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L2 Hypocoercivity methods for kinetic Fokker-Planck equations
with factorised Gibbs states

Emeric Bouin, Jean Dolbeault, and Luca Ziviani

Abstract This contribution deals with L? hypocoercivity methods for kinetic Fokker-Planck equations with
integrable local equilibria and a factorisation property that relates the Fokker-Planck and the transport operators.
Rates of convergence in presence of a global equilibrium, or decay rates otherwise, are estimated either by
the corresponding rates in the diffusion limit, or by the rates of convergence to local equilibria, under moment
conditions. On the basis of the underlying functional inequalities, we establish a classification of decay
and convergence rates for large times, which includes for instance sub-exponential local equilibria and sub-
exponential potentials.
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1 Introduction

Hypocoercivity refers to the method developed by C. Villani in order to capture large time asymptotics in
kinetic equations, see [32, 36], which borrows ideas from Hormander’s hypoelliptic theory and from the carré
du champ method introduced by D. Bakry and M. Emery in [4]. For this reason, the Fisher information plays an
important role and, to some extent, we can consider it as an H! -theory. Here we shall focus more on the notion
of L?-hypocoercivity inspired by [26] and introduced in [20, 21] in a simple case of a kinetic Fokker-Planck
equation, which puts the emphasis on the underlying diffusion limit. The heuristic idea is simple: while the
Fokker-Planck diffusion operator controls the rate of convergence towards local equilibria in the velocity space,
the equilibration of the spatial density (its convergence to the spatial density of a global equilibrium or its decay
when no such equilibrium exists) can be interpreted as a diffusion in the position space, at least in a certain
parabolic scaling, which results of the interplay of the diffusion in the velocity direction and the transport and
the mixing in the phase space induced by the transport operator. The advantage of this approach is that rates
are fully determined by the functional inequalities associated to the diffusion operator on the velocity space
and to the diffusion limit in the position space.
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This paper is organized as follows. We start by recalling the abstract L? hypocoercivity method in Theorem 1
before applying it to the framework of non-Maxwellian local equilibria and a compatible transport operator
in Corollary 1. Although an adaptation of the standard theory in presence of microscopic and macroscopic
coercivity associated respectively to the Fokker-Planck operator and the diffusion limit, this result is new
and covers for instance the case of relativistic transport. This framework is also well adapted to situations
with weaker notions of coercivity corresponding to either an external potential with slower growth at infinity
or to local equilibria with fatter tails than the Maxwellian. After reviewing various families of interpolation
inequalities which dictate the asymptotic behaviours of the solutions to the Fokker-Planck equations, we extend
the L? hypocoercivity method to the kinetic Fokker-Planck equations and establish a classification in terms the
(microscopic) local equilibria and the (macroscopic) equilibria associated with the Fokker-Planck diffusion
limit.

Reviewing extensively the literature on the asymptotic behaviour of the solutions of Fokker-Planck, degen-
erate Fokker-Planck and kinetic Fokker-Planck equations goes beyond our scope. Let us simply quote some
papers directly related to our methods, with more details to be given later.

Concerning Fokker-Planck equations, coercivity for the diffusion operator means spectral gap and Poincaré
inequality, and thus exponential decay of the solutions. This is a basic example of application of the carré du
champ method: see [5]. Weak Poincaré inequalities are natural in the absence of spectral gaps as explained
in [6] and have been quite systematically explored: see [35, 3, 29] and earlier references therein. However,
such methods require strong assumptions on the initial data. This is the reason why we adopt an alternative
approach based on moments and weighted functional inequalities, where the extreme case corresponds to
Nash’s inequality in absence of an external potential. See Table 1.

As for kinetic Fokker-Planck equations, hypocoercivity primarily refers to the method exposed in [36].
We can also quote [34] for a detailed presentation of the commutator method and of Bakry-Emery type
computations applied to estimates of the relaxation to equilibrium. More results and further references can also
be found in [19]. In [28] S. Hu and X. Wang introduced a weak hypocoercivity approach a la Villani, using a
weak Poincaré inequality, and proved subexponential convergence to equilibrium. This was later extended to a
class of degenerate diffusion processes in [24] by M. Grothaus and F.-Y. Wang using weak Poincaré inequalities
for the symmetric and antisymmetric part of the generator, with non-exponential rates of convergence. In the
same vein, C. Cao proved quantitative convergence rates for the kinetic Fokker-Planck equation with more
general confinement forces in [16, 17].

Alternatively the method of [21] was extended to cases without potentials in [10] while cases of weak or
very weak potentials were considered respectively in [9] and [11]. Here the idea is to introduce moments and
weighted interpolation inequalities to prove non-exponential decay or convergence rates. In these papers the
effort has been mostly focused on the role of the external potential and fat tail local equilibria were not taken
into consideration. However, it is known from [30] that fat-tail local equilibria can be responsible of a fractional
diffusion limit, which may govern decay rates in the case without external potential as shown in [8], but this is
not always the case. Non-Maxwellian local equilibria have been less explored than the Maxwellian case, but
one has to mention [14, 15] for such an extension of the earlier works [1, 18], with slightly different methods
based on weak norms, Lions’ lemma and time-averages.

2 From microscopic and macroscopic coercivity to hypocoercivity

Let us start by an expository section which collects some known results and introduces our present purpose.
Let us consider the general evolution equation
dF

— +TF =LF 1
Tt (D
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where F is the density of a probability distribution defined on a real or complex Hilbert space .72 with scalar
product -, -) and norm || - ||. We assume that T and L are two linear operators, respectively anti-Hermitian and
Hermitian: T* = —T and L* = L, where * denotes the adjoint with respect to (-, -). We are interested in the
decay rate of F' or in the convergence to a steady state F,. We assume that F is unique, up to normalization.
Since (1) is linear, we can always replace F by F — F, and study the convergence to 0 of an eventually sign
changing function F. We have in mind that L is an elliptic degenerate operator. If I1 is the orthogonal projection
onto the kernel of L, we assume that L has the microscopic coercivity property in the sense that it is coercive on
(1 —II) s, where 1 is here a shorthand notation for the identity that will make sense in the functional setting
of interest. In other words, we claim that
1 d 2 2
EEIIFII =(LF,F) < -4, (1 - IDF (HI)
for some A, > 0. This is not enough to conclude that ||F(z,-)|| decays exponentially as we have no decay
rate on Ker(L), but if the operators L and T do not commute, we can hope that some of the decay properties
on (1 — IT) JZ are transferred on IT 7. This points towards the computation of various commutators and the
whole machinery of Hérmander’s hypoellipticity theory. A micro/macro approach offers a simpler framework,
that has the advantage of clarifying the role played by various functional inequalities in estimating decay rates
of F. The underlying ideas rely on the formal macroscopic limit of the scaled evolution equation
dF 1
e—+TF=-LF
dt £

on the Hilbert space %, which is a typical parabolic scaling when ¢ is a small parameter. Using a formal
expansion of a solution Fy = Fy + ¢ F| + 2P + 0(83) as € — 04 and solving the equation order by order, we
obtain

atorderO(e™'): LF, =0,

atorderO(s%) :  TFy =LF,

atorder O(g') : %+TF1 =LF,.

