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Sharp Beckner-type inequalities for Cauchy and spherical
distributions

Dominique Bakry? Ivan Gentiltand Grégory Scheffer?
April 8, 2018

Abstract

Using some harmonic extensions on the upper-half plane, and probabilistic representations,
and curvature-dimension inequalities with some negative dimensions, we obtain some new opimal
functional inequalities of the Beckner type for the Cauchy type distributions on the Euclidean
space. These optimal inequalities appear to be equivalent to some non tight optimal Beckner
inequalities on the sphere, and the family appear to be a new form of the Sobolev inequality.

Key words: Cauchy distribution, Beckner inequality, curvature-dimension condition, Poincaré
inequality, Spherical analysis, Bessel processes, Stopping time.

1 Introduction

The so-called I's criterium is a way to prove functional inequalities such as Poincaré or loga-
rithmic Sobolev inequalities. For instance, let ¥ : R — R be a smooth function such that
V2 > pI with p > 0, then the probability measure

e w

where Z is the normalization constant which turns p, into a probability, satisfies both the

Poincaré inequality,
2
1
[ - ( / fdmp) <1 [ 191,

and the logarithmic Sobolev inequality

2
[ 2108 P = [ Panstos [ iy <> [ 195Pdy,
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for any smooth function f. More generally, the same hypothesis leads to a family of interpolation
inequalities between Poincaré and logarithmic Sobolev, namely, for any p € (1, 2],

P 2
([ ([ ) ) <2 e

where the case p = 2 corresponds to the Poincaré inequality and the limit p — 1 to the
logarithmic Sobolev inequality. The technics used to prove such inequalites are based on the I'y
calculus (the C'D(p,400) condition) introduced by the first author with M. Emery in [BES5]
(see also [BGL14]). This family is the so-called Beckner inequalities, proved for the usual

Gaussian measure, that is when ¢ = @, by W. Beckner in [Bec89] (in that case p = 1). Some
improvements of such inequalities can be found in [AD05, DNS08, BG10].

On the other hand, on the sphere S¢ C R%, with similar arguments, the following Beckner
inequalities can be stated, p € (1, 2],

P ([ aps— ([ 2raus) ) <2 [
p_1</fdﬂs </f pdus))éd/\vﬂdﬂg,

see [BGL14], where in this situation, p = d — 1.

It is important to notice that all Beckner inequalities (for the spherical and the Gaussian
models) are optimal in the sense that constants in front of the right hand side are optimal.
However, only the constant functions saturate these inequalities when p # 2.

The aim of this article is two-fold. First, we explain and improve in a general context the
method introduced by the last author [Sch03] to obtain some new optimal inequalities. This
method is mainly probabilist, and makes strong use of various processes associated with the
underlying structure behind the inequalities. He used this method to obtain an optimal Poincaré
inequality under a C'D(p,n) condition, which is a stronger form of the condition V2 > pld,
and without integration by parts, which apply even for non symmetric operators. This method
is rather technical and is based on the C'D(p, n) condition with a negative dimension n, together
with a construction of some sub-harmonic functional. Stochastic calculs is also a main tool of
our approach.

Secondly, revisiting unpublished results of the last author, we apply this method to obtain
Beckner inequalities for the generalized Cauchy distribution, that is the probability measure on
R? with density )

dvy(z) = 72(1 n |x‘2)bdm
where b > d/2 and Z is the normalization constant. This measure does not satisfy any
CD(p,+00) condition with p > 0 but some C'D(0,n) condition with n < 0, as will be explained

with in detail in the paper. We prove the following new optimal family of inequalities,

2% [/deVb_ (/ fz/”dvb>p] < (b_ll)/r(f)(u ly|?)dvs.

where b >d+1andpe [1+1/(b—d),2].

When p = 2 we recover a weighted Poincaré inequality proved by Nguyen [Ngul4] (see also
others approaches in [BL09, BJM16, ABJ16]).

More surprisingly, this family is equivalent to the following one on the sphere S¢,

p 16
2 < 2/p /
/h dps < A </ h dus) + (m+2—-d)(3d—2+m) Ls(h)dps,




where
m>2d+2, p=1+

1,2

and A > 1 is some explicit constant to be described below, converging to 1 as p converges
to 1, or equivalently when m converges to infinity. This inequality appears to be a non-tight
inequality, that is constant functions are not optimal. On the other hand, this last inequality
is optimal with explicit extremal functions. Moreover this new family of inequalities, or more
precisely its behavior when p converges to 1, appears as a new form of a Sobolev inequality on
the sphere, as many other ones described for example in [BCLS95].

The paper is organized as follows. In the next section, we describe the curvature-dimension
condition C'D(p,n), even for negative n, and derive a general form of associated sub-harmonic
functionals. In Section 3, we define an operator related to the generalized Cauchy distribution,
and show that it satisfies the generalized curvature-dimension condition. In Section 4, we prove
the new Beckner inequalities for these generalized Cauchy distribution. Finally, in Section 5, we
prove the non-tight Becker inequalities on the d-dimensional sphere and show how they relate
to the Sobolev inequality.

Notations: In all this paper, d will be the dimension of the main space, and satisfies d > 1.
For every X, Y ¢ R, X .Y = Zle X;Y; is the usual scalar product and |X|? is the Euclidean
norm in R,

2 General properties on curvature-dimension condi-
tion

Let (M9, g) be a smooth connected d-dimensional Riemannian manifold and A, its Laplace-
Beltrami operator. The associated Ricci tensor is denoted Ricy. For any diffusion operator
L on M (that is a second order semi-elliptic differential operator with no zero-order term,
see [BGL14]) we define the so-called carré du champ operator

CE(F, f) = TH) = GG — SLF,
and its iterated operator
CE(f, £) = TH(f) = SLTu(f)) - TH(S, L),

for any smooth function f. We note I' (resp. I'y) instead I'” (resp. I'¥) when there is no possible
confusion.

