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This paper is devoted to -entropies applied to Fokker-Planck and kinetic Fokker-Planck
equations in the whole space, with confinement. The so-called ¢-entropies are Lyapunov
functionals which typically interpolate between Gibbs entropies and L? estimates. We
review some of their properties in the case of diffusion equations of Fokker-Planck type,
give new and simplified proofs, and then adapt these methods to a kinetic Fokker-Planck
equation acting on a phase space with positions and velocities. At kinetic level, since the
diffusion only acts on the velocity variable, the transport operator plays an essential role
in the relaxation process. Here we adopt the H! point of view and establish a sharp
decay rate. Rather than giving general but quantitatively vague estimates, our goal here
is to consider simple cases, benchmark available methods and obtain sharp estimates
on a key example. Some ¢-entropies give rise to improved entropy — entropy production
inequalities and, as a consequence, to faster decay rates for entropy estimates of solutions
to non-degenerate diffusion equations. We prove that faster entropy decay also holds at
kinetic level away from equilibrium and that optimal decay rates are achieved only in
asymptotic regimes.
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operator; diffusion limit; confinement; spectral gap; Poincaré inequality.
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1. Introduction

By definition, the y-entropy of a nonnegative function w € L!(R?, dy) is the func-
tional

elul= [ etwar,
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where ¢ is a nonnegative convex continuous function on R* such that ¢(1) = 0 and
1/¢" is concave on (0,400), i.e.,

P20, p=p1)=0 and (1/¢")" <0. (L.1)

Notice that the last condition means 2 (¢")? < ¢” ¢(**) a.e. A classical example of
such a function ¢ is given by

pp(w) == 25 (WP =1 —p(w—1)) pe(1,2]
where, in the case p = 2, po(w) = (w — 1)? and the limit case as p — 1, is given
by the standard Gibbs entropy

p1(w) :=wlogw — (w—1).

Many results corresponding to the case p = 2 can be obtained, e.g., by spectral
methods. The case p = 1 is important in probability theory and statistical physics.
Our goal is to emphasize that they share properties which can be put in a com-
mon framework. Throughout this paper we shall assume that dvy is a nonnegative
bounded measure, which is absolutely continuous with respect to Lebesgue’s mea-
sure and write

dy=eVdx

where v is a potential such that e~¥ is in L!(R? dx). Up to the addition of a
constant to v, we can assume without loss of generality that dv is a probability
measure. A review of the main properties of p-entropies, new and simplified proofs
and key references are given in Section 2.

Without entering the technical details, let us illustrate the use of the y-entropy
in the case of diffusion equations. A typical application of the -entropy is the
control of the rate of relaxation of the solution to the Ornstein-Uhlenbeck equation

0

aif:Lw::Aw—Vzp-Vw, (1.2)
which is also known as the backward Kolmogorov equation. If we solve the equation
with a nonnegative initial datum wg such that fRd wody = 1, then the solution
satisfies [p, w(t,-)dy = 1 for any ¢ > 0 and limy_, o w(t,-) = 1. The Ornstein-

Uhlenbeck operator L defined on L2(R?, dv) is indeed self-adjoint and such that
—/ (Lwy)wady = Vwy - Vwa dy Ywi, wsy GHl(Rd,dv).
Rd Rd

As a consequence, it is also straightforward to observe that for any solution w with

initial datum wq such that Ewy) is finite, then
d
el == [ &) |Vauf dy = - Z(ul,
Rd

where Z[w] denotes the p-Fisher information functional. If for some A > 0 we can
establish the entropy — entropy production inequality

Tlw] > A€fw] Yw e HY(RY, dy), (1.3)
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then we deduce that
Elw(t,)] < E[wole ™t V>0,

which controls the convergence of w to 1 as t — 400, for instance in LP(R?, dv) by a
generalized Csiszdr-Kullback inequality if ¢ = ¢p, 1 < p < 2. The entropy — entropy
production inequality is the Poincaré inequality associated with dv if ¢ = @9, and
the logarithmic Sobolev inequality if ¢ = ¢;.

We recall that the study of (1.2) is equivalent to the study of the Fokker-Planck
equation

ou
A nonnegative solution with initial datum uo € L*(R?,dz) and [5, uodz = M > 0
has constant mass M = fRd u(t,-)dx for any ¢t > 0, and converges towards the
unique stationary solution
-
e
M———.
Jpa eV dx

Without loss of generality, we shall assume that M = 1. Then one observes that

Uy =

w = u/uy solves (1.2), which allows to control the rate of convergence of u to u,. A
list of results concerning the solutions of (1.2) and (1.4) is also collected in Section 2.

The third section of this paper is devoted to the extension of p-entropy methods
to kinetic equations. Section 3 of this paper deals with the kinetic Fokker-Planck
equation, or Viasov-Fokker-Planck equation, that can be written as

Z—{—FU-V,;f—Vzw-VUf:Auf—i—vu'(Uf)~ (1.5)

Our basic example corresponds to the case of the harmonic potential ¢ (z) = |x|?/2.
Unless it is explicitly specified, we will only consider this case. Notice that this
problem has an explicit Green function whose expression can be found in 7.

Since (1.5) is linear, we can assume at no cost that | fl,,(gage) = 1 and consider
the stationary solution

1 1
fulz,v) = (27)"de ¥@ e 3l = (2m) ¢ e~z (el +l®) V(z,v) € RY x RY.

The function

7T
solves

dg B
pn +Tg=Lg (1.6)

where the transport operator T and the Ornstein-Uhlenbeck operator L are defined
respectively by

Tg:=v-Vyg—2-Vyg and Lg:=A,g—v-V,g.
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Let dp := f, dz dv be the invariant measure on the phase space R? x R?, so that T
and L are respectively anti-self-adjoint and self-adjoint. The function

h = gP/?

solves
oh 2—p |V7JL|2
— +Th=LAh+ —— ——.
ot + + P h

At the kinetic level, we consider the @-entropy given by

Elg] = //Rded e(g)dp.

With this notation, €[g] = [[ga,ga @ (f/fe) dp so that, with f = g f, = h?/? f, we
have

h2
Elgl = // h? log | ———— | dp if =1,
[ ] R xR ffRdX]Rd h2 du 1% 2 ©1

e - L[] (L) ]

if o=y, pe(l,2].

The optimal rate of decay of £[g] has been established by A. Arnold and J. Erb
in . In the special case of a harmonic potential, their result goes as follows.

