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ISOPERIMETRY AND SYMMETRIZATION FOR LOGARITHMIC

SOBOLEV INEQUALITIES

JOAQUIM MARTIN* AND MARIO MILMAN

ABSTRACT. Using isoperimetry and symmetrization we provide a unified frame-
work to study the classical and logarithmic Sobolev inequalities. In particular,
we obtain new Gaussian symmetrization inequalities and connect them with
logarithmic Sobolev inequalities. Our methods are very general and can be
easily adapted to more general contexts.
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1. INTRODUCTION

The classical L?-Sobolev inequality states that

. 11 1
IVfl € L*(R") = f € LP»(R"), where — = 5
n

Consequently, lim,, ., pi = 2 and, therefore, the improvement on the integrability
of f disappears as n — oo. On the other hand, Gross [20] showed that, if one

replaces dz by the Gaussian measure dv, (z) = (27)"/2¢~12"/2dz we have

(1.1)
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/ @) P | f(@)] dyn () < / V£ (@) dyn () + [ £12 10 £, -

inequalities.
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This is Gross’ celebrated logarithmic Sobolev inequality (= 1S inequality), the start-
ing point of a new field, with many important applications to PDEs, Functional
Analysis, Probability, etc. (as a sample, and only a sample, we mention [2], [13],
[23], [7], and the references therein). The inequality (1.1) gives a logarithmic im-
provement on the integrability of f, with constants independent of n, that persists
as m +— 00, and is best possible. Moreover, rescaling (1.1) leads to LP variants of
this inequality, again with constants independent of the dimension (cf. [20]),

p
/lf(x)lplnlf(ff)\ dyn(z) < 2(pi_l)Re <Nf, fp >+l f,,
where < f,g > = [ fgdyn, < Nf,f > = [|Vf (@) dy(@). f, = (sgn(H)) /1"

In a somewhat different direction, Feissner’s thesis [17] under Gross, takes up
the embedding implied by (1.1), namely

W21 (RTL’ dfyn) C LQ(LOgL)(Rna d77l)7
where the norm of W3 (R", dv,) is given by

1 lwz ®n ayny = IV F L2 @ ayn) T 112 @n a0y
and extends it to LP, even Orlicz spaces. A typical result! from [17] is given by
(1.2) W, (R, dyn) C LP(LogL)(R™, dn), p > 2.

The connection between 1S inequalities and the classical Sobolev estimates has
been investigated intensively. For example, it is known that (1.1) follows from
the classical Sobolev estimates with sharp constants (cf. [3], [4] and the references
therein). In a direction more relevant for our development here, using the argument
of Ehrhard [15], we will show, in section 5 below, that (1.1) follows from the sym-
metrization inequality of Pdlya-Szego for Gaussian measure (cf. [16] and Section
4)

IVl 2@y S IV L2 @n ) »
where f° is the Gaussian symmetric rearrangement of f with respect to Gaussian
measure (cf. Section 2 below).

The purpose of this paper is to give a new approach to 1S inequalities through the
use of symmetrization methods. While symmetrization methods are a well estab-
lished tool to study Sobolev inequalities, through the combination of symmetriza-
tion and isoperimetric inequalities we uncover new rearrangement inequalities and
connections, that provide a context in which we can treat the classical and logarith-
mic Sobolev inequalities in a unified way. Moreover, with no extra effort we are able
to extend the functional 1S inequalities to the general setting of rearrangement in-
variant spaces. In particular, we highlight a new extreme embedding which clarifies
the connection between IS, the concentration phenomenon and the John-Nirenberg
lemma. Underlying this last connection is the apparently new observation that
concentration inequalities self improve, a fact we shall treat in detail in a separate
paper (cf. [30]).

The key to our method are new symmetrization inequalities that involve the
isoperimetric profile and, in this fashion, are strongly associated with geometric
measure theory. In previous papers (cf. [32] and the references therein) we had

IFor the most part the classical work on functional 1S inequalities has focussed on L2, or more
generally, LP and Orlicz spaces.
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obtained the corresponding inequalities in the classical case without making ex-
plicit reference to the Euclidean isoperimetric profile. Using isoperimetry we are
able to connect each of the classical inequalities with their corresponding (new)
Gaussian counterparts. We will show that the difference between the classical and
the new Gaussian inequalities can be simply explained in terms of the difference
of the corresponding isoperimetric profiles. In particular, in the Gaussian case,
the isoperimetric profile is independent of the dimension, and this accounts for the
fact that our rearrangement inequalities in this setting have this property. Another
bonus is that our method is rather general, and amenable to considerable general-
ization: to Sobolev inequalities in general measure spaces, metric Sobolev spaces,
even discrete Sobolev spaces. We hope to return to some of these developments
elsewhere.

