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Orlicz-Sobolev inequalities for sub-Gaussian
measures and ergodicity of Markov semi-groups *

C. Roberto and B. Zegarlinski

Université de Marne la Vallée
Imperial College London

Abstract

We study coercive inequalities in Orlicz spaces associated to the
probability measures on finite and infinite dimensional spaces which
tails decay slower than the Gaussian ones. We provide necessary and
sufficient criteria for such inequalities to hold and discuss relations
between various classes of inequalities.

Mathematics Subject Classification: 60E15, 26D10.
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1 Introduction

Sobolev type inequalities play an essential role in the study of the decay
to equilibrium of Markov semi-groups to their associated probability mea-
sure. Several surveys deal with the celebrated Poincaré inequality and the
stronger logarithmic Sobolev inequality, see e.g. [Gro9d], [Bak94], [[Ced99],
[ABCT00], [GZ0J] and [Roy9d]. It appears that the Poincaré inequality
is particularly adapted to the study of the two sided exponential measure
while the logarithmic Sobolev inequality is the perfect tool to deal with the
Gaussian measure. Both are now well understood.

In recent years intermediate measures, as for example
dua(z) = (Zo)te P 0 e(1,2),

attracted a lot of attention (note that for such measures the Logarithmic
Sobolev inequalities cannot hold). To deal with such measures, several au-
thors generalized the Poincaré and logarithmic Sobolev inequalities in the
following way.

*Supported by EPSRC GR/S61690/01 & GR/R90994/01
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Recall first that a probability measure u, say on R"”, is said to satisfy a
Poincaré inequality if there exists a constant C such that every f: R" — R
smooth enough satisfies

Var,(f) < € [ [9fPdu
and to satisfy a logarithmic Sobolev inequality if
Eut, (%) < C [ V7P
where Var,(f) = p(f?) — p(f)? is the variance (for short u(f) = [ fdp),

and Ent,(f) = p (flog(f/n(f))) is the entropy of a positive function.
The latter can be rewritten in the form

[ r1os(ydn— [ fauios ( / fzdu> <o [19sta

or equivalently

AN

i L2 = (JIFP)

< 2C/]Vf]2du.
p—2~ 2 —p

Hence two natural generalizations are the following additive ®-Sobolev in-

equality
/ D(f?)dp — < / f2du> <c / IV f[2dy (9-8)

and the Beckner-type inequality:

hSAIN

fodﬂ—(f’f’p) 2
sup < 20/\Vf\ dp. (1)
p€(1,2) T(2 - p)
Inequality (®-S) has been introduced in [B H| as an intermediate tool

to prove an isoperimetric inequality for the measure u,. It is also related
to the work by Chafai [Cha04]. On the other hand, Beckner introduced in
[Bec89] Inequality ([ll) with T'(r) = r in his study of the Gaussian measure ys.
Latata and Oleszkiewicz [LOO(] consider the more general T, (r) = r20-3),
a € (1,2) and prove that u, satisfies Inequality ([l) with such T,. Further-
more this inequality appears to be well adapted to the study of concentration
of measure phenomenon via the celebrated Herbst argument. Further gen-
eralizations are done in this direction in [BCRO5H], see also [Wan0d]. When
T = T,, Inequality ([l) is known as the Latata and Oleszkiewicz Inequality.

While the logarithmic Sobolev inequality enjoys a lot of properties and
applications (tensorisation, concentration of measure, isoperimetry, decay to
equilibrium, hypercontractivity), none of its generalizations appears to be
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well adapted simultaneously to all these properties and applications. This is
the main reason why one has to generalize in different ways the logarithmic
Sobolev inequality.

Motivated by this, in this paper we study the following new generaliza-
tion we shall call the Orlicz-Sobolev inequality

1CF = w2, < © / IV f Pdu (0-8)

where the constant C' is independent of the function f. Here, [-||; denotes
the Luxembourg norm associated to the Orlicz function ® and the proba-
bility measure g on finite or infinite products of real lines R.

If ®(2) = [al?, p € [1,50) then ||(f — u(F)2||y = | (f = u(/)?], Thus
for 1 < p < o0, inequality (O-S) can be considered as a Sobolev type in-
equality. For p = 1 it is the Poincaré inequality. On the other hand, for
®(x) = |x|log(1 + |z|), it is proved in [BG9Y] that (O-S) is equivalent (up
to universal constants) to the logarithmic Sobolev inequality. Thus, for an
interpolation family of Orlicz functions going from |z| to |z|log(1 + |z|) (as
for instance |z|log(1 + |z|)?, B € [0,1]), (O-8) is an interpolating family
of functional inequalities between Poincaré and the logarithmic Sobolev in-
equality.

Our first objective is to give in Section 2 a constructive criterium for
a probability measure on a finite dimensional Euclidean space to satisfy
such an inequality. In particular we will prove (Corollary [f) that the sub-
Gaussian probability measures p, (and product of it) satisfy the Orlicz-
Sobolev Inequality (O-S) with ®(z) = |z|log(1 + \x])Q(l_é).

Note that the Orlicz-Sobolev Inequality (O-S) need not tensorise in
general. Hence, in order to get dimension free results, we will use our
criterium and ideas from [B H] to prove the equivalence between the
Orlicz-Sobolev Inequality and the Beckner type Inequality ([I) that do ten-
sorise.

Finally, using our results, we prove that under suitable mixing conditions
the Latala-Oleszkiewicz inequalities are satisfied for Gibbs measures on in-
finite dimensional spaces. This provides an extension of a result discussed
in [[GZ0J] to a comprehensive family of local specifications.

In Section 3 we discuss the implications of Orlicz-Sobolev inequalities
for the decay to equilibrium in Orlicz norms for Markov semi-group with
the generator given by the corresponding Dirichlet form. This includes in
particular a necessary and sufficient condition for the exponential decay,
which extends a well known classical property of the Ly space and Poincaré
inequality. One of our main result states that the Orlicz-Sobolev inequality
(O-S) implies, under mild assumptions on @, that

IPeflle < el fllg (2)
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for any f with p(f) = 0. Our technical development allows us to consider at
the end of the section the case of decay to equilibrium for functionals which
do not have convexity property of the norm as for example functionals of
the form (| f|91og|f|?/u(|f|?)) with ¢ > 1. In case of relative entropy
corresponding to ¢ = 1 and a hypercontractive diffusion semi-group the
exponential decay is well known. For ¢ > 1 we show that after certain
characteristic period of time one gets (essentially) exponential decay and by
suitable averaging one can redefine the functional so it has the exponential
decay property.

In Section 4 we discuss a relation between Orlicz-Sobolev and the ad-
ditive ®-Sobolev (®-S) inequalities. The additive ®-Sobolev inequalities
naturally tensorise. We show that it also has an analog of the mild pertur-
bation property which allows to construct local specifications satisfying such
the inequality. Moreover we prove that, if the local specification is mixing,
similar arguments to those employed in the proof of Logarithmic Sobolev
inequalities work in the current situation. By this we get a constructive way
to provide examples of nontrivial Gibbs measures on infinite dimensional
spaces satisfying the additive ®-Sobolev inequalities. In a forthcoming pa-
per [FRZ0M] we will use them in the study of infinite dimensional nonlinear
Cauchy problems.

In order to show a decay to equilibrium in a stronger than Lo sense,
in Section 5 we introduce and study certain natural generalization of Nash
inequalities which follow from Orlicz-Sobolev inequalities. Such inequalities
provide a bound on a covariance in terms of the Dirichlet form and suitable
(weaker than LLg) Orlicz norm. One illustration of our results is that the
Inequality (O-S) proved in section 1 for u, and ®(z) = |z|log(1 + x)Q(lfé)
implies that the associated semi-group (P;)¢>¢ is a continuous map from Ly
into Ly with ¥(z) = 22/ log(1 + ]w\)Q(l_é). Furthermore

C
P, r, < 22 vt >0

for some positive constant C, and . This result state that as soon as ¢ is
positive, the semi-group regularizes any initial data from Ly into Lg. (For
general discussion about the interest and application of Nash-type inequal-
ities, we refer the reader to e.g. [Dav89], [EC0J], [CSCV9Y, [IGZ03].) Note
that this bound is different from (f]) where on both sides appear the same
L& norm.

As a summary, all the multitude of the inequalities and relations between
them discussed in this work is illustrated with the corresponding implication
network diagram provided at the end of the paper. Since in our investiga-
tions we have used intensively numerous properties of Young functions and
Orlicz/Luxemburg norms, for the convenience of the reader in the Appendix
we gathered a plentitude of useful facts.
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For other directions on the study of sub-Gaussian measures, the reader
could like to see also [[GGMOE, BCRO054, BCRO054d, Zeg01]].

Acknowledgements: The authors would like to thank Pierre Fougeres
for the critical reading of the manuscript and the referee for his valuable
observations. Cyril Roberto also warmly acknowledges the hospitality at the
Imperial College.