Proposition 1.1. Assume that ¥(z) = |x|>/2 for any x € RY. Take ¢ = ¢, for
some p € [1,2]. To any nonnegative solution g € L*(R? x RY) of (1.6) with initial
datum g such that E[go] < 0o, we can associate a constant C > 0 for which

Elg(t,-, )] <Ce ™ Vt>0. (1.8)

t

Moreover the rate e™" is sharp as t — +o0.

The striking point of this hypocoercivity result is to identify the sharp rate of
decay. The rate is specific of the harmonic potential 1 (z) = |x|?/2, but it turns out
to be useful for the comparison with rates obtained by other methods. Although
probably not optimal, a precise estimate of C will be given in Section 3, with a
simplified proof of Proposition 1.1.

The method is based on the use of a Fisher information type functional

ﬂM:%/IVMFw+%/\Vmﬁw+$/lvm+vmﬁw (L.9)
R4 R4 R4

which involves derivatives in « and v. If h solves (1.6), then the key estimate is to
prove that

& ath(t, ) <~ TIh(t, ).
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The result of Proposition 1.1 follows from the entropy — entropy production inequal-
ity (2.6) that will be established in Proposition 2.3: since

Ag[g(t, ) )] = Ag[hQ/p] < j[h] ’

then &[g(t,-,-)] has an exponential decay. However, we underline the fact that

Gielat] == [ 1V du £ - Tihie. ).

At the level of non-degenerate diffusions, a distinctive property of the p-entropy
with ¢ = ¢, and p € (1,2) is that the entropy — entropy production inequality
7 > A€ with an optimal constant A > 0 can be improved in the sense that there
exists a strictly convex function F on RT with F(0) = 0 and F’(0) = 1 such that
T > A F(€). This has been established in * and details will be given in Section 2.5.
The key issue is to prove that for some function p on R*, which depends on the
solution w, such that p > A a.e., we have %I[w(t, )] < = p(t) Z[w(t, -)]. One may
wonder if a similar result also holds in the hypocorcive kinetic Fokker-Planck equa-
tion. So far, no global improved inequality has been established. What we shall
prove is that, if we consider the more general Fisher information functional

Alh = (1 - ) / Vb dp+ (1 — )\)/ Vb2 du + )\/ Vb + Voh|? du,
Rd R4 R4
(1.10)
then for an appropriate choice of A (which turns out to be ¢-dependent), the rate of
decay is faster than e~* up to a zero-measure set in t. The precise statement, which
is our main result, goes as follows.

Theorem 1.1. Let p € (1,2) and h be a solution of (1.7) with initial datum hy €
L'NLP(RY, dv), ho # 1, and dy be the Gaussian probability measure corresponding
to the harmonic potential potential (x) = |x|?/2. Then there exists a function
A RT — [1/2,1) such that A\(0) = limy—, 100 A(t) = 1/2 and a continuous function p
on R such that p > 1/2 a.e., for which we have

%Jm) (h(t, )] < =2p(t) Tawlh(t,-)] Yt>0.

As a consequence, for any t > 0 we have the global estimate

I lh(t, )] < T j2lho] exp (—2/0tp(s) ds) )

This result is weaker than the result for non-degenerate diffusions. The qualita-
tive issues are easy to understand and to some extent classical in the hypocoercivity
theory, but no quantitative estimate of p in terms of h is known so far. If ¢,-entropies
were initially thought as interesting objects which interpolate between the Gibbs
entropy and standard L2 estimates, improved entropy — entropy production inequal-
ities and the result of Theorem 1.1 capture an important feature when p € (1,2):
faster rates of decay for finite values of t. As t — 400, we cannot expect a faster
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decay rate, but we gain a pre-factor which is less than 1. See Section 3.4 for more
details.

Let us conclude this introduction with a brief review of the literature. Fokker-
Planck equations like (1.4) are ubiquitous in various areas of physics ranging from
the description of the motion of particles in a gas or a solute to semi-conductor
physics, models of stars in astrophysics or models of populations in biology and so-
cial sciences, as microscopic dynamics involving Brownian motion are represented
at macroscopic scales by diffusion equations. Second order dynamics (in which
forces produce acceleration) in random environments obey in many cases to the
Langevin equation and at macroscopic scale the corresponding distribution func-
tion solves (1.5). A typical example is given by particles having random encounters
with some background obstacles, a situation that can be encountered in many areas
of physical modeling. It has to be emphasized that (1.4) appears in the diffusion
limit of the solutions of (1.5), that is, in the overdamped regime in which friction
and other forces equilibrate very fast, so that the velocity instantaneously adapts
to the forces, which results in first order dynamics. For some general properties
of (1.4) and (1.5), a review of stochastic and PDE methods and some entries to
applied cases, we refer for instance to **, among many other books on this topic.

The word “hypocoercivity” is apparently due to T. Gallay and was made pop-
ular by C. Villani in 7. Our computations are based on Villani’s ideas in Section 3
of 7 (also see ), but the use of twisted gradients involving simultaneously deriva-
tives in = and v can be also found in * and in earlier works like . It is actually a
consequence of Hormander’s hypoelliptic theory, which covers simultaneously reg-
ularization properties and large time behaviour. One can refer for instance to *%’
and, much earlier, to *. The seed for such an approach can actually be traced back
to Kolmogorov’s computation of Green’s kernel for the kinetic Fokker-Planck equa-
tion in ?, which has been reconsidered by * from a more modern point of view and
successfully applied, for instance, to the study of the Vlasov-Poisson-Fokker-Planck
system in »%7. In case of the kinetic Fokker-Planck equation, we can refer to >’ in
the case of a general potential of confinement, and more specifically to *. In this last
paper, the authors deal with the issue of accurate rates: “while the main theorem
in * covers a wide class of problems, the price paid is in the estimate for the decay
rate, which is off by orders of magnitude.” The result of Proposition 1.1 addresses
the issue of the optimal rate in a very simple case. For completion, one also has to
mention * and * for further theoretical and numerical results.

A twin problem of the kinetic Fokker-Planck equation is the linear BGK model,
which has no regularizing properties but shares many common features with the
kinetic Fokker-Planck equation as soon as we are concerned with rates of conver-
gence. We refer to *7 for early contributions, to »%"%7 for more recent ones, and
especially to . In this last paper, J. Evans studies the linear BGK model and a
kinetic Fokker-Planck equation on the torus using the (p-entropies.