The first and second equation respectively read as Fy = [1Fp and F; = — (TII) Fy. After projection on Ker(L),
the third equation becomes % (ITFy) — IIT (TII) Fy = IILF, = O that we can also write as

% +(TID*(TI) Fy = 0. @)

Assuming macroscopic coercivity, i.e., the property that the operator (TII)* (TII) is coercive on (1 — I1) J7Z,
we obtain

1d
5 = 1Foll? = = 1T Foll* < = A (I Foll? (H2)

for some A7 > 0. In order to derive (2), we implicitly used the fact that all terms are of order &, which relies
on the parabolic macroscopic dynamics condition

NTIOF =0. (H3)
As in the hypocoercivity method of [21], let us consider the operator
A := (1 + (TID*(TID) " (TI*

where the (TII)*(TII) term is of course reminiscent of (2), and, the Lyapunov functional, or entropy,

1
H[F] := 3 |F||> + 6 Re(AF, F).
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The parameter § > 0, to be determined, as to be thought as a small parameter so that H[F'] is a perturbation of
% IIF||*. The following estimate is by now classical but deserves some emphasis. Let us consider G = AF, i.e.,
the solution of (TII)*F = G + (TII)* TII G. As in [21, Lemma 1], by a Cauchy-Schwarz inequality, we learn
that

(TAF, F) = (G, (TI)* F) = ||G|* + || TIIG||* = ||AF||* + || TAF||?
1
< |ITAF| I(Id - I F|| < o ITAF||* + g l(d - ) F|*.

Applied with either 4 = 1/2 or u = 1, this estimate proves that |AF| < %H(Id —IDF| and ||TAF]|| <
||(Id — IT) F|| Incidentally, this proves that

|(TAF, F)| = (TAF, (Id - TT)F)| < ||(Id - ID)F|?, (3a)

1 1
KAF, F) < 5 ITF][IAd = IDF] < o IF>. (3b)

We read from (3b) that H[F] and || F||? are equivalent with

246
4

2.6
= IFI? < HIF] < IFI>.

However, the twist introduced in H[F] by (AF, F) makes it exponentially decaying in ¢ if F solves (1). We can

indeed compute

d
-, HlF1=DIF]

where
DIF]:= —(LF,F)+ 6 (ATIIF,F) - 6 (Re(TAF, F)—Re(AT(1 —II)F, F) + Re(ALF, F)) . 4
By (H1), we know that — (LF, F) > A, ||(1 — IT)F||2. On the other hand, (H2) amounts to
((TID* (TII) F, F) > Ap |IF|* if F € Ker(L)

and, by construction, the operator A is therefore such that
(ATTIF, F) > A ITF?. 5)
1+ /lM

The first two terms in the definition of D[F] can be combined to prove that

6 Am

D[F] > A, I(1 = IDF|* +
[F]= A, I( V|| 5 Aay

ITIF|I* = 6 (Re(TAF, F) — Re(AT(1 — IF, F) + Re(ALF, F)) . (6)

Under the additional assumption that the last term in the above identity involves only bounded auxiliary
operators in the sense that
IAT(1 - IDF|| + [IALF|| < Ca [I(1 = IDF], (H4)

one obtains the entropy — entropy production inequality
D[F] = AH[F]

for some explicit constant 4 > 0. The precise statement goes as follows. It has been established in [21] in the
case of a real Hilbert space .7 and extended to complex Hilbert spaces in [10].



L? Hypocoercivity methods for kinetic Fokker-Planck equations with factorised Gibbs states 5

Theorem 1 ([10, 21]) Let L and T be closed linear operators in the complex Hilbert space (H, (-, -)). We
assume that L is Hermitian and T is anti-Hermitian, and that (H1)—-(H4) hold for some positive constants A,
Anr, and Cyy. Then there is some 64 € (0,2) N (0, A,,) such that, for any § € (0, 84 ), there are explicit constants
A > 0and € > 1 for which, if F solves (1) with initial datum Fy € H, then

HIF (1, )] < HIFle™ and |IF(t,)|I> <€ e |Fpll> Vt>0. 7

The estimates of 4 > 0 and % > 1 in [10, Proposition 4] have been improved in [2, Proposition 2] as follows.
With X := ||(Id — IT)F|| and Y := ||ILF||. Using (3b), we read from (3b) that

H[F] < (X2+Y2)+gXY

N =

while it follows from (6), (3a) and (H4) that

1 1 Sy A
D[F] - AH[F] > (An-6-2|X*-6|Cy+=|XY - Zy2.
F1= M (1= 6= )= g (cu v Sy« (50 -9)

With K := lj}TMM < 1 and 84 := % < Am, a simple discriminant condition shows that for any
M TN

0 € (0, 54), the right-hand side is nonnegative for the largest (positive) solution of

2
2 N[ 6y A
lCy+=| —4lAn-6-2 -Z]=o0.
(M+2) ( 2)“+AM 2)

We refer to [2] for further details and to [23] for more considerations on the functional framework.

In the framework of kinetic equations, T and L are respectively the transport operator and the collision
operator acting on a distribution function f(t,x,v) where ¢ > 0 is the time, x is the position and v is the
velocity. To fix ideas, we shall assume that x, v € R4 and consider

e atransport operator defined by the Poisson bracket as
Tf:=V,8-Vf =V, & -V, f (8)

corresponding to the Hamiltonian energy

(x,v) b E(x,v) = %(Wﬁ +¢(x),

where ¢ denotes an external, given potential,
* a collision operator of Fokker-Planck type given by

Lf = Vo (Vof +v P2 f) . ©)

vy :=Af1+ v|%.

