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ABSTRACT. For a class of density functions ¢(z) on R™ we prove an inequality be-
tween relative entropy and the weighted sum of conditional relative entropies of the
following form:

D(pllg) <

n
COﬂSt.Zpi : D(pi('|Y17"'7Y71717Yi+17"'7Yn)||Qi('|Y17' . '7YL'*17YL'+17' 7Yn))
i=1

for any density function p(z) on R", where p;(-|y1,...,¥i—1,Yi+1,...,Yn) and
Qi(lz1,...,xi—1,Tit+1,...,2Tn) denote the local specifications of p resp. ¢, and p;
is the logarithmic Sobolev constant of Q;(:|z1,...,2Zi—1,%it+1,...,Zn). Thereby we
derive a logarithmic Sobolev inequality for a weighted Gibbs sampler governed by the
local specifications of g. Moreover, the above inequality implies a classical logarith-
mic Sobolev inequality for g, as defined for Gaussian distribution by L. Gross. This
strengthens a result by F. Otto and M. Reznikoff. The proof is based on ideas devel-
oped by F. Otto and C. Villani in their paper on the connection between Talagrand’s
transportation-cost inequality and logarithmic Sobolev inequality.
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2 AN INEQUALITY FOR RELATIVE ENTROPY

1. Introduction.

The motivation for this paper was to prove logarithmic Sobolev inequalities on
product spaces, under possibly general conditions.

First we define some basic concepts:

Definition. For probability measures p and ¢ on R™ (m > 1 integer), we denote
by D(p||q) the relative entropy of p with respect to g¢:

dp(u)
dp(u)
and oo otherwise. We always have in mind probability measures absolutely con-

tinuous with respect to the Lebesgue measure, and denote by the same letter their
density functions. If p and q are density functions on R™ then

dp(u) if p<<yq, (1.1)

D(pllg) = /m log

DGl = [ ptutog B0 it p<<a (1.2

and oo otherwise. If Z and U are random variables with values in R and dis-
tributed according to p = L(Z) resp. ¢ = L(U), then we shall also use the notation
D(Z]|U) for the relative entropy D(p||q).

Definition. For measures p and ¢ on R™, the Fisher information of p with respect

to ¢ is defined as
Iolo) = [

if log(p(u)/q(w)) is smooth.

V log q(u)‘ p(du), (1.3)

Definition. The distribution ¢ on R™ satisfies a logarithmic Sobolev inequality
with constant p if

D(pllg) < ip I(pllg)

for all density functions p on R with log(p(u)/q(u)) smooth.

A logarithmic Sobolev inequality for a probability measure ¢ is equivalent to
the hypercontractivity of the diffusion semigroup associated with ¢q. The prototype
is Gross’ logarithmic Sobolev inequality for Gaussian measure which is associated
to the Ornstein-Uhlenbeck semigroup [1], [2]. Another use of logarithmic Sobolev
inequalities is to derive transportation cost inequalities (a tool to prove measure
concentration), c.f. F. Otto, C. Villani [3]. The logarithmic Sobolev inequality
for the stationary distribution of a spin system is equivalent to the property called
“exponential decay of correlation”; for this concept we refer to Bodineau and Helffer
[4] and Helffer [5].
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In Euclidean spaces of dimension greater than 1, no simple characterization is
available for the measures ¢ satisfying a logarithmic Sobolev inequality with some
positive constant. A well-known sufficient condition was given by Bakry and Emery
[6]: A density function ¢(z) = exp(—V(x)) on R™ satisfies a logarithmic Sobolev
inequality provided V' is uniformly strictly convex. Another useful result is Holley
and Stroock’s perturbation lemma [7] which asserts that if ¢ and ¢ are density
functions on R™, such that the ratio ¢(z)/q(x) is bounded both from above and
below, then g and ¢ either both satisfy a logarithmic Sobolev inequality, or neither
of them does.

For measures on Euclidean spaces with non-compact support, it has been a chal-
lenging task to derive logarithmic Sobolev inequalities from logarithmic Sobolev
inequalities for the local specifications. (The local specifications of the measure ¢ =
L(X1,...,X;)onR™ are the conditional densities Q;(*|Z1, ..., Ti—1, Tit1y- -y Tim) =
,C(XZ|X1 = T1,y... 7Xi—1 = xi_l,XHl = Ti41y--- ,Xm = l’m)> Let q be a density
function on a Euclidean space, and assume that the local specifications of ¢ satisfy
logarithmic Sobolev inequalities with constants p;. It has been clear for a long time
that a reasonable approach to prove a logarithmic Sobolev inequality for ¢ is to
assume that the mixed partial derivatives of V(z) = —loggq(z) are not too large
relative to the numbers p;. This line was followed by B. Zegarlinski [8] and, follow-
ing in his footsteps, G. Royer [9], Théorem 5.2.1). Their results were improved by
F. Otto and M. Reznikoff [10]. The present paper follows this line, too. The con-
ditions of Otto and Reznikoff’s main theorem helped to find the proper conditions
for the results in the present paper, however, our approach is entirely different from
their’s. We shall discuss Otto and Reznikoff’s theorem at the end of Section 2.

2. Statement of the results

Let RY denote the N-dimensional Euclidean space equipped with the Euclidean
distance and the Borel o-algebra.

Let us fix a density function

q(z) = exp(~V(z)), =z cRY.