In 7, only the cases p = 1 and p = 2 were considered, but it is well known since
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the founding work ? of Bakry and Emery that intermediate values of p can then
be considered. In the case of p-entropies associated with non-degenerate diffusions,
this idea was invoked on many occasions, for instance in **%%%7 in relation with
spectral estimates or the carré du champ methods. For carré du champ techniques
in kinetic equations, we can refer to °, also *’, and finally Remark 6.7 in * for an
early contribution on @-entropies. Although y-entropies are natural in the context
of the kinetic Fokker-Planck equation, precise connections were made only quite
recently. In *, A. Arnold and J. Erb discuss ¢-entropies in the context of the kinetic
Fokker-Planck equation and prove, among more general results, Proposition 1.1.
We can also refer to »%7 for various related results. As far as we know, no result
such as Theorem 1.1 has been established yet.

2. A review of results on ¢p-entropies

In this section we consider a @-entropy defined by E[w] := [, ¢(w) dy where dy =
e~¥ dx is a probability measure and ¢ satisfies (1.1). Most of the results presented
here are known, but they are scattered in the literature. Our purpose here is to
collect some essential statements and present simple proofs.

2.1. Generalized Csiszdr-Kullback-Pinsker inequality

By assumption (1.1), we know that £ is nonnegative and achieves its minimum at
w = 1. It results from the strict convexity of ¢ that £[w] controls a norm of (w—1)
under a generic assumption compatible with the expression of ¢,. The classical

?,?7? ?.7.2.7

result of has been extended in*>">"*. Here is a statement, with a short proof

taken from Section 1.4 of 7, for completeness.

Proposition 2.1. Let p € [1,2], w € L' N LP(R%,dy) be a nonnegative function,
and assume that ¢ € C?(0,+00) is a nonnegative strictly convex function such that
(1) = ¢'(1) = 0. If A:=infye(g,00) 7P ¢"(s) > 0, then
Elw] >27% A min {1, |Jw|?;> w — 1|2
- ’ Le (R4, d) LP(R?,dy) -

When ¢ = ¢,, we find that A = p. This inequality has many variants and
extensions: it is not limited to R? but also holds on bounded domains or manifolds
and the relative ¢-entropy [o. (¢(w1) — p(w2) — ¢’ (w1) (wz — w1)) dy can also be
used to measure |Jwy — wy ||iP(Rd$d7).

Proof. Up to the addition of a small constant, we can assume that w > 0 and
argue by density. A Taylor expansion at order two shows that

1

A _
el =5 [P Om-1Par=F [ e w-1Pa
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where ¢ lies between 1 and w. With o = p(2 — p)/2 and h > 0, for any measurable
set A C R, we get

p/2 (2-p)/2
/ |lw—=1P R~ h%dy < (/ |w—1|2hp_2d7> (/ hpdfy>
A A A

by Holder’s inequality. We apply this formula to two different sets.
On A= {zcR?: w(x)>1}, we use &#~2 > wP~2 and take h = w:

2/p
/{ - lw— 1272 dy > (/{ - |lw— 1P dy) ||wH€;(2Rd7dw .

On A= {x cR?: w(r) <1}, we use &2 > 1 and take h = 1:

2/p
/ jw— 1P~ dy > (/ w—llpdv> :
{w<1} {w<1)

By adding these two estimates and using with » = 2/p > 1 the elementary inequality
(a+0b)" <277 1(a" 4+ b") for any a, b > 0 allows us to conclude the proof. O

2.2. Convexity, tensorization and sub-additivity

Let us turn our attention to (1.3). To start with, we observe that the functional
w i Zlw] = [pa ¢ (w) |[Vw|? dy is convex if and only if 1/¢" is concave. Now let
us consider two probability measures dvy; and dvy, defined respectively on R% and
R?% such that Inequality (1.3) holds with v = ~;, and i = 1, 2:

/Rd. QO”(U)) |Vw|2 d’yi =: I’Y:‘ [w] > A 8% [’U)] Vw e Hl(Rdjvd’Yi) ) (2'1)

Here we denote by £, the p-entropy for functions which are not normalized, that is,

Eyw] == /Rd<ﬂ(w)dvsﬁ</wwdv) :

Assuming that dvy is a probability measure, by Jensen’s inequality we know that
w — &,[w] is nonnegative because ¢ is convex. As we shall see below, w — &, [w] is
also convex, which is the key ingredient for tensorization. The question at stake is
to know if Inequality (1.3) holds on R% x R? for the measure dy = dy; ® 2. Most
of the results of Section 2.2 have been stated in 7 or are considered as classical. Our
contribution here is to give simplified proofs.

Theorem 2.1. Assume that ¢ satisfies (1.1). If dy1 and dys are two probability
measures on R¥ x R satisfying (2.1) with positive constants Ay and As, then
dy1 ® 2 is such that the following inequality holds:

T omalt] = / ' () [Vl dy dre
R91 xR92

> min{Ay,As} & g, [w] Vw € HH (R x R dy).
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It is straightforward to notice that the Fisher information is additive

I o] = / I[w]dys + / Tnoluw] dys
Rd2 Rd1

so that the proof of Theorem 2.1 can be reduced to the proof of a sub-additivity
property of the p-entropies that goes as follows.

Proposition 2.2. Assume that ¢ satisfies (1.1) and consider two probability mea-
sures dyy and dys on R¥ x R%. Then for any w € L}( R4 x R dy; @ 73), we
have

Erramlu] < / Eprlw] dys + / £ luldy Ywe L' (dn ©7s).
Rd2 RA1

This last result relies on convexity properties that we are now going to study.
As a preliminary step, we establish an inequality of Jensen type.

Lemma 2.1. Let w € LY(R% x R% dy; ® 42) be a function of two variables
(w1,72) € RU x R%. [f F.. is a convex functional on L' (dy1) such that

d
—/ Fo [tw+ (1 —=1) [gay wdye] dya =0, (2.2)
dt Rd2 |t:0

then the following inequality holds:
/ ‘F’Yl[w]d’mz‘/—:’h [/ wd72:| .
R2 Ré2
Proof. Let wy =tw + (1 —t) [pa, wdyz. By convexity of F,,,

Foulw] SEF, ]+ (1 -1 F, [/

Hence it follows that

Futod =5, [ [ wia] <o (Fulual -5, [ [ wia) ).

from which we deduce that

w d’yg] .

da

d
0= %J:’yl [wthtzo S ]:'Yl [U}] — ]:'Yl |:/Rd2 wd’72:| .
Conclusion holds after integrating with respect to vs. O

The second observation is the proof of the convexity of w +— &, [w]. The following
result is taken from °.

Lemma 2.2. If ¢ satisfies (1.1), then &, is conves.

Proof. We give a two steps proof of this result, for completeness.
e Define 2y =ty + (1 —t)z, t € (0,1). Since 1/¢” is concave,
1 S t n 1—-t¢ .
@"(ze) — @"(y) ()

(2.3)
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The function ¢ is convex, hence ¢”(z) > 0 and ¢”(y) > 0 and so

> and

This means

¢"(y) > te"(x) and " (x) > (1 —1)¢"(z).