Unless 8 = 2, our choice of the usual transport operator differs from the transport operator corresponding to
Newton’s equations, namely v - V, — V¢ - V,,, which has been widely studied in the literature. Our purpose is
to study the asymptotic behaviour of the solution of

0
LiT=tf, fu=09=1 (10)

Here we use the notation
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with T and L given respectively by (8) and (9) as t — +c0. With these choices and under the condition that ¢~
is integrable, a remarkable property is that the Gibbs state

1 _1
fu(x,v) = = e €V where Z = f e ? dxf e FY gy (11)
Z R‘l Rd

is a stationary solution of mass || fxllLiraxre, axavy = 1- As a consequence, fi is local equilibrium, i.e.,
belongs to Ker(L) which is generated by the functions

_1 B
(x) 77
FRE R E R LA — (12)
foa €79 ay

The property T fx = Lfx = 0 sometimes appears in the physics literature as a factorization property. As for the
Hilbert space, let us consider L?(R? x R, du) where

_dxdv
B f*(.x,V) '

du

The orthogonal projector onto Ker(L) is defined as the projection on local equilibria by
If = fo(x,v) where p= fdv.
R4

Notice that f and f, have the same spatial density because fRd fodv = p. Under the assumption that the
measure ¢~ dx admits a Poincaré inequality, that is, there is some positive constant A, for which

f [Vul> e dx > /l¢f ul>e®dx Yue 2(R?) such that f ue®dx =0, (13)
Rd R‘l Rd

Theorem 1 applies as follows.

Corollary 1 Assume that ¢ is such that (13) holds for some 11 > 0 and B > 1. If f solves (10) for some
nonnegative function fy € L2(RY x RY, du) with || follL raxra, ax avy = 1, then for some 6 > 0, there exists
A > 0and € > 1 such that (7) holds with || - || = || - lL2 (Rt xR, du)-

The case 8 = 2 is by now standard and covered in various papers: see [20, 21] for an L? hypocoercivity
approach and [27, 25, 26] as well as references therein for earlier results based on hypoelliptic methods. To our
knowledge the case 8 # 2 has not been studied yet by L2-hypocoercivity methods, but convergence results are
known from [18, 15] using other methods. Of particular interest in physics is the case 8 = 1 where & is the
standard energy for relativistic particles, up to physical constants (mass and speed of light are taken equal to
1), while the corresponding L operator is not much more than a caricature of a relativistic collision operator.
Concerning L and from the point of view of phenomenological models, it is however interesting to consider
local equilibria given by (12) and it makes sense to assume that stationary solutions have the factorization
property. Throughout this paper, we will make this simplifying assumption.

The strategy of the proof of Corollary 1 goes as follows. With 5 > 1, we have the Poincaré inequality: there
is some A,,, > 0 such that, for all g € L?>(R¢, P e dv) such that fRd g B gy = 0, we have

f Vel 5 ay > /lmf gl e 5V ay. (14)
R4 R4

This is for instance a consequence of Persson’s lemma based on the observation that (v) := [—1; (v)B is such
that
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(1 ) 1
liminf (- [Vy(W)|* = - Ay (v)| > 0.
|v|—+oo 4 2

See for instance [12, Appendix A.1] for details. As a consequence, (H1) holds. The macroscopic coercivity
condition (H2) follows from (13). The parabolic macroscopic dynamics condition (H3) is a simple consequence
of the definitions of T and I1. Hence the only assumption that deserves some attention is (H4), which is obtained
by elliptic estimates. A detailed proof is given in Section 4.6.

In the framework of (8) and (9), an elementary computation shows that (2) written for f,, defined by (12)
reduces to the Fokker-Planck equation

)
a—f =0 (Ap+V-(pVe)) (13)

with diffusion coefficient o given in terms of S by

1 _1
o= ‘f WP 5 ay . (16)
d R4

In order to simplify the discussion, we shall assume that
1 a d
d(x) = —(x)¥ VYxeR®.
a

Corollary 1 corresponds to @ > 1. Our purpose is to investigate the decay rates of (10) in terms of 8 > 0 and
a > 0. Let us start by studying the asymptotic behaviour of a solution p of (15) depending on the various cases
for the potential ¢. For completeness, we will also consider the limit case as @ — 0 and distinguish several
cases depending on whether we take ¢ = 0 a.e., or, depending on y > 0,

¢(x) =y log{x) Vxe RY.

3 Fokker-Planck equations with various external potentials, moments and functional
inequalities

We collect some results on the asymptotic behaviour of the solutions of (15) as # — +oco based on various
functional inequalities. In this section we omit the discussion of optimality cases and estimates on sharp
constants in the functional inequalities. By default, constants in the inequalities are always taken to their optimal
value. Table 1 collects the results in a synthetic picture, although without all details on the assumptions.

3.1 Strong confinement case: Poincaré inequality

If ¢p(x) = é (x)® with @ > 1, then (13) holds with 44 = A7 > 0. We apply it to u = ple~?. A solution p
of (15) with initial datum pg at ¢ = 0 satisfies

d
10 s ga o 4y = =2 IVPE ) iz g g0 gy < =2 A0 TP P2 g g0 g0y
which yields the estimate

2 2 21 t
||p(t, ')“LZ(Rd, 64) dx) S ”pOHLZ(Rd’ e¢ dx) e Mo V[ Z O
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3.2 Weak confinement case: weighted Poincaré inequality
The following results are taken from [9, Appendices A and B]. We assume here that a € (0, 1) and consider

a solution of (15) with nonnegative initial datum pg € L'(R?, dx) such that || pollLigay = 1. The function
u = pe? is a solution of the Ornstein-Uhlenbeck equation (also known as the backward Kolmogorov equation)

ou
EzU(Au—Wp-Vu). 17)

With k& > 0, let us compute

4 lu(t, \)> (x)f e P dx + 20 f IV u(t, x)|? (x)K e dx < f (ar — br (x)*72) Ju(t, x) > (x)¥ e dx
d[ R4 R4 R4

for some a; € R, by € (0, +00). As a consequence, there exists a constant K (k) > 0 such that

f XK 1p@t, x) % e? dx < ‘K(k)f K pol?e?dx Vt>0.
R4 R4

See [9, Proposition 4 and Appendix B.2] for details. With k = 0, we notice that ap = by = 0 and use the
weighted Poincaré inequality

- ue ? dx
f IV ult, x)|> e ® dx > %;fo lu(t, x) — il? 82—1 dx where ii= fR"— (18)
Rd Rd (x)y? (- fRd e~¢ dx
(notice that the average i is computed with respect to the measure of the 1.h.s.) to prove that
d R 2 o wP _, e?
— lut,x) —i|“e?dx=-20 [Viut,x)[“e?dx < -20%, lu(t, x) — i|* ————dx.
dt R4 R4 R4 <X>2 (I-a)

