THE KINETIC FOKKER-PLANCK EQUATION IN A DOMAIN:
ULTRACONTRACTIVITY, HYPOCOERCIVITY
AND LONG-TIME ASYMPTOTIC BEHAVIOR

KLEBER CARRAPATOSO AND STEPHANE MISCHLER

ABsTRACT. We consider the Kinetic Fokker-Planck (FKP) equation in a domain with Maxwell
reflection condition on the boundary. We establish the ultracontractivity of the associated
semigroup and the hypocoercivity of the associated operator. We deduce the convergence with
constructive rate of the solution to the KFP equation towards the stationary state with same
mass as the initial datum.
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1. INTRODUCTION
In this paper, we consider the Kinetic Fokker-Planck (KFP) equation, also called the degenerated
Kolmogorov or the ultraparabolic equation,
(1.1) Of +v-Vuf —A,f —divy(vf) =0 in U
on the function f := f; = f(t,-) = f(t,z,v), with (t,x,v) € U := (0,T) x Q x R¢, T € (0, +o<],
Q C R? a suitably smooth domain, d > 3, complemented with the Maxwell reflection condition on
the boundary

(1.2) V-f=%v+f =0 —-0)F v f+1Dy+f on T,
and associated to an initial condition
(1.3) f0,2,v) = fo(z,v) in O:=Q xR

Here I'_ denotes the incoming part of the boundary, . denotes the specular reflection operator,
2 denotes the diffusive reflection operator (see precise definitions below), and ¢ : 92 — [0, 1]
denotes a (possibly space dependent) accommodation coefficient. More precisely, we assume
that Q := {z € RY; §(z) > 0} for a W2 (R?) function § such that |§(z)| := dist(x, Q) on a
neighborhood of the boundary set 92 and thus n, = n(z) := —V§(z) coincides with the unit
normal outward vector field on 9. We next define ¥% := {v € R%; £v-n, > 0} the sets of outgoing
(¥%) and incoming (37 ) velocities at point € 02, then the sets

Y ={(z,v); z€0Q,vexi}, Ty:=(0,T)x 2y,
and finally the outgoing and incoming trace functions v+ f := 1r,_vf. The specular reflection
operator . is defined by
(1.4) (ZLg)(x,v) == g(x,Vyv), Vyv:=v—2n,(ny - v),
and the diffusive operator Z is defined by
(1.5) (Z29)(x,v) := M (v)g(x), g(x):= /m 9(x, w) (ng - w) dw,

+
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2 K. CARRAPATOSO AND S. MISCHLER

where .# stands for the (conveniently normalized) Maxwellian function
(1.6) A (v) = (2m) D2 exp(—[u]?/2),

which is positive on R? and verifies M = 1. We assume that the accomodation coefficient satisfies
L € WHe°(9Q). For further references, we also define the (differently normalized) Maxwellian
function

(17) foo(mvv) = exp(—\v\2/2)7

1 () 1
—p) = ——
@ Tajen
which is positive on O and verifies || fw|/z1(0) = 1. The elementary (and well known at least at
a formal level) properties of the Kinetic Fokker-Planck equation are that it is mass conservative,
namely

(18) () = (fo)y VE=0, with (h):= /O hdwdv,

it is positivity preserving, namely f; > 0 if fy > 0, and f is a stationary solution.

The aim of this paper is twofold:

(1) On the one hand, we prove the ultracontractivity of the semigroup associated to the evolution
problem (1.1)—(1.2)—(1.3) by establishing some immediate gain of Lebesgue integrability and even
immediate uniform bound estimate.

(2) On the other hand, we prove the convergence of the solution to the associated stationary state,
namely f; — {(fo) foo as t = oo, with constructive exponential rate in many weighted Lebesgue
spaces.

These results extend some previous similar results known for other geometries or less general
reflection conditions. For both problems, we adapt or modify some recent or forthcoming results
established in [7, 12] for the Landau equation for the same geometry as considered here. In that
sense, the techniques are not really new and the present contribution may rather be seen as a
pedagogical illustration on one of the simplest models of the kinetic theory of some tools we
develop in other papers for more elaborated kinetic models. We also refer to [10, 22, 11] for further
developments of these techniques for related kinetic equations set in a domain with reflection
conditions on the boundary.