We shall use the following

Notation:

e ¢: afixed density function on RY;

o X =(X1,Xs,...,Xy): random sequence in RY 6 L(X)=g;
e p: another density function on RY;

e Y =(Y1,Ys,...,Yy): random sequence in RY, L(Y)=p;
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o (Ip,k=1,2,...,n): a partition of [1, N|, |I| = ng;
. forxeRN,x(k)é{xiziEIk}, j(k)é{xi:igélk};
o X and X®*): the corresponding segments of X;

e Y& and Y): the corresponding segments of Y
o gk A& ﬁ(X(k)), QM (-|z(k) £ ﬁ(X(k)‘X(k) — j(k));

o pB L LYW, pE(|FE) A LYW TR = 5K).

We consider RY as the product of Euclidean spaces R%*) of dimension ny.

Definition. The conditional distributions Q*)(-|z(®)) and p®*)(-|z(¥)) are called
the local specifications of q resp. p.

To formulate the main results of this paper, we also need the concept of (average)
conditional relative entropy, together with some more notation:

Definition. If we are given a probability measure 7 = £(.5) on R’ (¢ > 1 integer),
and conditional distributions u(-|s) = L(Z]S = s), v(-|s) = L(U|S = s) on R™
then consider the average relative entropy

B-D(u(1S)Iv(1)) = [ D(uCls)v(1s))n(as).
For E,D(u(:|S)||v(:]S)) we shall use either of the notations
D(p(19)v(15)),  D(pCISIUIS), D(ZIS)v(19)), D(Z]9)|U1S))-

For a fixed measure ¢ on RY, we want to derive an inequality of the form
1 o _ _

D(pllg) < =-> pr- DEW ((YE)QW([Y*)) forall p on RN, (2.1)
P =

for some positive constants pi, 1 < k < n, and p. L.e., we want to bound D(p||q) by a
weighted sum of the “single phase” conditional entropies D (p(®) (-[Y (®))||Q®)(-|Y (#))).
A bound of type (2.1) holds only for a restricted class of probability measures g,
and we want a sufficient condition for (2.1). Since relative entropy measures in a
way how different probability measures are, inequality (2.1) allows us to conclude
to closeness of p and ¢ from the closeness of their local specifications. Moreover,
an inequality of type (2.1) ensures that upper bounds for the “single phase” rela-
tive entropies D(p™ (-|g™)||Q™(-|y™)) that hold uniformly in §*), yield a bound
for D(p||q). This is a way to get logarithmic Sobolev inequalities for measures on
product spaces.

To get inequality (2.1), we make three assumptions explained below. Recall that
(I, k=1,2,...,n) is a partition of [1, N].
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Assumption 1. Assume that Q¥ (-|z(F)) satisfies a logarithmic Sobolev inequality
with constant py for all x € RY and k € [1,n).

Consider the Hessian of V(z) = —loggq(x), i.e., the matrix (Vi’j<x))ije[1 N]?
where we denote by V; ;(z) the second partial derivatives of V(z).

Assumption 2. Assume that, for each k& € [1,n], the matrix (V;;(x))i jer, is
bounded from below by some (possibly negative) constant times the identity.

To formulate Assumption 3, we introduce the following

Notation. Under Assumption 1, and for sequences z, £ € RY fixed, we denote by
A(z, &) the matrix with elements

Vi (70, 0
Auyfa) = Bt

A;i(z,6)=0 if ¢ and j belong to the same set Ij.

for 1€y, j€lykF#L,

Moreover, for sequences x, ¢ € RY and 0 < p < min pg, we denote by A?(z, &) the
matrix with elements

Vi (50 ¢®
AL (0,) = d T E )

’ VoK =P Npe—p
Aﬁj(x, §)=0 if ¢ and j belong to the same set Ij.

for Z'GIk,jGIg,k‘#g,

(Thus A(z,&) = A%x,€).)

Remark. Unless the matrix A”(z, &) is constant in z, it is not symmetric, since in
the definition of Aﬁj(x,f) (i € I, j € Ip), we use £, and not £,

Assumption 3. We assume that
supHA(as,S)H £1-6<1, (2.2)
z,§

and that p is such that

su?HAp(x,é)H <1 (2.3)

Conditions (2.2) and (2.3) shall be used in the following form: For all z, &, u,v €
RY,

>, > i Vig(e,€) vy

k€(1,n),k£l i€ly,5€I,

<=0\ [ Do pr- 2 | e [ (2.4)
k=1 (=1
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and
> > uiVig(a,€) vy
kL€[1,n],kAl €I, ,JEL,
<\ Dok = p) - [u® 2 1Y " (pe = p) - [0, (2.5)
k=1 =1
respectively.

Theorem 1. If Assumptions 1-3 hold then
1 < _ _
Dl < -3 o D (s (1) Q00179 (2.6
k=1
for any probability measure p on RY.

Theorem 2. Under Assumptions 1-3, q satisfies a logarithmic Sobolev inequality
with constant p.

Theorem 2 follows from Theorem 1, using Assumption 1 and the fact that by
the definition of the operator V

I(plla) = Y EI(pW([Y®) | QW (] ™®)).
k=1

The statement of Theorem 2 was proved by F. Otto and M. Reznikoff [10],
under a condition similar to, but stronger than, Assumption 3. We discuss Otto
and Reznikoff’s theorem at the end of this section.

Next we formulate a logarithmic Sobolev inequality for a discrete time Markov
process governed by the local specifications Q¥ (-|5(*)).

