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Abstract. We consider new connections between the problem of trend to equi-
librium for the n-dimensional Fokker—Planck equation of statistical physics, and
weighted Poincaré inequality. To this aim we consider a class of n-dimensional
Fokker—Planck equations with variable isotropic coefficient of diffusion and drift,
inspired by the analogous one-dimensional Fokker—Planck equation appearing when
studying the evolution of wealth distribution.
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1. INTRODUCTION

This paper deals with n-dimensional functional inequalities of the type of Poincaré, with
weight, for isotropic probability densities. Unlike previous studies [4], the derivation of
these inequalities is strongly related to their connection with the problem of convergence
to equilibrium for a class of Fokker—Planck type equations characterized by a variable
coefficient of diffusion.

Let X = (X1,...,X,) be a random vector with n > 1 components, distributed with
probability density f(|x|), where x = (z1,...,2,) € Z C R". The random vector X is
said to satisfy a weighted Chernoff-Poincaré-type inequality with weight function w(X)
(where w is a fixed nonnegative, Borel measurable function), if for any bounded smooth
scalar function ¢ on Z

(1.1) Var [$(X)] < E{w(X)[Ve(X)*} .

As usual, for a given scalar function ¢

E(6(X)) = / 6(x) £ (|x]) dx,

denotes its expectation value, and

Varlo(X)] = | (¢<x> - [ ot f(!y)dy)2f(!><\)dx

denotes its variance.
This inequality is understood in the following sense: if the right-hand side is finite, then
the inequality holds true. For brevity, in the following we will denote the inequality as
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a Poincaré inequality, the Chernoff denomination being mostly used in a probabilistic
framework.

The relationships between the Fokker—Planck equation and differential inequalities like
(1.1) has a long history.
In divergence form, the classical Fokker—Planck equation reads

of(x,t)

o
The unknown f = f(x,t) stands for the density of a system of particles at time ¢ > 0,
and without loss of generality can be assumed to be a probability distribution on R,
n > 1, since equation (1.2) conserves both non-negativity and the mass of the solution.
In statistical physics, the Fokker—Planck equation models a set of particles subject to a
constant diffusion and a drift characterized by a potential I'(x), and the balance between
these two processes determines the shape of the equilibrium density

(1.2) V- (VI t) + f(x,t)VI(x)).

(1.3) foo(x) = Cexp{-T'(x)},
which is the (unique) probability density satisfying the differential equation
(1.4) Vf(x)+ f(x)VI'(x) =0.

Equation (1.4), identifying the equilibrium density (1.3) easily follows by applying the
divergence theorem to the Fokker—Planck equation (1.2) on a volume V' C R™ bounded by
a closed surface S. In fact

4 [ e [ 20

(1.5)
/VV (Vf(x,t)+ f(x,t)VI(x)) dx = /S (Vf(x,t)+ f(x,t)VI'(x)) - n dS.

Thus, whenever f does not depend on time, identity (1.5) is satisfied independently of the
choice of the volume if and only if f satisfies (1.4).

In kinetic theory of rarefied gases, the space variable is the space of velocities v, and the
potential T'(v) is the kinetic energy |v|?/2 [48]. In this situation the equilibrium density
of equation (1.2), which reads now

Of(v,t) _
= =V (Vv )+ f(vit),

is the Maxwellian function
1

As it happens in classical kinetic theory for the spatially homogeneous Boltzmann equa-
tion, the solution to the Cauchy problem of the Fokker—Planck equation is expected to
converge to its equilibrium state, and one would like to estimate the rate of convergence
in terms of the initial value.

In [48], it has been shown that, in the case of the squared potential I'(x) = |x|?/2, the
solution converges towards the Maxwellian function (1.6) at exponential rate, by resorting
to the study of the evolution of the relative entropy functional

(1.7) HOL)0 = [ Foxit)1og 720 dx

and making use of the logarithmic Sobolev inequality by Gross [25]. Moreover, in [48] it
has been pointed out that the logarithmic Sobolev inequality is deeply connected with the
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entropy dissipation of the Fokker—Planck equation, so that the equation can be used to
obtain a physically based proof of the inequality [47]. This way of using evolution equations
to get sharp inequalities was already present in the Bakry—Emery work [3], which takes a
rather abstract point of view, based on the so-called I's, or carré du champ itéré.

The importance of the Fokker—Planck type equation (1.2) in the derivation of functional

inequalities is nowadays well known. The interplay between this kinetic equation and
functional analysis has been explored about one quarter of century ago in [1, 37], and
excellently reviewed in [34], where new connections were brought to light. Following this
line of research, a large amount of the mathematical studies of the last years have been
devoted to study the relationships between the rate of convergence of the solution to the
Fokker—Planck equation (1.2) to its equilibrium, as given by (1.3), and the shape of the
confinement potential I'(x).
In particular, starting from the work [52], research was directed toward a precise estimate
of the rate of convergence to equilibrium of the solution to the Fokker—Planck equation in
presence of a so called subcritical confinement (cf. the recent paper [30] and the references
therein).

As a matter of fact, equilibria of type (1.3), which are relative to a Fokker—Planck equa-
tion of type (1.2), characterized by a constant diffusion and a general potential I'(x), can
sometimes appear as equilibria of Fokker—Planck type equations with quadratic potential
and variable diffusion coefficient. Fokker—Planck type equations with this structure have
been recently considered in the modeling of social and economic phenomena, a challeng-
ing research activity in the communities of both physicists and applied mathematicians,
who classified the fields of research with the names of socio-physics and, respectively,
econophysics [20, 35, 38].

One of the typical features of these phenomena is related to the tails of the underlying
steady distributions, which are often characterized by polynomial decay at infinity [36].
A prominent example appears in the study of the distribution of wealth among trading
agents [8, 14]. In this economic context, the evolution of the density f(xz,t) of a system
of agents with personal wealth z € R,z > 0 at time ¢ > 0 is shown to be solution to the
Fokker—Planck type equation

of (z,t) o &

0
(L8) e e (@@, 0) + A (= Df(a,)).

characterized by a variable coefficient of diffusion and linear drift (or quadratic potential).
In (1.8), o and X denote positive constants related to essential properties of the trade
rules of the agents. By fixing the mass density equal to unity, the unique steady state of
equation (1.8) is the inverse Gamma density

ptt exp (=) 0 2)

(19) fol®) = Fig gy g A=

where I' is the Euler Gamma function. This stationary distribution, in agreement with the
analysis of the Italian economist Vilfredo Pareto [40], exhibits a power-law tail for large
values of the wealth variable.

Equation (1.8) is a one-dimensional example of the class of Fokker—Planck type equa-
tions

(1.10) 8f(a>;’t) =V [V(K(x)f(x,t) + (x —m)f(x,t)], x,meZCR",

characterized by a variable diffusion coefficient K = K(x) and a quadratic potential.
In a bounded domain Z C R", equation (3.1) is usually complemented with the so-called
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no-flux boundary conditions
(1.11) V(K (x)f(x,1) + (x —m) f(x,t)| o7 =0, >0,

that ensure mass conservation.

In one dimension, functional inequalities related to Fokker—Planck equations of type
(3.1) have been obtained recently in [23]. The analysis in [23] leads in many cases to in-
equalities with sharp constants. While the method of proof, based on physical arguments,
shares a new light on the meaning of these inequalities, the quality of mathematical results
is comparable to other approaches [2, 4, 5, 6, 7, 10, 24].

Let us come now to the content of the paper. In Section 2 we detail some properties
of the Fokker—Planck type equations (3.1) which clarify both the presence of the weight,
and the importance of Poincaré—type inequalities with weight in the study of the rate
of convergence to equilibrium. In Section 3 we introduce various typical examples of
isotropic n-dimentional densities and identify the possible weight we expect in a Poincaré—
type inequality for these densities. In Section 4 we prove first an extension to the n-
dimensional setting of the classical Poincaré inequality obtained in [20], valid for the class
of n-dimensional probability densities expressed as a product of one-dimensional ones
(Theorem 8). In particular, Subsection 4.2 deals with an application of the result for
product densities to general isotropic probability densities (Theorem 10). In Subsection
4.3 we apply the previous results to the densities introduced in Section 3. Unfortunately,
the weight we obtain appears to be sharp for the Gaussian and generalized Gaussian
densities but this is not the case for exponential-type and Barenblatt densities. Therefore,
in Section 5 we prove a refined Poincaré-type result (Proposition 15), with the expected
weight, but which only applies to bounded smooth functions supported outside a ball.
Both in Section 4 and 5, we take advantage of the representation of isotropic densities as
steady solutions to Fokker—Planck type equations as (3.1). We conclude our paper with
Section 6. There we prove a hybrid weighted inequality (Theorem 19) in which we get the
expected weight but we pay the prize of an extra term, and so this is not a Poincaré—type
inequality.