Withk >2(1 —a)and 8 = k/(k + 2 (1 — a)), Holder’s inequality

—¢ 0 1-0
—ale? dx < g — il (VK o
j};d lu—i|“ e ?dx < (Ld |lu — i) RS dx) (Ld lu —a|“ (x)“ e dx)

allows us to prove that

__k
4(1-a)oEP° ) -2

_ 2 ¢ _ —4(1-a)/k
fRd lp(t, x) = px(x)|" e dXS(ll,Do Prll 2 g oo gy T PRTEIEDI

with K. 1= K (k) [oa (0 pol® €? dx + [ (0} e dx 1l poll} -

3.3 Weak confinement, a limit case: Hardy-Poincaré inequality

The results in this case are new. In the limit as @ — 04, we can assume that ¢(x) = y log(x) with y > d so
that f, defined by (11) is integrable. Let u = p e? be a solution of (17). With k > 0, let us compute
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d
— f lu(z, x) > (x)* e dx + 20'f IV u(t, x)|> (x)K e™® dx
d[ Rd R4
= kf lu(t, x)|? (x)*2 (d +(k-y-2) %) e dx
Rd (x)
<k f lu(t, )P ()2 (d+ k =y =2-(k—y=2)(x)) e P dx. (19)
R4

By arguing as in [9, Proposition 4 and Appendix B.2], this is enough to prove that there exists a constant
K (k) > 0 such that

f (x)¥ Iu(t,x)lze"bdxﬁ‘]((k)f (x| pol>e?dx Yi=0
Rd R‘l

if k € (y —d,y +2 — d). Notice that a better range of k can be obtained as follows. Since (xYe e = (x)k7,
we learn from [7, 22] that for some positive constant ‘KYHE{, we have the Hardy-Poincaré inequality

f V.cul® (x) e dx > €)1 f lu — a|* (x)* 2 e dx (20)
Rd R
for an appropriate choice of i depending on k — . In any case, Inequality (19) written with & = 0, that is,
- lu(t,x) —ii|> e ® dx < —20'f |V u(t, x)|> e™® dx
dt R4 R4

and then (20) combined with Holder’s inequality applied as in the case of the weighted Poincaré inequality
(with @ = 0) show that

f{lp(l,X)—p*(X)Ize‘bdxsf{lpo—p*lze¢dX(1+Ct)_% V=0
R R

2

for some constant ¢ which depends on d, y, o, k, fRd [pol? (x)*7 dx and ||p0||L1(Rd).

3.4 Very weak confinement case: Caffarelli-Kohn-Nirenberg inequality

According to [11, Theorem 1],if 1 <y < d and ¢(x) = y log(x), a solution p of (15) with nonnegative initial
datum py € L' (R?, (x)* dx) N L?(RY, e? dx) with k = max{2, y/2} satisfies the estimate

_ k/2
M (1) = f ¥ p(t, x) dx < 2'T (MO + ((Mi(0) = M)  + 20 (d+ k=2 —y) My'1) / ) .
R4
With e=® = (x)™ and u = p(x)?, a solution u of (17) satisfies the estimate

if lu(z, x)|? <x>*7dx=—2af [Vu(t, x)|? (x)™ dx
d[ Rd Rd

Combined with the inhomogeneous Caffarelli-Kohn-Nirenberg inequality

21—
f u)? (x)™ dx < €N f |Vul|? (x)™ dx ’ f u (XY dx e with a = M
e — Y U R4 d+2+2k-vy

this proves the decay estimate
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2 2 -4
”p(t")”LZ(Rd’edex) < ||p0||L2(Rd’e¢ dx) (1 +Ct) 2 Vl‘ 2 O

where the constant ¢ depends on d, vy, o, ||p()||L2(Rd’ % dx)» Mo = lluoll1, and My (0) = Hlxlk po“l. See [11] for
further details.

3.5 No potential case: Nash’s inequality

We assume that ¢ = 0 so that (15) is the standard heat equation. By Nash’s inequality

d
a+2

d+2 1 d
2 () [|u| Yue H (RY dx),

llull 2ray < ENash IVl LI (R)

a solution p of (15) with initial datum pg at ¢ = 0 satisfies
£ ||p<t Msga, = =20 190 s g, -

Hence y(¢) := || p(t, ')”1242 ®4) solves the differential inequality y” < 20"6 Nash | ,00|| y“% which, after

integration, yields the estimate

Ll(Rd)

4/d —4/d 42
o 2y < (Mool 3, + g lleoll Ve, 1) Vi20.

3.6 A short summary

In case of the Fokker-Planck equation (15), Table 1 summarizes what is known on decay rates based on moment
estimates and interpolation inequalities. Cases in gray will be further considered in the case of kinetic equations.

. ¢(x) =y log(x) || ¢(x) =y log(x) | ¢(x) = L (1) | ¢(x) = L (0@
= O a [e7
Potential ¢ y<d y>d @e @) o>
Inequality Nash Caﬁ“a.relh-Kohn- Hardy-Poincaré We.ighteffl Poincaré
Nirenberg Poincaré
Asymptotic e = d=/2 t7k/2 Pl e
behavior decay decay convergence convergence convergence
References [33] [11] (9] (%)

Table 1 Short summary of the behaviours as  — +co of the solution of (15) depending on the choice of ¢, with some references.
On the left side (¢ = 0 ory < d), there is no global stationary solution and we study decay rates. On the right side, we investigate
the convergence rates to a global stationary solution. Under additional or different constraints on the initial data, other behaviours
can be obtained based for instance on weak Poincaré inequalities: see [35, Theorem 2.1], [3, Theorem 1.4] and [29].

(*) The use of the Poincaré inequality in relation with the Fokker-Planck equation has a long history, which we cannot cover
entirely here: we can for instance refer to [33], and to [5, Chapter 4] for an overview in the context of Markov processes.
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4 Kinetic Fokker-Planck equations and hypocoercivity results
4.1 State of the art

Some known results are collected in Table 2. They are exclusively concerned with the classical transport
operator
Tfi=v-Vef -V -V,f,

i.e., coincide with our framework if 8 = 2 (at the level of the transport operator).