We can also rewrite (2.3) as
¢ (@) " (y) = (" (x) + (1 = 1) " (1)) " ().
Consider the function
Fi(z,y) = to(y) + (1 =) p(z) — p(a)

and observe that

1—¢ 1 _1—t2 2 —t(1 -t i
Hess(7y) — (7 09"@) ~ (L= 26" (@)  —1(1—1) " ()
—t(1—1)¢"(x1) t"(y) — %" ()
is nonnegative since both diagonal terms are nonnegative and the determinant is
nonnegative. The matrix Hess(F}) is therefore nonnegative and F; is convex.
e We observe that

t&,[wﬂ + (1 — t) 57[11)0] — 57[75 w1 + (1 — t) ’wo]

= Fi(wy,wo) dy — Fy (/ w1 d’y,/ wo d’y)
R R R

is nonnegative by Jensen’s inequality, which proves the result. DO

Proof of Proposition 2.2. We claim that F,, = &,, satisfies (2.2). Indeed, let us
consider wy = tw + (1 — t) wy with wg := fRd2 wdrys. A simple computation shows
that

d

—Fo[wi] = / @' (we) (w—wp) dy1 — ¢’ / wy dyy / (w—wp) dv1,
dt Rd1 R41 R41

and, as a consequence at t = 0,

d
—Fy [wtht:o = / 90/(11)0) (w —wo) dy1 — ¢ / wo dy1 / (w —wp) dyr .
dt Rd1 R41 R91

Since wy does not depend on 3, an integration with respect to v, concludes the
proof of (2.2). From Lemma 2.1, we get

/ & w)dys > &, {/ wd*yg} .
Rd2 Rd2

By definition of &,,, this means

/ [/ w(w)dvl—tﬂ(/ wdm)] dva
Rd2 Rd1 Rd1
2/ w(/ wdw) dm—s@(// wd%@vz),
R41 Rd2 R41 xR92
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from which we deduce

I oo s( [ v
! /Rdl UR@ p(w)dys = (/Rd2 U’dw)] dn
o i)

This ends the proof of Proposition 2.2. O

Proof of Theorem 2.1. The proof is an easy consequence of Proposition 2.2 and
of the observation that

min{Al, A2} 8’}’1 ®v2 [’UJ]
<h [ gululdnthe [ Eluldn
Rd2 Rd1

< / / & () [[Vay wf? + |Vaywf2] dyy @ 72
Rd1 x Rd2

= // QDH(U}) |VU}|2 d’Yl @72 = I’Yl®72 [’LU] .
R41 xR%2
O

As a concluding remark, we observe that tensorization is not limited to proba-
bility measures on R?. The main interest of such an approach when dealing with
R? is that it is enough to establish the inequality when d = 1. In the case d = 1,
sharp criteria can be found in * (also see *). There are many related issues that can
be traced back to the work of Muckenhoupt, e.g., * and Hardy (see *).

2.3. Entropy — entropy production inequalities: perturbation results

Perturbing the measure in the case of a Poincaré inequality is essentially trivial. In
the case of the logarithmic Sobolev inequality, this has been done by Holley and

Stroock in . More general entropy functionals have been considered in *, which

cover all p-entropies. Also see *”.
Assume that for some probability measure dy and for some A > 0, Inequal-

ity (1.3) holds, that is,

)

A [ ptwar-o@]| < [ @ivera vwem@). e

Here we denote by w the average of w with respect to dvy: w := fRd w dy. Assume
that du is a measure which is absolutely continuous with respect to dy and such
that

e Pdy <dp<e *dy
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for some constants a, b € R. The statement below generalizes the one of Lemma 5.2
of 7.

Lemma 2.3. Under the above assumption, if @ is a C? function such that ©" > 0,
then

A [ Tplw) = (@)~ @ w- D] di < [ w) [Vl dp Ve B ),
where @ = [p,wdp / [padp.

Proof. We start by observing that
eb/ ¢ (w)|Vwl|* dp > / ¢ (w)|Vuw|? dy = I, [w]
R4 Rd
> a8l =4 | [ otw)dy - plm

= [ (plw) = ol@) = (@) (0 = w) .

By convexity of ¢, we know that p(w) — (W) — ¢' (W) (w —w) > 0, so that

A& [uw] > Aet / (p(w) - p(@) — ¢ (@) (w — ) dy

Rd
—ret [ (plw) - pl@) (@) (@~ D) do.
By convexity of ¢ again, ¢(w) 4+ ¢’ (w) (W — W) < ¢(w), which shows that
A&y[w] = Ae“/ (pw) —p(@))du=e* A | [p(w) — p(@) — ¢ (W0)(w — )] dp

R4 R4

and completes the proof. O

2.4. Entropy — entropy production inequalities and linear flows

Let us consider the counterpart of the Ornstein-Uhlenbeck equation (1.2) on a
smooth convex bounded domain 2

%—T:Lw::Aw—Vw-Vw, (2.5)

supplemented with homogenous Neumann boundary conditions
Vw-vr=0 on 09,

where v denotes a unit outward pointing normal vector orthogonal to 0f2. Let us
consider the measure dy = ([,e™¥ dx)f1 e~ ¥ dx. If w solves (2.5) with a non-
negative initial datum wg such that fQ wo dy = 1, then mass is conserved so that
fQ w(t,-)dy =1 for any ¢ > 0 and converges to 1 as ¢ — +o00. The next question
is how to measure the rate of convergence using the p-entropy. For simplicity, let
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us assume that ¢ = ¢, for some p € [1,2]. An answer is given by the formal com-
putation of Section 1, adapted to the bounded domain 2. Because of the boundary
condition, it is straightforward to check that

d P —1 4
—/ v d’y:—f/ |pr/2|2d'y
dt Jo p—1 pJa

if p > 1 and a similar results holds when p = 1. Hence, if for some A > 0 we can
prove that

wP —1 4 /212
dy < — [ |[VwP’?|*dy for any w such that wdy=1, (2.6)
o p—1 pA Jo Q

then we can conclude that fQ “;J

Emery method, or carré du champ method, as it is exposed in ? is that (2.6) can be
established using the flow itself, by computing % [, |Vz[*dy with 2 := wP/?. Let
us sketch the main steps of the proof.

As a preliminary observation, we notice that L is self-adjoint in L?(£, dv) in the
sense that

P

=L d decays like e~ *. The main idea of the Bakry-

/ wy (Lwsy)dy = —/ Vwi - Vwy dy = / (Lwy) we dy
Q Q Q
and also that

[V, L] = —Hess .