Definition of weighted Gibbs sampler.
Given a partition (Ix,k =1,2,...,n) of [1, N], and local specifiations Q(k)(~|g(k)),

the weighted Gibbs sampler T' with weights (7*), k = 1,2,...,n) is the Markov
operator on the probability measures p (on RY) defined by

I'= Zﬂkrk, 'k(z]y) = 5(;}(’“), z(’f)) Q) (z(k)\g(k)).
k=1

(Here § denotes Kronecker’s ¢.)
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Corollary to Theorem 1.
If Assumptions 1-3 hold then for the weighted Gibbs sampler I' with weights

(pk/Rvk:]-72v"'vn)v R:Zpkv
k

we have

R
D(pllq) < 5

- (D<p||q> - D(pruq)). (2.7)

Thus .
Dot < (1-4) - Do)

(2.7) follows from Theorem 1 by the inequality

1 n
D(pTllg) < + > rD(pTkll)
k=1

(a consequence of the convexity of relative entropy) and the identity

D(plla) — DTullg) = D<p<k>(-|Y<k>>||@<’f><-|y<’f>>).

(2.7) can be considered as a logarithmic Sobolev inequality for the Gibbs sampler
I'. Indeed, for the Markov process defined by I, it bounds relative entropy (from
the stationary distribution) by the decrease of relative entropy along the Markov
process.

Next we formulate a transportation-cost inequality that follows from Theorem
2, using the Otto-Villani theorem (Theorem 1 in [3]). We need the following defi-
nitions:

Definition. The quadratic Wasserstein distance between the probability measures
r and s on R™ is defined as

W(r,s) = inf[E-|¢ — n"]/2,

where ¢ and 7 are random variables with laws r resp. s, | — 17| denotes Euclidean
distance, and infimum is taken over all distributions 7 = £(&,7) with marginals r
and s.
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Definition. A probability measure s on R™ satisfies a transportation-cost inequal-
ity with constant p if

W2(r,s) < = D(rs)

TN

for all probability measures r on R™.

Transportation-cost inequalities are useful in proving measure concentration in-
equalities. A transportation-cost inequality for the case when ¢ is Gaussian, was
proved by Talagrand [11]. Otto and Villani generalized Talagrand’s inequality as
follows:

Otto and Villani’s theorem for Euclidean spaces. [3/,/12]
If a density function on R™ satisfies a logarithmic Sobolev inequality then it satisfies
a transportation-cost inequality with the same constant.

By Otto and Villani’s theorem, Theorem 2 implies the following

Theorem 3.
If Assumptions 1-3 hold then q satisfies a transportation-cost inequality with con-
stant p.

In [13], corrected in [14], the statement of Theorem 3, for equal p’s, was proved
modulo an absolute constant factor.

Now we compare Theorem 2 with the result of [10].

In [10] the statement of Theorem 2 is proved under the following condition in
place of (2.3):

For k,¢ € [1,n], k # ¢, and x € RY consider the following minors of the Hessian
of V(z):

Ky o(v) = (Vz',j(l‘)) ,

1€ly,j€1,

and set
o = s (@)

Then consider the n x n matrix

K= (“kl) k,e€[1,n] kAE"

(K has 0’s in the main diagonal.) Otto and Reznikoff use the assumption that

K < A({pr—p}), (2.3)



LOGARITHMIC SOBOLEV INEQUALITIES 9

where A({pk — p}) denotes the n x n diagonal matrix with elements pr — p. With
the notation

K o = okt
T NPE— P Npe—p
0 _ (.
K" = (“k,é)k,ze[l,n],k#’
(2.3") can be written in the form
K'" < Id,

where Id is the n x n identity matrix. Since K’” is symmetric, this means that the
largest eigenvalue of K’” is < 1. The elements of K'* are non-negative, thus, by
Perron’s theorem, the largest eigenvalue of K'” equals || K'” ||. Le., in [10] it is
actually assumed that

| K [|< 1, (2.37)

which is clearly stronger than (2.3).

Remark.
If ¢ is Gaussian then the Hessian of V(z) does not depend on x. Otto and
Reznikoft’s result is tight for Gaussian distributions with attractive interactions.
(For R®*®) = R; attractivity means that Vij < 0for i # j.) For ¢ Gaussian and
R*) = R, Theorem 2 can be formulated as follows: If H A H< 1 then ¢ satisfies
a logarithmic Sobolev inequality with constant p, where p is the largest number
satisfying

| A7 ||=1. (2.8)

Thus Theorem 2 is tight for those Gaussian distributions g for which H AP H (for the
p defined by (2.8)) is given by the absolute value of the smallest negative eigenvalue
(and not the largest positive one).

Example.

Assumption 3 is practically impossible to check, except when the mixed partial
derivatives of V' (z) are constants. Otherwise we probably cannot do better than use
Otto and Reznikoff’s theorem. However, if the mixed partial derivatives of V(x) are
all constants then Theorem 2 may give a better result. Indeed, let V(z) = — log ¢(x)
be of the form

V(z) = ¢ul@)+ > are -z,
k=1

k,e€[1,n], k£l

where for each k and fixed Zy, the single phase density Cj(Zy)-exp(—o¢x(xk, Tk)), as
a function of zy, satisfies a logarithmic Sobolev inequality with a common constant
p. Theorem 2 guaranties a positive logarithmic Sobolev constant if the matrix with
elements

ar¢ outside the main diagonal, and 0 otherwise
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has norm < p. On the other hand, Otto and Reznikoff’s theorem guaranties a
positive logarithmic Sobolev constant if the matrix with elements

lak ¢| outside the main diagonal, and 0 otherwise

has norm < p. To see a concrete example when the first condition holds, but
the second does not, consider the infinite dimensional Toeplitz matrix B = (b ¢)
defined by

bek+1 =1, bprya=—1, bre=0 for £>Fk (&{k+1k+2},

and by ¢ = by ;. From the theory of Toeplitz matrices (c.f. [15]) we know that
9
| B ||=2- max|cosz — cos(2z)| = 7

while for the matrix abs(B) consisting of the absolute values of by ¢, we get
| abs(B) ||= 2 - max|cosz + cos(2x)| = 4.