2.1 Definitions

Definition 1 (CD(p,n) condition) An operator L = Ay + X with X a smooth vector field
satisfies a CD(p,n) condition with p € R and n € R\ [0,d) if

Da(f) 2 pT(7) + (L) 1)

for any smooth function f.



As we shall see of the proof in Lemma 2, this condition will never hold when n € [0,d) but we
will extend it for n = 0.

Lemma 2 ([Bak94]) Foranyp € R andn ¢ [0,d] the operator L = A+ X satisfies a CD(p,n)
if and only if
—d X®X
" S (Rie(L) - ) > ==, (2)
and when n = d it reduces only to X = 0 and the condition becomes Ricy > pI'. In the definition,
Ric(L) = Ricg — Vg X where VX is the symmetrized tensor of V.X.

Proof. — For completeness, we give a sketch of proof of this result which can be helpful for the
rest of the paper. For any smooth function f, the Bochner-Lichnerowicz-Weitzenbock formula
states that (cf. [BGL14, Sec C.5]),

To(f)=||V?f|[3.. + Ricg(VL, V) = VXs(V, V) = |V fll3g + Ric(L)(VL V),  (3)

where ||V2f||p.s. is the Hilbert-Schmidt norm of f. On a fixed point € M, we choose a
local chart such that the metric g = (g; ;) is the identity matrix at the point z. In that case,
V2f = (V;,;f) is a d-dimensional symmetric matrix denoted Y, I'(f) = Zle(& f)? and let
denote Z = V f. Since Z” 1 Y2 = tr(Y?), the CD(p,n) condition (1) becomes
1
tr(Y*)+Z-RZ > pZ -7 + — ~(t tr(Y) + X - 2)%,

where R is a matrix representing the coordinates of the tensor Ric(L) at . One can choose a
new base in R? such that Y is diagonal. If we denote again Z in the new base in R?, we have
to prove such inequality, for every vectors (Yii)1<i<q and (Z;)1<i<d,

ZY2+Z RZ > pZ -7+~ ZYZMLX 7).
; =1

By taking Y;; all equals, from Z é(zZ 1 Yii)?, the previous inequality is equivalent to

=1 u
d
O Vi) +Z-RZ>pZ-Z+~ ZY“JFX Z)2.
i=1 i=1

1
d

Let y = Zf 2 then the inequality becomes

2
1
Y v Z.RZ>pz-Z+- (y+X'Z)2.

d
In other words, the C'D(p,n) condition is satisfied if and only if, for every y € R and, Z € R?
2l Ny iz R )z - Lx 22 >0
y d n yn p n = .

Then, either n = d, then we need to assume that X = 0 and Z - (R — pId)Z > 0, either
1 — 1> 0 (with translates to n ¢ [0,d]) and for any vector Z,

2
(XnZ) < nndZ-(R—pId)Z

that is condition (2). ]

On may know define the tensor curvature-dimension condition, T’C'D(p, n).



Definition 3 (T'CD(p,n) condition and quasi-models QM (p,n)) Let p € R, n € R\ {d}
and an operator L = A + X with X a smooth vector field.

o L satisfies a TCD(p,n) condition if

(Ric(L) - pT') > = ‘f X (4)

n—d

n

when n # 0, and
—d(Ric(L) — pI') < X ® X,

when n = 0.

e The operator L is a quasi model QM (p,n) if
(n —d)(Ric(L) — pl') = X ® X. (5)

Indeed, this new definition allows us to extend (1) when n € [0,d), and we shall see later crucial
examples of such operators, which are even quasi-models.

2.2 Sub-harmonic functionals

In this section, we construct sub-harmonic functionals from harmonic functions under TC'D(p, n).
We systematically explore the most general ones, in view of further use.

The next result is rather technical, and we shall see in the next sections how it leads to
Poincaré inequalities or Beckner inequalities.

Theorem 4 (Sub-harmonic functionals under TCD(p,n) or QM (p,n))

Let @ : I x [0,00) = R be a smooth function (I C R), and denote ®; and ®;; its first and
second derivatives, i,j € {1,2}. Let L = Ag+ X, where X is a smooth vector field.

We assume that L satisfies TCD(p,n) with p € R and n € R\ (0,d) (or QM(p,n) with
n # d). Then, if F : M +— I is smooth and satisfies L(F') = 0, then L®(F,T'(F)) > 0 as soon
as, at any point (y,z) € I x [0,00),  satisfies, either

(@2 > 0;
1—-d
(I)Qn_'_id + 2Pg9z > 0;
"Nl (6)
(n — d) (’I”L(I)Q + 2(n — 1)2’(1)22) > 0;
(I)%QZ >0,
n@g + 2(71 — 1)@222

20D + 17 — 2(n — 1)
\

either
(I>2 = 0;
@222 = 0;
(7)
P92 = 0;
®112 20,
either
¢y =0;
Doz > 0; (8)

BBy — 97, > 0.



Remarks 5 Whenn ¢ [0,d], condition @2%—1—2@22,2 > 0 is contained into <I>2+2”T_lz<1>22 >
0. Hence, provided that n ¢ [0,d], then (6) boils down to

Py > 0,
(I)Q—I—Qn_

1
Z(I)QQ > 0, (9)
@%22 >0
n®y + 2(n — 1)(1)222 -

2pP5 + 17 — 2(n — 1)
It is interesting to notice that when n ¢ [0,d] the dimension d does not appear in the previous
conditions (9).