Using w = 2%/? we deduce from (2.5) that

(2.7)

We adopt the convention that a - b = Z?Zl a; b; if a = (a;)1<i<a and b = (b;)1<i<a

are two vectors with values in R%. If m = (M )i<ij<d and n = (n; j)1<i j<d are two
matrices, then m : n = Z;i,j=1 m; j N, ;. Also a®b denotes the matrix (a; b;)1<s,j<d-
We shall use |a]? = a-a and ||m||?> = m : m for vectors and matrices respectively.
With these notations, let us use (2.7) to compute

1d 2—p |Vz|?

f—/|Vz|2d7= Vz-V(Lz+p|)dfy

2.dt Jo Q P z

2 — \Y% Vz|?

:/Vz-(LVz—HesmﬁVz)dv—i——p Vz-(QHesszz—MVz>d7

Q P Ja Z Z

:—/ HHGSSZHQdW—/Hesszb:Vz@Vzd’y—k/ Hessz:Vz@ve Vdo
Q Q

o0
2 — VzeV 2 —
+2J/Hessz: 2o Zd’y— p/
P Ja z P Ja

2

Vz® Vz dvy

z

:—2(])71)/ ||HesszHZd’yf/HessdJ:Vz@Vzd'y
p Q Q

2—-p
D Q

Hogsz - V2O V2
z

2
dfy+/ Hessz:Vz@ve Ydo.
a0
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Here do denotes the surface measure induced by Lebesgue’s measure on 0§2. We
learn from Grisvard’s lemma, see for instance Lemma 5.1 in * or *, that I o Hess z
Vz®ve ¥ do is nonpositive as soon as € is convex and Vz-v = 0 on 9. As soon
as we know that either

Hessvy > A, 1d
for some A, > 0, or the inequality

2
];(p—l)/ |VX|2d7+/Hessw:X®Xd72A(p)/ |X[2dy VX eHY(Q,dy)"
Q Q Q

holds for some A(p) > 0, which is a weaker assumption for any p > 1, then we
obtain that

d
G [V ar<—2a0) [ 9y,
Of course we know that A(p) > A,. By convention, we take A(1) = A,.

Proposition 2.3. Assume that p € [1,2], ¢ = ¢, and, with the above notations,
A(p) > 0. If Q is a smooth convex bounded domain in R%, then (2.6) holds with
A=2A(p).

Proof. It is straightforward. In view of the above computations, we know that

d [ 4 wP — 1
(= P22 gy — dv) <
dt(zﬂ\/avw "y /Qp—l v)O

and limy—, o [, % dy = limy 4 o0 [, [Vw?/?|?dy = 0. This is enough to con-
clude that, for any ¢ > 0,
4 / wP —1
— pr/QQd’y—/ dy>0.
pA Jo | | o p—1 -

We conclude this section with the unbounded case Q = RY. For any given
p € [1,2], let us assume that the inequality

2
7(p—1)/ |VX|2d7+/ Hessz/z:X@Xd’yzA(p)/ IX[2dy VX eH (R dy)?
p R4 R4 Rd

holds for some A(p) > 0. For p > 1, this assumption is a spectral gap condition on a
vector valued Schrédinger operator: see for instance * for further details. With this
assumption in hand, we have the following functional inequality, which interpolates
between the logarithmic Sobolev inequality and the Poincaré inequality.

Corollary 2.1. Assume that q € [1,2) and let us consider the probability measure
dy =e ¥dr on RL. Then with A = A(2/q), we have

1F1E2 g0 a9y = 1F I Faiany 1 , L
<% IVf?dy VfeH' (R dy). (2.8)
Rd

2—q
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Proof. By homogeneity, we know from Proposition 2.3 that

wP — wP 2
dy < /pr/22d'y
/Q p—1 pA(p) Q| |

for all w such that f = w?/2. Here we take p = 2/q. The conclusion holds by
approximating R? by a growing sequence of bounded convex domains. O

An equivalent form of (2.8) is
Tlw] > A€[w] Yw € H(R?, dy) such that / wdy=1 (2.9)
R4
with the notation of Section 1, ¢ = ¢, and p=2/¢ € [1,2].

Remark 2.1. The optimality of the constant A = 1 in (2.8) is easy to obtain when
¢(z) = 3 |z|?. With ¢ = 1, (2.8) is the Gaussian Poincaré inequality

7112 ) _
1 = FllL2e.am) S/Rdwfﬁm VfeH (R dy) with f:/]Rdfd%

with equality if f = f1, fi(x) = 1. By taking the limit as ¢ — 2_ in (2.8), we
recover Gross’ logarithmic Sobolev inequality

2
1 log <2f> dy<z [ [ViPd VS e @),
R4 1/ lIL2®a,dv) R

For any ¢ € [1,2), the equality case in (2.8) with A = 1 is achieved by considering
14 ¢ f1 as a test function in the limit as € — 0.

From the point of view of the evolution equation, it is easy to see that the equality
in (2.6) is achieved asymptotically as t — +o0o by taking w = u/u, where u is the
solution of (1.4) given by

u(t,x) = uy (x — ,(t))

with z,(t) = 2g et for any fixed zo € R

2.5. Improved entropy — entropy production inequalities

In the proof of Proposition 2.3, the term [, [[Hessz — Vz ® Vz/z||* dy has been
dropped. In some cases, one can recombine the other terms differently and obtain
an improved inequality if ¢ € (1,2). See * (and also * for a spectral point of view
or * in the case of the sphere). The boundary term faQ Hessz : Vz®ve ¥ do may
also be of importance, as it is suggested in nonlinear problems by ”.

Let us give an example of an improvement, based on ’, in the special case
¥(x) = |z|?/2. Using Hess ¢ = Id, after approximating R? by bounded domains, we
obtain that

1d
2 dt Jy

2-p V2 Vz|?

|Vz|2d7+/ |Vz|2dy < —/ HHessz— —
d Rd Rd p z

2 |Vz|*
_: d
p"™ /]Rd 2 Y
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with k, = (p — 1) (2 — p)/p. A simple Cauchy-Schwarz inequality shows that

2
\V4 4
(/ |Vz|2d7> S/ | z| d’y/ 22 dry.
Rd Rd R Rd

With the notations of Section 1, we have [o, 2% dy = [pawPdy =1+ (p— 1) E[w]
and [g. |Vz|? dy = 8 Z[w] so that

1d p V22 dy)’
- — |Vz|2d’y+/ V22 dy < — =k, —(f]Rd | Z|2 ”)
2 dt Jra Rd P Joa |22 dy
can be rewritten as
d T[w]?
—7 27T < — _— 2.10
gL+ 2] < = wp T (2.10)

We recall that we consider here the case ¢ = ¢,, p € (1,2), so that &, is positive
and we can take advantage of (2.10) to obtain an improved version of Corollary 2.1.
The following result follows the scheme of Theorem 2 in .