$(x) = & (0"
_ 1 a @
Potential $=0 $(x) = g ix> a@>1,orT¢
@€ (1) Macro Poincaré
_b —At
_1 -d/2 et s b<1 e
Y(v) —>B1<v>’8 (tl cea B=2 convergence
Mi B I: . ) []O]y convergence [26, 32, 20, 21,
1Cro roincare [16] 31’ 1, 18, 14’ 15]
% - ¢
_1 t - t°
w(,;)e_ ( 63 i?ﬁ £ = min{%, ﬁ} convergence convergence
’ decay, [9] [13] [13]
Limit as 8 — 0, g€ (0,2) r4ife>2
y(v) = fractional dif- [13] convergence
—(d + &) log(v) | fusion limit, [8] [13]

Table 2 Rough classification of the asymptotic behaviour of the solutions of 9, f + v - Vi f = Vx¢ - Vi f = fi Vo (fii 'V, f) as
t — +oo where fi (x, v) = z! exp (—¢(x) — ¢ (v)). Additional assumptions on the initial datum fy = (¢ = 0, -, -) are needed:
for instance in the case @ > 1 and 8 € (0, 1), the initial datum is such that f, € L>(R¢ x R, (v)('"®) 7 dy). In the case ¢ = 0
and 8 € (0, 1), we assume that f € L2(R? x RY, (v)¢/2 du). If @ € (0, 1) and B € (0, 1), using the weak Poincaré inequality
requires specific bounds. Further cases and more detailed assumptions can be found in the references collected above.

In Table 2, if 8 > 1, Micro Poincaré refers to a Poincaré inequality written in the velocity variable v, which
controls the convergence towards a local equilibrium while, Macro Poincaré refers to a Poincaré inequality
written in the position variable x, which controls the convergence of the solution in the macroscopic or
diffusion limit, towards a global equilibrium, or to 0 if there is no such equilibrium. Cases in gray will be
further considered in the case of the transport operator given by (8).

4.2 Notation and basic observations

From here on, we assume that (v) = é (v)8 and d(x) = é (x)® for some S > 0 and @ > 0. With the notation

e

T evdx

ef¢

and a transport operator given by (8), we can write

pfzzf fdv and up:=—,
R4

Pf
Px



12 E. Bouin, J. Dolbeault, and L. Ziviani

=uf fu, TIf =P Vog) fu and HTf=(Vx- fR dv<v>5‘2de)£-

eV
fRd e Vdv

If f =u fx € Ker(L) and o is defined by (16), then

ILf = py

(TID)* (TID) f = - pi Vi (0% Vatt) fuo = =0 (Axu = Vi@ - Vyut) fi,

Solving g = (1 + (TH)*(TH))_lf means that g = u f, where u = u, solves

u—0 (Axu—Vyd-Vyu) =ur.

4.3 Main result

Our goal is to get a classification similar to the results summarized in Table 2 for S # 2 in the transport operator
defined by (8), i.e., with Tf := V,& - Vi f — V4& - V,, f. As far as we know, this transport operator has not
been studied yet in the framework of hypocoercivity methods, except for some recent results in the bounded
domain case in [1, 14] or when a > 1 in [18, 15] which are based on weak norms and Lions’ lemma.

Theorem 2 Let f = f(t, x,v) be a solution of (10) with transport and collision operators given respectively
by (8) and (9) for some B > 0 and a > 0. With f, defined by (11), we assume that the initial datum satisfies

0<fo<Cfx« 2D

for a suitable constant C > 0. Depending on 8 and «, we have the following convergence and decay estimates.
1. Assume B > 1 and a > 1. Then there exist constants € > 0 and A > 0 such that any solution f of (10)
with initial datum fy € L2(R? x RY, du) satisfies

2 -4 2
”f - f*”LZ(RdXRd, du) < Ce ! “f() - f*“LZ(RdXRd, du) ¥t =0.

2. Assume B € (0,1) and @ > 1. Then there exists a constant €y > 0 such that any solution f of (10), with
initial datum fo € L?(R? x RY, (v)¢ du) for some € > 0, satisfies

2 -5t 2
”f - f*”LZ(RdXRd, du) S Cgf (1 + t) 216 ||f0 - f*||L2(RdXRd, dy) Vt Z O .

3. Assume B > 1 and a € (0, 1). Then there exists a constant 6y > 0 such that any solution f of (10), with
initial datum fo € L>(RY x R, (x)* du) for some k > 0, satisfies

2 et 2
”f - f*”LZ(RdX]Rd, du) < Cgk (1 + t) 2(1-a) ”fo - f*”LZ(R‘]XRd, du) V[ 2 O

4. Assume B € (0,1) and a € (0, 1). Then there exist a constant 6x,¢ > 0 such that any solution f of (10),
with initial datum fy € L*(R? x R?, (x)* du) N L2(R? x R4, (v)! du) for some k > 0 and € > 0, satisfies

2 - 2
||f - f*||L2(Rd><Rd, d'u) S Cgk,f (1 + t) { ”fO - f*”LZ(RdXRd, d'u) VI Z O .
. k l
where { = min {—2(1_0), —2(1_/3)}

5. Assume B > 1 and ¢ = 0. Then there exist a constant &~ > 0 depending on || follL1 raxra, ax av) such that
any solution f of (10), with initial datum fo € L>(R? x R?, du), satisfies
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IFIE <H 1+ foll? V120
L2(RIXRY, dy) = Oll 2(Rd xR, dp) =Y

6. Assume B € (0,1) and ¢ = 0. Then there exist a constant #p > O such that any solution f of (10), with
initial datum fo € L>(R4 x RY, (v)! du) for some € > 0, satisfies

< A (L+07 |l foll? V>0,

112
L2(RYXR4, du) L2(RIXR4, du)

qd _ ¢
where f = min {5, m}

In the statement of Theorem 2, even if it is not specified, the constants may depend on norms of fj. Assump-

tion (21) is a simplifying assumption which can be removed in various cases: see for instance [21, 31, 16, 9].

It allows an immediate conservation of moments along the flow, see Lemma 3 below.

= Lxye B(x) = L ()
P ial =0 é(x) P (x) a
otentia ¢ @e @ a1
-1
y(v) —>/31<V>'8 (42 t“zalia) et
MiCI‘f I:oincaré decay convergence convergence
y(v) = ’% oy | it ) || i (s b ) PR
:B € (0’ 1) convergence convergence convergence

Table 3 Summary of the results of Theorem 2. See the statement for the precise meaning of the rates and the assumptions.

4.4 An estimate of the entropy production

Let us introduce the weighted norm defined by

I fllg == ||f||L2(Rd><Rd, Wy20-B)+ dy)

where (1 — 8); denotes the positive part of 1 — 5. As a consequence || f||> denotes the standard norm with no
weight and we keep using the notation (-, -) for the associated scalar product. We can rephrase the Poincaré
inequality (14) corresponding to the case 8 > 1, and the weighted Poincaré inequality (18) rewritten in the
variable v with 8 € (0, 1) instead of @ and 4,, = CKB, as

—(Lff)Z A 1A =TD fl5 .