To describe more precisely our results let us recall that the connection between
isoperimetry and Sobolev inequalities goes back to the work of Maz’ya and Federer
and can be easily explained by combining the formula connecting the gradient and
the perimeter (cf. [27]):

(13) IVl = [ Pertilsl >
with the classical Euclidean isoperimetric inequality:

n—1
(1.4) Per({If] > t}) = nw/™ ({If| > }]) ™,

where w,, = volume of unit ball in R™. Indeed, combining (1.4) and (1.3) yields the
sharp form of the Gagliardo-Nirenberg inequality

(15) (= D" 17 s gy < I S la ey

In [32], we modified Maz’ya’s truncation method?, to develop a sharp tool to extract
symmetrization inequalities from Sobolev inequalities like (1.5). In particular, we

showed that, given any rearrangement invariant norm (r.i. norm) ||.||, the following
optimal Sobolev inequality® holds (cf. [33])
(1.6) @ = @ < e, X0 IV S S € O R,

An analysis of the role that the power ¢t~/ plays in this inequality led us

to connect (1.6) to isoperimetric profile of (R™,dx). In fact, observe that we can
formulate (1.4) as
Per(A) > I,(voly(A4)),

where I, (t) = ne/ "=/ s the “isoperimetric profile” or the “isoperimetric
function”, and equality is achieved for balls.

The corresponding isoperimetric inequality for Gaussian measure (i.e. R™ equipped
with Gaussian measure dy,(z) = (27)""/2e~1%I’/2dz), and the solution to the
Gaussian isoperimetric problem, was obtained by Borell [11] and Sudakov-Tsirelson
[36], who showed* that

Per(A) > I(yn(A4)),

2we termed this method “symmetrization via truncation”.

3This inequality is optimal and includes the problematic borderline “end points” of the LP
theory.

4Erhard [14] provides an approach using symmetrization. Erhard also proves using this method
a Gaussian version of the Brunn-Minkowski inequality but only for convex bodies. This restriction
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with equality achieved for half spaces®, and where I = I, is the Gaussian profile®
(cf. (2.2) below for the precise definition of I). To highlight a connection with the
IS inequalities, we only note here that I has the following asymptotic formula near
the origin (say t < 1/2, see Section 2 below),

1 1/2
(1.7) I(t) ~t <log t) .

As usual, the symbol f ~ g will indicate the existence of a universal constant
¢ > 0 (independent of all parameters involved) so that (1/¢)f < g < ¢ f, while the
symbol f < ¢g means that f < cg.

With this background one may ask: what is the Gaussian replacement of the
Gagliardo-Nirenberg inequality (1.5)7 The answer was provided by Ledoux who
showed (cf. [24])

(19 | 10so0ds < [ Vs ). 1€ Linen).

In fact, following the steps of the proof we indicated for (1.5), but using the Gauss-
ian profile instead, we readily arrive at Ledoux’s inequality. This given we were
therefore led to apply our method of symmetrization by truncation to the inequal-
ity (1.8). We obtained the following counterpart of (1.6)

t

(t)
here f* denotes the non-increasing rearrangement of f with respect to the Lebesgue
measure and f**(t) = 1 fot f*(s)ds. Further analysis showed that, in agreement

with the Euclidean case we had worked out in [32], all these inequalities are in fact
equivalent” to the isoperimetric inequality® (cf. Section 3 below):

(f=@) = £7@®) < 7= VI (1),

Theorem 1. The following statements are equivalent (all rearrangements are with
respect to Gaussian measure):
(i) Isoperimetric inequality: For every Borel set A C R™, with 0 < v,(A) < 1,

Per(A) > I(ya(A)).

(ii) Ledoux’s inequality: for every Lipschitz function f on R™,

(1.9 [ 10senas < [ 9i@lana)

remained an open problem until it was finally removed by Borell [12]. For a nice survey concerning
these inequalities prior to 2002, see [22].

5In some sense one can consider half spaces as balls centered at infinity.

6In principle I could depend on n but by the very definition of half spaces it follows that the
Gaussian isoperimetric profile is dimension free.

"It is somewhat paradoxical that (1.1), because of the presence of squares, needs a special
treatment and is not, as fas as we know, equivalent to the isoperimetric inequality (for a partial
converse in this direction cf. [23]).

8The equivalence between (i) and (ii) in Theorem 1 above is due to Ledoux [23], see also [9]).
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(iii) Talenti’s inequality’ (Gaussian version): For every Lipschitz function f on
R™,

oy d
(1.10) (I ()I(s) < &
5 J{f1> 1 ()}
(iv) Oscillation inequality (Gaussian version): For every Lipschitz function f on
R™,

IV f(@)| dy ().

(1.11) (70 = 1) < 35 911" .

This formulation coincides with the corresponding Euclidean result we had ob-
tained in [32], and thus, in some sense, unifies the classical and Gaussian Sobolev
inequalities. More precisely, by specifying the corresponding isoperimetric profile
we automatically derive the correct results in either case. Thus, for example, if in
(1.9) we specify the Euclidean isoperimetric profile we get the Gagliardo-Nirenberg
inequality, in (1.10) we get Talenti’s original inequality [37] and in (1.11) we get
the rearrangement inequality of [1].

Underlying all these inequalities is the so called Pélya-Szego principle. The LP
Gaussian versions of this principle had been obtained earlier by Ehrhard!® [16].
We obtain here a general version of the Pdlya-Szego principle (cf. [18] where the
Euclidean case was stated without proof), what may seem surprising at first is the
fact that, in our formulation, the Pélya-Szego principle is, in fact, equivalent to the
isoperimetric inequality (cf. Section 4).