Proposition 2.4. Assume that q € (1,2) and let us consider the Gaussian probabil-
ity measure dy = (27r)*d/2 e~121*/2 4z, Then there exists a strictly convex function F'
on RT such that F(0) =0 and F'(0) =1, for which

1 P Hf”i?(Rd,d'y) -1 < IV FI2
5 QT < f||L2(Rd,d'y)

for any f € HY(R?, dvy) such that Hf||Lq(Rd7d7) =1.

Proof. The proof follows the strategy of *. Let e(t) := p%l (Jga 22 dy — 1) where

z = wP/? solves (2.7) with initial datum f. We deduce from (2.10) that
/12 /|2
"9 > Kp €| Kp €] .

€ e_1+(p71)e_ 1+e

The function F(s) := 1}ﬁp [1+s—(1+s)"] solves F' =1+, 1L+s and we can

check that (2.10) is equivalent to

/
d [+ 2F£e) 0.
dt \ (1+e)™
Since limy—, 1o (¢/(£) + 2 F(e(t))) = 0, we have shown that e’ + 2 F(e) < 0 for any
t > 0. This is true in particular at ¢t = 0, with z(¢t =0,-) = f. ]

From the point of view of entropy — production of entropy inequalities, we have

obtained that

Zlw] > 2 F (E[w])
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where F is a strictly convex function such that F(0) = 0 and F’(0) = 1. Using
the homogeneity and substituting f/ || fl.(ge 4, to f, similar estimates have been
used in * to prove that

2(2 2 1)
i s g = ISty 10ty | S IV ayy ¥ f € HE(RY, d).

2.6. Interpolation inequalities: comments and extensions

The inequality of Corollary 2.1 appears in many papers. It is proved for the first
time by the carré du champ method and any ¢ € [1,2] in 7 in the case of a compact
manifold, but special cases were known long before. For instance the case ¢ =
2 corresponding to the logarithmic Sobolev inequality can be traced back to ™7
(also see "7 for related issues) but was already known as the Blachmann-Stam
inequality : see ©’ for a more detailed historical account. The case ¢ = 1 when
Y(x) = % |z|? is known as the Gaussian Poincaré inequality. It appears for instance
in ? but was probably known much earlier in the framework of the theory of Hermite
functions. In the case ¢ € (1,2) when (z) = 1 |z|?, we may refer to * for a proof
based on spectral methods, which has been extended in * to more general potentials.

One of the technical limitations of the carré du champ method is the difficulty
of controlling the boundary terms in the various integrations by parts. In the above
proof, we used Grisvard’s lemma for convex domains. Alternative methods, which
will not be exposed here, rely on the properties of Green’s functions, or use direct
spectral estimates.

Let us list some possible extensions:
e In Corollary 2.1, for any given ¢ € [1,2], we need that A(p) is positive only for
p = 2/q. The condition for p = 1, which is equivalent to Hess¢ > A(1)Id with
A(1) > 0, is not required unless ¢ = 2. For any ¢ < 2, the positivity condition of
A(2/q) is a nonlocal condition, which allows % to be a non-uniformly strictly convex
potential: see ? for details.
o The case of unbounded convex domains can be considered. Reciprocally, according
to 7, the case of a bounded convex domain € can be deduced from the Euclidean
case, by approximating a function 1 which takes the value 400 on Q¢ by smooth
locally bounded potentials.
e Spectral methods can be used to establish that the family of inequalities of Corol-
lary 2.1 interpolates between the logarithmic Sobolev inequality and the Poincaré
inequality: this approach has been made precise in **, with extensions in *’
e Exhibiting a whole family of Lyapunov functionals for the same evolution equa-
tion needs an explanation that has been given in *’: to each entropy, we associate
a notion of distance such that the equation appears as the gradient flow of the
entropy.

In the context of linear diffusions and Markov processes, g-entropies are very
natural objects which put the Gibbs entropy and the quadratic form associated
to the Poincaré inequality in a common framework. It is therefore evident to ask
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the same question in a kinetic framework involving a degenerate diffusion operator
coupled to a transport operator. Much less has been done so far and the next
section is a contribution to the issue of optimal rates of convergence measured by
(pp-entropies, with a special emphasis on p # 1, 2.

3. Sharp rates for the kinetic Fokker-Planck equation

In this section, our goal is to provide a computation of the sharp exponential rate in
Proposition 1.1 and establish the improvement of Theorem 1.1 by generalizing the
estimate of Proposition 2.4 to the kinetic setting. The method follows the strategy of
Section 3 of * in case p = 2, which is sometimes referred to as the H! hypocoercivity
method of C. Villani. This method is also known to cover the case p = 1. We extend
it to any p € [1,2] and compute the precise algebraic expressions, which allows us to
identify the sharp rate. Similar computations have been done in *%%"%?. According
to 7 (see earlier references therein), the Green function associated with (1.5) is a
Gaussian kernel, so that integrations by parts can be performed on R% x R? without

any special precaution.

3.1. H' hypocoercive estimates

Using the notation of Section 1, our strategy is to consider the solution h = gP/2
of (1.7), where g = f/ f, define

I ::/ |Vvh|2du+2/\/ Vvh-vxhd/wru/ Vb2 dp
R R R
and adjust the parameters A and v in order to maximize A, = A\, (A, v) > 0 so that
d
%j[h(tv ) )] < - )‘*()" V) j[h(t’ ) )] :

Since (1.6) is linear and preserves positivity, we recall that we can assume that g is
nonnegative and such that [|g(/1 gayra g, = 1. Let us define the notations:

H _( th ) H _( th )
ov dv; Ov; 19.’].91’ e Ox; Ov; 1§i,j§d’

ovh OvVh ovh ovVh
Mvv = 3 va = .
(’)vi (%j o 8%‘1 81}]‘ -
1<i,5<d 1<i,5<d
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We start by observing that, up to a few integrations by parts, we obtain the identities

s 19

——/ Voh-Vy(v:-Vih—2-V h)dqu/ Voh - Vo (Ayh —v-Vyh)du
R4 d

Vo h|?
+ -1 [ vonv, () o

=— [ Vyh-Vihdu— (/ ||Hw||2du+/ |Vvh|2du)
R4 Rd Rd
+I€/d (Huw : My — 2[[Myp|I?) dpe - (3.1)
R

with kK = 8 (2 — p)/p,
54 19k d
—f/ Vih-V (U~V$hfx~vvh)du+/ Vih - Vi (Ayh —v-V,h)du
Rd Rd