2. BASIC PROPERTIES OF FOKKER—PLANCK TYPE EQUATIONS

Before entering into the details of the various proofs, let us briefly explain the strategy

behind our approach. In the rest of this section we perform formal calculations and do not
deal with their rigorous justifications. We address to the work [33] for technical details
about regularity issues.
To start with, we recall that both the Fokker—Planck equations (1.2) and (3.1) can be
rewritten in a form which is more suitable to study the decay of their solutions towards
the equilibrium density in relative entropy. For the sake of simplicity, we will refer our
analysis to equation (3.1), in which the coefficient of diffusion K satisfies K(x) > 0,
xe€Z CR™

As already discussed in the introduction, the stationary solution fo, of equation (3.1)
is found by solving on Z C R" the differential equation

X —m

(2.1) V(K (%) foo) + (x = m) foo = K (%) fox | V1og (K (%) foc) + 5| =0,

that leads to the identity

(2.2) V log (K (x) fc) = -
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Making use of identity (2.2), one easily shows that the right-hand side of equation (3.1)
can be written in different ways [20]. Indeed

VRES) + x-m) f = KGOS | Vioa(KG0) + 5 | =
K0 [V 108(K (x)) — ¥ log(K ) )] = () Vlog - = K0 7L
Hence, the Fokker—Planck equation (3.1) can be rewritten in the equivalent form
(2.3) aa{ —-V. [K(x)fVlog ];i] ,
which enlightens the role of the logarithm of the quotient f/fs, and
(2.4) %f:v-quﬁgqi}

In particular, owing to (2.1), the form (2.4) allows us to obtain the evolution equation for
the quotient F' = f/fs. We have

V(K () faoVE] = K(3) fooAF + ¥ (K () o) - VE =
K(X)foAF — foo(x —m) - VF.

Therefore 5 5

of _, OF _ Cf(x—

ot = foo ot = K(x) fwAF — foo(x —m) - VF,
which shows that F' satisfies the (adjoint) equation
(2.5) %f = K(x)AF — (x —m) - VFE.

In analogous way, the boundary conditions of the two equivalent forms (2.3) and (2.4)
of the Fokker—Planck equation (3.1) follow by imposing mass conservation. If (2.3) is
concerned, the natural boundary condition is given by

f(x,1)
Joo(X)

Likewise, if mass conservation is imposed on equation (2.4), the natural boundary condi-
tion reads

=0, t>0.

(2.6) K(x)f(x,t)Vlog o

f(x,1)
foo(x)
For the sake of simplicity in the rest of this section we limit ourselves to spherical domains.
Consequently Z = Br = {x : |[x| < R}, 0 < R < 00, and 07 = {x : |x| = R} with obvious
meaning for R = oo. In presence of no-flux boundary conditions, and enough regularity
of the solution to the Cauchy problem, one can easily extend two one-dimensional results
proven in [20] to the n-dimensional Fokker—Planck equation (2.5), which relate Poincaré
inequality to the convergence to the equilibrium for the Fokker—Planck equation (3.1).
They both allow us to obtain convergence in L' but the price to pay in each case is
different: in the first case, we assume that the initial data is very close to the stationary
state itself and we obtain exponential convergence, while in the second case we assume
less restriction on the initial date at the price of a slower (polynomial) convergence. Here
are the results.

(2.7) K (%) foo(x)V t>0.

x€0T -
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Theorem 1. [20] Let fy be the initial data of a Cauchy problem for equation (3.1) coupled
with boundary conditions (1.11) and let us assume

(2.8) /I [(;;&3)2 - 1] foo(x) dx < +00

where foo is the stationary state and satisfies the Poincaré inequality (1.1) with weight
w(|x|) = eK(|x]), with ¢ positive constant. Then the solution f(t) converges to foo at an
exponential rate and

/ [(?:?3)2 . 1] et [ [(fi(f‘i)f - 1] fuol) dx

Remark 2. Since

fis oo ( {250 ) (o)
([ [y o)

we easily obtain exponential convergence in L' for such initial data.

The second result involves the Hellinger distance

dp(f(1), fc) = [/I(\/f(x’t)_\/foo(x)f dx} 12

between the solution and the stationary state and reads as follows.

Theorem 3. [20] Let f(t) be the solution of the Fokker—Planck equation (3.1), cor-
responding to an initial value fy such that the relative Shannon entropy H(fo, foo) =

J7 fo(x)log - (( )) dx and the Hellinger distance dg(fo, foo) are bounded and coupled with

boundary conditions (1.11), where f is the stationary state. Let us assume that foo sa-
tisfies the Poincaré inequality (1.1) with weight w(|x|) = c¢K (|x|), with ¢ positive constant.
Then,

dr (f(%,1), foo(x)) = 0 (%) , t— oo

Remark 4. The decay of the Hellinger distance implies decay in L!(Z), since

JUCTEFNE |dx—/\¢fxt VI (VD) + V) dx

(/(\/fxt Vi)’ dx) (/(th V) dx)é
= (70 1) ([ (1600 + 0 + 2/ T 0700 ) 5
—Vadu(7(0). 1) (1+ [ VTR OT<6 dx)é

as
1

VI i< ([ (/707 dx)é ([V/AG ax)’
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which, in turns, implies
1£(t) = foollr < 2du(f(t), foo)-

This leads to the polynomial convergence of the solution to the Fokker—Planck type equa-
tions (3.1) towards equilibrium in presence of natural conditions on the initial value (finite
relative entropy) any time a Poincaré inequality for the equilibrium density is shown to

hold.

The two results are consequence of the following Theorem, which is a n—dimensional
version of the analogous Theorem 3.1 in [20].

Theorem 5. [20] Let the smooth function ¢(r), r € Ry be convex. Then, if F(x,t) is
the solution to equation (2.5) in T = {x : |x| < R}, 0 < R < oo, satisfying the boundary
condition (2.7) and ¢ < F(x,t) < C for some positive constants ¢ < C, then the functional

O(F(t)) = /I Fro(X)B(F(x, ) dx

is monotonically decreasing in time, and the following equality holds true

(29) S o) = ~1o(F1).

where Ig denotes the nonnegative quantity
(2.10) Io(F(t)) = / K(x) foo(x) [VF(x, ?E)|2 " (F(x,t)) dx
A

for foo the stationary state of equation (3.1).

The proof of the theorem can be found in the Appendix and follows the same lines as
the analogous one in [20].

Proof of Theorem 1. Theorem 1 follows by choosing in Theorem 5 the convex function
¢(r) = (r — 1)%, which implies ¢”(r) = 2. Then

O(F(1) = [ 1o [Plx.t) = 11 dx.
and
o(F(1) =2 | K(x) o) [VF(x.0) .

Suppose now that the probability density function f. satisfies the Poincaré inequality
(1.1) with weight w(|x|) = c¢K(|x]|), with ¢ positive constant. Then, if at any given time
t > 0, we choose ¢(x) = f(x,t)/ foo(x), provided O(F(t = 0)) < +00 we obtain

e = [[|(28) - (Lt i) | o

L

Coupling (2.11) with (2.9) we conclude with the exponential convergence of the solution
to the Fokker—Planck equation (3.1) towards equilibrium at exponential rate in a weighted
L?-setting. O

(2.11)
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Proof of Theorem 3. Consider now in Theorem 5 the classical case in which the convex
functional O(F'(t)) is the relative entropy, associated to the convex function ¢(r) = rlogr

so that
/foo xtlogF(xtdx-/fxtlog(jiiiii)dx.