2 A criterium for Orlicz-Sobolev inequalities

In this section we provide a criterium for inequality (O-S) to hold. This
criterium allows us to prove that Orlicz-Sobolev inequalities are equivalent,
up to universal constants, to Bekner-type inequalities. In turn, we give a
family of Orlicz functions for which the Orlicz-Sobolev inequality holds for a
corresponding sub-Gaussian measure. We end with an application to Gibbs
measure on infinite state space.

In [B |, the authors introduce a general tool to obtain a criterium
which is based on an appropriate notion of capacity ([[Maz84]) initially intro-
duced in [BROJ]. More precisely, let x4 and v be two absolutely continuous

measures on R™. Then, for any Borel set A C €2, we set

Cap,(A4,Q) := inf{/ |V f|2dv; f > 14 and fiae = O} .

If ;1 is a probability measure on R™, then, for A C R™ such that pu(A) < 1

2 b
the capacity of A with respect to u and v is

Cap,(A,pu) = inf{/|Vf|2du;]I >f>14 and u(f =0) > %}

= inf {Capy(A, 2);QCR"st. 2D Aand pu(2) = %} .

For simplicity we will write Cap,(A) for Cap,(A,u). [For a general in-
troduction and discussion on the notion of capacity we refer the reader to
B b, section 5.2] .] The second equality in the above definition comes
from the fact that Cap, (A, 2) is non-increasing in € and a suitable trunca-
tion argument (see [B ).

We start with the following criterium in dimension n and its more explicit
form in dimension one.

Theorem 1. Let u and v(dx) = p,(x)dx be two absolutely continuous proba-
bility measures on R™. Consider a Young function ® and fiz k € (0,00) such
that for any function f with f? € Le(u), one has H,u(f)QHq) < ka2H¢. Let
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Cs be the optimal constant such that for any smooth function f : R® — R
one has

I(f = u(f) H¢<Cg/wﬂ%u

Then tB(®) < Cp < 8(1 + k)B(®) where B(®) is the smallest constant
such that for every A C R™ with p(A) < 3,

Mallg < B(®)Cap, (A, p).

Moreover if n =1, one has

énmxﬂﬂ(@%li(@» < Cp < 8(1+ k) max(B.(®), B_(®))

where
1
B-l—((b) :EEEH]I[$7+OO)H¢/WL 57
m]
B_(2) = ggg\\]1<—oo,x}\\q>/x P

and m is a median of .

Remark 2. Note that by the property ([§) in the Appendix, ||T4]s =
1/@71(1/p(A)). In particular for p(A) < & we have [Tallg < 1/271(2).
For explanation concerning the condition H wu(f H o S kH f?||. when f? €

lo
Lo (u), see Lemma 4 and Remark [if in the Appendix.

Proof. Fix a locally Lipschitz function f : R™ — R and let ¢ be a median of
foie. u(f>c¢)> 2 and p(f <c) > 1. Then define fy = (f — ¢)If>. and
f— = (f — ¢)If<.. By assumption about ®,

17 =D le = I = e+ nlF =)l
2| —CH¢+ﬂWU—@ﬂE
20+ B =)l

20+ B) (|2 + 172l )-

INIAIA

with & € (0,00) independent of f. It follows from [Maz8§, Theorem 2.3.2
p.112] that

1£2]|, < 4B(@.{f < C})/\Vf+\2du,

where B(®, {f < c¢}) is the smallest constant so that for every A C {f < ¢},

Mallg < B(®,{f < c})Cap,(A,{f < c}).
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A similar result holds for f_. Thus, by definition of Cap, (A, x) and B(®),
we get B(®,{f <c¢}) < B(®) and in turn

1 =u(H)lly < 81 +k)B(®) ( / IV £ Pdv + / er_qu)

< 80+ 0B@) [ [VfPan

In the last inequality we used that, since f is locally Lipschitz and v is
absolutely continuous, the set {f = ¢} N {Vf # 0} is v-negligible. This
proves the first part of the criterium.

For the other part, take a Borel set A C R™ with pu(A) < % and a function
f such that p({f = 0}) > 3 and Tiprop > f 2 14 Set G ={g: R" —
R; [ ®*(g)du < 1} where ®* is the conjugate function of ®. By ([[4) we have

2/[(f = u(H)g

v

sup / ((F - u(f)2lgldp > sup /A ((f — u(F)?lgldn

9€g 9€g

= = u(P)Psup [ lgldi > (1= (92| Ll
9eG J A

Since f < T, we get p(f) < pu(f #0) < . Thus (1 — p(f))* > 1. It follows
that

SITalls < 17 = (h)Pllg < Co [ V5.

The result follows by definition of the capacity. This ends the proof in any
finite dimension.
Consider now n = 1. Let m be a median of p and define fy = (f —

f(m))]l(m,-l—oo) and f_ = (f_f(m))j[(—oo,m) Note that (f++f*)2 = f—%—_{'fz

By our assumption and a similar computation as in the general case,
1= nCD?lle = [1CF = Fm) = u(f = £

21+ k)| (f = F(m)?[| = 200+ K)||(F+ + F-)° |

200+ k(|2 + 172]])-

From [BRO3, Proposition 2] (which originally comes from [BG9Y], see also

[Che03]), it follows that

|73y < 4B @) [ 1 am

IA A

Since a similar bound holds for f_, summing up we get that Cp < 8(1 +
k) max(B. (®), B_(®)).

Next, fix £ > m and consider the following function defined on the real
line

0 for y <m
h(y) = ffr’”}% form<y<wz
L fory>ua
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Starting as previously, we get that

2=l 2 s [0 lglan

2
([ L= sl
Then, since x > m and h < fyi pi

u(h) sm(m,oo))/mi <3/~

m Pv 2 Pv

Y

=32
to this special function h, we get

! /mi 2H]I o < 2/[(h— pu(h))?|, < 2C /h’zdy:QC Tl
4\ p) Tl = @ =0 C o0

Therefore, frfb p% —p(h) > L [ L Applying the Orlicz-Sobolev inequality

This gives for any x > m,

1
Hi[[x,ooﬂ\@/ ~ < 8Cs.
m pV

The same bound holds for z < m and the result follows by definition of
B (®) and B_(P). O

The explicit criterium in dimension 1 leads to the following result.

Proposition 3. Let ® be an Young function and fix k € (0,+00) such that
Hu(f)Qch < /<:Hf2 o for any function f with f2ele(p). Let V:R — R
be a C' function such that du(x) = e~ V@) dx is a probability measure. Fur-
thermore assume that

(1) there eacists a constant A > 0 such that for |x| > A, V is C* and
sign(z)V'(z) >

(43) lim|y oo “//,,;:(B) =0,

(44) lim inf,) o V'()e V@1 (V' (2)eV®) > 0.

Then there exists a constant Cg (that may depend on k) such that for every
smooth function f: R — R, one has

1 = 12|l < Ca / .

Proof. The proof is similar to [ABCT0(], Theorem 6.4.3 (Chapter 6)]. Let m
be a median of x. Under assumptions () and (ii), when z tends to infinity,

one has (see e.g. [ABCT00, Chapter 6])

V(x) (3] —V(z)
vt € —vt) €
/m dt Vi) and /x e dt Vi)
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Thus, for z > m,

x Vi) _ 1 * V(t)
H]I[:B,OO)ch/m e’ dt d—1(1/p([z, 0))) /m oo
1

V/(a:)efv(m)@fl(V’(x)eV(m)) )

By hypothesis (ii¢) this quantity is bounded on [A’, 00) for some A" > m.
Since it is continuous on [m, A'], it is bounded on (m,c0). It follows that
B4 (®) and B_(®), (defined in Theorem [l), are bounded. We conclude with
Theorem [f. O

In general the capacity can be difficult to compute. However it provides
a nice interfacing tool to prove equivalences between inequalities. Indeed, a
criterium involving capacity also holds for general Beckner-type inequalities
as we will see now. The two general criterium will allows us to prove an
equivalence between the Orlicz-Sobolev inequality and the Beckner-type in-
equalities. Our main motivation here is that the latter naturally tensorises.
Thus, dimension free Orlicz Sobolev inequalities will follow from Beckner-
type inequality.

Combining Theorem 9 and Lemma 8 of we get the following:

Theorem 4 ([BCRO5H]). Let T : [0,1] — RT be non-decreasing and such
that x — T (x)/x is non-increasing. Let p and v be two absolutely continuous

measures on R™ with u(R™) = 1. Let Cp be the optimal constant such that
for every smooth f :R™ — R one has

[ £ = (] 1f1Pdn) -
e YO A r [1vspan ®)

SAIS)

Then, %B(T) < Cr <20B(T), where B(T) is the smallest constant so that

every Borel set A C R™ with u(A) < 1 satisfies

2
1(A) .
T(1/1og(1+ L)) < B(T)Cap, (4, n)-

Now, using the previous two theorems, one can see that the Orlicz-
Sobolev inequality (O-S) is equivalent, up to universal constant, to the
general Beckner-type inequality ([).