2
(-1 Rdvxh-vw('V;f' )d

:/ Vvh~Vzhduf/ \|sz||2dp+/<;/ (Hao - May — 2 [Maol|?) die, (3.2)
R4 R4 R4

and

4 Vvh-vxhdu:/ |Vvh|2du—/ |Vxh|2du—/ Voh - Vihdu
Rd Rd Rd

dt Jga
- 2/ Hoo : How dps
R

+ Ii/d (Hyp : Mgy + Hyy i Myy — 4Myy, - Mgy dpe. (3.3)
R

Collecting these estimates shows that

L d
T2 aj[h(t, ) )]

d
= —5@ </ |Vvh|2du+2)\/ Vuh-thdu+u/ |Vzh|2du>
]Rd Rd ]Rd

:(1—)\)/ |Vvh\2du+(1+/\—v)/ Vvh~thdu—|—>\/ Vb2 du
Rd R4 Rd

+/ HHU,UHQdu—n/ (Hm, : My, —2H|\/|,U,U||2) du
Rd R4

+2A , [ N o P d,u_ /Q)\/d (H'uv t Mgy 4+ Hay : My —4 My, - Mxv)d,u
R R

+y/ ||Hm||2dufm// (Hao : Mgy — 2[[Myy |1?) dpe
R4 R4
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where K = 8 (2 — p)/p. This can be rewritten as

d
1= Xt M Xdp= [ X+ Xdu+ [ Y -MYdpu
dt Jpa R Rd
where
1A 1— )\ A=
smoz( )®Ide, smlz(u_,, 2 )®Ide
v o
and
A
LA —% -5
by v —BA _ kv
— 2 2 I
M -5 —% 2K 2K A ® Idgaxps

3

—EA 5 2K 2KV

S

are bloc-matrix valued functions of (A,v), and
X = (Voh,Vih) , Y = (Hyp, Hewy, My, My
The problem is reduced to a problem of linear algebra, namely to maximize

. Xl'ml()‘vlj)X
)\*()\7’/) T Xng]g%d )(l . 93?0()\71/))(

on the set of parameters (\,v) € R? such that
Y- mY
min ———— >0.
verdxrx Y2 T
Here X and Y now arbitrary vectors and matrices respectively in R2¢ and R2¢ x R2<.

Elementary computations show that A and v must satisfy the condition A2 < v and

also that A, (), v) achieves its maximum at (A, v) = (3, 1), so that A.(3,1) = 3. For

(A v)=(3,1), Mi(3,1) = £ Mo(3,1) and the eigenvalues of My (4, 1) are given as
a function of k = 8(2 — p)/p by

1 3
A (k) = 1(2“+1_ \/5,%2—4&—1—1) (k) = (2K+1— \/5,%2—4&—1—1) ,

1 3
As(K) = Z(2K+l+\/5l€2—4l€+1) L MalR) =4 (2n+1+\/5f$2—4n+1) .

In the range p € [1,2], which means & € [0, 8], they are all nonnegative: see Fig. 1.
Since A1 (k) is the lowest eigenvalue, we have proved the following result.

Lemma 3.1. With the above notations and (\,v) = (3,1), we have the estimate

1
RHXL-sledujL Rle-Engduzi RdXi.smonu

1
+3 <2/€+17 \/5/@274R+1) Y2
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Fig. 1. Plot of the eigenvalues of ‘.mg(%, 1) as a function of k.

3.2. Proof of Proposition 1.1

Assume that h solves (1.7). With (\,v) = (3,1), we deduce from Lemma 3.1 that
Jh] is defined by (1.9). Then it satisfies the differential inequality

d
from which we deduce that
JTh(t, )] < T, )] e Vt=>0.

Using (1.3) with dy = pdrdv, A = 1 and ¢ = ¢, for any p € [1,2] (also see
Remark 2.1), we obtain that

Elh(t,, )] < Tlhole™ Vt>0

if h is the solution of (1.7) with initial datum hy.
The optimality of the rate is established by considering an initial datum which
is a decentred stationary solution. With the notations of Section 1, let

fo(z,v) = fo(z — 20,0 —v9) V(x,v) € R x RY

for some (xg,vp) # (0,0). The reader is invited to check that

~
—
\'@6-
8
<
N—
Il
:w
—
8
|
8
>*
—~
~
S—
|
<
>*
—
~
=
S~—

(3.4)
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solves (1.5). Now let us compute the entropy as t — +oo: with g = f/f, and
¢ = ¢p, we obtain that, as t — 400,

et = [ etrdn=5 [[ la=1Fdua+o)
= 2 (2O + [0 (D)) (1 +0(1) = O (¢7") -

This proves that the rate e~
proof. O

of Proposition 1.1 is optimal and completes the

Compared to the proof of Proposition 1.1, a refined estimate can be obtained
by observing that, in the computation of % [¢. |V,h|?dp and & [0, |V, h|? du, we
have

Hva”2 - K/Hv'u : Mvv +2:‘<&||Mvv||2 Z 07
Haol[? = K Hao s Myy + 26 [[Myy || > 0,

with Kk = 8 (2 — p)/p. Let us define

a:= et/ IVoh|?dp, b:=e' [ VYV h-Vihdu, c:= et/ |V h|?dp,
R4 R4 R4
and j:=a+b+c.

We deduce from (3.1), (3.2) and (3.3) that

da . dc . dj

a2 St co(oa)— Y-

7 =@ (-0, 7 S (j—a)—c and 7 S 0

while we know by definition of a, b and ¢ and by the Cauchy-Schwarz estimate that
a>0, c>0 and b2 < ac.

In terms of a and c, the inequality b? = (a + ¢ — j)? < ac means that the problem
is constrained to the interior of an ellipse, and that a = 0 if and only if ¢ = j: see
Fig. 2. Finally, let us observe that we have the following property.

Lemma 3.2. Assume that p € [1,2], ¥(z) = |z|?/2 and let h be a solution of (1.7)
with initial datum ho € L' N LP(RY, dy). With the above notations, if for some
to > 0, a(tp) = 0 and j(to) # 0, then for any t > to with t — tg small enough, we
have a(t) > 0.