In the language of Theorem 1, this inequality replaces (H1) while (H3) is still satified. Next we use the notation
of Section 2 for A, H and D, with T and L given respectively by (8) and (9).

Lemma 1 For any B > 0, there is a positive constant k such that
DLAT 2 & (I(1 = T fI2 + (ATIL.T1£)) . (22)

Proof We recall that by (4), D is defined as
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DLf1 = —(Lf, ) + 6 (ATILS, £) — & (Re(TAS, f) = Re(AT(1 = TI) £, f) + Re(AL, f)) .

In order to prove Lemma 1, we have to give estimates on the last three terms using || (1-1II) f'||g and (ATIL £, I1 f).
We obtain these estimates in four steps, as follows.

Step 1. Expressions of (ATILf,I1f). We consider the function u = u(x) implicitly defined by u fo = (1 +

(TID*(TID)) "' I1f, that is,

o P
=LV, (pu Vo) = 2L (23)
Px P

*

We deduce from

ATILf = (1 + (TID)* (TI)) (TID)*(TID) f = TLf = (1 + (TI)*(TM) ™ f = T1f —u fx = (Z—f —u) Jx

*

and (23) that

a
(ATILf IS ) = —o-f (Vi - (px Vi) prdx = —o-f Vi (px Vi) (u - — V- (px qu)) dx,
R4 R4 Px
that is,
(ATILF,ILf) = o-f |Vul? py dx +0'2f IV - (ox Var)|* p3) dax . (24)
Rd Rd

Testing (23) with u p4, we learn after an integration by parts that

1/2
f |u|2p*dx+af |Vu|2p*dx=f upfdxs(f |u|2p*dx) ITLf |
R4 R4 R4 R4

where the inequality arises from a Cauchy-Schwarz estimate using |[TLf[|* = [L, |pf|* p3' dx. Hence

f , ul* py dx < ITIf|I> and o f ) IVul? py dx < ITLFI12. (25)
R4 R

Step 2. An estimate of |(TAf, f)I. We know from (3a) that [(TAf, )] < |(1 = II) f|I3 if B > 1. With o defined
by (16), we claim that

1
IRe(TAS, ) < — 11 = ID fll3 (26)
g

alsoholdsif 8 € (0, 1). In this later case, let us consider the function w = w(x) implicitly definedby w f, = Af,
that is, the solution of

o 1 _
w= LV, (px Vew) =——vx-f v f dv.
Px R4

*

Testing with w p, we obtain

o Iwalzp* dx < lezp* dx + o Iwalzp* dx = f Vew - (f v(v)ﬁZfdv) dx .
R‘I Rd R‘I Rd Rd

By applying the Cauchy-Schwarz inequality and after squaring, we obtain

2
o—2f Iwalzp*dxsf (f v<v>ﬁ—2(1—n)fdv) Pyl dx < |I(1 =T f1I3
R4 R4 R4

using [v]/(v) < 1so that [, [vI* ()2 e™¥ dv/ [, e dv < 1. Altogether, we prove (26) with
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_ _ v _ 1
ITAS P15 = ITw fr) YT I3 = ff | Vawl> (PFDe £ dxdv < = 1(1-TD f13.
R4 xRd (oa
Step 3. We claim that, for some explicit constant Cg > 0,

G
[Re(AL(1 - IDf, /)] < ;ﬁ 1(1 = T0) fllg (ATILf, ITf) . 27

This follows from a direct computation. Consider # = u(x) defined by (23) and observe that A*I1 f = T(u fi).
Then (AL(1 = II) £, T1f) = ((1 = IT) f, LT (u f%)). Since

LT f) = L (02 v Ve fu) = (E0) - Vo) fo
where £(v) :=V,, - Hess, (¢) — V,.¢ - Hess,, () is a vector valued function of v, it follows that

[EW)]? (v)2UP)s =¥ "
fR" eV dv

ILT@ P 2 < Gy f Voul pedx with Cg= f
R4 R4

Then (27) follows from (24).

Step 4. We claim that, for some explicit constant C > 0,
KAT(1 = ID£TLf)| < CII(1 =TI fljg (ATILS, LA, (28)
With u = u(x) defined by (23), we have (AT)*I1f = — T2 (u fx) and
(AT =D £ T1f) = (1 =T £, =T fu)) -
Using the expression (8) for T, a computation yields
T2(u fx) = (Voty - Hess, (u) - Vi = Ve Hess, () - Vo) fi -
Adding and subtracting (V¢ - Viu) (V4 - V@), we can rewrite
T2(ufy) = Vo - (Hess(u) = Viu ® Vid) - Vot fo — Viu - (Hess(y) = Voth ® Vo) - Vi f

where V,u® V¢ and V, ® V, i are respectively the matrices with entries (x,u 0, ¢); ;and Oy, Oy, ¥0);. ;-
We estimate independently the two terms in the expression of T2(ufy).

(1) The second term is estimated by

[Vt - (Hess(@) = Vot ® Vo) - Vi fu (0I5

< ff IV ul? [ Hess(h) - Vour ® Vo2 V.12 (021 £, dxdv
R4 xR4
< Cp2 f IVcul® |V 81 pu dx
Rd

where Cg, = fRd [Hess() — Vot ® Vo[> (2B o=¥ gy ) fRd eV dv. Using the fact that |V,¢|? is
bounded for @ € (0,1) and [21, Lemma 8] if @ > 1, there is some constant ¢, > 0 such that the solu-
tion of (23) satisfies

f IVl 1901 pdx < f Vel pad, (29)
R R

which, after using (24), is enough to obtain the bound
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_ ca Cp,2
V10 (Hess(w) = Vutr @ Vo) -V fi (0PI < <22 |1(1 = D) £ ATILL ILf) V2.
(2) For the first term, we have

IVow - (Hess(u) = Vau ® Vo) - Voir fo (D43
: ff Vo |* | Hess(u) — Viu ® Vgl (0)* 1P o dx dv
RIxRE
< Cgs f | Hess(u) — Vyu ® Vyop|* py dx
Rd
where Cg3 = fRd Vo |* (v)20P eV gy | fRd e~ dv. Notice that Hess(u) — V,u ® V¢ is the matrix with

entries Oy, u — Ox,u Oy, ¢ = B, (px Ox,u) py fori,j=1,...,d. Hence

d
f | Hess(u) = Vo ® Vo pud = )| f (84, (o B,)) 3 dix
R4 R4

i,j=1
= f Vs - (pa V) 3! dx + f IVau? A pa dx f Hess(4) : Vau® Vou pydx.  (30)
R4 R4 R4