Corollary 5. Let p and v be two absolutely continuous measures on R™ with
p(R™) =1. Let T : [0,1] — Rt be non-decreasing and such that x — T(z)/z
is non-increasing. Denote by Cr the optimal constant such that for every
smooth f: R™ — R one has

J PPdp— ([ |fPdp)r
sy T2-p)

< CT/\Vf\Qdu.
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Let @ be a Young function and let k € (0,+00) be such that for any function
f with f% € Lo(u), H,u(f)zuq) < ka2H¢. Let Cg the optimal constant such
that for every smooth f:R™ — R one has

1(f = n())? |y < C¢/|Vf|2du.

Finally, assume that there exists two positive constant c¢; and co such that

1

T(———) <o Y2) < coaT (—r— Vr > 2.
azx (log(l—i—x)) < () < cox (log(l—i—x)) x>
Then,
c1
———— (Cp < Cr <160cy Csp.
B+ k) =TT =R
Proof. The last assumption on 7 and ®~! is equivalent to
1 Y 1 1 Y 1
il < < — Vy € (0, 5).
T sl + 1) = 8 1(1/y) = aT(jga 1 ) 002

Since || 14| = m it follows that = B(T') < B(®) < £ B(T), where
B(®) and B(T) are defined in Theorem [[] and [ respectively. The result
follows from Theorem [[ and i. O

Example: Tj(z) = |z|°

An important example is given by Tjs(z) = |z|® with 3 € [0,1]. This cor-
respond to the Latala and Oleszkiewicz inequality (in short L-O inequality)

[LG00).

Consider the Young function ®4(x) = |z|[log(1 + |z|)]? with 3 € [0, 1].
Then, we claim that

Y - y
Indeed,
z ~ [log(1 + z(log(1 + x))~7))P
Dg( [log(1 + x)]ﬁ) =T log(1 + x)]ﬁ Vx > 0.

Note that for # > e — 1, 1 + z(log(1 + x))™? < 1 + 2. This leads to
@Mm) < x for z > 2. The first inequality in (ff) follows.
On the other hand, it is not difficult to check that for any « € [0, 1], any

r>e—1,

_ 1+z e(1—7) A
1+ z(log(1+x))# > oz + 2)]P Z( ) (1+2)7.
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It follows for v = 1 — (3/e) that ®g(
any y > (e — 1)%/e ~ 1.09,

~1
m) > yPr > &—=x. Thus, for

e Y e Y
< < .
“e—1log(1+2)% ~ e—1[log(1+y))?

e—

The result follows.
We are in position to prove a family of Orlicz-Sobolev inequalities.

Corollary 6. Let o € [1,2], 8 =2(1—1) € [0,1] and ®4(z) = |z|[log(1 +
|z|)]®. Then, for any integer n, the probability measure on R™, du?(z) =
Zymexp{— Y i |zi|*}dx satisfies for any smooth function f:R" — R,

17 = ()P, < € [ 195 P 5)

for some universal constant C' independent of n and «.

Proof. Fix an integer n, o € [1,2], the corresponding 8 and let Ts(z) = |z|°.
It is proved in [LOO(] that the measure du” on R™ satisfies the general
Beckner type inequality (f) with 7' = Tj and constant C(7j3) independent

of n and a (for the uniformity in «, see [B H, section 7]). Then the

result follows by our previous claim (inequality ({)) on @El and Corollary
B (it is easy to check that Hua(f)QH% < er2H% from Remark [). O

Remark 7. The family of inequalities in Corollary [ is an interpolation fam-
ily between Poincaré, for ®(z) = |z|, and the logarithmic Sobolev inequality,

for @(z) = || log(1 + |a]) (see [BGOT))-

Remark 8. To prove that inequality () holds in dimension 1, we could have
used Proposition [ together with ({). Moreover, given 3 € [0, 1], Proposition
B insures that (f) holds for any a > «a(8) where 8 = 2(1 — ﬁ) and does
not hold for a < «(3).

L-O inequality for Gibbs measures

The following result provides a precise asymptotic of the coefficient in L-O
inequality as well as plays a vital role in a construction of examples non-
product measures satisfying this inequality.

Theorem 9. (i) Let p € [1,2]. Then,
1AB = 1717 < o= 1) (IF = m(HIE = 1F = w(DI) + @ = p)If = n(HI3:
Hence, if with some C € (0,00) and 8 € (0,1)

I1f = 13 = If = nHIZ < C@—p)P[VFI,
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and for some M € (0, 00)

M| f = (P < IVEI3,
then
17131612 < (0 - DC@ -0 + @~ p)M) [V FI.

(74) (Mild Perturbation Lemma) Suppose v satisfies the following L-O in-
equality
IF1E 50y = IFIE, ) < C@ =PIV EIE, 0

and let du = pdv with §U = sup(log p) — inf(log p) < co. Then

IFIE gy = IFIE, gy < €V CE =) IV I, -

Proof. ([Wan0H]) (i) The first inequality follows from the following convexity
property of the L, (1) norm for p € [1,2]

IFIIE, (= 1) + (0= DI = w(AIE,

see e.g. [BCLY4]. (sese also [Wan0O§], [BROJ, Lemma 8]). This together
with spectral gap inequality and L-O inequality for f — u(f) imply the L-O
inequality for f with the improved coefficient.

(77) We note first that for p € (1,2), with A = Tp(g)ﬁ, we have

_2
IR ) = 12,y = ik e (£2 = 21717 + Atz ).

Since by Young inequality

#=[(2)=] ()

the integrand in the above is nonnegative. Hence, if du = pdv, we get

2 2\ 5
t}<z2+Tp(—) Pyns — 2 4 AtTo
P

%gtf)/i(fz—t‘f\p—i-z‘lt?%’) < sup(p)mfy< z—t\f\p—i—Atﬁ)
< SUP(P)C( p)’v (V)
< oo ().

it
O
Starting from the product measure satisfying L-O inequality, using the

Mild Perturbation Lemma we see that one can construct a local specification
for which each finite volume conditional expectation Ej (defined as a mild
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perturbation of the product measure), satisfies this inequality. This together
with the suitable conditioning expansion based on the following step

() = U)e = w(Bal®) - (Ba?)7)
b ([2a0] ) = e ([Ea(3]")’

under suitable mixing condition (the same as the one used in the case of
log-Sobolev inequality), allows to prove the following result (see [[GZ03] for
details).

Theorem 10. Suppose a local specification is mixing and satisfies L-0 in-
equality with the index 3 € (0,1). Then the corresponding Gibbs measure p
satisfies

w(f2) —n(P)r <C@-p)’u(VFP)

with a constant C' € (0,00) independent of a function f.

3 O-S inequality and Decay to equilibrium

In this section we prove that the semi-group naturally associated to a mea-
sure p satisfying an Orlicz-Sobolev inequality decays exponentially fast in
Lo (p). This result is new and strengthens a well know fact for the Poincaré
inequality and decay in Lo(u). We start with a modified Orlicz-Sobolev in-
equality. As before, throughout below we consider the following setup. Let
du(z) = €V @ dzx be a probability measure on R” associated to the differen-
tiable potential V. Let L = A — VV -V be a symmetric in Lg(x) diffusion
generator and (P;);>¢ its associated semi-group.

Theorem 11. Consider a Young function ® satisfying x®'(x) < B®(x) for
every x and some constant B. Then, the following are equivalent
(1) There exists a constant Cg such that for any smooth function f : R™ — R,

B 2 25/ [ —n(f)
I = pOl < o [ 19510 <\|f—u<f>||¢>d”' ©

(13) There exists a constant M € (0,00) such that for any smooth function
f:R*" =R, for any t > 0,

1P f = u(H)lls < e M f = nlh)ll5-

Furthermore, (i) tmplies (i) with M = 2/(BCg), and (ii) implies (i) with
Cy =2/M.
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Remark 12. Note that if ® satisfies the Ag-condition ®(2z) < CP(z) for
every x, then

2z
x®'(x) < / ' (t)dt = ®(2z) — ®(z) < (C —1)P(2).

Thus the condition on the Young function @ is satisfied as soon as the As-
condition is satisfied.

Proof. Without loss of generality for a smooth non zero function f, we can
assume that p(f) =0. Let N(t) = ||P.f] -
By definition of the Luxembourg norm, we have [ ® (11\?({)> du=1. A

differentiation and the chain rule formula [ ®'(g)Lgdp = — [ ®"(g)|Vg|*du
give

v /¥ (o) v = S (o)
- _N;(t)/q) (Jff)?f))NPtdeu

We will first show that (i) = (i7). Since ® is a Young function, it is convex
and for any z, x®'(x) > 0. It follows at first that N'(¢) < 0. Furthermore, by

hypothesis 2®'(z) < B®(z). Thus, using the property that [ @ (};’Z%) dp =
1, we get by (i) that

Nl(t) 1 w( Pef 1 1 1
X0 = V0 / ® <N< >> VP SFdn < —fmm N 0 =

which gives the expected result.

