + (1= 0)y) > —

& —yl? (3.17)
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for every 0 < 6 < 1 and z,y € R" so that condition (2.3) on u, v, w will be satisfied by
the very definition of the infimum-convolution Q1_g)/co.f. Therefore,

6
/efd/L > (/G%Q(le)/cefdlu) )

Setting % = 14ect, t > 0, immediately yields (3.13) with C' = % and ¢ = 1. In particular
the logarithmic Sobolev inequality for p holds with C' = % We thus recover Theorem
2.6 from the Hamilton-Jacobi approach.

Note that the same argument holds when considering an arbitrary norm in (3.17)
to yield the logarithmic Sobolev inequality (3.12) with the dual norm of the gradient.
This type of logarithmic Sobolev inequalities are out of reach of the heat semigroup
tools.

3.4 Recent developments

Recent extensions of transportation cost and generalized entropic inequalities take
a natural form in a PDE setting where they are used to control decays to equilibrium.
The following comments, and references, are far from exhaustive, and we refer in
particular to the recent monograph by C. Villani [Vi] and the references therein for a
more complete account.

There, the reference measure is Lebesgue measure, and functions are replaced by

probability densities. In particular, the heat equation % — L = 0 with respect to the

operator L = A — VV - V is turned into the Fokker-Planck equation

% — V- [uV(logu+ V)] =0.

If diw = e~V dx is the invariant self-adjoint probability measure for L, and if f is a non-
negative function with [fdu = 1, perform the change of functions p = fe™V so that
p is a probability density with respect to Lebesgue measure on R". The logarithmic
Sobolev inequality (2.14) takes the form

/plogpda: + /Vpda: < g/‘V(logp—F V)|2pda: (3.18)

for every smooth probability density p on R". In this form, it may be generalized in
various directions. For every probability density p, define the entropy of p as

H(p) = /U(p)d:c + /Vpdfc + %//W(fv —y)p(@)p(y)dxdy

where U : R" — Ry, U(0) = 0, is strictly convex and such that A — A"U(A™") is
convex and increasing, and W is convex and even. The typical examples of U are
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U(z) = xlogx (which corresponds to the classical case) and the power type function
U(x) = n‘ffl corresponding to porous medium equations, while the convolution
interaction W is associated with granular media. Denote by po, the unique probability

density that minimizes the functional H and set H(p | poo) = H(p) — H(po)-

The Fisher information on the right-hand side of (3.18) may also be extended to
I(p) = / [V(U'(p) +V+Wxp) -V (VU (p) +V + W % p))}pd:p

where ¢ : R™ — Ry is a cost function on R™ and ¢* its Legendre transform. (See [Vi]

for admissible costs extending the classical example of ¢(z) = %, x € R™)

In this framework, the generalized entropic inequality extending (3.18) takes the
form

H(p|pos) < CI(p) (3.19)

for some constant C' > 0 and all probability densities p, while the transportation cost
inequality generalizing (2.12) expresses that

We(p, poo) < CH(p | poo) (3.20)

where

We(p,v) = inf // c(z —y)dmr(z,y)

with the infimum taken over all probability measures on R" x R with marginals p and
V.

These generalized entropic and transportation cost inequalities have been studied
extensively in a vast recent PDE literature (some, but not all, being referenced here).
In the geometric framework of dissipative evolution equations introduced by F. Otto
[Ot], interpolation along mass transport and displacement convexity have been used
to this task. Alternatively, along the lines of the mass transportation proofs of
Section 2, both (3.19) and (3.20) have been established in [CE-G-H] under various
convexity conditions on V and W (basically uniform convexity of V' with respect
to the cost ¢ and convexity of W). The approaches cover in the same way various
families of inequalities, including in particular HWI inequalities [O-V1], [C-MC-V],
[CE-G-H], and the classical Sobolev and Gagliardo-Nirenberg inequalities with sharp
constants for both Euclidean and arbitrary norms on R"™ [CE-N-V]. Even sharper
further developments have been obtained recently in [A-G-K], [Gh]... These estimates
may then be used to produce exponential decays to equilibrium, in relative entropy and
in the Wasserstein distance, of solutions of families of degenerate parabolic equations
(Fokker-Plank, porous medium and fast diffusion, p-Laplacian), with explicit rates [Ot],
[C-J-M-T-UJ, [A-M-T-U], [C-MC-V], [DP-D1], [DP-D2]... We refer to these works, and
to the monograph [Vi], for a complete discussion, proofs and precise hypotheses in
these recent results and developments.
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In the dual formulation, the generalized entropic inequality (3.19) has been shown,
by I. Gentil and F. Malrieu [G-M], to be equivalent, as in the classical case, to a family
of hypercontractive bounds on the solutions

Quf () = inf, [f(y) + t%%)} zER™, £>0,

of the Hamilton-Jacobi equation

% +c* (Vo) =0 in R" x (0, 00),

v=f onR" x{t=0}.

In particular, this family includes (3.20) extending to this more general framework
the implication on [O-V1] from the generalized entropic inequality (3.19) to the
transportation cost inequality (3.20).

The connection between classical Sobolev inequalities and ultracontractive bounds
of solutions of Hamilton-Jacobi equations is developed in [Ge|, in analogy with the
connection with heat kernel bounds (cf. [Da], [Bakl]). See also [Bak2|, [DP-D1],
[DP-D2|, [DP-D-G]... for various regularization properties of non-linear generalizations
(porious medium, fast diffusion, p-Laplacian...) of the heat equation, with in particular
in [Bak2] the extension of the semigroup proof of Theorem 2.5.
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