In this case

To(F(0) = | Kx)folo) [V, ey i =
2
(2.12) 4 /Z K () fou (%) VF(x,t)2F1(Xt) dx =

1 [ K70 [VVFGD] .
A

If we now apply Poincaré inequality (1.1) with ¢(x) = \/ f(X,t)/foo(x) at fixed time ¢ > 0,

we obtain
_4 / K () foo (x

ANSCYy f(x.1)
e G| [ A=y (/ [0 )

S

The lower bound in (2.13) can be easily related to the Hellinger distance [20]. Indeed, for
any pair of probability density functions f(x) and g(x) supported in Z we have

[ (V60 = Vata) " ax= [ (760 + a0~ 20/ 90 i =
(o v oo ([ )

The last inequality in (2.14) follows from Cauchy-Schwartz inequality, as [ v/ f(x) g(x)dx <
1. Thus, starting from the time-decay of the relative entropy, we conclude with the bound

@15)  To(F() > 2 [ (V6D ~ VIx() dx =2 (dulf(0). )"

Therefore, if we assume that the relative entropy is initially bounded, by (2.9) we can
conclude with the integrability on time of the square of the Hellinger distance

(2.16) | dnr6) g ds < S i),

Now, since the function ¢(r) = (/7 — 1)? is convex, Theorem 5 applies again, thus giving
that the square of the Hellinger distance between the solution to the Fokker—Planck equa-
tion (3.1) and its equilibrium density is monotonically decresing in time (see [20] for further
details). Coupling integrability condition (2.16) with the monotonicity of dg(f(s), fx)?
we can conclude with the time decay of the Hellinger distance at a rate almost of o(1/v/%).
g

2

f(x t)

OO

dx >

(2.14)
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3. FOKKER-PLANCK EQUILIBRIA AND WEIGHT IN POINCARE-TYPE INEQUALITIES

It is interesting to remark that, while the knowledge of the diffusion function K(x)
allows us to determine in a unique way the equilibrium density fo, of the Fokker—Planck
equation (3.1) by solving the differential equation (2.2), any isotropic density function is
uniquely related to a coefficient of diffusion K(|x|) in the following way. Let foo(|x|) with
x € T = {|]x|] < it} be an isotropic probability density function which represents the
steady state solution of the Fokker—Planck equation (3.1), where m = 0, namely
(3.1) WD _ v V(K60 fx, 1) +xf(x.1)], x€T
and let us suppose fo > 0 and such that fO“’ pfo(p)dp < +o0. In this case, it is immediate
to conclude that the exact value of the coefficient of diffusion K (x) can be expressed by
the formula

Sty dy
Ul

In fact, (3.2) implies that fo is a steady state for (3.1). Hence, thanks to the discussion
of Section 2 we can conjecture that w(|x|) = ¢K(|x|), where K(-) is defined by (3.2), is
the right weight to get the Poincaré inequality (1.1).

Definition (3.2) establishes an easy-to handle connection between a probability density
and its weight in Poincaré inequality (1.1), and an interesting connection between steady
states solutions of Fokker—Planck type equations like (3.1) and Poincaré inequalities with
weight.

Few examples will clarify this relationship. Let foo(|X|) be a centered Gaussian density in
R"™, i.e.

(3.2) K(x) = K(x]) =

_ P
3.9 i) = e { =50
Then
ﬁ:\?eXP{_%} dy B

5 =0.
2exp {—%}

This suggests that Poincaré inequality for a Gaussian density is characterized by a constant
weight. This is a very well-known result that easily follows from the logarithmic Sobolev
inequality [37].

A second important example is obtained when the isotropic density function is Cauchy—
type density in R™ [4]

K(|x[) =

Cs
(14 [x[*)7”
In (3.4) the constant Cg is chosen to fix the mass equal to unity. In this case
Sz ry)Pdy

21+ [x)=% — B-

Hence, one can argue that for the Cauchy—type density (3.4) the right weight in the
Poincaré inequality (1.1) is given by w(|x|) = z%5(1 + Ix|?). This result has in fact

(3.4) foo(Ix]) = B>

(3.5) K([x]) =

-1+ [xP).

been proven by Bobkov and Ledoux in [4], unlikely without the explicit evaluation of the
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constant c.

A third example is concerned with the exponential-type density in R"
BT (5)

(3.6) foo(|x) = 2772 () exp{—Blx[}, B>0.

The value of K is easily found to be

f;ﬁo e PV dy 1

(3.7) K(|x|) = B R @(1 + Blx|).
These examples allow us to conjecture that, for a given isotropic probability density defined
in R", the value of the weight function K (|x|) is an increasing function which grows at
infinity like |[x|P, with 0 < p < 2, where the value 0 is attained in correspondence to
the Gaussian density, while the value 2 is attained in correspondence to the generalized
Gaussians, which exhibit a polynomial decreasing at infinity.

A further interesting case is furnished by the class of Barenblatt solutions of the porous
medium equation [53], which, for given constants a > 0 and p > 1 are defined as

(3.8) Foo([X]) = Capla® = [x2)7T,

where the constant C, , is chosen to fix the mass equal to unity. In this case, Z is the ball
of radius a, and, for x| <a

(12 —
Jata? =)oy,
2(a2 — [x)V/=1 2p

(3.9) K(x[) = (a® — [x[?).

In what follows, we will show that a Fokker—Planck description of steady states allows us
to obtain a proof of the validity of Poincaré inequalities with weight in many situations.
The method of proof is an extension of the one-dimensional proof introduced in [20] and
in the case of the Gaussian and Cauchy—type densities the weight we found is exactly the
one conjectured here above. Unfortunately in other examples we were not able to reach
the expected sharp weight. Nevertheless, we were able to find the correct weight but only
at the prize of restricting the domain of test functions in the Poincaré—type inequality
(Proposition 15).

4. A FIRST POINCARE-TYPE RESULT FOR ISOTROPIC DENSITIES

To start with, we prove that a Poincaré-type inequality can be recovered by suitably
generalizing the one-dimensional Poincaré inequalities obtained in [23].

4.1. A Poincaré—type inequality for product probability densities. The results in
[23] refer to a class of Fokker—Planck type equations with variable coefficients of diffusion
and drift in the form

of(x,t)  9? 9
~ 5 =32 (P(x)f(x,t)) + 9z (Q(z)f(x,1)),

where x € Z = (a,b) C R, with a < b, coupled with no-flux boundary conditions
0

55 (P@f (@) + Q@) f(x,?) =0,
z={a,b}

(4.1)

(4.2)
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which ensure mass conservation. In equation (4.1) the coefficients of the diffusion P(x)
and the drift Q(x) are smooth functions, and P(z) > 0. In addition, P(z) and Q(z) are
such that, for any « € Z, the steady state

Ca Q)
4.3 foo(x) = exp{—/ —2 dy
4 @)= Py . PW)
is a probability density supported in Z for a given value of the constant C,. Clearly, the
steady state of the Fokker—Planck (4.1) solves the first order differential equation

(1.4 D (P)fela)) + Qo) frcla) = 0.
The case
(4.5) Q(x)=xz—m, me (a,b)

has already been considered and studied in [20]. In [20] it was proven that, if X is
a random variable distributed with density foo(z), + € Z C R, and f4 satisfies the
differential equation

0
(4.6) 5y L@ foo(@)) + (2 =m) foo(2) =0, @ €T,
then for any smooth function ¢ defined on Z such that ¢(X) has finite variance, it holds
(4.7) Var[¢p(X)] < E{P(X)[¢'(X)]*}.

Let us now reverse our point of view and consider f : (a,b) — R, (a,b) C R be a probability
density with finite mean value, say m, i.e. satisfying the condition ff xf(x)dx = m, with
a < m < b. It is immediate to verify that f satisfies (4.6), provided that

[ (m —y) f(y)dy a<z<m

o f(x) ’ -
(4.8) P(z) J2y —m) fy)dy m<az<b
f@ |

We remark that P is continuous on (a, b). Therefore, if X is a random variable distributed
with density f, P, as given by (4.8), is the correct weight to satisfy inequality (4.7).

The results in [20] were recently extended in [23] to cover the case of a more general drift
function @ as follows.

Theorem 6. [23] Let X be a random variable distributed with density foo(x), x € T =
(i_,iy) CR. Let us suppose moreover that fo satisfies (4.4), where Q(z) is a C* function,
satisfying Q'(x) > 0 on I, such that

(4.9) lim Q(z) <0, lim Q(x) > 0.

Let w(x) be defined by
_ P(=)
(4.10) w(z) = @)
Then, for any smooth function ¢ on Z, and ¢(X) with finite variance, it holds
Var[p(X)] < E {w(X)[¢'(X)]*},

rzel.

that is

(4.11) /I B2(2) foo () di — ( /I 6(2) fool) dx)2 < /I w(@) (¢ (2))? frola) da.
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Remark 7. Of course for f a probability density we have

[ )ty do - < [ ot)tato) dx)2 -/ (qs(:c) - [ o) dy>2 foolr) d

Note that inequality (4.11) contains (4.7) as a particular case, since Q(x) = x —m
implies @Q'(z) = 1, and, in view of (4.10) w(z) = P(z).
Having in mind the one-dimensional result (4.11), in the special case (4.7), let us now
consider a probability density f(x), with x = (z1,...,2,) € R" that is defined by the
product of one-dimensional probability density functions, i.e.

(4.12) fx) =] filzs)-
=1

In (4.12) each f;(z;) is a probability density supported on (a;,b;) C R, with —oo < a; <
b; < 400,t=1,...,n such that the momentum

b;

m; = / i fi(;) do;

is finite. Any density f; is a solution to the following differential equation:
O, (Pi(w3) fi(wi)) + (w2 — ma) fi(w:) = 0,

where P;(z;) is defined as in (4.8). If X; is a random variable distributed with density
fi(x;), then X; satisfies the Poincaré inequality (4.11) with weight function P;(x;).
Let us denote by A,, the set in R™ defined by

n
Ha’m i

For a product probability density we can prove the following result.