Now we show that (ii) = (i). Let u(t) = eM!|Pyf — u(f)|3. Point
(ii) exactly means that u'(t) < 0. Hence MeMtN2(t) + 2eM!N'(t)N(t) <0
which leads to

N o (%) IV f 2y

f@’(N )Pt(f)du
< 2 for (5 ) I9Ps P

In the last inequality we used the fact that, since ® is convex and ®(0) = 0,

for every z, 2®'(z) > ®(z) and [ ® (]1\?({ > dp = 1. The latter inequality

applied at ¢ = 0 gives the expected result. This ends the proof. ]

M N?(t) < —2N'(t)N(t) =

Remark 13. When ®(z) = 22, || f||3 = || f]|5 and ®”(z) = 2. Thus Theorem
recover the well known equivalence between the exponential decay of the
semi-group in LLo-norm and the Poincaré inequality.
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The behavior of ®” seems to play an important role. In particular,
under additional strict positivity assumption we prove the following result
involving the Orlicz-Sobolev inequalities.

Corollary 14. Consider a Young function ® and set ®a(z) = ®(x?). As-
sume that x®4(x) < BPy(x) for every x and some constant B, and P} >

£ > 0. Assume that there exists a constant Cg such that for any smooth
function f:R"™ — R,

7 = 1) < Ca [ 195dn
Then, for any smooth function f, for anyt >0,

|(Pef = ()] < e ™ (f = 1(£))?]] -
with M = ;—é@

Proof. 1t is enough to check that for any function f, we have
£ =PI, = 17 = 0Py < Co [ 191Pan

% 25/ f=nlf) >
< T fwr q’?(nf—u(f)H@ i

and to apply Theorem [[1. O

In Corollary ] we proved that a family of Orlicz-Sobolev inequalities
hold for ®4(x) = |z|[log(1 + |z|)]?, B € [0,1]. Actually we cannot apply the
previous result to this family of norms, simply because @%72(0) = 0 and thus
there is no bound of the type ®3, > £ > 0 (here ®g5(z) = 22 log(1 4 22)P).
However we can get rid of this problem by means of equivalence of norms.

Proposition 15. Let o € [1,2], 8 = 2(1 — 1) € [0,1] and for v > 1,
DY) = |allogly + 2)7. Let dun(z) = Zy"exp{— S0, w1l }dw be a
probability measure on R", L = A+ VV -V with V. = > | |z;|* be a
symmetric (in La(ua)) diffusion generator and (Py)i>o its associated semi-
group. Let C' be the coefficient appearing in the Orlicz-Sobolev inequality of
Corollary [.

Then, for any v > 1, any 8 € [0,1], any integer n, any function f and
anyt >0,

[(Pr = )P g, < €T = 122

(log)”
4PC(1+e(logv)P)
While for any 3 € [0,1], any integer n, any function f and any t > 0,

P n 2 < H(f B 'ug(f))Zch}i fort <4°Ce
H( tf - :U'a(f)) H<I>ll3 - t (f _ '“g(f))QH% fOTt > A8 Ce.

with ¢ =

__t
woe o




16 C. Roberto and B. Zegarlinski

Proof. Fix v > 1, an integer n and § € [0,1]. Then note that from the
equivalence of Orlicz norms corresponding for different ~, (see point (i) of
Lemma [I below (with v = 1)), and Corollary [f, for any sufficiently smooth
function f, one has

I = e lgy < (1+elos)?) [(F = 20
< O (1+etogn)?) [ 1P

On the other hand, by point (ii) and (4ii) of Lemma [l below we can apply
Corollary [[4 with B = 4'*# and ¢ = 2(logy)?. Tt follows that

(log )"
1+ e(logy

R e I = 0y

which gives the first part of the result.
For the second part, we use twice the latter inequality together with
point (i) of Lemma [[ below to get for any v > 1,

[Pef = 1o llgr < ((Pef = ma(F)?[|g < e (F = na(F)?]| o
B B B

< (1+elog)”) e |[(F = (£,

with ¢ = ngwﬁ)' The result follows from an optimization over
~v > 1 and the decrease of N(t) proved before. O

Lemma 16. For 8 € [0,1] and v > 1, let ®j(z) = |z[log(y + 12)8 and
D), (x) = ®h(2?). Then,
(i) for any 1 <~ <+,

Hlag, < My, < CrorlFlag,.
N
with Cy = [14+ (1 + (e —7)+)(log %)ﬁ] 2 where ()4 = max(z,0).

(i1) For any x, @Zw”(x) > 2(log v)”.
(iii) For any x, ®},(22) < 41“3(1%’2(35).

Proof. First, (i) follows from Lemma [4, provided in the Appendix, since
for any 1 <~ <~/ one has

s s
Y (z) = log L 41 x < (1002 o7
5 (@) = |z] | log S +log | v+ 7,Ifﬂl < {log 2| + ©5().

We also made use of the bound ([[9) for ® = @g, T=1and M = (e —7)4.
Now, we may easily check that ®, 2” is non-decreasing and thus greater
than @gg/l(O) = 2(logv)?. This gives (ii).
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Using v + 422 < (y 4+ 22)* (recall that v > 1), we get
Y ,(2x) = 42*(log(y + 42%))” < 4*(log(y + 2*)*)? = 41+7&)  (x).

The proof is complete. O

Monotone Functionals

In Proposition [Lj the semi-group is not decaying exponentially to equilib-
rium in particular for ®1. We shall see in this section that a modification (a
time-averaging) of the functional will satisfies an exponential decay.

The following inequality was shown in [BG9Y, Proposition 4.1]

§H<f — 12(f))?[| g1 < sup Entyy ((f +a)?) < §H<f — 112(£))? 1
I aeR 1

Thus, the previous result gives that for t > 4Cle,

15¢
Ent,, (P;f)?) < ——se~ %0 sup Ent,, ((f + a)?),
16C acR

where C' is the logarithmic Sobolev constant of us. Now, using the Rothaus
inequality (see [Rof8]) supyep Enty, ((f + a)?) < Enty, ((f — p2(f))?) +
2u2 ((f — p2(f))?), we have

Enty, (Pf)?) < e (Enty, ((f = p2(H))?) + 202 ((f = p2(H))*))

— 16C

(7)
which can be improved for f > 0 using Kulback’s inequality Var,,(f) <
Ent,,(f%). As far as we know the bound (ff) was not known. Indeed, the
logarithmic Sobolev inequality is usually used in case of diffusion semi-group
(see e.g. [ABCT0(]) to prove exponential decay of entropy, i.e. that for any
t’

Ent, (P f) < ef%EntM(f).

On the other hand there does not exist any constant & < oo such that
for any function f, supger Ent,((f + a)?) < kEnt,(f?), or equivalently
(f = u(f))QHq% < kEnt,(f?). Indeed, on the space {0,1} with the sym-
metric Bernoulli measure, consider the function f(0) = —1 and f(1) =1 for
which (f — u(f))? = I and Ent,(f?) = 0.

Thus we will consider the functional

A(f) = Enty, (f%) + p2 (f — pa2(f))?.

Then the bound (), for all t > T with some T € (0,00), can be written as
follows

AP, f) < e ™A(f)
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with some m € (0,00). With w € (0, m), define

Au(f) = sup A(Psf)e”?
s€[0,T]

and for w € [0, m] define

T
B,(f) = %/0 AP f)e“ds.

Proposition 17. Suppose, with some m,T € (0,00), for allt > T, one has
AP, f) < e ™A(f).

Then the functionals A, and B, are exponentially decaying, that is for any
t>0
Au(Prf) < e AL(f)

and

Bu(P.f) < e ' Bu(f).

Proof. If t > T, the statements are clear. For A, and 0 <t < T note that

AuPf) = sup AP ef)e™ = sup A(Bf)e”
s€[0,T] s€[t,T+t]

= e “'max( sup A(Psf)e®, sup A(P,f)e?”).
s€t,T] s€[T,T+t]
Since for s € [T, T + t]
AP f)es < e T APy 1 f) < e THT (AR f)etT))

we get for t € [0,7] and w < m

sup  A(Psf)e*® < sup A(Pgf)e””.
s€[T,T+t] s€[0,T7]

This together with the previous considerations concludes the arguments for

exponential decay of the first functional. In case of B, for 0 <t < T, we
have

T T+t
TB,(Pif) = /0 A(Psyi f)e¥ds = e“’t/t A(Ps f)e*?ds.

Next we note that

T+t T T+t
/ AP, f)e*?ds = / A(Psf)e*®ds + / A(Psf)e“?ds.
t t

T
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To complete the proof it is sufficient to note that

T+t T+t
/ AP f)e®ds < e_MT+“’T/ APs_pf)e 5T ds

T T

_mT+wT/ A P, f w S)dS

/A P, f)e“®)ds.

IN

O

In particular we have thus shown that if an (a priori non-convex) func-
tional decays monotonously exponentially fast for large times, then by aver-
aging over ”a characteristic time of relaxation” we can get a globally mono-
tone functional.