Theorem 2. The following statements are equivalent
(i) Isoperimetric inequality: For every Borel set A C R™, with 0 < v,(A) < 1

Per(4) > I(y(4)).
(ii) Pdlya-Szego principle: For every Lipschitz function f on R™,
VT (s) IV (s).

Very much like Euclidean symmetrization inequalities lead to optimal Sobolev
and Poincaré inequalities and embeddings (cf. [32], [29] and the references therein),
the new Gaussian counterpart (1.11) we obtain here leads to corresponding optimal
Gaussian Sobolev-Poincaré inequalities as well. The corresponding analog of (1.6)
is: given any rearrangement invariant space X on the interval (0,1), we have the
optimal inequality, valid for Lip functions (cf. Section 6 below)

(112) s = 7720 = rp 2

The spaces LS(X) defined in this fashion are not necessarily normed, although often
they are equivalent to normed spaces''. As a counterpart to this defect we remark
that, since the Gaussian isoperimetric profile is independent of the dimension, the
inequalities (1.12) are dimension free. In particular, we note the following result
here (cf. sections 6 and 6.1 below for a detailed analysis),

<|IVfllx-

X

9In connection with the Euclidean version of this inequality see also [28].

10For comparison we mention that Ehrhard’s results are formulated in terms of increasing
rearrangements.

HFor the Euclidean case a complete study of the normability of these spaces has been recently
given in [35].
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Theorem 3. Let X, Y be two r.i. spaces. Then, the following statements are
equivalent
(i) For every Lipschitz function f on R™

i,

(ii) For every positive function f € X with suppf C (0,1/2),

\/tlﬂs);fj)

Part II. Let ay and ax be the lower and the upper Boyd indices of X (see Section
2 below). If ax > 0, then the following statement is equivalent to (i) and (i) above:

(iii)

<Vl -

= fllx -
y

I =0 2

In particular, if Y is a r.i. space such that (1.13) holds, then

o],

1l < \

If 0 = ay < ax < 1, then the following statement is equivalent to (i) and ()
above
(iv)
11y 2 M lpsoxy + 11 e
In particular, if Y is a r.i. space such that (1.13) holds, then

1A lly < W Fllzscey + 11l za -

To recognize the logarithmic Sobolev inequalities that are encoded in this fashion
we use the asymptotic property (1.7) of the isoperimetric profile I(s) and suitable
Hardy type inequalities. Our result improves upon (1.2)

Corollary 1. (see Section 6.1 below). Let X = LP, 1 < p < oo. Then,

[ (=) 5) @0"2) = f1wsr o
In particular,

1*s”olp/gs x)|P x x)|P x
| rertoesprtas < [ 19r@p ) + [ 1@P ).

In the final section of this paper we discuss briefly a connection with concen-
tration inequalities. We refer to Ledoux [25] for a detailed account, and detailed
references, on the well known connection between IS inequalities and concentration.
In our setting, concentration inequalities can be derived from a limiting case of the
functional 1S inequalities. Namely, for X = L (1.12) yields

sy =50 { (70 = 1) T2} < sup 9417 () = 11,
We denote the new space L,1/2(00, 00) (cf. (7.2) below). Through the asymptotics
of I(s) we see that Ly ,1/2(00,00) is a variant of the Bennett-DeVore-Sharpley [5]
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space'? L(oo, 00) = rearrangement invariant hull of BMO. As it was shown in [5],
the definition of L(oco,00) is a reformulation of the John-Nirenberg inequality and
thus yields exponential integrability. L, ,1/2 (00, 00) allows us to be more precise
about the level of exponential integrability implied by our inequalities. In this fash-
ion, via symmetrization and isoperimetry we have connected the John-Nirenberg
inequality with the 1S inequalities.

In a similar manner we can also treat the embedding into L* using the fact that
the space L(oco,1) = L™ (cf. [1]).

Finally, let us state that our main focus in this paper was to develop our methods
and illustrate their reach, but without trying to state the results in their most
general form. We refer the reader to [31] for a general theory of isoperimetry and
symmetrization in the metric setting.

The section headers are self explanatory and provide the organization of the

paper.

2. GAUSSIAN REARRANGEMENTS

In this section we review well known results and establish the basic notation
concerning Gaussian rearrangements that we shall use in this paper.

2.1. Gaussian Profile. Recall that the n—dimensional Gaussian measure on R™
is defined by

2
|z

dyn(z) = (2#)_"/26_ 2 dxy...... dx.,.

It is also convenient to let

on(x) = (2%)_”/26_%,96 e R"”,
and therefore

(2.1) - On()dx =y, (R") = 1.