Denote by B,,, and abs(B,,) the matrices consisting of the first m rows and columns
of B resp. abs(B); clearly ||B,,|| < 9/4 and lim,,_, ||abs(B,,)|| = 4. Therefore, if
we take A = B,,, and if the functions ¢y (z) in the definition of V(z) are such that
the single phase densities Cy(Zy) - exp(—¢r(z, T)) satisfy a logarithmic Sobolev
inequality with a common constant > % then Theorem 2 guaranties a positive
logarithmic Sobolev constant for ¢ = exp(—V'). However, we cannot get this from

Otto and Reznikoff’s theorem.
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3. Proof of Theorem 1.

Our approach to prove Theorem 1 is based on the interpolation between the prob-
ability measures p and ¢ realized by the solution of the Fokker-Planck equation

Ope(y) = Dpe(y) + V- (pe(y) - VV(y),  poly) = p(y). (3.1)

With the notation
h=p/q and h;=pi/q,

the Fokker-Planck equation (3.1) can be rewritten as follows:

We have
Eylogh = D(p|lqg) and E,, loghs = D(p:l|q).

Our argument heavily draws on the ideas developed in the paper by F. Otto and
C. Villani [3]. To be able to use the tools of [3], we need the limit relation

Jlim D(p: || q) = 0. (3.3)

To this end we prove a logarithmic Sobolev inequality for ¢ with a much smaller
constant than claimed in Theorem 2. (It is disturbing that this weak preliminary
result requires a very lengthy proof.)

Auxiliary Theorem. If Assumptions 1-3 hold then q satisfies a logarithmic Sobolev

inequality with a constant C' = C(R, pmin, ), where R =31 _| Pk, Pmin = Ming py
and d =1 — Supx,§ ||A(£L’, 5)”

For the proof of Theorem 1 we also need the following simple lemma ( c. f. (32)
in [3]).

Approximation Lemma. In the proof of Theorem 1 we can restrict ourselves to
the case when V(x) = —logq(z) € C*°, and h(z) = p(z)/q(z) is of the form

hz)=(1—¢)-g(z)+e, where
g € C* is a compactly supported density function (with respect to q), and & > 0.

The proofs of the Auxiliary Theorem and the Approximation Lemma are post-
poned to Section 4, although they are used in the proof of Theorem 1 in this section.

We need some more
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Notation.
Let
Yt - (m,l:Yt,Qa .. '7}/;5,]\])

denote a random sequence with £(Y;) = p;, where p; is the solution of the Fokker-
Planck equation (3.1). In accordance with the notation at the beginning of Section
2, we write

v ={V,ien), YV\W={vi:i¢ L)

Further, we set

P = £(09), P (1) = LT = 5).

By the Approximation Lemma we may assume that V' € C*>°. Then the domain
of the operator L in (3.2) can be defined so as to contain the class Dy of those
functions A in C*° that are bounded, and whose partial derivatives of any order,
multiplied by the partial derivatives of V' of any order, are bounded. The class Dy
is dense in Ly(g) and stable under L.

Again by the Approximation Lemma we can assume that the function hg = h in
(3.2) belongs to Dy. As explained in [3], this implies that h; is uniformly bounded
from below and from above, and that, for ¢ fixed, |Vh¢|? is bounded. (Here we use
the fact that, by Assumptions 2 and 3, the Hessian of V (z) is bounded from below
by a (possibly negative) constant times the identity.— In [3] assumption (32) of that
paper is used which is implied by the assumption hg = h € Dy.)

Consequently, as explained in [3], under condition hy = h € Dy, the Fokker-
Planck equation (3.2) defines a semigroup of diffeomorphisms

o, RV = RN, 0<t< oo, (3.4)
satisfying
OPi(y) = —Vloght(Pe(y)), (3.5)
and
ptq)s = Pt+s- (36)

(3.6) means that p;ys is the image of p; under the map ®,. Since L£(Y;) = p;, we
can think of the random sequences Y; as functions of Y = Y:

Vi = ®(Y) = ®(Yo).

Let us introduce the function

X(w) =Y peflogh(y) —logh® (")),  yeRY,
k=1
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where L (_(k))
Pk)(ay P Y ) ) ( 7, (F) |7 (R)
h (y )_ G) (gj(k)) _/R(k> h(y)Q (dy )Y )

(The integration domain is R™*; the superscript (k) indicates that integration is
with respect to the variable y*).) We have

Ex=Y s D<p(k)(.|y(k)) H Q(’f)(.|y(’€)))‘
k=1

Thus the statement of Theorem 1 is equivalent to

p-E,logh <E,x.

It is well known (and a proof can be found in [3]) that

0

5 Deell)) = ~I1(pilla) = ~Ey, [V log hu[*

Thus, by (3.3),

. > 2
D@ll9) = Diplle) - Jim Dole) = [ By [Voghf*. (7

We introduce, analogously to the definition of y, the functions

xt(y) = Z Pk [log hi(y) — log Bl(tk) (g(k))} :
k=1

where o )
We have .
B = Do D(HI(TY) | QW ETY) ),
k=1
In particular, E,, x; > 0.

Using (3.7) and the fact that E,, x; > 0, for the proof of Theorem 1 it is enough
to prove the following two propositions:

Proposition 1.