4 Orlicz-Sobolev and ®-Sobolev inequalities

In this section we provide a link between the Orlicz-Sobolev inequality and
the ®-Entropy bound introduced by Chafai [Cha04] and the additive ®-
Sobolev inequality studied in [B by

Given a closed interval Z of R and a convex function ® : 7 — R, a
probability measure p on R™ satisfies a ®-Sobolev inequality if there exists
a constant Cg such that for every smooth function f : R™ — 7,

Eut? () < Ca [ " (PIV P (Ent?-S)

Et?(f) = [ @(f)dn - @( / fdu>

In [[Cha04], it is proved that such an inequality is equivalent to the expo-
nential decay of Entﬁ’ (Pf).

On the other hand, given a non-decreasing function ¢ : (0,+00) — R
continuously differentiable, we define ®(z) = z¢(x) and we assume that ¢
can be extended to 0 and is convex. A probability measure p on R™ satisfies
an additive ®-Sobolev inequality if there exists a constant Cp such that for
every smooth function f :R" — R,

/ B(f2)du — @ < / f2du> < Cy / V£ Pdp. (-S)

We start with the following general fact.

where
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Proposition 18. Let ®(z) = xp(x) be a C?> Young function, with ¢ :
(0,+00) — R non-decreasing. Assume that the probability measure p on
R™ satisfies for any smooth function f,

oo ( / f2du> <Ca [ 197,

for some constant Cg independent of f. Then, for any smooth function g,
for any a > 0,

C
¥(a)Var(9) < 5° [ [VgPdn

In particular, if ®" # 0, p satisfies a Poincaré inequality with constant
. c
Cp S 1nfa>0 W%.
The previous result states that the Poincaré inequality holds as far as
the additive ®-Sobolev inequality holds and ®” # 0.

Proof. Given a smooth non negative function f on R", the additive ®-
Sobolev inequality applied to v/f leads to

a(fip— o ( [ fan) < S [ V1L,
t) 7

Now, given a smooth bounded function g with u(g) = 0and a > 0, a+eg > 0
for € small enough. Then the previous inequality applied to a + g and a
Taylor expansion at the second order for ® gives the result when e tends to

0. O

Remark 19. In [[Cha04, section 1.2], the same result is proved for the ®-
Entropy bound (Ent®-S).

On the other hand, ®” = 0 is equivalent to ¢(x) = a — (b/x), (a,b) €
R x RT. In that case the additive ®-Sobolev inequality is trivial.

Now we give a link between the modified Orlicz-Sobolev inequality ([)
and the ®-Entropy bound (Ent®-S).

Proposition 20. Let ® be a Young function. Assume that the probabil-
ity measure u on R" satisfies a ®-Entropy bound (Ent®-S) with constant
Co. Then, it satisfies a modified Orlicz-Sobolev inequality () with the same
constant Co.

Proof. For every smooth function f : R® — R apply the ®-Entropy bound
(Ent®-8) to (f — p(f))/If = u(f)llg to get

/ (I)<Hff—_ :E(fjg)ncp)d“‘@( Hff—_ ;Z(J;)nq)d“) 2
1 v
<c o (=) TR

Since ®(0) =0 and [ ® <m) dp =1, we get the expected result. [
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Remark 21. As a consequence of this result and using Theorem [, we
get that if Entﬁ)(Ptf) decays exponentially fast in time, then ||P;f — pu(f)||4
decays exponentially fast.

Next we give a similar result involving the additive ®-Sobolev inequality
(®-S) and the Orlicz-Sobolev inequality (O-S). Note that for a Young func-
tion @, the assumption ®(z)/z /" 0o when x goes to infinity and ®'(0) > 0

insure that the equation 2®’'(x) = 1 has a unique solution, see [RR91, section
2.4].

Proposition 22. Let ® be a C? Young function with ®'(0) > 0. Assume that
®(x) = zp(x) for a non-decreasing function ¢ defined on (0,00) and such
that im o, o = +00. Denote by kg be the unique solution of ko®' (ko) = 1.
Let p be a probability measure on R™. Assume that there exists a constant
Cs such that for every smooth function f:R™ — R,

[outau-o ( / de/i> < Ca [197Pdn.

Then, for any smooth function f:R™ — R, for any a > 0,

1 =10 = 52 (277 + 357 ) [ 19 P

Remark 23. Note that since lim,_, 1o, ¢ = 400, there exists a > 0 such
that ®”(a) > 0.

On the other hand, it is easy to get rid of the assumption ®'(0) > 0.
Indeed, assume that ®'(0) = 0 and defined ®)(x) = ®(z) + A|z| for A > 0.
Then, on one hand ®,(0) = A > 0. On the other hand, if an additive
®-Sobolev inequality holds, then a ®)-Sobolev inequality holds, with the
same constant. So the previous Proposition applies to ®y: for any smooth
function f, for any a > 0,

I = 1o, = 755 (e + 3) [ IV P

(f = u())e < IIGF = n( ))QH%. This leads to

I =007 < 155 (g +5) [ 19 4P

for any A > 0, any a > 0 and any function f. Note that ko(A) — 0 when A
tends to oo.

Since ® < ®,,

Proof. Let ®(z) := ®(koz), so its complementary function is (®)*(z) =

®*(x/ko) where ®* is the complementary function of ®. Now (®, (®)*) is a
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normalized complementary pair of Young functions. Following [RR91]| define
the following modified Luxembourg norm

17llg =ty [ 8 (§> di < (1)),

Note that ||T||z = 1. By [RR91], Proposition 1 in section 3.3], we know that

/Igldu <Ilglla 1T 5. = llgllg Vg € Lg (). (8)

It is important to introduce this modified norm in order to have the latter
inequality with a factor 1 in front of the r.h.s and not 2 as in the standard

inequality ([7).
Now let f: R™ — R be a smooth function. From the additive ¢-Sobolev

inequality applied to vEo(f — u(f)/]|(f - u<f>>2||g 2 we get

/@ (u&f—_ %?H) - </ 0 d")

2
< C.:p]{)o/ |Vf| du.
I(f DRIF

Since [ ® (%) dp = ®(1), it follows that

1) _ & fgdu> Vg|®

(1) - & ( < Ok [ V94,

N3(9) llgllz

where g := (f — u(f))?. A Taylor expansion of ® up to the second order,

between 1 and ﬁ ‘c‘lu , and convexity of 5, give that

oo-a(f) - (LYo ()10 Yo

9l 9l l9ll5 9l
(1 B fgdu> 3 (fgdu>
ll9ll5 l9ll5

(1 B fgdu> #(0).

llgllg

v

where 6 € (0,1) (recall that from (), [sldn < 1). This leads to

1GF = n(F)2l5 < (3@’“0 / IV Py + Vary(f).

Since lim,_, 4 o0 ¢(x) = +00, there exists a > 0 such that ®”(a) > 0. Choose
such an a. (From Proposition [[§, ; satisfies a Poincaré inequality with
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constant less than Cg/(2a®”(a)). On the other hand ||(f — u(f))*|lz =
kol|(f — ,u(f))2H¢/5(1) and ®’(0) = ko®(0). Thus, for any smooth function
f:R" = R,

C 1 1
16 =0 oy < 22 (o * ) [ 17

The result follows from the fact that H (f — u( ))2H<I> < H(f —u(f))?

since ® < ®/®(1) (recall that ®(1) + (®)*(1) = 1).
For all @ > 0 such that ®”(a) = 0, the result is trivial. This ends the
proof. O

H<1>/<T>(1)

Proposition PJ allows us to give a criterium for the ®-Sobolev inequality to
hold. This completes [BCRO5H, Theorem 26].

Theorem 24. Let ®(z) = xp(x) be a C* Young function with ¢ non de-
creasing, concave, with (0) > 0 and such that lim, ., ¢ = +00. Denote by
ko the unique solution of ko®' (ko) = 1. Assume that there exist constants
v,k and such that for all z,y > 0 one has

v’ () <y and  p(zy) < K+ o(x) + 0(y),

and a constant A > 2 such that for every x > 2\, one has Ap(x/p(z)) >
o(z).

Let v be a probability measure on R™ satisfying the Poincaré inequality
with constant Cp and Cg the optimal constant such that for every smooth
function f: R™ — R one has

[oin-e ( / f2du> < Cy [ V5P )

Then, for any a > 0,

koa®”(a)p(0) = M~
8A(0(0) + 2a<I>”(a))B( ) < Cop < (187C) + 24(1 + w))B(q’)

where B(®) is the smallest constant so that for every A C R™ with u(A) <

N[

p(A)p (
Proof. The upper bound on Cg follows from [BCRO5H, Theorem 26].