Proof. — The proof is an extension of the proof of Lemma 2.
If LF = 0, then from the diffusion property of L (cf. [BGL14, Sec 1.14]),

L(®(F,T(F))) = ®LT(F) + ®111(F) + 20T (F, T(F)) + ®9o'(T'(F),T(F))
= 20919 (F) 4+ ®111(F) + 2121 (F, D (F)) 4+ ®ooT'(I'(F), T(F)), (10)

since LI'(F') = 2I'y(F') when LF = 0, for simplicity we note ®;; = ®;;(F,I'(F)). At some point
x € M, we write all the expressions appearing in L(®(F,T'(F))). From (3), they make use only
of VVF and VF. We chose a system of coordinates in which at this point the metric g is
identity, VVF is diagonal, with eigenvalues (\;)i1<i<4. The components of VF' are denoted Z;,
and the components of X are denoted X;.

Since L(F') = 0, the constraint can be written,

d d
==Y ZX
=1 =1
and
d d d
T(F,T(F)=2> NZ7, T@(F),T(F)=4) X7}, T(F)=> 7.
=1 =1 =1

From the T'C'D(p,n) conditions and (3), the I'y operator has a lower bound,
d d

Z)\2+R1C ZA$+pZZ2+—(ZZX) .

Under the TC'D(p,n) this is an inequality and we need to assume that n ¢ (0,d) and when the
operator is a quasi-model QM (p,n) we only need to assume that n # d and this is an equality.
Since ®3 > 0, from (10), we just have to minimize the following expression,

—L@(FF( 2@2(ZA2+pZZ2+—(ZZX> )

d d
+ @1 Z T} 4015y NZ7 + 409 Y N Z]
=1 i—1 i=1

for all (\;) and Z;, under the constraint Zgzl A = Z?:l X Z;.



Let z = Z?:l Z? =T(F) and Z? = z;, then the expression becomes by using the constraint
(after dividing by 2)

d d d d
1 2 P
@2( E )\12 + pz + m( E )\Z) ) + iZ + 2®q9 E Nizi + 2Py E )\1221
=1 i=1 =1 =1

We first optimise on the simplex {z; > 0, 3% z; = 2z} where z > 0 is fixed. We first observe
that the expression is affine in z;. The vector (z;)1<i<q belongs to the simplex {y; > 0, Zle z; =
z}, so that the extremals of this expression ((\;)i<i<q and z > 0 are fixed) is obtained at the
one of the extremal point of the simplex. That is one of the z; is z and all the other are 0.
Assuming that z; = z # 0, one is now led to minimize

d d
o 2 ()
A2 (D + 2D9y2) + 2B15\ 2 + By Z; N fd(; Ni) 20+ %)
= =
n+1—d -
= 2@, T T | 94,2 +)\1(

n—d

n(I)—zd Zz;)\2>
d 1 d ) .
+oa (LN 5 () ) +=(0+ )
=2 =2

Then, we minimize in A;. This imposes the second condition of (6), that is

1—d
@2L+2¢222>0,
n—d

recall that z = I'(F"). And the minimizer is given by

LEELE) o <I>2<zd: A2+ nid@iin)Q) +2(@ap + &) (P22 + 72 L )’
=2 =2

2 CI)anLif + 2P902

Let assume that ®3 > 0. Decomposing the vector A = ();)2<i<q into a vector parallel to
(1,---,1) and a vector u = (u;)2<i<q orthogonal to it, that is A = A(1,--- ,1)+u with Zng u; =
0. From this decomposition, we have Z?:z Ai = (d— 1)\ and

d d

SN =D w)? = (d— 1A

=2 =2

We see that we are bound to find the minimum in X\ of

(d=1)®2 )¢’2
d— 1)2 Pqq ((I)122 + )\)
o —1)\? (d=1)" b it 25
2((d = )22 4 n?) 4 2(@ap + 1) q)n+1d+2q)22z
@Q(d — 1) (nq)g + Z(n — 1)2‘1’22) 2(d _ 1)‘132(1)122:
n+1 d +A n+1 d
(n d)(‘I) —=d +2(IJQQZ) (n—d)(@ —a —|—2(IJQQZ)

<I>%2,z Py
- +2(@ap+ =)
Dy tLod | 96y 2 g

— )2




Then, once again, to get a minimizer in A, we also need
(n —d)(n®y + 2(n — 1)Pg92) > 0,

which is the third assumption in (6). Then, the minimizer is

L(®(F,T(F))) _ (d—1)Py®)2>
2 - (n — d)(?”LQ)Q + 2(n — 1)2’@22)(@2 n+1 d + 2(1)222:)
2,22 ( Py —Zz(n —1)o% 011
4 2(®op + —) - (<1> + —) >0,
(I) n+1 d + 2090z 20 2 n®s + 22(” - 1)(1)22 b 2

which is the fourth assumption in (6) since z > 0.
When @5 = 0 as some point (y, z), we follow the inequality to check the assumptions needed.
|

Corollary 6 (Sub-harmonic functionals under TCD(0,n)) Let assume that L = A + X
satisfies a TC'D(0,n) with n < 0. Let 0 be a positive and smooth function on an interval I C R
such that

2" =Lz < pg. (11)
Then for any function F' : M +— I such that LF = 0,
L(O(F)I'(F)) > 0. (12)
In particular, for any € [n/(2 —n),0] and nonnegative harmonic function F,
L(FPT(F)) > 0.