E,x — tll>r£o E,, xt = /0 Ept{VXt - Vlog ht}dt. (3.8)
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Proposition 2.
‘2

Ept{vXt : Vloght} > p-Ep,|Vioghy

Proof of Proposition 1.
For all y € RY we have

) = Jim () = = [ 5 G (@) e

Therefore, by Fubini’s theorem,

0

£ {x() = Jim x(@ 1)} = - [T B { S (u(@m)

Denoting by dot derivation with respect to ¢, and using (3.5):

0

ot (Xt ((I)t(?J))) = Xt ((I)t(?J)) — VXt ((I)t(y)) - Vlog hy ((I)t(?J))-

Further,

0a(=) =3 o - [at <log W)) _a, (log e (M))], ;e RY.

k=1

To calculate 0 (log E,E’“) (2)), we need the following

Lemma.
The solution hy of the Fokker-Planck equation (3.2) satisfies

[0thtl|Lyq) < | Lhol|Ly(q) < oo

Proof.

(3.9)

(3.10)

(3.11)

(3.12)

The operator L is defined on a dense subset Dy of Lo(q). Moreover, L is symmetric

and negative definite on Dy. Indeed, by partial integration we have

(Lf9)Ls(a) = /RN (Af=VV-Vf)gdg=~ [ Vf-Vgdg.

RN
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It follows that for A > 0

(AL =L)f, f)pyi 2N IFilAe

ie.,

| (r—2)""||<

> =

Thus by the Hille-Yosida theorem (c.f. [16]), there exists a contraction semigroup
(P;:t>0) on La(q) whose generator is L:

(9,5Pth0 = LPth() for h() c Do, and HPtH S 1.

For hg € Dy, the solution of (3.2) can be written as hy = P;hg, and since P,L = LP;,
we have

atht - (9,5Pth0 - LPth() - PtLh(),
which implies (3.12). O

By the above Lemma, 0;h; € LL1(q), so we can differentiate under the integral
sign in the next formula:

O <logf_l,(5k)(5(k))) = &:/ he(2)Q™) (dz(k:)|2(k))
R(F)
Jro O (ht(z>) Q™) (dz(k) |§(k))
- ) (z(0)

ht(Z)
= O log h S Wi
Roo L0 +(2) h{P (z(R)

Q™ (dzP)z(). (3.13)

By the definition of the function hy,

ht(z) (k) (k) 15(k) (k) (k)| 5(k)
— 7 ( ? dz z = dz z .
hgk) (g(k)) ( | ) b ( | )

Thus (3.13) implies

Oy (log Egk) (z(’“)))

=/ Ot log ht(z)pgk) (dz(k)\z(k)) =E,, {0 1og ht\z(’“)}, (3.14)
R

where 2(®) in the condition of the expectation is a shorthand for ﬁ(k) = z(h),
Substituting (3.14) into (3.11) we get

O (Xt(Z)) = Zpk . {(% log ht(z) — Ept{at log ht‘g(k)} '
k=1
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It follows that E,, x¢ = 0 which, together with (3.10), yields

B, (Xt(cptm)) _ —Ept{VXt - Vloght}.

Substituting this into (3.9) we get (3.8).

Proof of Proposition 2.
We prove Proposition 2 for ¢ = 0; for ¢ > 0 the proof is the same. For a function
g: RN — R set

V®g(x) = (9ig(x) : i € It).

We need the following

Proposition 3.
For k, 0 € [1,n], k # ¢, we have
V) log B (g(é)) - Ep{v(k) log h|g(">}
_ / VRV (O, 60y - VOV (GO, 4©)] 7O @e®, dy®|5©),
R(O) xR(®) (3.15)

where 7 (deW  dn©|5®)) is an arbitrary coupling of the conditional measures
p(z)(-@(@) and Q(Z)(-@(@). (Le., 7O(deW dn®|g®) is a conditional density on
R®) x RE with marginals p© (-|5©) and QWO (-|z9).)

Proof of Proposition 3.
Since |Vh| is bounded (and |Vh| is also bounded for ¢ fixed), we have

VRO (50) = /

R®)

v (k) (h(yw),g(e)) QU (g0 |y(£))) d¢®. (3.16)
Further,

vEQW (O[5 = v exp(-V (7, €9))
Jrco exp(=V (59, n®))dn®
— VRV (5O @) . Q0 (D 5®)

+ QU W50y . / VEV (GO, 50)Q® (dn©|5©)

R(£)
_ QW50 /

R

[va(y(z),n(z)) _v®y G0, 0| 00 (an® 50,
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It follows that
) (h(gw), £0). QO @(z)w(z))))
QO (c0]50)). [v<k> h(H®, )

h(50, ). / (va( (0 “))—V(’“)V(y(f),é(z)))@“)(dn“)w“))l
RO (8.17)
Substituting (3.17) into (3.16):
TRRO (50)
_ /R | VOR(0,€0)Q0 @O ly)
(79, 0)QO (dg |5 / TEV(GO, 10O (dy D 17©)

R
(3) 5(3) V(k)V(gj(e),é(Z))Q(g) (d£(€)|g(€))

\\\

V(’“)h 7O, €©)QO (4@ 15©) + ROGO) . [ TPV (O, 1 ©@)QW (dn®50)

R
_ / h(gj(ﬁ)’ g(f)) . V(k)V(gj(Z), g(z))Q(@(df(Z)@(@)‘
R(®)
Dividing both sides by h(¥) (5(9)):

B h(g(ﬁ) g(ﬁ))
(k) ) (75O — (k) g0) ¢y, N 05 )
\V4 lOg h (y ) = - \V4 IOg h(y ) 5 ) iL(Z) (g(@)

+ » V(k)V(gj(Z), 77(f))Q(Z) (dn®1|5*)

Q(ﬁ) (dg(ﬁ) |gj(£))

[ vev(Eo,eo). h(52E9) o geto)0)
o v 1O (50) v

Since
(*(ﬁ) 5 ) )

N 05 T @ ge@))150Y — O (ge0))50)
r ) @) = 9Ol ),

and
/ v log h(7®, £0)p® (dgO g0 = E, {V* log hlg®).
R®)

(3.15) follows. O
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Now we are ready to prove Proposition 2. By Proposition 3 we have
VEX@W) =D pe- [V(’“) log h(y) — V*) log h" (y“)ﬂ
=1
= o [V(’“) log h(y) — E,{ V™" log k|5 }]
(=1
+ / (Z pe- [VWV(W), ¢W) = vV (5, n“>)] ) TI(d¢, dnly),
where I1(d¢, dn|y) denotes the conditional product measure [];_, 7 (d¢ @) dn® \y“)).