Theorem 8. Let us suppose that a smooth scalar function ¢(x), x € Ay, has finite va-
riance with respect to f(x) = [y fi(z:). If a random variable X; distributed with density
fi satisfies a weighted one-dimensional Poincaré inequality (1.1) on (a;,b;), with weight
w;, then it holds

(4.13) / < /(;S dy> dx</ Z

”11

o[22 e,

Remark 9. In view of the discussion above, every density f; is associated with a weighted
Poincaré inequality with weight P; defined as in (4.8). Moreover, there could be other
weighted Poincaré—type inequalities associated with the same density, as we will see in the
examples in Section (4.3).

Proof. We prove the statement by induction with respect to the dimension n. For n =1
it holds by virtue of the Poincaré inequality with weight proven in [20]. Suppose now that
(4.13) is true for n — 1. For every fixed x,, € (an,by), let X = (21,...,2y,-1) € Ap_1, and
define the function ¢,, on A,_; as

(4.14) Pz, (X) = O(X, 20) = B(x).
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Due to the induction hypothesis, the theorem is true for the function ¢, , since for almost
all z,, Var(¢s,) < +0o. Therefore

n—1 2n—1
/An 1 [%n - /An_1 G2, (¥) E filys)dyr . .. dyn— 11;[1 filxs)dzy .. dxy—q <
n—1 2n—1
/ Wi (l‘l |:a¢wn:| H fz 332 dl‘l drp_q,

=1

where y = (y1,...,Yn—1) € Ap—1. By definition

Var(p(X)) = /A n <¢<x> - /A H0I) dy)2 F(x)dx =

bn n—1
/ /A d)Q(X) H fl(xl) fn($n)dl‘1 o dxy,—
an ne1 paley

bn n—1 2
( / / o(x) [ filw:) fulzn)day ... dxn> :
an JAn— i=1

Let us rewrite the previous equality by adding and subtracting the quantity

b, n—1 2
/ </A G, (¥) H filyi)dyr .. -dyn—1> fn(xn) doy.
an n—1 i=1

We obtain

bn n—1
’ i\ i Tp)dxy...dx
/an /Anlcb (x)il_[lfz( nlzn)dey . .. dan
bn n—1 2
-/ ( [, el fi<yi>dy1...dyn_l> .
bn n—1 2
+ /a </An1 Pz, (¥) Z]_;[1 filyi)dya - . .dyn1> Ful@n)dzn—
bn n—1 9
/an </An1 (Y, zn) }_[1 fi(yi)dyn .. .dyn1> fn(ﬂ:n)dmn]
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Thanks to the induction hypothesis, from the first two terms we get the estimate

(4.15)
bn

an

/An1 ¢§n(i)7ﬁfi($i)d$1 condrn g — </An

a¢ 2 n—1
fn Tn dxn/ sz xz <> H fz xz dwl Az, =

an Anlil

/ [wa< >2]Hfzxzdfc1

Let us take now into account the difference of the last two terms, i.e.

by, n—1 2
an n—1 i=1

b n—1 2
!/ (/A (Y, Tn) H filyi)dyr - .. dyn_1> fn(xn)dxn] .
an n—1 i=1

n—1
i) = [ o) [ Awddon . dy,
n—1 i=1

n—1 2
o, (¥) [ filw)dyr .. dynl) <
i=1

If we define

we obtain that the previous difference is nothing but the variance of the one-dimensional
function ¢(x,). Indeed

bn 2

Var($(X,)) = / b (&sm) - ¢3<yn>fn<yn>dyn) Jul@a)dn =

an

2

o)l )

bn bn

) o), —

an Qn

Since the one-dimensional function qZ;(:Un) satisfies the hypotheses of the theorem about
Poincaré inequality proven in [20] we get
2

/: (é(“’") - abn é(yn)fn(yn)dyn> Fol@n)dzn <

n

bn 8& 2
/an wp(zy) (8:%) fn(xp)dzy,.

By Jensen inequality we have

7\’ n—1 2
0 o )
(ai) = </An_1 T%(b(yaxn) 1;[1 filyi)dy . .. dyn_1>

2 n—1

S/A ((%n) 11 fitwdys - dyns.

=1
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Finally we obtain

bn / bn 2
(4.16) o o
S/ wn xn ( > Hfz wz dxl
An
Gathering the two inequalities (4.15) and (4.16) we complete the proof. O

4.2. Poincaré—type inequalities for radially symmetric densities in R". The result
of the previous section allows us to prove a first Poincaré—type inequality with an explicit
weight for probability densities in R™ which are radially symmetric. The reason is that in
this case we can express the radially symmetric density as the product of n one-dimensional
densities in a system of hyperspherical coordinates.

Before proving this result, let us briefly recall the relationship between the gradient in
the Cartesian and in the hyperspherical coordinates. Let us denote by x = (z1,...,x,)
the Cartesian coordinates and by (p,©) = (p, 01, ...,0,—1) the hyperspherical coordinates
where p = |x| € (0,4+00), 6; € (0,7), forany i =1,...,n—2 and 6,,—1 € (0,27). Then the
Cartesian coordinates can be expressed in terms of the hyperspherical ones. We have
(x, = psinfy ...sinf,_3sinf, osinfd,

Tp_1 = psinfy...sin6, 3gsinb, o cosb, 1

x3 = psin @1 sin O, cos O3

To = psin @y cos b

x1 = pcosb.
Let f:R" - R, f € C', n > 2 and let us denote

(4.17) F(p,©) = f(@1(p,©), ..., 2a(p, ©)).

Then, the gradient with respect to the hyperspherical coordinates is given by
(4.18)

_of  10f 1 of 1 of
(VI O) = 5% & 06,0 T psinr 06, T ety smby s 98, 0
where (e, €g,,€0,,...,¢€q,_,) is an orthonormal basis of vectors.

The main result of this section is contained in the following theorem.

Theorem 10. Let X be a random variable distributed with a radially symmetric density
fo(|x]), x € R™ and let f(p), p € Ry, denote the one dimensional probability density
function

(4.19) flp) = UnpnilfOO(p%

where o, = QW%/F(%) is the measure of the hyperspherical surface of unit radius in R™.
Then, if the non-negative random wvariable X distributed with probability density f(p)
satisfies the one-dimensional Poincaré inequality (1.1) on I = (0,+00), with weight w(p),
for any smooth scalar function ¢(x) such that Var (¢(X)) is finite it holds

(420) | ¢*(x)foo(|x]) dx — </ O(¥)foo(ly]) d > / We(|2]) [V(x)* foo(x]) dx

R
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where

2,
Wi(J2]) = max q w(]x]), - |x[* ¢ -
Proof. For the sake of simplicity we will prove the result in R®. Then the general proof
will follow along the same lines. The proof is an easy application of Theorem 8. Indeed,
let us evaluate the left-hand side of inequality (4.20) by resorting to spherical coordinates.

If X is a random vector distributed with density foo(|x|), with x € R3, then, if ¢ has finite
variance, we write

2
Var[¢p(X)] = , $%(X) foo(x) dx — (/ O(y) fool¥) dy) _
R3 -
oo m 27
N / / / ¢*(p, 01,02) foo () p* sin 01 dfy dBs dp
0 0 0
oo ™ 27 9
B (/0 /0 /0 d(p,01,02) f(p)p* sin 6y db dba dp>
oo U 27
— /0 /0 ; *(p, 01,02) f(p) f1(01) f2(602) by dbs dp

oo pm 2w 2
- (/ / / o(p,01,02) f(p) f1(61) f2(62) dby dbs dﬂ) ;
o Jo Jo
where f, f1 and fo are probability densities defined by

(4.21) f(p) = 4mp* foo(p), p € (0,00),
and
(4.22) Fu(01) = 51“291, b e (0,m);  fal0) = % 6, € (0,27).

By assumption, the probability density f(p) satisfies (4.11) with a weight function w(p).
Furthermore the densities of f; and fs have finite mean values

s : 0 2#0
mlz/ 0,22 0, = = and mgz/ 2240y = 7
0 2 2 0 27['

and they respectively solve on (a;,b;) with (a1,b1) = (0,7) and (ag,bs) = (0,27) the
differential equations

9

90, [Pi(0;) fi(0:)] + (0; — m;) fi(0;) =0

where P;(6;) are defined as in (4.8).
Since the function sin A is increasing in the interval (0, 7/2), and decreasing in the interval
(w/2,7) we have

(4.23)

0 .
Jo' (5 = A)sin A dA 0 n w2 T

4.24 < ——A)d\< — 01 < —.
(424) sin 0 —/0 (2 )‘) Asg O0<bhisg
Likewise

" (A= Z)sin Ad\ ™ 2
(4.25) Jay ( .2) g/ (A—E) <™, Tog <

sin 0y o 2 8 2
Consequently
2

(4.26) Pi(6)) < 0<b6, <m
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Also 52 )
Py (02) = w0y — EQS%, 0 <6 <2m.
Applying Theorem 8 to the density f(p)f1(61)f2(62) on (0,400) x (0,7) x (0,27), we
conclude that
(4.27)
27 2 2 8¢ 2
Var(¢ / / / = +§ 90, ? % f(p)fl(el)fZ(GQ)dpdel dbs,

with ‘g—‘ﬁ’ < |V¢[? and ‘g—i < p?|Ve|%, i = 1,2. Reverting back to Cartesian coordinates

we finally obtain
2
(4.28) 1< [ e fu). 2 (902 e
R3

O

Remark 11. It is important to remark that in the general case the upper bound on the
coefficients P;(6;), i =1,...,n — 1 does not change, since the probability density function
leading to P;(6;), 0 < 6; < m is given by

sin’ 6;
foﬂ sin’ A d\’

and we can always reduce to inequalities like (4.24) and (4.25).