Assume that the additive ®-Sobolev inequality () holds. Then, by Propo-
sition P2, for every smooth function f: R" — R, every a > 0,

1m0 < 5 (qagpy * ) [ 194

) < Ble)Can,(4)
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Then, by Theorem [[] we get,

1 C 1 1
gB@) < <2a<1>~<a> * so<o>> 10)

where B(®) is the smallest constant so that for every A C R" with p(A4) < 5

0
* (5n)

By our assumption on ¢, ® (L> = pe/el) > %x for all x > 2X. Thus,
2

= [[Tallg < B(®)Cap,,(A).

e(x) e(x)
since A > 2 and ¢ is non-decreasing, for all y >

-1 Ay Yy
2l < o(Ay) = ©(2y)

It follows that B(®) < AB(®). This together with ({[0) achieves the proof.
U

®-S and O-S Inequalities in Infinite Dimensions

It is not difficult to check that ®(z) = || (log(n + |$|))B, B e (0,1, n > 1,
satisfies the hypothesis of Theorem P4
Following a remark of [BCRO5H] we note that

w1 (2(f%) = (u(f?) = inf u((f?) — @(t) — ¢'()(u(f?) — 1))

t>0

By convexity of ® one has ®(f2) — ®(t) — ®'(¢)(u(f?) —t) > 0 which implies
the following Mild Perturbation Property (MPP) for additive ®-Sobolev
inequality.

Proposition 25. Let du = pdv with §U = sup(log p) — inf(log p) < co and

assume that
/@(ﬂ)du— d (/f%) < C/\Vf\Qdu.

[ o < / f%m) <ce [191Pd

The additive ®-Sobolev inequality, with the ® as described above, was in
particular established for products of i, measures with suitable o € (1,2).
Using MPP one can construct a compatible family of finite dimensional

Then
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expectations Fy (with partially ordered indices A) for which additive ®-
Sobolev inequality also holds. By definition for the corresponding Gibbs
measure p(Ey) = p and one has the following simple conditioning property

p(2(f%) —@(p(f?) = nl[Ba(®(f) - @ (Ea(f?)]
+ (@ [EA(f2)]) =@ (u [Ea(?)]) -
With these two facts in mind, under suitable mixing condition, one can

follow closely the strategy originally invented for the proof of Logarithmic
Sobolev Inequality (cf. [[GZ0J]) to proof the following result

Theorem 26. Suppose a local specification is mizing and satisfies ®-Sobolev
inequality. Then the unique Gibbs measure p satisfies

p(®(F%) — e(u(f?) < Cu(IVFP)
with a constant C' independent of a function f.

This provides a large family of nontrivial examples of (non-product) mea-
sures on infinite dimensional spaces satisfying additive ®-Sobolev inequality.

We remark that by inserting into such the inequality a function f/||f||2
and setting F(z) = (log(n+ ]w\))ﬁ — (log(n+ 1))ﬁ, we arrive at the following
F-Sobolev inequality,

/fQF (u{;Z)

for the Gibbs measure p.

Corollary 27.

) i< Cp [ (97 (F-8)

Finally we note that by the same arguments as the ones used to prove
Proposition P2, we get the following Orlicz-Sobolev inequality for infinite
dimensional Gibbs measures

Corollary 28.
1(f = ()| < er (IVFF)

with a constant ¢ independent of a function f.

5 Orlicz-Sobolev and Nash-type inequalities

In this section we prove that the Orlicz-Sobolev inequality is equivalent, up
to some constants, to a Nash-type inequality. This give new results on the
decay to equilibrium of the semi-group (see next section).
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Theorem 29. Let ® and ¥(x) = ﬁi‘) be two N-functions with 1 : RT —

RT increasing, satisfying 1¥(0) = 0 and lim 1) = +o0o. Assume that the
probability measure p on R™ satisfies for any smooth function f: R™ — R

1(F = 1(F))2]lg < c¢/|Vf|2dM.

Then, for any function f,

1 Var,(f) 2
Var o =-——EL7 40, V f?du.
() <2Hf—u(f)Hi>§ q>/| fl2dy (11)

where = ®* 1 o W o1 (here ®* is the complementary pair of ®; o1
and =1 stand for the inverse function of ®* and v respectively).

Remark 30. Note that by our assumption on ¢, ¢! is well defined on R,
onto R,.
Furthermore, in order to deal with explicit functions, one can easily see

that under the assumption of the Theorem, ¥(x) < w(ll) (r + 22) in such a

way that Var,(f)/|f — u(f)||5 > ¢ for some constant ¢ (see Lemma [i4).

Thus one has only to consider the behavior of € (or equivalently to ®, ¥
and 1) away from 0.

Remark 31. We will call the inequality

1 Var,(f) 9
ar, ()0 | =——422 ) < © du,
Yt <2w|f—u<f>||%y>S [ i

a Nash-type inequality since for ®(z) = |z|(¥/(@=2) ¥(z) = ¢(z) = = (and
thus 0(z) = cd|x|% for some constant ¢,), it reads for any f with u(f) =0
as

143 ' 7
£l < CUVEILIAT
which is the standard Nash inequality (] g]).

Proof. The proof is a generalization of [BCLSC95, Proposition 10.3], see also

[Rob03). Let f be a function with (f) = 0 and || f||y = 1 in such a way that
J¥(f)du = 1. Fix a parameter ¢ > 0. Denote by ®* the complementary

Fanction of ®. From (I0), if (f.9) € Lo x Lo+, [ |fgldu < 20 flgllfllo--
Hence,

Var(f) = [ Phpaduct [ e
[ ORI+ 2] 72 Bl

2Cp
< 00) [Vt gt 19

IN
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Now by Chebychev inequality (recall that ® is an even function) we have

1 1

151> 0) = u(¥() = ¥(0) < g [ ¥ = .

It follows that for any ¢ > 0,
20(1) / 2
Vi <yYit)+ ——— [ |V f|°dpu.

Now choose ¢ such that 9(t) = 1 Var,(f). We get

© (U(0) Var, () < 4Cs [ 197
This gives the expected result by homogeneity. O

Example 32. Let a € [1,2], 8 =2(1—1) € [0, 1] and define the probability

measure on R™: du!’(z) = Z " exp{— Y i |z;|*}dz. For any v > 1 define

@g(x) = |z|(log(y + |z])? and @g,Q(az) = @g(aﬂ). From Corollary fl, point

(i) of Lemma [[§ and the general fact that HfQHcI)7 = HfH?Dg L there exists a
B >

constant C' (independent of n) such that for any smooth function f : R"™ —
R,

7 = i) gy < €O+ ellog)®) [ 197Pi

Using similar computation than in the proof of Inequality (), it is not
difficult to see that for any € > 0, there exists a constant C; (depending also
on ( and ) such that for any x > ¢,

Ctog(1 4+ z)P < @g*fl(x) < C.log(1 + )P,

Now define for z > 0 and § € (0,1), ¥(z) = (log(1 + z))°. One can easily see
that W(z) := 22 /1(z) is a N-function. We deduce that there exists C. > 0
such that for any > ¢,

C’éflxg <f(z) < C;x%

where 0 := @g*_l oWor~!. Theorem Bg implies that there exists a constant
C’ (independent on n and possibly depending on (3, §) such that for any
function f: R"™ — R,

28
Var ()73 < O = (DI [ 195t

If we choose instead ¢ (z) = elog(1+2)” _1 for § € (0,1), U(z) = 22/(x)
is again a N-function. It follows in this case that there exists a constant
C” > 0 such that for any = > ¢,

8 ~ B
] 5

! og(1+x)s < 0(z) < Cllog(1 + z)
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where 6§ 1= @g*ﬂ oVo 1;_1. In turn, Theorem PJ implies that
< [191Pd;

It is natural to ask for the equivalence between the Orlicz-Sobolev in-
equality and the Nash-type inequality in Theorem Rg. It seems (almost for
us) to be difficult to prove directly this equivalence. However it is possible
to achieve that with the help of an intermediate inequality as follows.

As afirst step, we consider the following equivalent form of the Nash-type
inequality.

ol

1 Var
Vary (f)log ( + 5%)

for some constant C” independent on n and f.

Lemma 33. Let ¥ be a N-function and 6 be an increasing function. Assume
that there exist a constant A > 0 such that for any x > 0, 6(z/9) > \(z).
Let i be a probability measure on R™.

Then, the following are equivalent:
(1) There exists a constant C' such that for any smooth function f:R™ — R

one has
V.
Var,(f)6 (i\lf af: - ) /\Vf\ djt.
T

(i1) There exists a constant C' such that for any smooth function f : R™ — R

one has
Var,(1)6 (%Vﬁ‘?“éf )> <o [vspan 12)
U

Furthermore, (i) = (i) with C' < C/X and (ii) = (i) with C < C'.

Proof. The implication (iz) implies () is obvious.
We will show that (i) = (i4). By (3), for any function f, [|fldu <
2| lly 1|y = =2y lIflly- It follows that

1
v

2
(1 N \plm\p*—la)) 11l <30 £ -

In the last line we used the general bound z < ¥~ (z)¥*~!(z). Since 6 is
increasing and 6(z/9) > A\(x), it follows that

1 Var,(f) 1 Var,(f)
Var o=——r~2~2 Var 01 — K’
w9 <2uf—u<f>ué> = V) (18 TiB )

e (35 )

If =n(Dlle < 1Flle + 6Dl = 171w + p(lf1)

IN

v
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Applying point (i7) completes the proof. O

The second step is to link the Nash-type inequality in its simplified form
to an inequality between measure and capacity.