Let @ : R — (0,1) be the increasing function given by

o) = [ o
—o0
The Gaussian perimeter of a set is defined by
Per(Q) = On(x)dHyp—1(2),
a0

where dH,,_1(x) denotes the Hausdorff (n — 1) dimensional measure. The isoperi-
metric inequality now reads

Per(€) > I(7(2),
where I is the Gaussian isoperimetric function given by (cf. [23], [25])

(2.2) I(t) = ¢1 (@7 1(1)), t € [0,1].
12L(oo, 00)(R"™, dyn) is defined by the condition

1 t
sup (f**(t) = f*(t)) = sup ;/ (f*(s) = 7 (t))ds < oo.
o<t<1 0

o<t<1
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It was shown by Borell [11] and Sudakov-Tsirelson [36] that for the solution
of the isoperimetric problem for Gaussian measures we must replace balls by half
spaces. We choose to work with half spaces defined by

H.={z=(z1,....xn) 121 <7}, 7 €R.
Therefore by (2.1),
y(H,) = / 61(t)dt.
Given a measurable set 2 C R™, we let Q° be the half space defined by
0° = H,,
where r € R is selected so that
®(r) = v (Hy) = 1 ().
In other words, r is defined by
r=o" (1(Q).
It follows that
Per(Q) > Per(Q°) = ¢1(®7H(v,())).
Concerning the Gaussian profile I we note here some useful properties for our

development in this paper (cf. [23] and the references therein). First, we note that,
by direct computation, we have that I satisfies

-1

I )

and, as a consequence of (2.1), we also have the symmetry
I(t)=I(1—1t),te[0,1].

Moreover, from (2.3) we deduce that I(s) is concave has a maximum at ¢t = 1/2

with I(1/2) = (27)~'/2, and since I(0) = 0, then M = @ is decreasing;

summarizing

(2.3) I’ =

(2.4) 1(s) is decreasing on (0, 1) and % is increasing on (0, 1).
S S
Logarithmic Sobolev inequalities are connected with the asymptotic behavior of
I(t) at the origin (or at 1 by symmetry) (cf. [23])
. I(t)
(25) 20 t(2log1)1/2

2.2. Rearrangements. Let f : R® — R. We define the non increasing, right
continuous, Gaussian distribution function of f, by means of

Ap(t) = m{z € R" | f(x)] > t}), t > 0.
The rearrangement of f with respect to Gaussian measure, f* : (0,1] — [0, 00), is
then defined, as usual, by
F5(s) =inf{t > 0: \s(t) < s}, t € (0,1].
In the Gaussian context we replace the classical Euclidean spherical decreasing
rearrangement by a suitable Gaussian substitute, f° : R™ — R defined by

[ (@) = f7(®(21)).
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It is useful to remark here that, as in the Euclidean case, f° is equimeasurable with

f:

m{z: f(x) > 1}) = ym({z: f7(R(21)) > t})

n({z: ®(z1) < Ap(D)})

n({z a1 < OTHAf(H)})

1(=00, @71 (A (1))
(t).

()

i
2 2

I
> 2

2.3. Rearrangement invariant spaces. Finally, let us recall briefly the basic
definitions and conventions we use from the theory of rearrangement-invariant (r.i.)
spaces, and refer the reader to [6] for a complete treatment.

A Banach function space X = X (R") is called a r.i. space if g € X implies that
all functions f with the same rearrangement with respect to Gaussian measure,
i.e. such that f* = ¢g*, also belong to X, and, moreover, ||f||x = |lgllx. The space
X can then be “reduced” to a one-dimensional space (which by abuse of notation
we still denote by X), X = X(0,1), consisting of all g : (0,1) — R such that
g*(t) = f*(t) for some function f € X. Typical examples are the LP-spaces and
Orlicz spaces.

We shall usually formulate conditions on r.i spaces in terms of the Hardy oper-
ators defined by

P = [ feas ara= [ 1%

It is well known (see for example [6, Chapter 3]), that if X is a r.i. space, P (resp.
Q) is bounded on X if and only if the upper Boyd index @x < 1 (resp. the lower
Boyd index ay > 0).

We notice for future use that if X is a r.i. space such that ay > 0, then the
operator

ds
s(1+41logl/s)

Qf(t) = (1 +1log1/t)"/2 / £(s)

1/2

is bounded on X. Indeed, pick ax > a > 0, then since t* (1 4 log l/t)l/2 is increas-
ing near zero, we get,

<t (T+1log /) Y ds 1t ds
Q) = = [ S < [ 160 = Quio

and @, is bounded on X since ay > a (see [6, Chapter 3]).

3. PROOF OF THEOREM 1

The proof follows very closely the development in [32] with appropriate changes.
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(i) = (ii) By the co-area formula (cf. ) and the isoperimetric inequality

/|Vf V| d( / /W| | Onl@H @)

:/O Per({|f| > s})ds
2/0 I(Af(s))ds .

(ii) = (iii) Let 0 < t1 < t2 < 0o. The truncations of f are defined by
ta —t if | f(z)] > t2,
fip@)=q @)=t it < |f(@)] <t
0 if |f(x)] < tr.
Applying (1.9) to fff we obtain,
| 10gsonis< [ |v5i @)@
0 1 R™

{vfttf’ = |Vf‘ X{t1<|f|§t2}7

We obviously have

and, moreover,

(3.1) /OOO 1010 (5))ds = /O 10y (5))ds.

t1
Observe that for 0 < s < tg — 1

T (IF (@) 2 t2) < Apa (8) < (I f (@) 1) -

Consequently, we have

to—ts
32 [ 10y 6ds 2 (2 = ) min (T (7] 2 )1 (] > 1),
For s > 0 and h > 0, pick t; = f*(s+ h), t2 = f*(s), then
s < (IF(@)] 2 £7(5)) < Apra () <7 (If (@) f7(s + 1)) < s+ b,

Combining (3.1) and (3.2) we have,
(3.3)

(f*(s) = f*(s + b)) min(I(s + h), I(s)) < /{f U< ) [Vf(@)| dyn ()

h .
< / VI (t)dt

whence f* is locally absolutely continuous. Thus,
) = SR i (r(s + b, 1(s)) < 7/
h hiJ g sem<ini<s)
Letting h — 0 we obtain (1.10).