For a weight function w : R — (0,00) and a exponent p € [1,00], we define the associated
weighted Lebesgue space

LY = {f € Lige®"); | fllzy, = [l fwllzr < oo}
Our first main result is an ultracontractivity property.

Theorem 1.1. There exist some constructive constants v >0, 0 € (0,1), C1 > 1, C3 >0 and a
class of weight function 21 such that for any exponents p,q € [1,00], ¢ > p, any weight function
w € Wy and any initial datum fo € LP(O), the associated solution f to the Kinetic Fokker-Planck
(KFP) equation (1.1)~(1.2)—(1.3) satisfies

oCat
(1-9) Hf(t)”Lze §C1m‘|f0”Lﬂa vt > 0.

We will show that the set 20, contains at least some exponential functions. In the whole space
Q = R?, such a kind of ultracontractivity property is a direct consequence of the representation
of the solution thanks to the Kolmogorov kernel, see [33], as well as [31, 8] for related regularity
estimates. Some local uniform estimate of a similar kind for a larger class of KFP equations in
the whole space has been established [47, 13, 2] by using Moser iterative scheme introduced in
[43, 44], from what some Gaussian upper bound on the fundamental solution may be derived, see
[46, 34, 4]. In [23], the same local uniform estimates (as well as the Harnack inequality and the
Holder regularity) has been shown for a still larger class of KFP equations in the whole space by
using De Giorgi iterative scheme as introduced in [15]. We also refer to [1] for a general survey
about these issues and to [50, 51, 35, 3, 32] for additional results on the KFP equations in the
whole space. In [29], a gain of regularity estimate has been established by adapting Nash argument
introduced in [45], see also [49, 24, 39] for further developments of the same technique.

In [19], an ultracontractivity result similar to ours is obtained for the KFP equation in a domain
with specular reflection at the boundary by an extension argument to the whole space (used first in
[26]) and then reduces the problem to the application of [47, 23]. In [52] some kind of regularity up
to the boundary is proved for the KFP equation with inflow or specular reflection at the boundary
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using the extension argument of [19] and some appropriate change of coordinates. See also [48],
where some similar results are established for the KFP equation with zero inflow.

We are next concerned with the longtime behavior estimate. We start by establishing a
hypocoercivity result. For that purpose, we define the operator

(1.10) Lfi=—v-V.f+ A, f +div,(vf)
and we denote by Dom(.#) its domain in the Hilbert space H := L?(u~*dxdv) endowed with the
norm || fllz = =2 £l 2

Theorem 1.2. There exists a scalar product ((-,-)) on the space H so that the associated norm || - ||

is equivalent to the usual norm || - ||, and for which the linear operator £ satisfies the following
coercivity estimate: there is a positive constant A € (0,1) such that
(1.11) (=21, 1) = MIfIP

for any f € Dom (%) satisfying the boundary condition (1.2) and the mass condition {(f)) = 0.

The result and the proof is a mere adaptation and simplification of the same hypocoercivity
estimate established in [7]. This last one is inspired, generalizes and simplifies some previous results
established in [25, 9], see also [16, 20, 30, 27, 28, 49, 18] and the references therein for more material
about the hypocoercivity theory.

We deduce from the two previous results the announced exponential convergence result.

Theorem 1.3. There exists a class of weight functions Qs such that for any weight function
w € Ws, any exponent p € [1,00] and any initial datum fo € LP(O), the associated solution f to
the KFP equation (1.1)=(1.2)—(1.3) satisfies

(1.12) 1£8) = (fo) fosllze, < Ce™ M fo = (fod focllor, VE=0,

for the same constant X\ € (0,1) as in Theorem 1.2 and for some constant C = C'(w).

It is worth emphasizing that the set 205 contains some exponential functions and some polynomial
(increasing fast enough) functions. The case p =2 and w = ;fl/ 2 is an immediate consequence of
Theorem 1.2. The general case is then deduced from this particular one thanks to Theorem 1.1 and
some enlargement and shrinking techniques introduced and developed in [24, 39, 40].