When n goes to —oo, the condition (11) on 6 degenerates into 26’ < #9”. This means that
the function ® such that ®” = 6 is admissible : ® is convex and 1/®” is concave.

Moreover, when n € (—00,0), the extremal case is given when 6(x) = 2/~ where (11)
is an equality.

Although we shall mainly use Corollary 6 instead the general result Theorem 4, the proof in
this last case is not really simpler than the general one.

3 The operators ng)

Definition 7 (The operators ng)) For anyt >0, m > 0, z € R, and any bounded func-
tion f:R*— R, let

1 flyt+ )
elmd) J (14 Jyl2) ™

(13)

where

1 (2) d/2
Cc m,d = JFdd 4

1s the normalization constant, such that Qt (1) = 1. In other words, for anyt > 0,

z/ﬂwM%@%



where the kernel q; is given by

1 tm d
M) (82 4 o~ yf2) "

qt(z,dy) = o

The probability measure
_m+d
(L+y) ™" dy

c(m,d)

in RY, with m > 0, is known in statistics as the multivariate t-distribution with m degrees of
freedom. There is a huge literature on the subject, see for instance [KN04].
Through an integration by parts (or from the computation of normalization constants) we
may notice the useful formula,
c(m,d) m—2

c(m—Q,d):m—Q—}—d7 (16)

for any m > 2.

Proposition 8 (Harmonicity of Q,gm)f) Let m > 0. For any smooth and compactly sup-
ported function f, the map (0,4+00) x R > (t,z) th)(f)(x) is solution of the elliptic
equation A(m)QEm)(f) = 0 where

1 _
A = Ay + 92 + Tmat. (17)

Proof. — This can be proved directly on the expression of the kernel (15). n

From Proposition 8 (or from a direct computation) the operators (Q§m))t>o admit an another
formulation. Let (Z5)ss0 = (X5, Y:)s50 € R? x R be a diffusion process with generator A(m)
starting from (x,t) € R? x (0,00). That is (X;)s>0 is a Brownian motion up to a factor v/2 and
(Ys)s>0 is independent of (X)s>0 with generator 07 4+ 15724

The process (Y5)s>0 is a Bessel process with parameter m starting from ¢ > 0. When m > 0,
the stopping time S = inf{u > 0, Y; = 0} is finite a.s., and since ng)(f) is a solution of the
elliptic equation (13), from It6’s Lemma, or Dynkin’s formula [(¥k03, Sec 7.3]

Q™ (f)(x) = Eua(f(Xs)), (18)

for every smooth and bounded function f. In other words since, S and (X;)s>0 are independent,
if o,,,(s,t)ds denotes the law of the hitting time S starting from ¢ > 0,

Q™ (f)() = /0 T Pof(@)om(s. 1)ds, (19)

where (P;)s>0 is the heat semi-group in R? associated to the Euclidean Laplacian A. From the
definition of the operators ng) and the definition of the the equation (Ps)s>0,

Ffl@) = /f(y) P ( B . Zsy|2> (47r(iy)d/2’

and this gives a way to compute the law o, of the hitting time. One obtains, for any ¢ > 0, the
probability measure

1 t™ exp(—t2/4s)
QmF(m/Q) gm/2+1

om(s,t)ds = ds. (20)



This formula can also be found for instance in [BS96].

The map (t,s) — on(t, s) satisfies

1—-m
65 - 3t2t + Tat,

with Dirichlet boundary conditions, o,,(¢,0) = 0 for every ¢ > 0, and 0,,(0, s)ds = Jp(s). We
recognize in the RHS the generator of the Bessel process. This phenomena is universal and has
nothing to do in particular with Bessel processes, see for instance [Pav14, Sec 7.2].

From this observation and an integration by parts, one recovers that the map (¢,z) —

ng) f(x) satisfies the elliptic equation A(m)ng)( f)=0.

Lemma 9 Let m > 0 and p € (0,m/2), then for any smooth and bounded function g,

Eual8"0(Xs) = P ol ) o),

In particular, when p =1 and m > 2,

2 m2)
E, Xs)) = 77— . 21
(50(Xs)) = 55 Q" ) (@) (21)
Proof. — The formula comes from a direct computation since we have
1 o _mtd_ |z —y>2 2
E,1(SPg(Xs)) = P ! - — —)dsd
(57 Xs)) 2mr(m/2)(4ﬂ)d/z/9(y)/0 s eXp( 4s 4s> i
I'(3 —p)
= t2p 2 /Ps m— ds.
2mT (m,/2) (4)4/2 9(y)om—2p(s)ds
|

Lemma 10 (TCD and QM conditions for AU™)) For any m # 1, the operator AU™ on
R x (0,00) is a quasi-model QM (0,d — m + 2). And for any m < —1 or m > d + 2, A(™)
satisfies the TCD(0,d — m + 2) condition.

Proof. — For that model,
1—
A(m) - ARd+1 + Tmat,

that is X = 1=29,. Then Ric(L) = 1;27”(815)2 and X ® X = (1;;71)2 (0;)? and the result follows

from the definition (5). ]

4 Beckner and ¢-entropy inequalities for Cauchy type
distribution

4.1 Beckner inequalities for Cauchy type distribution

Let f : R+ [0, 00) be a smooth and compactly supported function, and let F'(¢,z) = ng)(f)(a:)
with m > 0.