2

Theorem 34. Let ® and V(z) = m be two N -functions with 1 increas-

ing, satisfying ¥(0) = 0 and limyo¥ = +oo. let § = 1o Woy L.
Assume that

(i) x — Yo~ L(x?) is a Young function,

(17) there exists a constant A > 0 such that for any © > 0, 0(x/16) > \(z),
(i31) there exists N > 4 such that for all x > 2 one has ®*'(Nz) <
No*~L(z)/4.

(iv) the probability measure p on R™ satisfies for any smooth function f :

R® - R
vt (125 < ot

for some constant C.

Then, for any Borel set A such that u(A) < %,

1 _8XC
O (1/p(4)) — A

Proof. Fix A C R"™ such that u(A) < %, and let g : R™ — R such that
g>14and u(g=0)> % Then for any k € Z we define g, = (g —2%), A2F.
Let H(z) := Vo~ !(2?). Note that \/zH '(z) = ¥~ (x). Thus, by ([I§)
and we have

Cap,,(4).

lgxlo
Ikl = llgrlge2olly < 2||gkll2 | Lgpz0ll ;7 = 25— .
lgklle = llgrLgzolly < 2lgkllal g0l ;= 27 (1 (g #0))

Note that fi(gr = 0) = p(g < 2%) > u(g = 0) > 1. Thus,

11(gr)? = 1(grlig, 20y)° < nlg)ulgr #0) <

which in turn implies ||gx 5 < 2Var,,(gx). This together with p(gr # 0) <

p(g > 2¥) give ! Var,, (gx)
ary\9ge
lovlly < 8511y > 7P

Applying the Nash-type inequality to g; and the monotonicity of 6, we get

1Varu<gk>>

2
2 lgelly

IN

Ve ()6 (35 1H 1 (1/ulo = 2F) < Varo) (

IN

c/ \Vg|2dp.
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On the other hand,

2
’2 = 22" pu(gp > 2)

1, 9 on
Var,(gx) > §||9k||2 > 2° IHI[{ng2k}
— 22]4:71#(9 > 2k+1)‘

Let Q, = {z : g(x) > 2¥}, k € Z. Tt follows from condition (ii) on @ that for
any k € Z

2k—1 1 —1 1 2
2 )8 [EH )

< C/IV!JIQdu-

Now note that by definition of H and 0, 6 (H~(z)?) = ®*~!(z). Hence,

IN

2k—1 —1 1 ?
o ]

AP @) () <€ [ VoPdu Ve

At this stage we may use [BCRO5H, Lemma 23] we recall below with a; =
w(Qy) and F = ®*~!. Since ®* is a Young function, the slope function
x — ®*(x)/x is non decreasing. This is equivalent to say that  — F(z)/z
is non increasing. Thus the assumptions of Lemma BJ are satisfied, thanks
to point (i77). It follows that

AP (@) (Up(0) < NC [ [VoPdu ke
Furthermore, by ([d), ®*~!(x) > /& (x). Hence,
1
A22’H—) < Xc/ |Vgl?dy  VEk € Z.

Ot (1/p(S2)

Now take the largest k such that 22* < 1. For that index, A C {g > 2¥} =
Q. By monotonicity it follows that (using 1 < 22(k+1))

1 1 8\
&1/ 4] 11 /u0) = 2 O
The result follows by definition of the capacity. O
Lemma 35 ([BCRO5H]). Let F : [2,+00) — [0,+00) be a non-decreasing

function such that * — F(x)/xz is non increasing and there exists N > 4
such that for all x > 2 one has F(Nz) < NF(x)/4. Let (ar)kez be a non-
increasing (double-sided) sequence of numbers in [0,1/2]. Assume that for
all k € Z with ap, > 0 one has

2% a1 F (1/ay) < C,
then for all k € Z with ap > 0 one has
2%k apF (1/ay) < NC.
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We are now in position to give the following reciprocal of Theorem R9.

Corollary 36. Let ® and ¥(x) = (| 5 be two N -functions with v increas-
ing, satisfying (0) = 0 and limyo1p = 400. let § = ®* Lo Worp !,
Assume that

(i) & — Yoy~ (2?) is a Young function,

(i) there exists a constant X > 0 such that for any x > 0, 6(z/16) > \0(z),
(i33) there exists N > 4 such that for all x > 2 one has ®* '(Nz) <
No*(z)/4.

(iv) the probability measure p on R™ satisfies for any smooth function f :

R?” - R
1 Var,(f
Var, (/)0 | =—22 ) Y - o [ 15124,
) <2Hf—u(f)H@> [ s

for some constant C'.

Fiz k € (0,400) such that for any f with f?> € Le(u H,u Hcp <
/<:Hf2H¢. Then, for any function f,
1+ Kk)A
1 = uthPly < B [ 1912
Proof. Apply Lemma B3, then Theorem @, and finally Theorem [I] (together
with Remark [). O

6 Decay to equilibrium and Nash-type inequality

Throughout this section we consider a probability measure dy = e~V (@) dx
on R™ associated to a differentiable potential V' (or a limit of such measures).
Let L=A—VV .V be a symmetric in Ly(x) diffusion generator and (P;)¢>0
its associated semi-group. In this setup we prove that Nash-type inequalities
are equivalent to the decay to equilibrium of the semi-group in suitable Orlicz
spaces associated to the measure pu.

Theorem 37. Let ® and ¥ be two N -functions and 6 an increasing func-
tion. Assume that the probability measure u on R™ satisfies, for any smooth
function f:R" — R,

1 Var,(f
Var, (£)0 [ = —22\) ) - o [ 1w f2dp,
A <2||f—u<f>u@> [ s

for some constant C. Then, for any t > 0,

Var,(Bef) < m(O)|f — (),

where m : Ry — Ry is the solution of the differential equation

e -g(3)
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on (0,00) such that m(0) = 400, or equivalently m satisfies for any t > 0,

/OO 1 d 2t
—ar = —.
m(t) T0(z/2) Co

Proof. Let f be such that pu(f) =0 and || f||y = 1. Set u(t) = Var,(P.f).
A differentiation gives

A 2 _l l u(t)
u(t) = 2/anf\wis CEMﬁ9<2m%ﬂ@>-

Note that by convexity, ||P.f|ly < |/f|ly = 1. Since 6 is increasing we get

W () < ——u(t)d (it)) .

2

By integration this gives

w0 g 2
— > —1t.
/u(t) .%'(9(1‘/2) — Cs

Now, since
/ & dr 2 ;
m(t) ©0(x/2)  Ca’
we have that u < m and the result follows by homogeneity. O

Note that m is not explicit in general. However we can apply the Theo-
rem to explicit examples.
Example 38. Let a € [1,2], 8 =2(1—21) € [0,1] and define the probability
measure on R™: dul'(z) = Z " exp{— Y i |z;|*}dx. For any v > 1 define
@g(az) = |z|log(y+|z|)?. For x > 0 and § € (0,1), let also ¥(z) = log(1+z)°
and W(x) := 22/1(x). We proved in Example B that the following Nash-
type inequality holds: any f satisfies

B
Vary ()04 < IS = (DG [ 195t

On the other hand, for 6 = x%,

/°° de 255 1
Hence, by Theorem B7

SC\F 1
Varug (Ptf) < 2 <%> ’ J—

In other words, P; is a continuous operator from Ly onto Lo with

)

0C\7? 1
P, <2 = .
P o, <2(55) "

1f — u(F)ll3-

s
tB
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Example 39. As before, let a € [1,2], 8 =2(1—1) € [0,1] and du?(z) =
Zymexp{— Y ", |zi|*}dz be a probability measure on R™. For any v > 1
define @g(az) = |z|log(y + |2|)®. Let also ¢(z) = €812 _ 1 for § € (0,1)
and ¥(z) = 22 /1p(x). We proved in Example B3 that there exists a constant
C such that for any f,

B
1 Var,(f) 0 n
Varﬂg(f) log ( + §m> < C/|Vf|2d,ua.

For 6(z) := log(1 + x)g, we define m(t) as the unique solution of 2¢t/C =
fm(t dz/[20(x/2)]. Now we deal with small values of ¢, small in such a way

that m(t) > 2. For such t’s we have

/00 dz /°° dz 5 <m(t) ) 5
L = log ( ™Y
m(t) x6(x/2) m(t) xlog(%)s ) 2

provided that § < § (if § > (3 then m is not defined!). Hence, m(t) <

5
(2(?3? 5 %) °=° Theorem B implies that for small values of ,

_ 0
Var, (Pof) < 2¢702 || f = u(f)II3

with ' := (%) =3

Now for completeness we prove a converse of Theorem B7.