Let us end the introduction by describing the organisation of the paper which is mainly dedicated
to the proof of the above results.

In Section 2 we establish some growth estimates in many weighted Lebesgue spaces on the
semigroup associated to the KFP equation (1.1)—(1.2)—(1.3). We do not discuss the existence and
uniqueness issues about solutions to the KFP equation and the construction of the associated
positive semigroup which will be discussed in detail in the companion paper [10]. We however
emphasizes that solutions to the KFP equation must be understood in the renormalized sense as
defined in [17, 38] so that the associated trace functions are well defined, see [38, 10, 12] and the
references therein. We thus rather focus on the (a priori) estimates by exhibiting suitable twisted
weight estimates for the solutions to the KFP equation (1.1)—(1.2)—(1.3) and its dual counterpart.

Section 3 is dedicated to the proof of Theorem 1.1. The strategy mixes Moser’s gain of integrability
argument of [44] and Nash’s duality and interpolation arguments of [45]. It is also based on a
twisted weight argument which is somehow slightly more elaborated than the one used in the
previous sections. In Section 4, we prove Theorem 1.2 and Section 5 is dedicated to the proof of
Theorem 1.3

2. WEIGHTED LP GROWTH ESTIMATES

This section is devoted to the proof of a first and somehow rough set of growth estimates in
some convenient weighted L spaces for solutions to the KFP equation (1.1)—(1.2)—(1.3) and the
associated semigroup that we denote by the same letter S, whatever is the space in which it is
considered. It is classical that we may work at the level of the evolution equation and the associated
generator or at the level of the associated semigroup. We will do the job at both levels.

As announced, we will not bother with too much rigorous justification but rather establish a priori
weighted Lebesgue norm estimates from what we may very classically deduce the well-posedness of
the Cauchy problem (1.1)—(1.2)—(1.3) and also deduce the existence of the associated semigroup.
The solutions of the KFP equations would have to be understood in a appropriate renormalized
sense, but again we will not bother about this important but technical point and we will freely
make the computations as if the considered functions are smooth and fast enough decaying at
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infinity. Because the KFP equation conserves the positivity, the associate semigroup is positive
and we may thus only handle with nonnegative functions. All these issues are discussed in the
companion papers [21, 10, 12] for more general classes of KFP equations and we thus refer to these
works for more details.

We now introduce the class of weight function we deal with. We denote by % the operator
(2.1) Cf = A, f +divy(vf),

which is nothing but the collision part of the Kinetic Fokker-Planck operator involved in (1.1). We
observe that for f,w:R?Y — R, and p € [1,00), we have

_ 4p—1
(2.2 [ @nporar =223 [0, ruprp+ [ ipers,
with
2
23) @ =wa,v) =2 (1 - ;) |V:ZJ‘ + (i - 1) AZ“ + (1 - ;) d—wv- V:‘*’,

see for instance [21, Lemma 7.7] and the references therein. We define 20 as the set of radially
symmetric nondecreasing weight functions w : R? — (0, 00) such that

K = Ky = Max sup wy p < 0.
p=1,00 ;,cRrd

It is worth noticing that w := (v)*e¢I*l" | with k£ € R and s > 0, satisfies
w() ~  (sO)*]* 7% —sClv]® if s> 0,

|[v| =00

i—k‘ if s=0,

[v| o0 P’
so that w € 20 when
s€(0,2), or s=2 and (<1/2, or s=0 and k> 0.

On the other hand, we may check

1 1 1 1 2
(2.4) W gy—1+1/0 (V) = == <1 — q) lv|> + ( + - — ) d,

q p q pq
so that for the limit case w = .# ' € 20, since then @ 41, = 2d/p. We finally define
(2.5) Wo:={weW;1SwI ", w '], wdlv] € L'(RY}.

Proposition 2.1. For any weight function w € Wy, there exist k > 0 and C' > 1 such that for any
exponent p € [1,00] and any solution f to the KFP equation (1.1)—(1.2)~(1.3), there holds

(2.6) I fellcy, < Ce™llfollzz, V=0,
and we write equivalently
(2.7) Se(t): LP — LP,  with growth rate O(e™), VYt > 0.