(iii) = (iv) We will integrate by parts. Let us note first that using (3.3) we have
that, for 0 < s < t,

IV f(@)| dyn ().

S

(3.4) SO = £0) € s [ VI ()
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Now,

= A(1),

where the integrated term [s (f*(s) — f*(t))]g vanishes on account of (3.4). By
2.4), s/I(s) is increasing on 0 < s < 1, thus

I o
o / 1(s) (1) (s)ds

1 tlro

= m/o <8s /{DMS)} IVf<x)|dvn(a:)> ds (by (1.10))
1
0 V()| dyn(z

<1 /{ iy [T @

t Hok
™ VAT (@)

(iv) = (i) Let A be a Borel set with 0 < v,(A4) < 1. We may assume without loss
that Per(A) < oo. By definition we can select a sequence { f,, }nen of Lip functions
such that f, X4, and

At) <

<

Per(A) =lim sup [V f,|l; -
n—oo
Therefore,

(3.5) lim sup 1()(f2"(t) — £2(t)) < lim sup / V£ (3)]" ds

n—oo n—oo

<tim sup [ V4] d,

n—oo

= Per(A).
As is well known f, X4 implies that (cf. [19, Lemma 2.1]):

() — % (t), uniformly for ¢ € [0, 1], and

n

fo(t) — x4 (t) at all points of continuity of x%.
Therefore, if we let r = 7,(A), and observe that x’"(¢) = min(1, }), we deduce

that for all t > r, fx*(t) — %, and f(t) — x%(t) = x(0,r(t) = 0. Inserting this

information back in (3.5), we get
%I(t) < Per(A), Vt > r.
Now, since I(t) is continuous, we may let ¢ — r and we find that
I(7n(A)) < Per(A),

as we wished to show.
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4. THE POLYA-SZEGO PRINCIPLE IS EQUIVALENT TO THE ISOPERIMETRIC
INEQUALITY

In this section we prove Theorem 2.
Our starting point is inequality (1.10). We claim that if A is a positive Young’s
function, then

' 0
4.1 Al(=f") (s)I(s — A(|Vf(x)]))dyn(z).
(41) (Cry o) =g [ AT

Assuming momentarily the validity of (4.1), by integration we get

(4:2) / A @) ds < [ A9 s o)

It is easy to see that the left hand side is equal to [p, A(|V f°(z)|)dvn(z). Indeed,
letting s = ®(x1), we find

| Al @) as = [ A=) @@)1@) /@) d
= [ A1) @) @)
— [ ANV @D,

where in the last step we have used the fact that

(=) (@(@))I(®(z1)) = (f7) (2(21))®'(21) = [Vf°(2)].
Consequently, (4.2) states that for all Young’s functions A, we have

AV (@))dyn(z) < | A(Vf(@)])dya(z),

R™ Rn

which, by the Hardy-Littlewood-Pdélya principle, yields

[ verds < [ 9 @,
0 0

as we wished to show.
It remains to prove (4.1). Here we follow Talenti’s argument. Let s > 0, then we
have three different alternatives: (a) s belongs to some exceptional set of measure

zero, (b) (f*)/ (s) =0, or (c) there is a neighborhood of s such that (f*)’(u) is not
zero, i.e. f* is strictly decreasing. In the two first cases there is nothing to prove.
In case alternative (c) holds then it follows immediately from the properties of the
rearrangement that for a suitable small hy > 0 we can write

h=yA{f" (s +h) <[f[< ()}, 0 <h <ho.
Therefore, for sufficiently small h, we can apply Jensen’s inequality to obtain,

1

1
h /{f*(s+h)<|f|§f*(s)}

AV (@) (@) > A (h /
L (s+h)<|fI<f~(s)}

V()| d%(ﬂﬂ)) :
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Arguing like Talenti [37] we thus get
0 13}
= I (O ROEY Ey VI d ()
STLF1>F7(5)} S TLF1> ()}
> A=) (9)1(9)),
as we wished to show.

To prove the converse we adapt an argument in [1]. Let f be a Lipschitz function
on R™, and let 0 < ¢ < 1. By the definition of f° we can write

£t~ £1(17) = (@@L (1)) — 17(3(c0))
- / IV £°] (s)ds
—1(t)

[ - // l(r)|Vf| s)dsdr.

Making the change of variables s = ®~!(2) in the inner integral and then changing
the order of integration, we find

rro-ra) =g [ vrieste) @) de
= [ 1@t @7 @) di g [ 0@ ) (070)

Thus,

=FO=F) 7 [ VeI (07 ) -

Since ®'(®71(2)) = ¢1(®71(2))) = I(2), we readily deduce that (®1(z)) = .
Thus,
O =) = o - )+ %/ 2|V /| (@71(2))%612,

0
and consequently

P - e =2 / 2V (cwz))ﬁdz
< t 1
ST

1 l(t) o !
- / RZECLIO

1 e(t) .
o / IVl

/ IVl (@1(2))dz (since t/I(t) is increasing)

< /0 IV £°|" (s)ds (since v (—o00, @ 1(t)) = ).