(4.29) fi(6:) = i=1,2,...,n—2

Remark 12. The previous result also holds for radially symmetric density foo(|x|) defined
on a sphere Bg = {x € R": |z| < R}, for some R > 0.

Remark 13. As we shall see in Section 4.3, there exists in general a whole family of
Fokker-Planck equations which share the same stationary state f(p) = 0,p" ! foo(p). The
possibility of choosing which equation is more suitable in order to optimize the weight in
the Poincaré inequality is one of the main feature of this line of research.

4.3. Examples. In this section we collect some examples in which the previous results
can be fruitfully applied to get Poincaré-type inequality with weight (1.1). In particular,
we will study in details the probability density functions considered in Section 3.

The analysis of Section 4.2 leads to the conclusion that the major difficulty in getting a
Poincaré inequality for a radially symmetric density is the determination of the weight
function w(p) of the radial density (4.19).

4.3.1. The case of a Gaussian density function. Given a n x n real symmetric, positive
definite matrix V' and a vector u = (uy, ..., u,), let us consider the multivariate Gaussian
density G

60) = VI e { - x—w) v (- w)

which has V' as covariance matrix with |V| = det(V') # 0 and u as mean vector.

Theorem 14. For any bounded, smooth function ¢ : R™ — R, such that the variance of
¢ with respect to G(x) is finite, it holds

as0) [ (60~ [ onomiay) Goone< [ (mex ) 190001 G

where \1, ..., A\, are the eigenvalues of the symmetric and positive definite real matriz V.
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This is a classical result and a proof can be found for example in [12]. We detail it
below for the reader’s convenience.

Proof. 1t is well known that given a real symmetric, positive definite, matrix V, there
exists a non singular matrix H such that if

x=u+ Hx",

then the positive definite form in the exponent of the Gaussian becomes

n

x—uw)!V!(x—u)= Z(xz*)2

i=1

The matrix H is given by H = (O*)v/D. where O is the orthogonal matrix which diago-
nalizes the real symmetric matrix V' and

MO 0
p=ovot=|0 * 0
0 0 Ay

with \; eigenvalues of V.
Let us consider the previous change of variables

x =u+ Hx"
Ht) =V, we get |H| = [V|2. We get

*)2

L

where, in the last line, we set U(x*) = ¢ (u+ Hx*). As any denswy
1 @)

satisfies the equation
0z, (9(xi)) + zig(xi) = 0
we can apply Theorem 8 with K; = 1,7 =1,...,n and obtain

/nZ(

Now since U(x*) = ¢(u + Hx*) we get

OV S0 0xi 0, 09
oz}, - P O0x; Ox} N Z(H )i

1=
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and
ViU = (HY) Vxo
and
(4.32) Vi U2 = (Vi 0) Vo U = (V) |H (H)Vcp = [(Vx0)']V Vi,

as H(H') = V. On the other hand, as V = (O')DO, we get
[(Vxd)']VI(Vxd)] = (x') Dr,

where r = (r1,...,7,) := OVx¢. As O is an orthogonal matrix, we get
n n
2 _ 2 , 2 _ , 2
(4.33) Vi U[* = Z; Nirf < ( max ) z;r = (,max X)|Vxg]*
1= 1=

Finally, thanks to (4.32) and the change of variables x = u + Hxx, for the last term in
(4.31) we get the estimate

/B> (3h6) e I e

O

In the examples which follow we can make use of the one—dimensional class of Fokker—
Planck-type equations (4.1) leading to the (optimal in the class) generalized Poincaré
inequality (4.11).

4.3.2. Poincaré type inequalities for Cauchy-type densities. The second example we con-
sider is concerned with Cauchy densities, namely probability densities with a polynomial
decay at infinity given by

(4.34) fa(lx[) =

with Cp satisfying

Cp

n
TP 773

Cs
— L dx=1.
/Rn 1+ [xP2)PF ™

In this case, the radial density fg(p), p € Ry takes the form

C n

1 B

— > .

(1+p2)F” 775

Following the strategy developed in [23], we observe that the Cauchy-type density fg
defined in (4.35) can be characterized as the stationary state of a whole family of Fokker—
Planck type equations, which depend on a positive parameter «. For our purposes, we
will assume that o € (1/2,1]. It can be easily checked that this family of Fokker—Planck

type equations is given by

(4.35) fe(p) = om p™”

Oufs =05 (1+p")"f3) + 0, K(i(f ;zfi)pa -2 p “(1+ pQ)“) fa} . PER >0
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Indeed, f3 satisfies, for all p € Ry, the differential equation

o 26—« n—1 o
430 () = (i = )
Equation (4.36) is of the type (4.4), with
(431 P =+ Q=00 no by e e,

e
In the allowed range of the constant «, the function @ satisfies all the assumptions of
Theorem 6. Indeed, for all 1/2 < a <1 and
n—1

5

(4.38) B—a>

the function @ satisfy assumption (4.9), since

lm Q(p) = —o0, lim_Q(p) = +ox.
p—0t

p—r+00
Condition (4.38) holds true for o < 1 provided
(4.39) f>(n+1)/2.
Moreover, Q(p) is differentiable on Ry with

— 2 o — — 20N — 2 n—

(1+p2)2—a
Let us observe that
-1 —1)(1 + p?)? —1)(1+ p?
n : (sz)a:(n2 )( ;260? Z(n )(2 ;Z)
p p*(1+p?) (14 p%)

Fherelore 2B — a)(1 + (20 — 1)) — (20— 1)(n — 1)(1 + p?)
, -« p°2a—1)) — 2a—1)(n — p
Q (P) Z (1 _|_ p2)27a

Moreover, since o < 1 we have 2a — 1 < 1, so that
208 — a)(1+ (20 — 1)) = 2(2a — 1)(8 — a)(1 + p2).

o (20— 1205~ )  (n— 1)
p a— —a)—(n—
> .
Q'(p) > (117
Hence, Q'(p) is positive since condition (4.38) holds true. Under this condition @ : R — R
is a strictly monotone, smooth transformation.
Finally

Plp) _ 1

Q'(p) ~ Ca-1)2(8 - a) = (n—1)]
We can now look for the optimal value of the constant (2 — 1)[2(8 — ) — (n — 1)] under
the constraint o € (1/2,1] and 5 > (n +1)/2. Let f* = — (n — 1)/2 > 1. The optimal
value is obtained by maximizing the function

hsla) = (20 — 1)(8° — a).

(4.40) (14+p%), peR,.

To this end, since
hg(a) = 26" —4a+1

B*

hg(a) >0 <= a< o+

we obtain

1
1
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Hence

+ if +-<1

e = B g
max 2 2

=

1
47
while o1

amale, if ?+Z>1

In conclusion we obtain

(4.41) w(ﬁp):{ (L7 5y <f<5tl,

1 2

Therefore, we apply Theorem 10 and obtain

7T2

W, ) = max {(8,0), 5} 1+ )

and W, (|x|) = cg K (|z]) with K(|z|) = ﬁ(l + |z|?) as (3.5). This result is in perfect
agreement with the analogous one proven by Bobkov and Ledoux in [4] without an explicit
value of the constant in front of the weight. Moreover, in this case the weight is the one
conjectured in Section 3.

4.3.3. Poincaré—type inequalities for exponentially decaying densities. Let us now consider
the case of the exponentially decaying probability density function (3.6), which is uniquely
connected with the weight K(|z|) = é(l + Blz|), as in (3.7). In order to explicitly
determine the value of the weight w(p), as given by (4.10), it is essential to remark that
in our case the radial function f(p) in Theorem 10 is a Gamma density given by

(1.42) Ho) = g

Poincaré-type inequalities with optimal weight for a large class of generalized Gamma
densities have been recently obtained in [50]. As far as the density function (4.42) is
concerned, one obtains w(p) = Sp. Consequently, the weight in Theorem 10 is given by

7T2 2
Wi([xl) = max{B]x|, Z-[x|"}.