We start recalling the following classical estimate based on very specific choices of the weight
functions, so that Darrozés-Guiraud type inequality [14] may be used.

P

Lemma 2.2. For any p € [1,00], the semigroup Sy is a contraction on L viie-

Proof of Lemma 2.2. We fix p € [1,00), 0 < fp € L’/’%,Hl/l, and we denote by f = f(t,z,v) >0
the solution to the Cauchy problem associated to (1.1)—(1.2)—(1.3). We compute

1d /Ofp//llfp _ /O(cgf)fpfl///lfp_%/E(,Yf)pl//llfpnw_v

i
1
< / @ goriasn [Pl — / O Y
) pJs,
1
L AR GRS ETA AR
>

where we have used the Green-Ostrogradski formula in the first line, we have thrown away the first
term coming from (2.2) in the second line, we have split the boundary term into two pieces and we
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have used the boundary condition on its incoming part in the second and third lines. For the last
term we have

(1= ) S 71 f + 1974 fYP ol g o

>

< / (1= (P [yl Pl o] + / v f)P g o]

< [ Q- 0Gepra g o+ [ a6ihy
N oQ
where we have used the convexity of the function s — sP in the second line and we have used

both the change of variables v — V,v in the last integral (which transforms ¥_ into ¥, with unit
Jacobian) and the normalization condition on .# (see (1.6)) in the third line. Observing next that

(W:Tf)p = (/E (7+f/%)%|nw.v|dv>p

T
+

IN

[ Gty in -,

thanks to the Jensen inequality (also called Darrozes-Guiraud’s inequality in this context!), which
is true because of the normalization condition on .#Z. We have thus established

(A=) f + Dy fY AP g - S/ (v F)Ptt P g - 0,

i oy

from which we obtain
d
P
10) o

Coming back to (2.4), we observe that

1 1 2 1
w'//f—lJrl/p,p('U) = —— (]. — p) |'U|2 + g (1 — p) d S 0,

p
from what we immediately deduce that S, is a contraction on L’/’/L,,1 41/, When p € [1,00). We get
the same conclusion in L%, , by letting p — oo. O

We extend the decay estimate to a general weight function in a L' framework by using an
appropriate modification of the initial weight. That kind of moment estimate is reminiscent of
L' hypodissipativity techniques, see e.g. [41, 24, 6]. Our mutiplicator is inspired from the usual
multiplicator used in order to control the diffusive operator in previous works on the Boltzmann
equation, see e.g. [5, 37, 38, 6]. For further references, we define the formal adjoints

(2.8) L =0V +C", € g:=A,g—v-Vyug.
Lemma 2.3. Let w: R — (0,00) be a radially symmetric nondecreasing weight function such that
w €W and M w|v| € L*(R?). There exists k > 0 such that we have
Se(t): LM(w) — LY(w), Vt>0,
with growth estimate O(e"t).
It is worth emphasizing that with a very similar proof we may establish the same growth rate in

L? for p € (1,00), but we were not able to reach the limit exponent p = co because our estimates
blow up as p — co.

Proof of Lemma 2.3. Without loss of generality we may suppose that w > 1. We split the proof
into two steps.

Step 1. For 0 < fy € L'(w), we denote by f = f(t,x,v) > 0 the solution to the Cauchy problem
(1.1)—(1.2)—(1.3), so that f(t) = Sc(t)fo-
We introduce the weight functions
wa(v) == xa(v) + (1 = xa(v))w(v),
with x4 (v) := x(|v|/A), A > 1 to be chosen later and x € C*(Ry), 1j9,1] < x < 1jg 2], and next

W(z,v) :=walv) + e -,
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with ¢ :=v/(v) and ¥ := 9/(v). It is worth emphasizing that
(2.9) 1<wy <w and c;llwg %wAgcTJg%wA,

with ¢4 € (0,00). We write

(2.10) %/Of@:/off*@—/z'yfﬁnaj-v.