It follows that

EP{VX -V log h} = Zpk -Ep|V(k) log h|?
k=1

+ Y e [Ep|v<k> log h|? —Ep{Ep{v<k> log by} - v*) 1oth
k,L€[1,n] 04k

+Ep,n{ S POV (EO,0) - YOV (5O, 5 0)] T log h}3
k,0€[1,n] 04k ¢3.18)

Here E, 1 denotes expectation with respect to the joint distribution L(Y,&,n),
defined by L(Y) = p and L(&,n|Y) = II(d€, dn|y).

For k # ¢ we have
Ep{ {v“f) log h(y) — E,{V# log |5 }] . V® Jog h(y)}

2
= Ep‘v““) log h(y)| — Ep{Ef,{v<k> log h\g“)}} > 0. (3.19)

To estimate the last line in (3.18), we introduce the notation

U= > pe- VPV, ¢9). V¥ logh(y), y,&eRY.
kL€[1,n] L4k

We have

3 pe-{v“ﬂv(y(@,s“>)—v<k>V(y<f>,n<f>) V® loghy) = Uy, &)~Uly, ).
k,0€[1,n] £+£k

To estimate |U(y, &) — U(y,n)|, we carry out the followong calculation:
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%U(y,nﬂL (€ —n))

= Z Z pe- (& =) Vi (@90 + 7Y = n9)) - 9;1og h(y).

k.lc[l,n) £k i€ly,j€l,

Hence, by Assumption 3 (c.f. (2.5)),

'%U(y,nJrT(f—n))‘

< D2 oe—p) 03 (& —n)% | DD ok —p) - |0ilogh(y) 2
\ (=1 jel, k=1i€ly,
=D (pe—p) -0} (€O —n(0))?- \l (P — p) - IV®) log h(y) 2.
=1 k=1

It follows that for all y, £ and n

S {vwv(y(@,g(@) _ v(k)v(y(f)’n(f))} k) logh(y))
kL€ [1,n] 04k

< \l S (e —p) -0 €O —q®]* J S (o = p) - [VE log h(y)|”.

(=1 k=1

Now the last line of (3.18) can be estimated as follows:

E,n { S VPV (EO,£0) - YOV (O, 5 0)] . v® 1oth
k,0€[1,n] 04k

<> (pe—p) P2 Epu|e® —n®]* J S (o — ) Ep|[VE log h(y)|".
\ =1 k=1 (3.20)

Our calculations are valid for any coupling of the conditional densities p(© (d¢@ |5(®)
and QU (dn@|7®). Now we specify 70 (de®, dn®|5®) so as to achieve

EM{W—s<f>|2|y<f>}:W?(p<f><-|y“>>,Q“><-|y<f>>) for any 5.
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By Assumptions 1 and 2, the Otto-Villani theorem can be applied to Q¥ (-|5().
Using also the logarithmic Sobolev inequality for Q) (-|7(9)), we get

2
Br{ln'® =0 90} < 2 DEOCT) | Q1)

1 1
<L .I<p<6>(.‘g<6>) H Q(f)(.ww))) _ L .Ep{‘w) log h? | gw)}
Pe Pi (3.21)

for any ¥). Substituting (3.21) into (3.20):

E, { S e [VRV(EO,€9) - VOV (5O, 40)] . v 1Ogh}'
k,0€[1,n]0#£k
<> (e = p) - Ep| VP logh[”. (3.22)
k=1

Substituting (3.19) and (3.22) into (3.18):

n

E,{Vx Viogh} >3 p - Ey|[V®logh|” = 3 (o — p) - E,|V® log h|*
k=1 k=1

=p- Y |V®logh|* = p-E,|Viogh|”. O
k=1
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4. Proof of the Auxiliary Theorem and the Approximation Lemma

In the proof of the Auxiliary Theorem we use the weighted Gibbs sampler I' with
weights prp/R, R =), pk, defined in Section 2:

_ }lz S ok Te Talely) = 650, 29) - QU (=05 ®).
=1

Recall that
sup||A(z,&)|| £1 -6 < 1.
m?£

Proposition 4. Under Assumptions 1-3, for fized z,u € RN we have

S o W (Qu«)(.uu«)), Q(k)(.|u<k>)) <9 iD(Q(’“)(-Iz(’“)) H Q(k)(.|u<k>))

k=1

_5)2.Zpk. ‘Z(k) _u(k)‘Q' (4.1)
k=1

Proof.
The first inequality follows from the Otto-Villani theorem for Q) (-|ﬂ(k)). Then
we use the logarithmic Sobolev inequality to continue (4.1) as follows:

<Z ( QW (29 | Q(k)(.|u<k>))

:/ Z_ . ‘wmv(g(k),n(k)) VY (), )
RN ;1 Pk

2 n

H Q) (dn®)|z(R))
i=1 (4.2)