10



Let 8 € R. From proposition (8), F is A(™)-harmonic, and then
A (FF2) = (5 4 2)(8 + 1) FPTA™ (F).
and, as in Section 3, we can write,

Euy(F(Zs)+2) = By y(F(Z0)°2) + (B +2)(B + 1) /0 By (PP (2T (F)(Z) ly<s)ds,

where (Zs)s>0 is the Markov process in Rt with generator A(™). Since F(Zs) = f(Xs),
from (18) we have the general equation,

m m & (m)
QM (1742) = QUM (£)P2 + (B +2)(B + 1) / By (PP (Z)TA (F) (Zo) es)ds.  (22)
0
Again, from Dynkin’s formula applied to F'BFA(m)(F), we have
Eps(FA(Z)TA™ (F)(Zs) ly<s) =

By i (FP(Zs)TA™ (F)(Z5)o<s) = Bus( / * Lpra (F))(Zu)dullyss ).

s

In other words,
QI () = QI ()2 = (B +2)(B+ 1) Ean(SFP(Zs)TA™ (F)(Zs)) ds

00 S
—(B+2)(B+1) /0 Em( / L(Fﬁl‘A(m)(F))(Zu)du]lsgg)ds. (23)

S

Let now assume that m > d + 2, and let denote n = d — m + 2 (n < 0). Let also assume
that 8 € [32-,0] (that is 8 € [-1+ —2-,0], -2 > 0). Since n < 0, A(™ satisfies TC'D(0, n)
(Lemma 10) and from Corollary 6,

L(FPTA™ (F)) > 0.

The equation (23) becomes

QU (F42) < QM ()P + (B+2)(B+1) /0 " By (FP(25)05 (F)(Zs) lacs)ds,

The right-hand-term can be written
| BB 290 (0)(Zs)cs)ds = EndSF (290" (F)(Zs)).
0

Starting form Zy = (x,t),
FP(Z)T2" (F)(Zs) = f2(Xs)T2™ (F)(Xs,0) = 2(Xs) [T(f)(Xs) + (0:F)*(Xs,0)],

since DA™ (F) =T'(F)+(0;F)? where T is the carré du champ operator associated to Euclidean
Laplacian in RY. From Proposition 8, since m > 1, 3;F(x,0) = 0 then

FP(Zs)T(F)(Zs) = f*(Xs)T(f)(Xs).

We can now apply Lemma 9, to get
2

Q) = QM) < (B+2)(B+1); Q" (TS (24)

(m—2)
Changing f%2 by f? and p = B + 2 we have obtained

11



Theorem 11 (Beckner inequalities for Qt ) For anym > d+2 and p € 1+ -2%,2], and
for any smooth function f > 0

22

<= Q" 2(1(1)). (25)

L (@M - Q) < =

p—1

When p =2 (m > d+ 2), we obtain the Poincaré inequality for every smooth function f,

12 5
Q" () - QM () < Q"I (). (26)
(m —2)
For t =1 and « = 0 in the previous inequality, we have obtained the Beckner inequality for the
Cauchy distribution —— L .
' ) (12 2
So, for any m > d+2and p € [1 + ,2] one has,

p 1 12 1 f2/p p
p—1 L(m,d) / (1+ [y]?) 5" @ - <c(m,d)/(1+|y o dy) ]

2 1 r()
m—20(m—2,d)/(1+|y| )m+d zdy. (27)

The inequality can be written as a weighted Poincaré-type inequality for a generalized Cauchy
distribution. Let define for b > %, the probability measure

1 1

M= o a PP

and replacing b = (m + d)/2 in the previous inequality, we have obtained, using (16),

Theorem 12 (Beckner inequalities for Cauchy distribution) For anyb>d+1 andp €

1+ 532,
p%l [/deVb— </ f2/pdyb)p] < (bil) /F(f)(1+ R (28)

for any smooth and nonnegative function f.
Moreover, the inequality is optimal, that is, fixzing p € [1 + ﬁ, 2], the constant ﬁ is the

best possible in the inequality (28).

The case p = 2 can be extended to any smooth function f (not only nonnegative function).
Then we obtain the following result, proved in [Sch01], and also rediscover in [Ngul4].

Corollary 13 (Poincaré inequality for Cauchy distribution) For anyb > d+1, the mea-
sure vy satisfies a Poincaré type inequality,

/}%w—(/f@QQSH;;Q/fuerw%wm (29)

for any smooth function f. Moreover, functions y +— y; with 1 < i < d are extremal functions.

12



Proof. — We only have to prove optimality. Apply the Poincaré inequality (29) to the function
y — y; for some 1 < i <d,

(5?) < 5l + 1018 = 5 (1 (vl

2(b—1)
or equivalently
1 2 1 2
— < — (1 .
dVb(’y‘ ) < 2(b — 1)( + vp([y[%))

But this last one is an equality since, from (16), v,(|y|?) = 2b—d2—d' ]

Remarks 14

o Inequality (28) is equivalent to (25); indeed we only have to replace the map y — f(y) by
y = [ty + ).

e We cannot reach the logarithmic Sobolev inequality, since in our computation p > 1+ 1/b
and this inequality would require a limit p goes to 1.

o A Taylor expansion with e — 0 in inequality (28) with f = 1+eg implies back the optimal
Poincaré inequality (29), since

s o ()] - f o f )

We do not know if there are extremal functions apart of constant functions.

+ o(?).

e Corollary 13 has also been proved by Nguyen [Ngul4, Cor. 14], using the Brunn-Minkowski
theory (see also the approach in [BL09, ABJ16]).

In the one dimensional case, the exact value has been computed by Bonnefont, Joulin and

Ma in [BJM16, Thm 8.1]. Their result is more general, since they compute the optimal
constant for every b > 1/2. The constant of (29) with d =1 is

1
i b>3/2
20 1) ' 3/

@oTe if 1/2<b<3/2.