We remark that, in this case, the application of Theorem 10 leads to a non optimal weight,
growing at infinity like |x|?.

4.3.4. Poincaré inequalities for Barenblatt type densities. Let us now consider the case of
the class of radially symmetric Barenblatt type densities (3.8), which are characterized by
a bounded spherical support, and by the weight function K(|z|) = ]”2;pl(a2 — |z|?) as in
(3.9).

In what follows, for given a > 0 and p > 1, we consider the class of Barenblatt densities
supported in the sphere B, = {|x| < a} C R™, n > 1, in the form

(4.43) Fo(lx]) = Capla® = 1x[*)7T,  |x| <a,

where the constant C, ) is chosen to fix the mass equal to unity. For the sake of simplicity,
we denote = p%l and with an abuse of notation we will write fg(|z|) = fp(|z|) and

Cop = Cqp. In this case, the radial density gz(p), p € R4 takes the form
(4.44) 95(p) = 00 p" ' Capla® = p*)7, 0<p<a

Following the strategy developed in Section 4.3.2, we introduce a family of Fokker—Planck—
type equations that have, for a given § > 0, the Barenblatt density gg defined in (4.44) as
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a stationary state. These equations depend on a positive parameter « that, as in Section
4.3.2, belongs to the interval (1/2,1].
It can be easily checked that this family of Fokker—Planck type equations is given by

2(a+ B)p n—1

_ 92 2 2\ o 2 2\a

8tgﬁ = 8p ((a P ) gﬂ) +8P [((az — p2)1—a P) (a p ) gp| »

for p € Z = (0,a) and ¢ > 0. Indeed, g3 satisfies, for all p € Z, the differential equation
2(a+ B)p n—1

4.4 2 2\a — _ . 2 2\« )

419 0 (@ = 0s) = (Gt~ )

Equation (4.45) is of the type (4.4), with

2(a+ B)p n—1
@46)  Po)= (a2~ A" Q)= a0 ML per

(a* = p?) p
In the allowed range of the constant «, the function ) satisfies all the assumptions of
Theorem 6. Indeed, for all 1/2 < o < 1 the function @ satisfies assumption (4.9), since

lim Q(p) = —oo, lim Q(p) > 0.
p—0F p—a~

Moreover, Q(p) is differentiable on Z with
, 2(a + B)(a? — p*(2a — 1)) n—1 a®+ (2a—1)p?

Q(p) = (a2 — p2)2—a (a2 — p2)i—a 7 ’
Let us observe that, in the interval 1/2 < o <1 we have 0 < 2a — 1 < 1, so that

2(a+ B)(a® ~ p*(2a — 1)) _ 2(a +B)(2a — 1)
(a2 — p2)2—@ = (a2 - p?2)l-e
Moreover, for p € Z we have
n—1 a?+2a—-1)p* _ 2(n—1)2a—1)

peT.

(@2 — p2)i-a e = T @ )i
Finally,
2(2a — 1
Q'(p) > (612(_[)2)11@(04 +p+n—1).
This implies
P 1
(4.47) () - (a2 —p%), pel.

Q(p) ~ 22a—1)(a+B+n—-1)
We can now look for the optimal value of the constant 2(2ac — 1)(a + 8+ n — 1) under

the constraint o € (1/2,1] and 5 > 0. The optimal value is obtained by maximizing the
function

hg(a) = 2a—1)(a++n—1).
To this end, since a > 1/2
h(a) =26 +4a—1+2(n—1) >0
and
hg(@) < 2(n+ f).
Going back to Definition (4.10) and recalling that 8(p) = -1, for p > 1 we obtain

;cﬂ— %) = pl o’ = p*
(4.48) w(p,p)SQ(nJrﬁ(p))( 7 2(n(p — )+1)( &
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and in Theorem 10

_ 7T2
(4.49) W, (x|) = max { 2(n(pp_ 11) 35— ), 2]x]2} .

Also in this case Theorem 10 gives a non-optimal weight.

5. A REFINED POINCARE-TYPE RESULT FOR ISOTROPIC DENSITIES

The weight obtained in the Poincaré inequality (4.20) grows at infinity at least as |x|?
and this is due to the contribution of the angular components in the decomposition of
the density. This appears not to be sharp, if we consider the leading examples presented
in Section 3 and at the end of the previous section. More specifically, in the case of
the exponentially decaying density (3.6) the decaying at infinity of the weight should be
linear instead of quadratic and in the Barenblatt case (4.43) it should be vanishing at the
boundary of the domain. We are now presenting a refined Poincaré-type inequality with
weight for a n-dimensional isotropic density. On one hand we sharpen the contribution of
the weight for large scales but on the other we restrict the domain where it can be applied.

Proposition 15. Let X be a random vector distributed with density foo(|x|), with x € R™
where the probability density function foo(|X|) satisfies the differential equation

(5.1) VIE([x]) foo ([%])] +xfoo([x]) = 0.

Moreover, suppose that there exists a real value R > 0 such that, for any r > R, the weight

function K (r) satisfies the inequality

K(r)
r2

Then, for any smooth function ¢, supported outside the ball B = {x € R" : |x| < R},

and with finite variance with respect to f(|x|), we have

(5.2) (n—1)

<

N =

2
2
| enatihax— ([ owiraivhay) <2 [ K(a)Fo60F fulx) ix.

Remark 16. We underline that in this proposition the weight we get agrees with the one
conjectured in Section 3. It would be interesting to obtain the same result without any
restriction on the test function ¢. In the examples dealt with in Subsection 4.3 the diffusion
term K always satisfies condition (5.2).

Proof. Let a smooth scalar function ¢ defined on R™ and such that ¢(x) = 0 for |x| < R.
Since for any probability density function f.(|x|), we have the elementary inequality

2
2
[ 0atix ax— ([ ot ax) < [ (@60 - 0000 x(lx) ax
we get
2
Varlo)] = [ (600~ [ ot)fullyly ) fulixh ax
< [ (9x) = 9(0)2 () dx
Rn

and in hyperspherical coordinates

[ 060 =00l ix = [ [ 006.0) =600 0" lp) dip e
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Thanks to the gradient theorem, for the (smooth) function ¢(x) we have

1
(5.3) 50.0) ~00) = [ L o(tn.0) ot

Equality (5.3) shows that the angles 6;, i = 1,2,...,n — 1, appear as constant, so that the
gradient theorem, for any given ©, takes a scalar form involving only a variation in the
radius p. By Jensen’s inequality, (5.3) implies

P 2
—¢(tp,©)| p*dt

(0lp.0) =00 < [\

and since Vo(x) = 0 if |x| < R we get

Varlo < [ [ o ( A
[ [T <p A

If we consider the n—dimensional equation (5.1)
VIE (%)) foo ([%])] + % foo (%) = 0,

X
by multiplying by — we get the scalar identity

0

2
dt) p"tdpde
(5.4)

a 2
5,2t ©) dt) dp de.

x|
0
(5.5) %(K(p)fw(p)) + p foo(p) = 0.
and so we obtain
) _ K(p) »
9" ) =~ (K0 o) + 00— D2 1),
Hence, by resorting to inequality (5.2) we conclude that, for any p > R it holds
1 0
. " < ——(K(p)p" (p)).
(5.6) 5P foolp) < 8p( (P)P" fx(p))
Making use of (5.6) into (5.4), we get
% 1 o 2
/ [p" foo (p)] (p / 5,20 ©) dt) dp <
R 0 P

0

[e'e) 1 2
(5.7) —2/R E?p(K(p)p”1foo(p)) (p/o dt) dp <

o) 1 2
2 /R K (p)pnlfoo(p)aap (p /0 dt) dp.

In (5.7) we used integration by parts to get the last line. Indeed here the border term

satisfies
2
dt>

0

“+o00

9 btp.©) <0.

1
(5.8) — " K (p) fo(p) (p/o P

R
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Inequality (5.8) is a consequence of the fact that

/

The proof is completed by observing that, for any given function 1 (pt) one has the identity

2

9 sp o) @l —o.

dp

p=R

2 wulon).

2 1
4:/8
o Op
2 2
]dt:’@«bm@»
dp

(5.9) ;p (p(pt)] =

Clearly, (5.9) implies
d /1 2
— |p dt =
dp [ 0
Lo 0
— |t|=—o(tp, ©
Replacing into (5.7), and going back to cartesian coordinates gives the result for ¢
Varlo)] = [ ( - [ o y\)dy> ool dx
2 [ [ K@ ‘ 60,0
Sn—1 JR

</ T K ()" o) [V (0, O) dpd®

R

2¢(t07 0)

0

op P

IN

dpd®

— X X 2
_2/nK( ) IVe(x)]” foo(Ix]) dx
K O

Remark 17. The previous proof can be easily adapted to the case in which foo(|x]) is
a probability density supported in the ball B, = {x : |x| < a}, with a being a positive
constant. In this case, condition (5.2) is replaced by the following: There exists a bounded
value 0 < R < a such that, for any r such that R < r < a, the weight function K (r),
r > 0 satisfies inequality (5.2). An important example of this situation is provided by the
class of Barenblatt densities defined in (3.8).