To estimate the sum under the integral in (4.2), fix n¥, and consider the function
F=(F,...,Fy):RY — RY defined by
F®) RN » R®),
Pk N VPk=1 Pk /Pk+1 \VPn

FF () =

With the notation

¢k = (k) N ok — 4, (k) . Vo, k€ [1,n],
the sum under the integral in (4.2) is just the squared increment of F' between
points ¢ and 6:

2 n

->

k=1

F®(¢) — F™(9) ) (4.3)

n

kzl

‘V(’“)V( 20) 0)) — Yy (), 5 )
Pk
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The Jacobian of F' is

1
Ly ® ) ,
<\/P_k\/f7€ al ) i€l eI, kAl

(It has zeros for i and j belonging to the same I;.) Thus, by (2.4),

D IF(Q) = FelO)] < (1=8)*- 3 pi - [z — M. (4.4)
k=1 k=1
Substituting (4.3) and (4.4) into (4.2) we get the desired result (4.1). O

We use Proposition 4 to show that the Gibbs sampler I' is a contraction with
respect to a weighted Wasserstein distance.

Definition. Let r and s probability measures r and s on RY. We define the
weighted quadratic Wasserstein distance of r and s (with wights px) by

. " 2
Wi () = H;prk Er|Zz®) —UW®|,
k=1

where Z and U are random sequences s with laws r resp. s, and infimum is taken
over all distributions m = £(Z, U) with marginals  and s.

Proposition 5.
If Assumptions 1-3 hold for q then

-0

W{pk} (T‘F, SF) < (1 - pmi;{ ) ' W{Pk} (T7 S)' (4'5)

Proof.

Let Z = (Z1,Z4,...,Zy) and U = (Uy,Us, ...,Uy) be random sequences in R¥,
with £(Z) = r, L(U) = s, and let # = L(Z,U) be that joining of r and s that
achieves W{ka} (r,s). Select a random index € [1,n] according to the distribution
(pr/R), and define

L(Z'|Z,U) =Tx(|2), LU'|Z,U)=Tx(|U).
Then £(Z") = rI', and L(U’) = sI'. Further, define £(Z’,U") as that coupling of rT’

and sI that achieves W2 (Q) (:|Z(®), Q(¥)(:|U ")) for each value of the condition.
Thereby we have defined £(Z',U’|Z,U), and by Proposition 4 we have

” Pk, Pk k k) (2
Wiy (T, sT) < 3 pi- (1_E+E'(1_5)2) E|Z® —p®|
k=1

20min -0+ (1=6/2)\ < ! 2
=(1- . CE|lZ®) — k)
( . > el — )

Pmin -0 2
S (1— R ) 'W{pk}(T,S). O

In the sequel we shall use the
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Notation.
I(p(k)(.‘y(k)) H Q(k)(.p’/(k))) L EI(p(k)(,|Y'(k)) H Qi(~|17(k)))
(omitting the symbol of expectation).

Proposition 6.
Under Assumptions 1-3 we have

S
min k=1

Wiy (@) < 2h 'JZpk-EW2<p(k)(.Y(k)),Q(k)(.Y(k)))

2R "1 ~ ~
: — I p®(.]Y ) k) (1Y (k)Y ).
Spmm-é szk (p ([Y®) [ QW (| ))

k=1

Proof.

The first inequality follows from the triangle inequality for Wy, (p, ¢) and Propo-
sition 5, and the second one follows from the the Otto-Villani theorem and the loga-
rithmic Sobolev inequality for Q¥ (-|5(*)). O

Proposition 7.
There exists a C = C(R, pmin,6) >0 (R=>_, pr and pmin = miny py) such that

S D(Y® || X8) < oo 1) (4.6)

Proof.
Let m = L(Y, X) denote that joining of p = L(Y) and ¢ = L£(X) that achieves

The convexity of the entropy functional implies the inequality

S DY || X)) < ZEwD<Y““)|Y“” H Q(k)(.g(k))) (@7
k=1 k=1

The right-hand-side of (4.7) can be written as a sum of three terms:

zn: E D (Y(k) 7 || QW (.‘X(k))>

k=1

= iD(Y(k)|Y(k) H Q(k)(.|y(k))> + ZH:EWD<Q(I~:)(_|Y(I~:)> H Q(k)(_|X(k)))
k=1 k=1

- (k) (4, (k) 7(k)
) ()Y ) o B | 1 @ (™ E™)
; /z[p 1) - @ (V1) -10g o ) o

=S S+ S5+ Ss. (4.8)
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By the logarithmic Sobolev inequality for Q) (-|5*)) we have

Sy < % ip—i](ywy“ﬂ I Q(’“)(-\Y(’“))). (4.9)
k=1
Further, by Propositions 4,
5o < ! _26>2 'Zn:/)k B, |y ® - x0?= { _25)2 Wipy (o). (4.10)
k=1
S3 can be written as
E, Z{ X(k) y(k)> V(f/(k)’ 5(’6)) + V(X(k),f(’“)) , (4.11)

where = L(Y, X, &) is defined by L(Y, X) =7, LE|Y, X) = [[1—; LEP|Y), and
LY ®) 0y () is an arbitrary joining of pt) (-|Y*®)) and Q) (-|Y (k).