It is interesting to notice that there are two regimes, depending on the range of the param-
eter b. Actually, we are not able with our method to reach this range, even in dimension 1.

o Applying inequality (28) to the function x — f(v/2bx), then, when b — +o0, the inequality
becomes the optimal Beckner inequality for the Gaussian measure v in R?,

S [ [ - < / f2/”dv>p] <2 [r(pn,

for any smooth and positive function f. This inequality is proved by W. Beckner [Bec89].
In that case the inequality holds for any p € (1,2], and the limit case (when p — 1) leads
to the optimal Logarithmic Sobolev inequality for the Gaussian measure.

13



4.2 Tightness of the inequalities

We are interesting in the tightness of inequality (25), in the sense of the curvature-dimension
condition.

Lemma 15 (Taylor expansion of (ng)) For any m > 4, we have

(m) _ A A? "
Q, _1d+2(m72)t2+8(m72)(m74)t + o(th). (30)

Proof. — One can check directly on the formula. On the other hand, one can deduce the formula
with functional analysis, at least formally. Since ng) is A(™)_harmonic from Proposition 8 then,

from the functional analysis point of view, ng) is a function Gy, (¢, A). From the definition (17)
of AU the function G,, satisfies for t > 0, z < 0,

1—
2Gom(t,2) + —— 0, G (t, ) + B2 G (t, ) = 0,

with the boundary conditions G,,(0,z) = 1. Solution of such differential equation is given by,
Gm(t,x) = Hy(—t2x) where H,, satisfies for any \ > 0,

ANH] (N) = 2(m — 2)H,,(\) — Hp(\) = 0.
An asymptotic development of Hp(A) =, cpA? gives ¢g =1 (since G (0,2) = 1) and

1
C = C
P T o+ D2p—m+2) "

For the forth order Taylor expansion of ng), we get (30), that is ¢; = m and ¢y =
1

Sim—D)(m-2)° .

This Lemma is fundamental. The Taylor expansion in (25), or equivalently in (26), gives in
return the C'D(0,d) conditions. We say then that the inequalities are I's-tight and nothing has
been lost in term of curvature-dimension condition (1), in other words the Taylor expansion of
the inequality implies the C' D(0, d) condition.

To see that, it is enough to compute the Taylor expansion of the inequality (25), when t
goes to 0. It is important to fix g = mji'd -1+ % the extremal bound of the admissible
interval of 3.

It is clear that the zero order terms vanish, it is also not difficult to observe that the second
order terms also vanish. Therefor we only have to compute the fourth order terms and we obtain
the following expression,

(B+2) (6+2)(B+1)

1 2/ pB4+2y B—1 A2 81
S(m = 2)(m = )A(f ) 8(m_ég(m_z)f A*(f) — S(m — 2)2 A <
6(6+1)(B+2) -1, BB+D(B+2) 54
2(m — 4)(m —2) LT + 1m —d)(m = )f A(NHT(S)
(B-1)B(B+ 1)(B +2) B+1(B+2)

+ I (f)? +

3
Tm— 2)(m - 2) fPAL(f).

4(m — 4)(m — 2)

Expanding the term A?(f%+2) (recall that 8 = 2= m+d) after a bit of algebra, we finally get,

D(AT()) BB - 1))
f >

B+1
dg+1)—-2p

Lao(f) = (Af)? =8 (31)

14



First, observe that if 8 = 0 that is m = d + 2 then the previous inequality becomes

Da(f) > H(Af)?

in others words we recover the C'D(0, d) condition of the Laplacian A.
It is more subtle to notice that, for any 8 € (—1,0) fixed, inequality (31) implies the
same condition C'D(0,d). It is more tricky since, taking f = 1 4 g with ¢ — 0, then (31)

already implies I'a2(g) > d(ﬁfﬁ(Ag)Q which is the C'D(0, W) condition, weaker than

the C'D(0,d) condition, since W > d. The way to recover the C'D(0,d) condition is to
replace f by ®(f) in (31), where ® is a smooth function.
The diffusion properties in (31) one has,

Iz
2(Ta(f) — a(Af)?) + @"T(f)*(1 —a) — C%F(W + '@ (f,T(f)) — 2aAfT(f))

P 2 s o) 2 0

—2b
¢

where a = d(ﬁ-ﬁ%’ b= —2pand ¢ = —3(f — 1) and for simplicity we omit the variable f in

the function ®. It implies that the quadratic form with respect to the variables ®', ®2/® and
®” is positive, then the determinant of its matrix is positive. We get

SH N

Ta(f) > ac — a® 1 —b* —c—b*a (I‘(f,I‘(f))>2

(Af)* + (c(a_—l)—b2 d) (Af)* + A(c(a —1) — b2) L(f)

v +ac T(f,T(f))
T e - g -

f.

After an unpleasant computation, the inequality is independent of £, and may be written as

follow
2
na(f) > a7+ 5 (P - gar)

which is a reinforced C' D(0, d) condition.
Indeed, in all these computations, we could have replaced the Laplace operator A in R? by
any operator satisfying the C'D(0,d) condition. Then we could have constructed the associated

ng) operator through (19), and obtain also a similar family of Beckner inequalities for this
ng), still equivalent to the starting C'D(0, d) condition. The main difference in the Euclidean

case is that then the family of inequalities for ng) (z) reduces one for ng) (0), through dilations
and translations.

4.3 P-entropy inequalities for Cauchy type distribution

We can extend Beckner’s inequalities to a general ®-entropy inequality. For any convex function
® on an interval I C R, let us define the ®-entropy for measure p (or a kernel) and a function

fonl,
el (F) = [ (P~ o( [ i),

Section 4.1 can be easily generalized to ®-entropy.