Remark 18. If we consider an isotropic probability density foo(|x|), the one-dimensional
function fu(p) defined on (0, +00) satisfies two differential equations. On one hand, if we
consider the n—dimensional equation (5.1)

VIK(x]) foo (IX])] + % foo (x]) =
we get the scalar identity

0
8/)(

as we remarked in the previous proof. On the other hand, since [p, foo(|X|)dx = 1, we get

( )foo( )) +pfoo(p) =0

“+o00
/0 On frolp)p" L dp = 1.
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So, the function f(p) = 0, foo(p)p” ! is a probability density on (0,+0o) and can be
considered as a steady state of many different Fokker—Planck equations as in (4.4), namely

(5.10) (.fp (P()f(0) + Qo) F(p) = 0.

As a consequence, f(p) satisfies many different weighted Poincaré inequalities as in (4.11)
with a weight function w associated to the diffusion and drift coefficients P and @ of the
equation as in (4.10), namely

P(p)

w(p) = ,
Q'(p)

In Examples 4.3 in Section 4 we exploit the Poincaré inequalities coming from the Fokker—

Planck equation (5.10). On the contrary, in the proof of Proposition 15, we take advantage
of the expression (5.5).

p>0.

6. ANOTHER HYBRID INEQUALITY FOR ISOTROPIC DENSITIES

We are now presenting a refined inequality for a n-dimensional isotropic density where
we sharpen the contribution of the weight for large scales. Unfortunately, we are not
able to get a genuine Poincaré-type inequality, due to an extra term on the right hand
side. Nevertheless, this result applies without the restriction on the test function to be
supported outside a ball.

Theorem 19. Let X be a random vector distributed with density foo(|x|), with x € R™
where the probability density function foo(|X|) satisfies the differential equation (5.1)
VIK ([x]) foo (IX)] + X foo ([x]) = 0.

Suppose that there exists a real value R > 0 such that, for any r > R, the weight function
K(r), r > 0 satisfies the inequality (5.2), namely

K(r) < 1
r2 — 2
and suppose moreover that f(p) = onp" ' foo(p) satisfies the one-dimensional Poincaré

inequality (1.1) on I = (0,+00), with weight w(p). Then, for any smooth function ¢
satisfying

(6.1) [0(x)| + [Vo(x)| < C < oo
with C = C(¢) > 0, we have

i ( /. ¢<y>foo<|y|>dy)2 <

(n—1)

(6.2)
c ( | W) VoGP flx dx+ c(B) [ VoG0P foo<rx|>da<x>)
R™ [x|=R
where
(6.3) W ([x]) = max(u(x]), [x12)xe<r + K ()X el

C > 0 and c¢(R) is a positive constant depending only on R.

Remark 20. The inequalities may then be classically extended to the class of all locally
Lipschitz functions [4].
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Remark 21. We underline that in this theorem the weight function W behaves at infinity
as K(|x|). If K grows less than |x|? this result sharpens the previous Theorem 10, as long
as the behavior at infinity of the weight is concerned. Nevertheless, we pay a prize in the
extra term appearing in the right hand side.

Proof of Theorem 19. Let ¢(x) = ¢(p, ©) where (p,©) = (p,b1,...,0,—1) where p = |x| €
(0,+00), 0; € (0,7), for any i = 1,...,n — 2 and 0,,_; € (0,27). Moreover let R > 0
as in the hypotheses of Theorem 19 and let 0 < ¢ < R. Let X be a random vector
distributed with density foo(|x|), with x € R™. Then, if ¢ has finite variance, let us write
in hyperspherical coordinates

Varlo) = [ (600~ [ olyay) elixh ix =
/sm /OOO (¢(p,@)_/sn_l/0°° ¢(Z/a77>foo(y)dyd77)2foo(p)dpd@.

We split now ¢(p,0) = ¢F(p,0) + ¢ (p,O) + Ye(p, ©) where the three functions will be
defined in a while. We can estimate

/Sn l/oo <¢(P’@) - /n_ /oo ¢(y,n)foo(y)dydn>2foo(p)dpd@ -
/S” 1/ [<¢+ PO /n_ / b (y:m) fooy )dydn>
+ | ¢c (p,©) — b (Y1) foo(y)dydn
(orvor- [ [ )

v (w01 [ [ v metoiiun)] oo <

4 0! (p,©) - 65 (y.m) fo(W)dydn ) foo(p)dpd®
([ Gwor [ )
+/Sn1 /000 <¢;(p, ©) —/n1 /Ooo ¢Z(y,n)foo(y)dydn>2foo(p)dpd@
* /sn_l /000 (we(f” ©) _/Sn_l /OOO 1/}6(3/777)f00<3/)dyd77>2foo(p)dpd@}

=4 (Varlp! (X)] + Var[p, (X)] + Var[pe(X))]) -

Consequently, for any given 0 < ¢ < R we can evaluate separately the variances of ¢, ¢
and v with respect to fs, gather the results and let ¢ — 0 in order to get a global estimate.

We define now the three functions ¢, ¢- and .. Let us consider the interval (R —
€, R+ €) and let us set

0 ifp<R—e¢,
(6.4) 650 ={ PF(p) ifR—e<p<R,
1 if p> R.

In definition (6.4) the function P."(p) is the third order polynomial in p connecting C*

€

the points (R — €,0) with (R, 1), so that g/ (p) is C1((0,4+00)) with respect to p. Clearly,
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P (p) is increasing with respect to p in the interval R — e < p < R.
Likewise, let us set

1 if p <R,
(6.5) 9e () =S P (p) fR<p<R+e
0 if p>R+e

In definition (6.5) the function P~ (p) is the third order polynomial connecting C! the

points (R, 1) with (R + ¢,0), so that g (p) is C'((0,+00)) with respect to p. Clearly,
P~ (p) is decreasing with respect to p in the interval R < p < R + e. We remark that, by

€
construction, for any given = € (0, R) one has

9 (R—12) =g. (R+a),

(6.6) o . 0 _
dp p=R—z dp p=R+a
Let us finally define the approximations ¢ and ¢_ of ¢ through the radial derivatives
9 0
— 0) =g (p)= )
95" (p.©) = 9. (p) 8p¢(p, )

(6.7) ;

afpcbé(p, 0) =g, (p)gpcb(p, 0).

The functions ¢ and ¢_ are defined up to a function of ©. Integrating by parts between
0 and p > 0, and setting ¢ (0,0) = 0 for all ©, we obtain

o (p,© )—/0 9s (y)§¢(y,9)dy=
95 () / oy a ge( ) dy.

Hence, thanks to (6.4) we get

0 if p<R—e
0
(6.8) ot (p, ©) = Pj(ﬂ)ﬁb(f’a@)— . ¢(ya )8 Pr(y)dy ifR—e<p<R,
50.0)— [ o0 >3P+< ) dy >R

R—e¢

Likewise we have

67 (0.0) — 67 (0,0) = /0 s <y>§y¢<y, 0) dy =

0005~ [ 00.0)5 ()
9e \Y)P\Y, 0 . Y, ayge y)ay
Thus, setting ¢_ (0,0) = ¢(0) for all ©, (6.5) implies

¢(ﬂ, 9) if p <R,
(6.9) - (p,0) = Pe " / o(y, O _(y) dy ifR<p<R+e,
- ¢(y, @) P (y) dy if p>R+e

R Jy
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Setting ¢6<p7 6) = ¢(p7 9) - ¢j(p7 @) - (b; (p7 @> we get

0 if p<R-—k,
.00 0= PN+ [ GO P dy TR <p<R
9
_ —PZ(p)¢(p,@)+ ¢(y, )5, P*( ) dy
(6.10) e(p, ©) = ifR<p<R+e,
/ 6y, 0) P~ (y) dy
R-+e o B . .
/. #(y,0) <aygg (y) + 3, (y)> dy ifp>R+e

Then, we have the identity
¢(p,0) = ¢7 (p,0) + & (p,©) + Ye(p, ©),

where the function ¢F(p,©) is equal to zero if p < R —e. Let us examine in details
the size of the term ¢(p,®). Owing to conditions (6.1) and (6.6), and since P (p) is
nondecreasing, and such that 0 < P (p) <1

L 0 ]
< ,0)|=—Pr(y)dy < C — P (y)dy < C.
<[ wwolgrrma<c [ SLrrway
The same upper bound holds for the integrals appearing in the definition of ¢, for R <
p < R+ e. Therefore ¥¢(p,0) =0 for p < R — € and
[%e(p,©)] <3C - x[R—€e<p< R+¢
R+-e o o
I g
/ ¢(y,0) [aygg (y) + L (y)} dy’-

R—e¢

64,0 >8P+< ) dy
R—e

+xlp>R+¢

Moreover, thanks to conditions (6.6)

/ R+€¢(y7@) [;yg? (y) + gyge_ (y)} dy‘

R—e¢

€ 0
/0 (6(R ~ 2,6) ~ 6(R +2,0)] 5P (1)

dx
y=R—x

. )
< /0 [6(R ~ 2.6) ~ 6(R + 2.0)| 1P (1)

— /E |¢)(R—l’,@) —@(R—I—l’,@”
|2z

dzx

9 ot
22| 5, P W)

y=R—x

< sup |V¢(X)\/0 |2| ;yP:(y) dx < 2Ce.

y=R—x
Finally ¢¢(p,©) =0 for p < R — € and
(6.11) [Ye(p,©)| <CBx[R—e<p<R+e+2Cex[p>R+¢]).