To prove (30), it is indeed enough to notice that
2
f (ax,. (o iju)) p*l dx = —f Ox; ¢ Ox;u (Ox, (px Ox;u)) dx + f 63,-x,-” (Ox; u(px Ox;u)) dx .
Rd Rd R '
By integrating by parts, the two integrals are
f ﬁi_xju (Ox;u(psx Ox;u)) dx =f Bi_xiu (Ox;u(px Ox;u)) dx,
R R4
_f Ox; @ Ox; 1 (Ox, (s Ox; 1)) dx =f ai,xigbaxju (ox Ox;u) dx + f ax,.(pafixfu (o Ox;u) dx
R4 R4 R4 .
= f 02 @ Ox;u (ps Ox,u) dx — f Oy, @ Ox,udx, (px Ox;u) dx
R R4
_ f ainiqﬁaxiu (ox Ox;u) dx .
R4

Putting everything together, we get

2
[, (utpmonu) pitar= [ 3002 pudr+ [ 0(pn0uw 0, (pu ) d
R4 R4 R4
_Ld 05, ® Ot Oyt P dx

and (30) is obtained by summing over i and j. Finally all integrals are estimated by (ATII f, I1 f) using (24) and
the improved Poincaré inequality (29), which completes the proof of (28).

In all cases, we conclude that || T2(u f)(v)I 7B+ |I§ < C(ATIIf,ILf) using (24), for some explicit constant
C > 0. This completes the proof of (28).

Conclusion. By (26), (27) and (28), we control [(TAf, /)|, |[Re(AL(1 — II) f, /)| and [{AT(1 — I) £, IIf)|. A
discriminant condition on ¢ completes the proof of Lemma 1 as in the proof of Theorem 1. O
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4.5 Moment estimates

Lemma 2 Let u = u(x) be defined in terms of f as in (23) and assume For any k > 0, there exists a constant
Ci > 0 such that

My = f P (0 py dx < G f f TP o £l dxd. G1)
R‘l R‘IXR‘I

Proof The case k = 0 is true from (25). By squaring equation (23) and testing with (x)X p,, we obtain

k k
f W () py dx + 20'f Vo (u ()) - Viu py dix + sz IV (0x Vitt)]? O e = f o2 SO e
Rd Rd Rd Px R4 Px

Moreover, after an integration by parts, we have

20 f Ve () - Vet pedx =20 f VP (o) p dx — f P (A (Y = V() - Vo) pu dix
Rd Rzl Rd

:20'f IVaul? ) pydx —ok (k+d—2) Mg + 0 k (k —2) M4
R4
+0 kMoo —0kMiyaa.

After dropping the positive terms we get
02
M, < f ok dx + ok (k+d—2) My + 0 k Mysos .
R4 Px

Inequality (31) follows by induction and interpolation. O

Under the simplifying assumption (21), we also obtain moment estimates directly for the distribution function f.
Here there is space for improvements.

Lemma 3 Let [ = f(t,x,v) be a solution of (10) with transport and collision operators given respectively
by (8) and (9) for some B > 0 and a > 0. Assume that the initial datum f satisfies the bound (21). Then for
any k > 0 and for any € > 0 there exist positive constants Cy and Cy such that, for any t > 0

w = [[[ iR @t st aa < . (32)
RA xR
Ke(t) = f f |f(tx P fildedv < Co. (33)
R4xR4
Proof Since f, is a stationary solution, the maximum principle yields
ft, ) <Cfx Vt=0.

Therefore (32) and (33) follow by taking

Cy = C? f f felx)¥dxdv and Cp=C? f f Fedxdy.
RIxR4 RIxR4

This completes the proof of Lemma 3. O
Notice that, with the elementary estimates
25 (1 +78) < ¥k < 1+ if ke(0,2),

1+ 7k <k <2571(1 + k) if k>2,
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we have the simple moment estimate

My, = (XY e dx<max{1 25- S" 1|f d=1 (1 4 Ky o7 T dr
Rd
d
2

. 2 d-r,
_ {1, 2%—1} T (r(g) . r(dnﬂ))
r4)

for any k£ > 0 and as a consequence, f5 defined by (11) with Z = Mo g My, is such that

f f (XY fodxdv = Mea  1nd f f WY fodxdv =
Rd XR‘I Rd XRd

4.6 Proof of Theorem 2

In this section we will work in the framework of Theorem 2, i.e. we will consider a solution f = f(¢, x,v) to
the kinetic Fokker-Planck equation (10) with initial datum 0 < fy < C f,, for a certain C > 0. As sign plays
no role, up to replacing f with f — f, when f, is integrable, we may assume that

ff ft,x,v)dxdv=0 Vt>0. (34)
R4 xR4

We distinguish various cases depending on the values of 8 and «.

eCasef>1landa > 1
Thanks to Lemma 1, we have
DLFT 2 & (I8 =TI e g+ ATILLTLS))

for some « > 0. Because of the assumption @ > 1 the operator (TII)*(TII) is coercive, that is (H2) hold. As a
consequence we also have (5), i.e.,

<ATHf Hf> 2 “Hf“LZ(RdXRd d[l)

Therefore
K /l M

D[f] ||f||L2(RdXRd dﬂ)
holds for some « > 0, which gives exponent1al convergence:

K/IM

e )
1+ Apm

where A =

4
”f(t’ s )”L2(Rd><Rd d[l) = 2 6 H[f(h 9' = 2_ (S

Exactly the same proof applies in the case of Corollary 1, with 1, now given by the Poincaré inequality
associated with the measure e~ dx, of which the case ¢(x) = é (x)* with @ > 1 is a special case.
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eCasefe(0,))anda > 1

In this case, on the one hand we still have macroscopic coercivity (H2) due to the fact that @ > 1, but on the
other hand, a loss of weight now appears for the microscopic component because of 8 € (0, 1). Inequality (22)

now reads as

Am
DIf] = « (u(l ~ID f P2 gyt gy 208 apy + T I etz e | -

In order to recover the L2(R¢ x R?, du) norm we need to interpolate with the conservation of moments.
Let £ > 0 and notice that fy € L>(R¢ x R?, (v){du) by our assumption on the initial datum (21). Setting
a=1{/(¢+2(1 - pB)), by Holder’s inequality and Lemma 3, we have

2 2 2(1-a)
1= ID A gatg, apy < N =T SIS gt goy-20-8) gy 1= ISz gasema iyt ey
2 1-
< ”(1 - H)f'ng(RdXRd,<v>—2(l—ﬁ) du) Kf(t) “
1- 2
< C[ 4 ”(1 - H)f”L‘ZJ(RdXRd’(v)fZ(I—,B) du) .
As a consequence, for a certain constant C > 0 we have

2(14+22) ) 2(14+22)
DU 2 C A = IDFll 2 gasga gy * M 2 asra, gy | 2 €W 2 gasga gy -

By the Bihari-LaSalle estimate, we finally have

14
2(1-8) )_2(17/3)
‘ot .