Theorem 40. Let ¥V be a N-function. Assume that for any t > 0,

Var, (P, f) < m()||f = n(f)|[3-

Then, for any smooth function f:R"™ — R

~(1 Var,(f
Var, (f)0 “ v f|%dp,
) <2Hf— fllq/> 2 it

for 5( ) 1= Sup;~g T log ( (t))

Proof. We follow [Cou96, Proposition II1.2]. Assume that p(f) = 0 and
that || f|lg = 1. Let [;° AdE) be a spectral resolution of —L. Then P, =

fooo e MdE). Since fooo % =1, Jensen inequality yields

ex RSV ON)) * il - dELS)
p{/o(mt) ) }g/o 0



34 C. Roberto and B. Zegarlinski

This exactly means that

exp{_Qt“(f'(_L) )} 1Pl

pn(f?) u(f?) -

Now, using our assumption, |P;f|l, < m(t). Hence

2 2
M s (A ) < s (-1 = [ (9P

The result follows by homogeneity and translation invariance of the Dirichlet
form. O

Next we recall a result, due to Grigor’yan, which shows the link between
m/(m™1) and 6.

We use the following definition, (cf. [Cou9dq]). We say that a differen-
tiable function m : (0,00) — R satisfies condition (D) if the derivative of
its logarithm has polynomial growth, i.e. M(t) = —logm(t) is such that

M'(u) >yM'(t), vVt >0, Yué€lt,2t],

for some v > 0 (for instance if m behaves like =% o e’ ,0<d6<1fort
large, it satisfies condition (D)).

Proposition 41 ([Gri94]). Let m be a decreasing differentiable bijection
of R satisfying condition (D) for some v > 0. Then, for all z > 0,

~ x m' (m~t(2x
O(x) = sup — log < 2(75)) > —fyw.

>0t
The above results imply the following equivalence of the Nash-type in-
equality and the decay to equilibrium of the semi-group.
Theorem 42. Let m be a C' decreasing bijection of R% satisfying condition
(D) with v > 0. Assume that m’' is an increasing bijection from R% onto
R*. Let 0(|z]) = —m' (m~1(2|z])) /z. Let ® and ¥(z) = 1#(\?6\) be two
N -functions with 1 increasing, satisfying ¥(0) = 0 and lim; 1) = +00.
Assume that 0 = ®* Lo W oy,
Then the following are equivalent
(i) for anyt >0,
Var,,(Pef) < m(O|f — n(f)llz,

(7i) for any smooth function f:R™ — R

1 Var,(
V. 9 p( V fl?du,
a(f) (W . m) Ca [ 19 4Pdn

Moreover (i) = (it) with Co = 2/~ while (ii) = (i) if Cp = 2.

Proof. To show that (i) implies (i4) it is enough to apply Theorem Ed and
proposition [t The second part is a direct application of Theorem B7. O
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Take p=1
Poincaré: mer ]zeckner—type (27;)(3)
Vary (£)<Cp [ |V §|2dp — SUPpe(1.2) %gc& IV £I2du
BCRO5b] (Theorem 4
o)t [BCRO3H] (Theorem 4
V(z)=r—F— 1
T(1/log(1+3))
VA such that M(A)<%, CapM(A)zcww(p(A))
[BCROSb,Theorele] t
Theorem1 Theorem 34
P(z)=zp(x) and ¥(2) i
r)=e=T1/0)
Y(a)=p(3) T
modified Nash—type (12):
Var, (f)
additive ®—Sobolev (®-S): Varﬂ(f)e( 2”;“% )Scf IV 2du
Je(f?)du—@([f2dp)<c[|Vf|*du
. Lemma 33

0 Proposition 22

- v

§ Orliczfsobole:v: Nash—type (11):

2| G| g<cl 1V Pdp Var, (/)0(Y2e)) <c [1972dp

& — 2|| 7l

-

[a B}

ﬂ (P | et ﬂTheorem 42 (and 37)

Poincaré:
Vary (£)<Cp [ |V f|2du

ﬂ [Cha04]

if z®"(z)>k

d">E>0

Vary, (P f)<m(8)|| f=n(H)IF

®—Entropy bound (Ent®-S):

[ @(F)du—@([ fdp)<c [|V 2" (f)dy

modified Orlicz — Sobolev (6):
~ 2 X 7

ﬂ [Cha04]

PrOpOSiTZ;IOIl 20

:H Theorem 11

Ent$ (P; f)<e~™Ent¥ (f)

pfl> <emt|7]°
o
A, < e,

Figure 1: Implications Network. Here f:: f=u(f).
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7 Appendix : Young functions and Orlicz spaces

In this section we collect some results on Orlicz spaces. We refer the reader
to [RRI]]] for demonstrations and complements.

Definition 43 (Young function). A function ® : R — [0,00] is a Young
function if it is convex, even, such that ®(0) = 0, and lim,_, ;o ®(z) = +o0.

The Legendre transform ®* of ® defined by

*(y) = 21;13{33|y| — &)}

is a lower semi-continuous Young function. It is called the complementary
function or conjugate of ®.

Among the Young functions, we will consider those continuous with fi-
nite values such that ®(x)/x — 0o as * — oo (for stability reasons w.r.t.
duality). When additionally ®(z) =0 < x =0 and ®'(0,) = 0, ® is called
a N-function.

For any lower semi-continuous Young function ® (in particular if ® has
finite values), the conjugate of ®* is ®. The pair (®, V) is said to be a
complementary pair if ¥ = ®* (or equivalently ® = ¥*). When ®(1) +
®*(1) = 1, the pair (®,P*) is said to be normalized. The conjugate of an
N-function is an N-function.

Let ® be an N-function. Then, for any a > 0,

a< ® Ha)(®*) a) < 2a. (13)
The simplest example of N-function is ®(z) = %, p > 1, in which case,

O*(x) = %, with 1/p + 1/¢ = 1. The function ®(x) = |2|*In(1 + |2|)? is
also a Young function for « > 1 and § > 0 and an N-function when o > 1
or 3> 0.

Now let (X, ) be a measurable space, and ® a Young function. The
space

Lo(p) = {f : X — R measurable; Ja > 0,/ P(af) < 4o0}
X

is called the Orlicz space associated to ®. When ®(x) = |z|P, then Lg(u) is
the standard Lebesgue space L (u).

There exist two equivalent norms which give to Lg(u) a structure of
Banach space. Namely, Luzemburg norm

Il = int (3> 0; [ @ <§> <1}
X
and the Orlicz norm

No() = sund | Vol | @ (@) <13
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Note that we invert the notation with respect to [RR91]. We will use the
notation Gp, or more simply G when no confusion, the set Go = {|g| :
J ®*(g)dp < 1}. Note in particular that G is a space of non negative
functions. Moreover

1flle < Na(f) < 2[flle- (14)

By definition of the norm and the previous result, it is easy to see that for
any measurable subset A of X,

1
[Talle = @-

n(A)
Then, the following result generalizes Holder inequality. Let &1, ®o
and ®3 be three Young functions satisfying for all z > 0, & (2)®,(z) <
&5 (x). Then, for any (f,g) € La, (1) X La, (1),

1/ 9lles <20 lle, 9], - (16)

In particular, when ®3(x) = [z|, we get [y |fgldu < 2||f|lp, l9llp,- In the
case of complementary pairs of Young functions, we have the following more
precise result, see [RR91], Proposition 1 in section 3]:

(15)

/X Faldn < 20 Flgllol-- (17)

Finally, for any constant ¢ > 0, it is easy to see that for any function f,

Al sey = 1 - (18)

Comparison of norms

Let us notice that any Young function & satisfies |z| = O (®(z)) as = goes
to oco. It leads to the following lemma.

Lemma 44. Any Orlicz space may be continuously embedded in IL;. More
precisely, let D and 7 in (0,00) such that |x| < 7®(x) for any |z| > D.
Then, for any f € Ly,

1l < (D +7) [ fllg- (19)

Consequently, if ® and ¥ are two Young functions satisfying, for some con-
stants A,B > 0, ®(z) < Alx| + BY(x), then

11l < masx (1, Aldlly, o, + B) | flly: (20)

Remark 45. When ®(z)/x — oo as © — oo, we may choose 7 = 1 or any
other positive constant. We get in particular the estimate

()l = D+ D11l [l £]4: (21)
where D is such that |z| < ®(z) for any |z| > D.
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Proof of lemma [[4. Let f € Lo(p). We may assume by homogeneity that
[ fllg =1. Then [®(f)dp =1 and so

d du + d
/ fldp /{USD}\f\u /{ﬂzD}!f!ﬂ

< Du(f|<D)+7 /{ L A D e

As for bound ([19), assume now that ||f||, = 1 and hence [W(f)du =1 as

well. For any A > 1,
A f
b5 [o(4)a

A B
Ty, 17+ 5 [ (<1

—
KA
N
>~
N————
o
=
N

<

provided A > A|Id||,, _;, + B. Note that for the second inequality we used
convexity of W. O
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