Proof. From the equivalence of (1.5) and (1.7), we know that h is smooth because
of the expression of Green’s function. By definition of b and j, we have that b(¢g) = 0
and c(tg) = j(to) > 0. Since a(tg) = 0 means that h does not depend on v, we know
that %(to) = j(tp) > 0, hence proving that a(t) > 0 for ¢ — ty > 0, small, because of
the condition b? < ac and % < 0, which means that ¢t — (a(t),c(t)) is constrained
to the interior of the ellipse of Fig. 2. D
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Fig. 2. Plot of the vector field associated with the ODEs < T =a—2(—c)and % =2(j—a)—c.
The coordinates are a/j (horizontal axis) and c/j (vertical axis). The two straight lines intersecting
at the center of the ellipse are defined by 2(j —a) —c=0and a—2j+2c=0.

3.3. Proof of Theorem 1.1

Let us consider the Fisher information functional as defined in (1.10). A computa-
tion shows that

01
10

where My, M; and My are defined as before, with v = 1, and X = (V,h, V,h),
Y = (Hyy, Hav, Myy, My, ). We take of course A = A(t). We know that

Y, Y > A(p, A) Y2

for some A1(p, A) such that A;(p,1/2) = 3+ (2 +1— VBr2—4k+1) > 0if p €
(1,2), and k = 8 (2—p)/p. For any p € (1,2), by continuity we know that A;(p, A) > 0
if A\—1/2 > 0 is taken small enough. From |Y|? > ||M,,]||? and, by Cauchy-Schwarz,

2
( / |Vvh|2du> < / B dy / Moo 2 dp < co / Moo |2 du
]Rd ]Rd ]Rd ]Rd

where cq := 1+ (p — 1) E[hg"], we obtain

—> =T lh(t, )] = X+ -9 X — %X(t)XL' ( > X+Y+H- MY

1
—~ — Dbt )] > X" X + 3 N Xt My X +eXt M X
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10
00
defined by a = ¢t fRd |V, h|? du is positive except for isolated values of ¢ > 0. Our
goal is to find A(t) and p(t) > 1/2 such that

with € = A\ (p, ) g * Jga |Voh|? dp and Mg = < ) ® Idga. We recall that a is

01

1
. _—— ! .
Xt X - SN ()X (10

> X+eXt - MX>pt) Xt My X
for any X € R?.

To establish the existence of p > 1/2 a.e., we proceed in several steps.
e If a > a, for some constant a, > 0, then we define ¢(t) = ve ™t with v =
A(p,A) ¢g tax, AM(t) = (14¢(t))/2 and p(t) = L (1+v/(v+3et)). The same estimate
holds on any subinterval of RT.
o If a(tp) = 0 for some ty > 0, then in a neighborhood of (¢y)4, we can solve

dA 1
T ve(t), Aito)==.

2
An eigenvalue computation shows that
1
Ny + §V€m0 +eM3g > C(&,/\,Z/)gno

with
V)__l
RSV

We choose an arbitrary v € (0, 14++/3/2). Since 0 < A\(t)—1/2 = o(e(t)) for t—ty > 0,
small enough, this guarantees that p(t) = ( (¢(t), A(t), v) satisfies p(t) > 1/2 on a
neighborhood of (t).

o If ((to) = 0 for some ¢y > 0, then in a neighborhood of (¢y)_, we proceed as above
with some v < 0.

o If (¢,)nen is the increasing sequence of points such that a(t,) = 0 and if a(t) > 0
for any t € Rt such that t # t,, for any n € N, we can choose a constant a,, small
enough, on any interval (t,,t,+1) and glue the above solutions to obtain a function
p(t) > 1/2 on (0,t9) and Upen(tn, tnr1). It is an open question to decide if there is
an increasing sequence, finite or infinite, of times ¢,, such that a(¢,) = 0, or if a(¢) is
positive for any ¢ > 0. We can of course impose that a(tg) = 0 at tx = 0 by taking
an initial datum hg which does not depend on v. If such a sequence (t,)nen exists,
then we know that A(t,) = 1/2 so that we have the remarkable decay estimate

%(0

V)_2+\/§—2y ¢
de T

3 ) (O’

=
[ NI

T [tnsr, )] < T [, )] e 20 0@ ds < 7, [t )] e~ (trrr=ta)
2 2 2

for any p € (1,2). As far as a is concerned, we expect that it has some oscillatory
behaviour as indicated by the vector field in Fig. 2, but since terms involving Y
are neglected, this is so far formal. In any case, we can choose A(t) such that
lim;—, 4 o A(t) = 1/2. This concludes the proof of Theorem 1.1. O
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3.4. Concluding remarks

Even if the global rate cannot be improved because it is determined by the large
time asymptotics, at any finite time the instantaneous rate of decay is strictly higher
in the case of the diffusions studied in Sections 2.4-2.5, or at least higher at almost
any time in the case of the kinetic equation, according to Theorem 1.1.

As t — 400, Theorem 1.1 provides us with an improved estimate of the leading
order term. The exponential decay rate cannot be improved as shown by (3.4), but
we prove that there is a constant less than 1 to be taken into account. This obser-
vation is reminiscent of what happens for nonlinear diffusions of porous medium
or fast diffusion type, which goes as follows. When looking at the relative entropy
with respect to the best matching (in the sense of relative entropy) profiles, it turns
out that there is a delay 7 compared to the relative entropy with respect to a fixed
Barenblatt profile. As a result, we obtain a multiplicative factor e~ corresponding
to an improved estimate in an asymptotic expansion as t — 400 ’. We have a
similar property when we study the large time behavior of the solutions of (1.6)
using a @p-entropy for any given p € (1,2).

The key estimate of Theorem 1.1 asserts that

ST ] < 2 p(0) T bt )] < ~Taw (e, )]

where the last inequality is strict for almost any value of ¢ > 0 (unless h is a
stationary solution). Now, let us consider the large time asymptotics and define

¢
T = tilgrnoo (2/0 p(s)ds — t) .

We cannot expect that 7 = +oo for any initial datum but at least show that 7 is
positive (unless h is a stationary solution), so that for large values of ¢ we have

Try2[h(t, )] S e Tijalhole™. (3.5)

For instance, in case of (3.4), one can prove that p(t) — 1/2 is of the order of e~*

and 7 is finite. With e™7 < 1, (3.5) is anyway a strict improvement of the usual
estimate as t — +o0.

The improvement of Theorem 1.1 is obtained only for almost any time: according
to Lemma 3.2, the optimal decay rate could eventually be realized at an increasing
sequence of times t,, ' + oo, but the solution will then deviate and temporarily
regain a faster decay rate. Qualitatively, this comes from the oscillations in the
phase space corresponding to the ODE associated with the vector field shown in
Fig. 2. Such a pattern is consistent with what is known of the rates measured by
hypocoercive methods in kinetic equations.
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