Inequality (6.11) asserts that |¢¢(p, ©)] is bounded by two constant functions, the first
different from zero only on a set of measure 2¢, the second bounded by 2Ce on the set
p > R+ €. This clearly implies that

li_I)I(l) Var[y.(X)] = 0.
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Let us come to Var[¢- (X)] and Var[¢pF (X)] and let us consider first Var[¢. (X)]. Thanks
o (4.27), we obtain

varseoxze [ [ (o] 2o

where w is the weight appearing in the one-dimensional Poincaré inequality relative to the
density ,p" ! foo(p) and ¢ > 0 is a suitable constant. Let us split the integral in dp into

[e's) R R+-e€ [e's)
/ dp:/ d,o—l—/ dp+/ dp.
0 0 R R+-e

Thanks to definition (6.9) we have

2 n—1
+;ae

2
) ) P foo(p)dOdp

R n—1 2
/ / <w(p)‘ +Z )p"‘lfoo(p)d@dp
0 Sn—1 i=1
2 n—1 a 2
/ / ( ‘ + >p”‘1foo(p)d@dp-
snt =1 Z

o |*

9|
Recalling that o < |V¢[? and 20,

/R/S (w(p) ‘aa«zs(p,e 2+§

=1

< p?|Vé?,i=1,...,n — 1, we obtain

0
5@;¢(P7C»

~—

2
) P foo(p)dOdp

<n / /S —max(u(p). p) [V6(x(p, ©))* 9" foc(p)dOdp
—n /| _ ), [ VOGP )

= [ maxulxl). I e VOG0 e ()

Now, let us estimate f}?ﬂ dp. By definitions (6.7) and (6.9), we have for R< p < R+ ¢
and fori=1,...,n—1

i aapdk(p, o) = P€<p>§p¢<p, o)

0 0 P9 0
ii) %QS;(/%@):PJ(M ?(p,©) — g afeicﬁ(y,@)*PZ(y)dy'

00;
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So,
/Rﬁ /S - ( ’ e (r,9) 2 +§§ a%ﬂs (p, ©) 2) P foo(p)dOdp
< 6/12R+6/9n1 (w(P) ‘gqpﬁ(p,@) 2+
§ [ gg;(p, 0) 2 + (/Rp SZ (y,@>' <_a§;— (y)> dy>2]> P foo(p)dOdp
/R+€/ ( ‘ (p,@)2+jz;l ‘gg;(p’@)2+l%<ii%+e aae( @)2 )

x p" ! fos(p)dOdp
— A,

Due to hypotesis (6.1) on the smoothness of ¢ and to the continuity of w, we can deduce
by dominated convergence that

lim A, = 0.

e—0
Last, let us come to f;fre dp. For p > R + € the function ¢_ does not depend on p so
a%qﬁe_(p, ©) = 0. Moreover, for p > R+eandi=1,...,n — 1 we have

o R+e o o
o) == [ 5700 ©) 5P (1)

r 00
So
- 2
/ / Z )| o™ foo(p)dOdp
R+e —
_ R+e b 9 2 1
/ / Z / 26, 2w O) g P W)dy| p™ foo(p)dOdp
R+e R y
R+e ) o 9 3
/ / Z [/R afgifb(y, @)‘ <_8yP5 (y)> dy} P foo(p)dOdp
=1
e’} -1 8¢ 9
< su ® n—1 - dOd
B /R+e /Sn— Z:R<ID<II)%Jr6 00; S0 (PO) P foolp) P
n—1 9
o0 6 )
:/ 2 </ o 8;]5( ©) d@> P oo (p)dp
R+-e¢ i=1 Sn—1 R<p<R-+e
n—1 9
0 S
= Z / sup ¢( ,0)| dO / o 1foo(p)dp
i=1 Sn—1 R<p<R+e 00; Rete
= B,
We get
¢ 2 B )
EE}% Sn— 1R<Spli%+e 89 ( @) d@ — /Sn1 891 (R, @) d@
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—(R,0

/Snl
R2

et o VOO B ()i

_ R3 X 2 X o(X
= ) .y [T ()0

=C X 2 X o\X).
=e®) [ I9000F Ll o)

2
d@g/ R?|V¢(x(R,0))>dO
Snfl

with do(x) is the surface measure of the ball |x| = R and ¢(R) > 0 a constant depending
only on R. By monotone convergence we get

lim B, = c(R) ( [ Iveear foouxr)da(x)) ([ o rtoran)

< ¢(R) /| _TOEI (o).

In the end

Vartor (X)) < € | max(u(x)). [x)xacn 060 fulixax + A+ B
and

lim Var[p. (X)]

e—0

sc( [ (), (X< Vo0 follxl)ax + c(R) [ rw(x)Pfoo(\xr)da(x))
R |x|=R

sc( / ma(w(|x]), [%12)Xjo(< [VEEI foo (x|} dlx + c(R) / rwx)ﬁfoo(\xr)da(x)).
R x|=R

We now estimate the last term Var[¢pF (X)]. Since ¢ vanishes for |x| < R — ¢, we can
apply Proposition 15 and obtain

Varlg! (01 <2 [ K(x)) Vool fu(lx)

|x|>R—e

where K (|x]) is the weight related to the Fokker Planck equation (5.1). Of course

lim Var(sf (X)] < 2 / K(Ix]) Vo) foo(Ix]) dx

x|>R
- / K(Ix)xxzr [V OGP foo(Ix]) dx.
R7l
Since

Var[$(X)] < 4l (Varlg! (X)] + Varlg; (X)] + Var[y(X)))
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gathering all estimates we have obtained

L eeanethax— ([ ¢(y)foo(,y,)dy>2 _

c / W (1)) V0|2 foo (1x]) dx + c(R) / V)2 fool[X])do(x)
R" x|=R

(6.12)

where C' > 0 is a suitable constant,

(6.13) W ([x|) = max(w(|x]), |x[*) xxj<r + K (X)) Xx>r
and ¢(R) is a positive constant depending only on R. O

7. APPENDIX
In order to prove Theorem 5, we show first the following.

Proposition 22. [20] Let F(x,t) be the solution to equation (2.5) in T C R™. Then, if
U(x) is a smooth function such that

(7.1) U(x)]| <c< oo, x€dT
for t > 0 the following equality holds

(7.2) /Ifoo(x)‘ll(x) 8F((9}:,t) dx = — /IK(x)foo(x)V\I/(x) - VF(x,t) dx.

Proof. The proof of (7.2) is immediate. Indeed, since F(x,t) satisfies (2.5), applying the
divergence theorem in the volume Z, we obtain

/ fon ()0 (0) 2E ) e
A

ot
/I[‘I’(X)K(X)foo(X)AF(X,t) Joo ()W (x)(x — m) - VF(x,1)] dx

/ U(x)K (x)foo(x)VF(x,t) -ndo(x /VF x,t) - V (K (X) foo(x)¥(x)) dx +
{lx|=R}

- /Ifoo(x)\ll(x)(x —m) - VF(x,t)dx =

— /IK(x)foo(x)VF(x,t) VU (x)dx+

- /I‘I’(X) [V (K (%) foo (%)) + foo(x)(x —m)] - VF(x,1) dx =

- /IK(X)foo(x)V\IJ(X) - VF(x,t) dx.

Indeed, the border term vanishes in view of conditions (7.1) and (2.7), and we used (2.1)
on the last line to conclude. (]

Proof of Theorem 5: Since the integral defining ©(F(t)) is uniformly bounded, we get

B , OF (x,t)
= [ 1o (Pl t) 2

Then, we apply Proposition 22 with ¥U(x) = ¢'(F(x,t)) with fixed ¢ > 0. O
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