We claim that for any quadruple of sequences (y™,n™,z™,&N) the following
inequality holds:

n

k=1

(1-9)- szkywmw szknwww (412)
k=1

Indeed, introducing the function
F:RNxRY =R, Fy,n) =Y V(E®,n*),

the left-hand-side of (4.12) can be rewritten az follows:

n

 F(y.n) = Fla.n) — Py, &)+ F(e,0). (4.13)

=

To estimate the right-hand-side of (4.13) (with y, z,n,& € RY fixed), define
G:[0,1] x [0,1] — R,
G(s,t) = F(z +s(y — 2), £ +t(n — &)

= STV (EE 4 s(G® — 50, €0 1 y(® _ g®y).
k=1
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Then we have

F(y,n) — F(x,n) — F(y,§) + F(z,§)

= G(1,1) — G(1,0) — G(0,1) + G(0, 0). (4.14)

We have by (2.4)

2
5.0: G(s,t)| =

> > i) Vi (@ 45" —20),6® +4(® — 1)) - (n; - ¢)
kL€[1,n],k#0 i€Il,,j€I,
<=8 |3 pr-|y® - POIR S pe- n® — ”. (4.15)
k=1 /=1

Putting together (4.13), (4.14) and (4.15) yields (4.12).

Applying (4.12) for n = y:

n

5| V) = Vi)~ V(L) 4 Va0
k=1

<(1-9). J S ply® — 2] J S pely® — €0 (4.16)
k=1 =1

Substituting (4.16) into (4.11), and using Jensen’s inequality, we get

k=1

93 < J S o E[Y®) — x &) J S o E[y®) — g
k=1

= 2
= Wip(0.q) - J > o E[Y ) — k)| (4.17)
k=1

To estimate the second factor, we select for £L(Y*) ¢®)|Y(®) that joining of
the marginals that achieves W?2(p(®) (-|[Y*)), Q) (.|Y(¥))) for every value of the
conditions. Then the Otto-Villani theorem and the logarithmic Sobolev inequality
for Q™) (-|5*)) imply the following bound for Ss:

n

Ss < Wip1 (0 q) - \l > %k : I(P(k)('|Y(k))||Q(k)('|Y(k)))- (4.18)

k=1
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Putting together (4.9), (4.10) and (4.18):

S1 4 Sy + S3

n

1 1 _ _
< 5 Wipy (0, q) + Z ;k . ]<p(k)(.\Y(k))HQ(k)(.|Y(k)))
k=1

(4.19)

(4.7), together with (4.8) and (4.19), completes the proof of Proposition 7. O

Proof of the Auxiliary Theorem.

The proof goes by induction on n. It is clear that for any k and y®* e RK),
Assumptions 1-3 formulated before Theorem 1 do hold for n = 1, N = |I| and the
distribution Q) (-|y*)). Assume that we have proved the Auxiliary Theorem for
n — 1 in place of n.

By a well known identity for relative entropy, we have

D(pllq) = D(Y1X)

n

_ %ZD(YU«) H X(k)) + % zn:D<y(k)|Y(k) H q(k)(.|y(k))).

k=1 k=1 (4.20)

Assume the Auxiliary Theorem for n — 1. By the induction hypothesis,

D<y<k>|y<k> I q<k>(.|y<k>)) < % .ZI<Y“>|§?<@ | Q<f>(-|Y<f>)) for all .
£k

Thus

%Zp(yw)‘y(m | 2™ (Y ™))
k=1

<(1—1/n)- % 3 ]<Y(€)‘Y(€) | Q© (.‘yu)))
=1

=(1-1/n)- % ~1(pllq). (4.21)

Substituting (4.6) (Proposition 7) and (4.21) into (4.20) completes the proof of
the Auxiliary Theorem. O

Proof of the Approximation Lemma.
First we keep ¢ fixed, and construct a density g € C>* with compact support, and
such that, with the notations

r=g-q, ¥ =/ r(g®), €F)ag®),
R(k)
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we have

D(rl|lq) is arbitrarily close to D(pl|q), (4.22)

and
D(F(k)||cj(k)) is arbitrarily close to D(p(k)H(j(k)) for all ke [l,n]. (4.23)
Denote by B,, the closed ball in R around the origin and with radius m. Let
Gm : RY — [0,1] be a C> function satisfying
Om(z) =1 for x € By, ¢m(x)=0 for z¢ Byi1.

Set
1

gm(@) = = hlz) - Gm(@),  and () = gm(2) - (@),

where = [pn h(T) - o (2)q(de).

We have

DOwll)) = - [ (1@ () ) 10w (@) () )atae) ~ g,

m

and limy_,y oy, = 1. Since h(z) - ¢m(z) — h(z) everywhere, with |(h(z)dm(z)) -
log (h(z)pm (x)) ‘+ increasing, and using also the inequality ulogu > —1/e, it fol-
lows that

m—0o0

i [ ()0 (@) 1082160 Ja(ds) = DBl

Putting g = ¢,, and r = r,,, for large enough m we achieve (4.22). It can be proved
similarly that (4.23) can be achieved as well.

Again, it is easily seen that
tig D (1=2) v +2-0) | a) = Dlrlo)
and
lim D<(1 o) r B (TD) 4o g (70 | q(k)(.|y(k)))
e—0
— D(r(k)(-|17(’“)) H q(k)(-lY(k)).

Thus, for ¢ fixed, h can be replaced by f = (1 —¢)g +¢.
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Now we can assume that A is of the form claimed in the Approximation lemma.
We keep the notation p = h - ¢ with the newly defined h, and keep h fixed.

Now we approximate ¢(x) by an increasing sequence §,,(z) € C*°, and set

gm —(k)(=(k k
o d a®(z® :/ () dz ™.
= o @ o (@) . (z)dx

Then define p,, () = h(z) - ¢n(x). Since h is smooth and bounded from below and
above, it is easily seen that

Dipnllan) = [ ho)loghiz)an(dz) - Dol
and
DD [ a)) = [ KO E) - 0gH @)t (@2 ) - DY ).
This completes the proof of the Approximation Lemma.
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