15



Definition 16 (n-Admissible functions) Let ® : [ — R be a smooth function on an interval
I CR andlet n <0. We say that ® is n-admissible if " >0 on I and (@”)%Tn is concave.
In other words, ® is n-admissible if and only if ®” > 0 and moreover
2" =L @2 < grpW
n — Y

that is 0 = ®" satisfies condition (11).

When n goes to —oo, an (—oo)-admissible is just a function ® such that, ®”’ > 0 on I and
(1/®") is concave. Many ®-entropy inequalities have been proved for such function ¢ under the
curvature-dimension condition C'D(p,c0) (see [Cha04, BG10]). In our computations, the case
n = —oo is then similar to the case n = 4-o0.

We can state the following result.

Theorem 17 (P-entropy inequality for ng)) For any function ® (d —m + 2)-admissible
on an interval I, the following holds, for any m > d + 2,

2 m-2)

Ent‘bgm) (f) =3 Q" T ("(NT(S)), (32)

(m —2)

for any smooth function f on I.
The inequality is optimal in the sense that if inequality (32) holds for a some function ®,

the constant 2(7272_2) s the optimal one.

Corollary 18 (®-entropy inequality for Cauchy distribution) For any function ® (d —
m + 2)-admissible on an interval I, the following holds, for b > d + 1

1

B (/) < ey [ @ OCU0+ (o),

for any smooth function f on I. The inequality is optimal.

The proof is the same as the one of Theorem 11, using the sub-harmonicity inequality (12),
so we skip it, the optimality being proved in a same way.

5 A Beckner-type inequality on the sphere

In this section we are looking for the link between the family of Beckner inequalities (12) for v,

(or ng)) and a family of Beckner inequalities on the sphere.
The unit sphere S¢ € R can be seen in R? through with the stereographic projection,
with the carré du champ operator on the sphere

4

Us(f) = 1),

where p(z) = y/1 + |z|? and the spherical measure

ps(dz) =

16



where the normalization constant ¢(d, d) has been defined in (14) (see [BGL14, Sec 2.2]). The
Laplace-Beltrami operator takes the form in the stereographic projection representation

(1 +[z[*)?
4

d—2 d
_ 2 9.
Ag = A 5 (1+ |=|%) ;1 x;0;,

where A is the classical Laplacian in R?. The operator is symmetric in L?(us).
It is interesting to recall that the map S? 3 x +— x4, is a eigenvector associated to the
eigenvalue —d. This function, from the stereographic projection, takes the form

_1—af?

= R
u(z) T x € (33)
Then, u satisfies Asu = —du and T'ga(u) = 1 — u? since,
L+ J2)? (1= 1 2 Alz|? 2
T = Tr = r = —==1—-u".
) = e ) T e D T e T

Indeed this computation is much easer (and indeed completely elementary) using the standard
representation in the sphere, see [BGL14, Sec 2.2].

We can now transform the Beckner inequality for ng) into a new Beckner inequality on the
sphere. With these new notations, inequality (24) for t = 1 and = 0 becomes

c(d, d) B+2 d—m c(d, d) d—m o
o / A2t <C(m’ 3 / fo dug)

_28+1)(E+2)  cld.d)
m—2 c(m —2,d)

/fﬁfs(f)pd_m_gdus- (34)

We concentrate to the case § = C”W?i_:}n, the limit of the admissible interval. Let f = p™ %g and
we compute the various terms. First, we have form diffusion properties of I'g,

FOTs(f)p?m=2 = gP pPd=mIng(pmg) =
¢°T's(g) + 2(m — d)g” ™ Ts(log p, g) + (m — d)?¢”Ts(log p),

so that
/fﬂPS(f)Pdm%Ms =
/gﬂrs(g)dug + (m — d)/

With an integration by parts, we get

2
B+ 2

I's(log p, 9" %) dus + (m — d)® / 9" Ts(log p)dys.

/ T's(log p, g"*?)dps = — / 9712 Aglog pdys,

and then
/fBFS(f)Pdm2d/~LS = /gﬁFs(g)duSJr/gﬁ”Kdus,

17



where
Aslogp

d—m—2
since B+ 2= (d—m —2)/(d —m). Secondly we have

/ fPr2pt s = / 972 pPdus

[ ot s = [ gas.
Then, inequality (34) can be written as
c@@/ﬂw MW/ o
dus — d
cmdy | 9P ms = ey [ ks

< 2B J;nl)_(ng 2 c(;(ciczl) d) </95Fs(g)dﬂs + /g[MKd“S)’

K = (m—d)2(2 +FS(logp)),

and

or

c B+2 c
/gﬂﬂRdus - <C((i”cfi)) /gdus> < 208 tnl)_(ﬁ;ﬂ) C(m(cf Z)’ 7 /gﬁfs(g)dus,

o cldd) 5 2B41(B+2) e(dd)
N c(m,d)'o m— 2 c(m —2,d)
From (16), the definition of 3 and the fact that p? = 2/(14u) where u has been defined in (33),

we can write
_c(d,d) 2 _2m—d-|—2 K
~e(m,d)\1+u (m—d)?2m-2+d)’

with
K.

and the inequality
d,d) h2 Am—d+2)  c(d,d)
542 gy — A& /d < : /ﬁr d
/g s <c(m’d) gdus S = dm a2t demd) ) ? s(9)dps,
We need now to compute Aglog p and I's(log p). We have

1 1 d !
As(logp) = 5Aslogp* = —5Aslog(l +u) = grm—sut 5w

_d
Toltw 21t u)?