We first compute separately each contribution of the boundary term

B::—/7fo~an~v:Bl—|—Bg7
b

with
o= = [ efealns ol + [ {0=08vf + 90 waln o
b X
1
By = *5/7]0(7%'”)2'
b

Making the change of variables v — V,v in the last integral involved in Bj, we get
Bi=— [ vfuslng o+ [ v fwslng ol
4 Th
We then define

(2.11) Ki(wa) := Mwp (ng - v)4 dv,
Rd

which is finite by the assumption on w, so that
/ LDy fwalng v = / LK1(LUA)7:?.
Ty a0
Since wy > 1, we then obtain
B < / WK (wa) — )4 f-
On the other hand, denoting 69

(2.12) Ky := » M (ng - D)3 dv € (0,00),

which we observe is independent of x, we have
= [0 < = [ vt o7 =Ko [ ot
b o a0

Recalling (2.9) and observing that wq — 1 a.e. when A — oo, we get Ki(wa) — Ki(1) =1 as
A — oo thanks to the dominated convergence Theorem of Lebesgue and the normalization condition
on .. We may thus fix A > 1 large enough in such a way that

1
Kl(OJA) —1- §K0 S 07

and the contribution of the boundary is nonpositive.

Step 2. For the contribution of the volume integral, we write
LO=Fw+EC [xall —w)|+C [ng - 0] +v-Vy(ng v),
where we recall that the adjoint Fokker-Planck operator €* is defined in (2.8). Because w € 2, we
have
Cw < wy 1w < Kw,
for some k1 € R. On the other hand, because x4 has compact support and because of the regularity
assumption of €2, we have
¢ xa(l —w)] + € [ng - ] + v Va(ng - 0) < ko,

for some ko € Ry. Coming back to (2.10), we deduce that

/fw</i/fw

with k := 2Kk1 4+ cake. We immediately conclude thanks to Gronwall’s lemma and the comparison
(2.9) between w and @. O
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We establish now a similar exponential growth estimate in a general weighted L' framework for
the dual backward problem associated to (1.1)—(1.2)—(1.3), namely

—0ig=v-Vog+E7g in (0,7) x O,
(2.13) Yig=R v _g on (0,7) x Xy,
g(T) = gr in O,

for any T € (0,00) and any final datum g7. The adjoint Fokker-Planck operator ¢* is defined in
(2.8), and the adjoint reflection operator Z* is defined by

Z*g(x,v) = (1 —1)Fg(z,v) +19"g(x),
with
D g(z) = Ag(x) = /]R g(, W) (w) (1 - w)_ duw.

Again, we do not discuss the very classical issue about well-posedness in Lebesgue spaces for these
problems nor the possibility to approximate the solutions by smooth enough solutions, which is useful
in the following argument. Consider f a solution to the forward Cauchy problem (1.1)—(1.2)—(1.3)
and g a solution to the above dual problem (2.13). We compute (at least formally)

Lt@er = [ foo)+ | ' [ @sa+ 1)
= /Ofog(O)—/OT/O(v-szgﬂLfv-ng)ds

— [ o)~ | T/E (v n)yfrg ds

/O fog(0) - / T/E W) d

+/OT/Z_ v - n|(Zy1 f)(v-g) ds,

by using the Green-Ostrogradski formula and the reflection conditions at the boundary. From the
very definition of #Z and #*, we then deduce the usual identity

(2.19) [ 1@ = [ ngto)

o o
or equivalently that g(t) = S% (T — t)gr. We observe now that for a weight function w, we have
(2.15) Cw =w oy 0o

We then define M the class of weight functions m : R? — (0,00) such that w = m~! € 2. In
particular, because of (2.15) and the definition of 20, there exists x’ € R such that

(2.16) ¢m < k'm.
We also define
(2.17) No:={meN; A4 <m, mve L'(RY}.

Lemma 2.4. For any weight function m € My, there exists k € R such that
Se(t): Ly, — Ly, O(e™).