HLf] < HLfol (1 + CHLfo]

eCaseff>1and o € (0,1)

In this case we have the symmetrical situation compared to the previous one. The dissipation of entropy is

DLFT 2 & (I8 = DA s gtz g+ CATTLETLA))

where now (ATILf,I1f) does not produce macroscopic coercivity, but is given in terms of u by (24). Fix
k > 0 and assume that fj € L2(RY x R4, (x)k du), then from Lemma 2 and 3, we have that the moments
M () = fRd |u|? (x)k P« dx are uniformly bounded in time. With b = k/(k+2(1 —a)) € (0, 1), using Holder’s
inequality and the weighted Poincaré inequality with non-classical average of [9, Cor. 10], we obtain

ITLAIE et et gy =fRd |M|2,0*dx+20-fRd |qu|2p*dx+0'2le|VX-(p*qu)Izp*dx

b 1-b
< (f u|? (x)21=2) p, dx) (f ul? (x)* px dx) + 2(ATIIf, T1f)
R4 R4
1-b

b
< (€¥7)° (f IVt p dx) (f u)? (x)* pa dx) + 2(ATILF, ILf)
Rd R4
< C(ATILF, ILFY? + 2(ATILF, ILf) =: D((ATILL, I1f))

where C depends on €*" and the bound on || JollL2raxra (xyk apy- In the weighted Poincaré inequality we
used (34), hence fRd Upydx = HRded fdxdv =0. Now we have
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246 2+6

HIFT < S 1 I g gy < e (10 =T Wty g + PUATILETIE)
2+6

< 220 (10 = TS s gy + ATILLTLD))
246

-1
s= 0 («'Drs1)
Therefore the decay of H[ f] is estimated by the decay of the solution z(¢) of

d 4
I:—Z:—Kq)_l( <

Z

7 2+6) . 2(0) = H[fol.

In view of the expression of ®, we conclude that z monotonically converges to 0 as t — +co and, as a
consequence 7’ also converges to 0. This implies that after some time ¢y > 0, we have

o(-x1e)c(nle)

Where C denotes a positive constant that may change from line to line. Altogether, we end up with the
differential inequality
< -Cz7'P.

Integrating and using % = we obtain that z(r) < C (1 +¢)” R =8

2(1 -a)’

eCasef € (0,1)and o € (0,1)

If 5 € (0,1)and @ € (0, 1) we have neither microscopic coercivity nor macroscopic coercivity. The dissipation
of entropy is

DLFT 2 & (I8 = DA I gtz a0y + ATILLTL)

and we have to interpolate with moments in both variables x and v. As in the previous cases, we have

A1 2 i g o S CAATILS, /)" + 2(ATILf, T1f) = O(ATILS, T1f))

and
||(1 - H)f”LZ(Rded dy) < C ||(1 H)f”LZ(RdXRd <v> 2(1-B) d/l) =: (”(1 H)f||L2(RdXRd <v> -2(1-) d[,l))
with a = “2({’1 =) and b = W As above we have
2+0
HLAT < S5 (9 (10 = I B 0 ) + CCATILETLE) )
2 +0

7 (F&1DIf) + @ (' DIS)) -

Notice that the function ¢ — ¥(¢) + ®(¢) is increasing, concave and ¥'(0) + ®(0) = 0. Moreover we have

d 4
ST < =k (P + @) ! (ﬂ HLf ()] ) :

As a consequence, H[f (7, -, -)] can be estimated by the solution z of
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’ -1 4Z
=k () ()

For the same reasons as before, z’ converges to 0 as t — +co. Using the explicit expressions of @ and ¥, we
see that there exists some to > 0 such that, for any ¢ > 1y,

W+0) (-« ) < (- )
for some C > 0, where ¢ = min{a, b}. This inequality leads to 7’ < —C z!/¢ and therefore to

0 <cd+nmlmmam! viso

by the Bihari-LaSalle estimate.

eCasef>1and ¢ =0

In absence of a global equilibrium, we can still consider (22) written with p, = 1. Identity (24) now reads as

(ATILf,TIf) = o'f |V cul? dx + o-zf |Ayul? dx .
R4 RrRA
Because of Nash’s inequality and the conservation of mass, we have

2 2 2 2 2
||Hf||L2(R‘1xR",d,u) = ||u||L2(dx) + ZO-Hqu”Lz(dx) t+o ”Axu”Lz(dx)

2d

_4_
< Covasn W72, IVl 52, + 2 (ATILE, TLF)

< C(ATILS IL)a7 + 2 (ATILF, ILS) .

2

L2 (RAXRA, dy)’ we have

In the asymptotic regime of small ||TLf||

(ATILATLf) > C ) 20+4)
for some suitable constant C > 0, and
2(1+2 2
DIf]=C (u(l ~IDf I e g ”Hf||L£<R(7X)Rd,d,,>) > )P0

By the Bihari-LaSalle estimate, we can finally conclude

_d
HLF ()] < HEfol {1+ CHLfl 1) Ve > 0.
eCasef € (0,1)and ¢ =0
We proceed as in the previous case. The macroscopic part obeys the same estimate
(ATILA.TLF) 2 CLf)R0+a)

The microscopic component has to be interpolated with moments:
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2 2b
”(1 - H)f”LZ(RdXRd, du) <C ”(1 - H)f”Lz(Rded,W)*z“*ﬁ) du) °

We conclude that, as || f1lp2gaxrd, gy = 0

where { = min{

2(1+202) 2(1+2) 2(1+1)
DLf1=C (1 - H)flle(RdX%d’ am ||Hf||L2(Rdide’ aw| =€ ||f||L2(ijRd’ )

2(11‘7 5y ‘—21}. By the Bihari-LaSalle estimate we conclude

1 -
HLf] < HLfol (1 + CHIfol? r)
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