Summarizing, we have shown that

(f7(0) = (1) <
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which combined with our current hypothesis yields

(1O = £ O) < 75 V517 O < 705

0 VI @)

By Theorem 1 the last inequality is equivalent to the isoperimetric inequality.

Remark 1. We note here, for future use, that the discussion in this section shows
that the following equivalent form of the Pdlya-Szeqo principle holds

/((—f*)’(-)f(-))*(S)dsS/ IV£I" (s)ds
0 0

Therefore, by the Hardy-Littlewood principle, for every r.i. space X on (0,1),

(4.3) |1 @16)]| <1971

5. THE POLYA-SZEGO PRINCIPLE IMPLIES GROSS’ INEQUALITY

We present a proof due to Ehrhard [15], showing that the Pélya-Szego principle
implies (1.1). We present full details, since Ehrhard’s method is apparently not
well known and some details are missing in [15].

We first prove a one dimensional inequality which, by symmetrization and ten-
sorization, will lead to the desired result.

Let f : R — R be a Lip function such that f and f’ € L'. By Jensen’s inequality

@il = il [ i)

<l tn( [ 1ol ),

We estimate the inner integral using the fundamental theorem of Calculus: |f(z)| <
”f/”Ll 5 to obtain

/ [f @) I f ()| do < [[f]] g £

— 00

Applying the preceding to f? we get:

oo ) 1
| ls@P i@l <

— 00
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Using Holder’s inequality Hff/ HLl < | fll 2
the logarithm we find

f / HL2 , and elementary properties of

(5.1)

| 1@ mif@lds < 311 w2 1]

—o0
12
||f|| 4| £ ’f =
=7 2 L2
1£1172
2
AL 4Hf’ o f)2
- - L2 n L2 L2
4 £z
2
< ‘ f L2+Hf||L2 In||f|l,> (in the last step we used Int <t).

We apply (5.1) to u = (27re“’2)*1/4f(x) = ¢1(x)"/2f(2) and compute both sides of
(5.1). The left hand side becomes

| P mpuelde = [ 1@ (1) + ey ) i)

— 00 —0o0

— [ @il @)dn @) - 1028 1,

1

-1 U@l ),

while the right hand side is equal to

| :\f vy T 1 HPen (s / £ @) f(x)an ()
sz"/ fapatan@ + [ f@Pan)

/ f (@) f(@)zy (2)dw

We simplify the last expression integrating by parts the third integral to the right,

/ @) a2d () = —2 / F(@)2zd(((2m) 1 /2e="))

= @ )|+

— 00

1/OO((QW) V22 f(2) f' (@)x + f2(2)]de

/ F@)f @i ) + 2 17
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We insert this back in (5.2) and then comparing results and simplifying we arrive
at

o0 , 2
63 [ If@Pulfe)l e < |f] UG o 4 ey LY F e
In(27e?) 2
T IFIZ2 ) -

Let f be a Lipchitz function on R™. We form the symmetric rearrangement f°
considered as a one dimensional function. Then, (5.3) applied to f°, combined with
the fact that f° is equimeasurable with f and the Pdlya-Szeg6 principle, yields

64 [ 1f@F @)@ = [ 1@ 0@l

<[
In(2me?) | .2

+ = Iflz2qay

= V£ @720y + 11200 22
In(27e?) | .o.2

+ = 12 an)

= Y [ e Y [ e
In(2me?)

2
+ 2 -

2 2 2
L2(dm) TS IZ2(ayy) L2 (0

We now use tensorization to prove (1.1). Note that, by homogeneity, we may
assume that f has been normalized so that [|f|[;2(4,,) = 1. Let [ € N, and let F'

be defined on (R")! = R™ by F(x) = Hi::l f(xg), where x, € R,k = 1,..I. The
R™ version of (5.4) applied to F, and translated back in terms of f, yields

In(2me?)

L @ @] (o) < U+ 2

Therefore, upon diving by [ and letting [ — oo, we obtain
| 1@ P @) o) < 1971
as we wished to show.

6. POINCARE TYPE INEQUALITIES

We consider L' Poincaré inequalities first. Indeed, for L' norms the Poincaré
inequalities are a simple variant of Ledoux’s inequality. Let f be a Lipschitz function
on R™, and let m a median'3 of f. Set f* = max(f—m,0) and f~ = — min(f—m,0)

Bie vu(f >m)>1/2 and v, (f < m) > 1/2.
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so that f —m = fT — f~. Then,

Rn Rn Rn
= /0 A+ (s)ds +/O A (s)ds
=(4)

We estimate each of these integrals using the properties of the isoperimetric profile
and Ledoux’s inequality (1.9). First we use the fact that @ is decreasing on

0 < s < 1/2, combined with the definition of median, to find that
1

2X9(5)1(35) < I(Ag(s)), where g = [T or g = f.

Consequently,

4 < 5775 ([ rosnas+ [~ 10y )as)

IN

1
< 3103 < . VfH (x)dyn(z) + . Vf+(x)d7n(x)> (by (1.9)
1
- 575 L IVf @l ).
Thus,
(6.1) /]RW |f —m|dy, < 21&/2)/]1%” |V f(z)| dyn(x).