Iga(u)

Then, finally
1+u(d—1)
As(log p) = W,

and 1
—u
I's(l =—\
If we plug those values on the definition of K, then a miracle occurs. The function R is constant,
_c(d,d) 3d+m —2
ce(myd) d+m—2°

d—m—2
Setting now f2 = ¢gft2 = g @m , we obtain
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Theorem 19 (Beckner-type inequalities on the sphere) For any smooth nonnegative func-
tion f on the sphere S, and m > d + 2, we have

p 16
2dus < A / 2/pq /F d
[ Pavs < a( [ Prans ) + gy [T, 39)
where
=1 1.2
and ,
B c(d,d) \m=4 m+d—2
-~ \ce(m,d) m+3d—2
Remarks 20

e The function R is constant only for the parameter p =1+ ﬁ.

o Whenm >d+2, A> 1. In that case inequality (35) is not tight, in the sense that when
g =1, we do not have an equality. But the inequality is still optimal since it is saturated
d—m—2
Jor f=p 2
o When m =d+ 2, then A =1, p=2 and inequality (35) is nothing else than the optimal
Poincaré inequality on the sphere,

[ Faus - < / fzdus>2 < ;[ Tethine.

e The classical Beckner inequalities hold for the spherical model (see e.g. [BGL1j, Rmk
6.8.4]): for any p € (1,2]

p _
/ Pds < ( / f2/”dus> +ppd1 / Ps(f)dpis. (36)

Inequality (36) is optimal in the sense that pp;dl is the best constant. Only constant functions
saturate inequality (36) for p € (1,2). And when p goes to 1, inequality (36) provides the
Logarithmic Sobolev inequality on the sphere

2
/f2 log ff];dugd'ug < z/Ts(f)dus,

proved in [MW82] (see also [BGL1j, Thm. 5.7.4]). On the other hand, this last logarithmic
Sobolev inequality implies back the full family (36), p € (1,2].
Let us mention that inequality (36) has been generalized by in [DEKL14] in the following

way,
1— [ f2Pdug
v (ffu) < /Fs(f)dMS,
p—1
for every function f such that fodug =1 and for some explicit function V.

e So (35) appears as a new and optimal inequality on the sphere. It is probably worth to
compare it to the del Pino-Dolbeault family of optimal Gagliardo-Nirenberg inequalities,

1f a1 < CIVFIS IIlez;z, a>d,

where 6 is a fixed by scaling properties, see [DD02].
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e The Taylor expansion (when m — o0o) of the constant A is given by

A=14a2" L O i m),
m m

where C is a constant depending on the dimension d. This will be used in the rest of the
section.

Even if we are not able from Theorem 19 to reach directly the Logarithmic Sobolev inequality,
inequality (35) contains enough information to obtain a Sobolev inequality for the spherical
model, however with a non optimal constant.

For this, we are going to obtain from (35) a Nash inequality on the sphere.

First, it is not difficult to see that there exits two constants «, 5 > 0 depending only on d,
such that, for any m > d + 2,

2  _d_
A S am—dmm—d7

which is just a precised form of the previous Taylor expansion, and

16 <£
(m+2—d)(3d—2+m) ~— m?

From Holder’s inequality, if f is nonnegative and p € [1, 2],

(= (f ) ()

with p =1+ 2/(m — d) € [1,2]. Inequality (35) becomes, for any nonnegative function f such
that [ fdus =1, and any m > m + 2,

/f2dM§ < qmdma </ deus>1_mQ_d + ﬂi/Fs(f)dus-

Let define for « > 0, the map

2 d
Om (@) = am-amm—d gzt

B

2
m—d —|— 72E’
m

where E = [Ts(f)dps. The function ¢y, as a unique fixed point z,, > 0, and the previous
inequality implies that [ f2dus < zy,.
Let us proved that for any m > d + 2,

d/2 PE _
Tm < am <1+2am1+d/2>—am.

To prove such an inequality, it is enough to prove that, for any m > d + 2, o (am) < ap,. We
have

1——2
_ amd/? PE B
‘:Om(am)—am (1+2am1+d/2> +m2E

1—2
(RS

1+d/2
2am+/ m2+

/2

<am

E
Samd/Q <1+20ﬁfbl+d/2> = Um,
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where we used the inequality (1 4+ x)* < 1+ ux, for z > 0 and v € (0,1). Modifying the
numerical constants (depending only on d), we see that for any m > d + 2,

C
/ fPdps < Cm? + — / Ts(f)dus.

Optimizing with respect to the parameter m > d+ 2, we have obtained, for some other constant
C >0,

[ Paus<c (( / fdus>2 -/ dus> / fdus r
<C </f2d,US+/FS dus) (/fdus> ,
from Jensen inequality.

This last inequality is a so-called Nash inequality, and is known to be equivalent to the
Sobolev inequality (up to the optimal constant) for the spherical model, see [BGL14, Prop. 6.2.3],

</fd2d2dug>d;2 < C'/deug—l—C/FS(f)dug.

From the Poincaré inequality (m = d + 2) and [BGL14, Prop. 6.2.2], this inequality implies a
tight Sobolev inequality. We have obtained

Theorem 21 (From Beckner inequalities to Sobolev inequality on the sphere) From
the family of Beckner type inequalities (35), one can prove that there exists a constant C' > 0
depending only on d such that, for any smooth and nonnegative function f on the sphere S%,

( / ff”%dus> v [ Pus+ ¢ [ vy (37)

Conclusion: The family of optimal inequalities (35) appears as a new form of optimal inequal-
ities on the sphere, implying a Sobolev inequality.
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