We now prove Theorem 3.
Proof. (i) — (ii). Obviously condition (1.13) is equivalent to
If=mlly =Vl

where m is a median of f. Let f be a positive measurable function with suppf

C (0,1/2). Define
1
ds
u(m):/ f(8)—, zeR"
P(xz1) [(S)
It is plain that v is a Lipschitz function on R™ such that v, (u =0) > 1/2, and
therefore it has 0 median. Moreover,

@' (1)

Vula)l = @)

—f(®(21))

It follows that
* ! dS * *
u(t) = / (s) 755 nd [Vul” ()= £°(0)

Consequently, from
[u=0lly = [[Vullx

/ 1 f(s)jfj)

we deduce that

= Ifllx -
Y
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(ii) — (i). Let f be a Lipschitz function f on R™. Write

1/2 ,
() = / (1) (s)ds + F*(1/2).

Thus,
1/2 )
1y = 15y <20 xoually < | [ (F) (s + £2/2) 1y
Y
1/2 N ds
< / 7Y )| +2 0l 1,

== @16+ 171,
<1V /Il (by (6.1) and (4:3)).

Part II. Case 0 <ax :
(ii) — (iii) Let 0 < ¢ < 1/4, then

2t 5 1/2 $) ds
renz [ rets [T et

therefore,

1/2 s) ds
el = | [ et

+ f7(1/2)
Y

PN
s
*
—~
~
~—

+77(1/2) (by (i)

tllx

+ 11l
X

PN
—
*
—
~+
~—

IA
~
*
—
~
~

(iii) — (ii) By hypothesis

vz ds V2 ds ) I(t)
| rogs Y<H</ / <s>I(S)>t )
Using that (see 2.5),

1 1
LS):\/logz\/l—i—log, 0<s<1/2
s s s
we have

</t1/2 8>§fjwl+log /f 1+10g = Qf(t).

Now. from ax > 0 it follows that Q is a bounded operator on X (see Section 2.3)
and thus we are able to conclude.
Part II. Case 0 =ax <ax < 1:

~
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(ii) — (iv) By the fundamental theorem of Calculus and (ii), we have

1/2 s
}UMMMﬂMij/ (5 = ) S+ /) iy
¢ %
<[ - x| i,
f(ﬁ%ﬂ—fﬁ»Mmpw>5Hx+nml
<Jo@-re?| v,
X

(iv) — (i) Let f be a Lipschitz function on R™, let m be a median of f and let
g = f — m. By hypothesis we have
1(t)

-7+l

nwyf\

From (see [1])
() = g7 () < Pg™(s/2) — g7 () (1) + 97 (t/2) — g7 (1),

and using the fact that K t) decreases,

P@%wm—g%@wﬂ¥2spw%wm—g%@%?xw
Therefore,
(CCEOE H (6/2 -9 |+ -0l
. .
g (t/2) - (t)IEf)’X (since @y < 1).

We compute the right hand side,

-] coi) ]
< l;«m*'@ﬂﬁdsx
< ?Z;*($H$@
X
ngléY—¢>@ﬂ@m8X

Summarizing, we have obtained

lglly = IV Fllx +llglly = IV Fllx  (by (6.1)).
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6.1. Feissner type inequalities. Theorem 3) readily improves upon Feissner’s
inequalities (1.2). Indeed, for the particular choice X = L? (1 < p < c0), Theorem

3 yields ) )
/ <(f ‘/ ! ) <5>If)) ds < / VF (@) dya(a).

In particular, using again the asymptotics of I(s), 0 < s < 1/2, we get

1*31’01’"/25 x)|” T x)” T
| rertoepprzas < [ 19r@p @) + [1@P ).

Moreover, the space LP (LogL)l/ 2 is best possible among r.i. spaces Y for which
the Poincaré inequality ||f — [ flly < [[Vf|lL» holds.
The case X = L°°, which is new is more interesting. Indeed, since I(t)/t de-
creases,
sup f*(t)it) <oo & f=0.
0<t<1 t
But Theorem 3 ensures that

6.2 — t) — — t) | —= =< ||V o -
o2 |((r-[1) w-(r-[1) 0) 2| <ivs,
Furthermore, for every r.i space Y such that

=[] =195
the following embedding holds

I
Iy = |0 - e 2| i,
LOO

Notice that due to the cancellation afforded by f**(t) — f*(¢), the corresponding
space LS(L*) is nontrivial. The relation between concentration and LS(L*°) will
be studied in the next section.

7. ON LIMITING EMBEDDINGS AND CONCENTRATION

Elsewhere 14 (cf. [30]) we shall explore in detail the connection between concen-
tration inequalities and symmetrization, including the self improving properties of
concentration. In this section we merely wish to call attention to the connection
between a limiting 1S inequality that follows from (1.11) and concentration. We
have argued that, in the Gaussian world, Ledoux’s embedding corresponds to the
Gagliardo-Nirenberg embedding. In the classical n—dimensional Euclidean case the
“other” borderline case for the Sobolev embedding theorem occurs when the index
of integrability of the gradients in the Sobolev space, say p, is equal to the dimen-
sion i.e. p = n. In this case, as is well known, from |V f| € L™(R") we can deduce

the exponential integrability of |f |nl (cf. [38]). A refinement of this result, which
follows from the Euclidean version of (1.11), is given by the following inequality

from [1]
{/f(f**(s) - f*(s))”cf}l/n < {/O“ |Vf($)|"dgg}1/n_

My particular the method of symmetrization by truncation can be extended to this setting.
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In this fashion one could consider the corresponding borderline Gaussian embedding
that results from (1.11) when n = p = co. The result now reads

a0 sw{ - roR 2 < v =1,

t<1

We now show how (7.1) is connected with the concentration phenomenon (cf. [25]
and the references therein).
For the corresponding analysis we start by combining (7.1) with (2.5)

1\'"/? 1
I(t) > ct (log t) , t€ (0, 5],

to obtain

- . £l Lip 1
=t —f (t)<(101L)1/27 t€(07§}~

t

Therefore, for t € (0, 1], we have

1/2 s
[ = fr(1)2) = /t (f7(s) = f7(s)) ds

S

1/2 1 ds
IVl [ s
t (logy) " ®

1\ /2
<2019l (o6 y) -

Thus, if A|||Vf[[|5, < 1,

1/2 1/2 1
/ AU 1/2) gy < / e(log EYIZIIES )dt
0 0

1/2 1
= — - dt< oo
o IV '

Moreover, since f** is decreasing we have

1 1
/ AT O=F(1/2))2 g4 < / AT (A=) = (1/2))% 11
1/2 1/2

Y2 e e (192
_ / A= (12 gy
0
This readily implies the exponential integrability of (f(t) — f**(1/2)) :

/ A@=1 (/D7 g (0) < oo,

and, in fact, we can readily compute the corresponding Orlicz norm.
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In this fashion we are led to define a new space Lj,,1/2(00, 00)(R™, dv,) by the
condition!®

k% * 1 1/2
(T2 Il oo = SUP (70 = (1) (logt> o,

Summarizing our discussion, we have

Hf||Llog1/2 (00,00)(R™,dvn) = ||Vf||L°o(]Rn’d7n)

and

Lyog1/2 (00, 00)(R™, dvy,) C el” R dyn)

The scale of spaces {Ligge (00,00)}acr, is thus suitable to measure exponential
integrability. When o = 0 we get the celebrated L(oco, 00) spaces introduced in [5],
which characterize the rearrangement invariant hull of BMO. The corresponding
underlying rearrangement inequality in the Euclidean case is the following version
of the John-Nirenberg lemma

0= 0 = () 0)
where f# is the sharp maximal operator used in the definition of BMO (cf. [5]
and [21]).

In fact, in our context the L(oo,00) space is connected to the exponential in-
equalities by Bobkov-Gétze [8]. Proceeding as before we see that (compare with

[81)

~1/2
- ) 297 @ (e ) o<t<s,

from where if follows readily that |V f| € el = fe L(00,00), and therefore if,
moreover [ f =0, we can also conclude that f € e”.
8. SYMMETRIZATION BY TRUNCATION OF ENTROPY INEQUALITIES

In this brief section we wish to indicate, somewhat informally, how our methods
can be extended to far more general setting. Let (92, 1) be a probability measure
space. As in the literature, we consider the entropy functional defined, on positive
measurable functions, by

Ent(g) = /gloggdu— /gdulog/gdu-

Suppose for example that Ent satisfies a 1S inequality of order 1 on a suitable class
of functions,

(8.1) Ent(g) < c/F(g)d;L.

Here T is to be thought as an abstract gradient. We will make an assumption that
is not made in the literature but is crucial for our method to work: we will assume

L5More generally, the relevant spaces to measure exponential integrability to the power p are
defined by

sup(f** (¢) - £*(6)(log 1) /7' < oe.
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that T' is *truncation friendly*, in the sense that for any truncation of f (see section
3) we have

(8.2)

h
L(fy7)
While this is a non standard assumption, as we know, the usual gradients are indeed

*truncation friendly*. In order to continue we need the following elementary result
that comes from [10] (Lemma 2.2)

(8.3) Ent(g) > —logllgllo/gdu

here ||g[|, = u{g # 0}. Combining (8.1), (8.2), (8.3) it follows that

~tog 2] [ sz < [100 xim<inns e

= L) X{hi<|f1<hor-

Clog A (h)e{hy < |f(2)] < ha} < o / D) X <1 1<naydit

(—log Ap(h)) (hs — k) (ha) < ¢ /{ o T

Pick hy = f*(s+ h), ha = f*(s), then

s(log ) (£°(s) = £(s+ 1) < [ D0 dp
{F*(s+h)<|fISf*(9)}

Thus,

L ()= frs e h) _ e

s(log ) — <7 L) do

/{f*(s+h)<|féf*(5)}
Therefore, following the analysis of Section 4, we find that, for any Young’s function
A, we have

A(sto8 H-109) < 4 ( Lo A(IF(f)I)du> .

Integrating, and using the Hardy-Littlewood-Pdlya principle exactly as in section
4, we obtain the following abstract version of the Pdlya-Szeg6 principle

[ (stos i) war< [ eeor war

This analysis establishes a connection between entropy inequalities and logarithmic
Sobolev inequalities via symmetrization. In particular, our inequalities extend the
classical results to the setting of rearrangement invariant spaces. For more details
see [30].
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