More precisely, there exists C > 1 such that for any T > 0 and any gr € L., the associated solution
g to the backward dual problem (2.13) satisfies

(2.18) 9(0)]

Proof of Lemma 2.4. Without loss of generality we may suppose that m > .#. For T € (0, 00) and
0 < gr € L},, we denote by g = g(t,x,v) the solution to the backward dual Cauchy problem (2.13).
We introduce the weight functions

1, < Ce"lgr|Ly, -

1
(2.19) ma = xa + (1 —xa)m, ﬁ@::mA—§(nz-5)//l,

with the notations of Lemma 2.3. It is worth emphasizing that

(2.20) M <my <m and c;‘lm < %mA <m< %mA,
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with ¢4 € (0,00). Similarly as in the proof of Lemma 2.3, we compute

d
—— | gma = /g((gmA)+/79mAnx'U
dt Jo o 5

[ot@ma+ [ 100719+ gimalng-ol— [ a-gmaln, ol
1} bl b

where we have used again the Green-Ostrogradski formula in the first line and the reflection
condition at the boundary in the second line. We deduce

d
g foma = [ami= [ ogmatn ol ([ matoogao) [eargin ol
dt Jo o R D

by making the change of variables v — V,v on the outgoing part ¥ of the boundary (which is in
fact the incoming part of the boundary for the backward dual problem). Since my4 > .#, we have
established a first estimate

d
—a/gmA < /g(%mA)—i-/ WK1 (ma) = 1)l y—g|ng - v,
0 o

with now
Ki(ma) :z/ ma(ng -v)rdv—1, as A— oo
Rd

On the other hand, with the same notations as in the proof of Lemma 2.3, we have

DA gt (n, T = /g%(%(nm»—/gm-me—/vg/x(nw-m?.
dt Jo o o 5

For the last term, there holds

/E gl (ny -0 > / A=) 7

v

([t 92) [ gl ol
R4 >

which implies a second estimate

d
G Lot < [ gt 0)- [ gt Danss Ko | 0tyglng ol
dt Jo o o s

with now

(2.21) Ko:= [ A (n, 0)2dv e (0,00).

Rd
Choosing A > 0 large enough such that K;(ma) — 1 — %KO < 0, the contribution of the boundary
is nonpositive and we obtain

,% Ogﬁz < /Og[cfer(f[XA(///fm)]+Cg[nx.5///]7v,vﬂ(nx.fﬁ///)}

< n/fﬁﬁ,
(@)

for some x € R, by arguing similarly as during the proof of Lemma 2.3 and in particular using
(2.16). By the Gronwall’s lemma, we then deduce

(2.22) 19O 1y < € llgrllrrn),

from which we immediately conclude to (2.18). O
We may now come to the proof of the main result of this section.

Proof of Proposition 2.1. For fo € L2, let us define f(t) := S#(t)fo the associated flow. Because
of the duality identity (2.14), for any g, € L' _,, we have

w— b

[ = [ 1090 < Moz o) -
Together with (2.18), we deduce
[ 10 < 1ol O™l -

Taking the supremum on g; over the unit ball of L(w™!), we thus conclude that

IF @Ol < Ce™[lfoll Lz
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for any fo, which is the desired estimate (2.7) when p = co. The estimate (2.7) for p = 1 has been
established in Lemma 2.4. We then conclude to the estimate (2.7) for any p € [1, 00] by using a
standard interpolation argument. O

Remark 2.5. The conditions on the weight function w in the statement of Proposition 2.1 are not
optimal but they are more than enough for our purpose. As a matter of fact, we may observe that
- Lemma 2.2 gives an estimate on S, in L' and in L%, i
- Lemma 2.3 gives an estimate on S, in L from w =1 and up to w = .#~H{v) =47 17¢ ¢ > 0;
- Lemma 2.4 gives an estimate on S} in L}, from m = (v)=4717¢ ¢ > 0, and up to m = .#,
and thus an estimate on S; in L from w = (v)4+1+¢ ¢ >0, and up to w = .# 1.

3. ULTRACONTRACTIVITY: PROOF OF THEOREM 1.1

3.1. An improved weighted L? estimate at the boundary. The DeGiorgi-Nash-Moser theory
tells us that for parabolic equations some gain of integrability estimates can be obtained by
elementary manipulations when evaluating the evolution of functions f¢ for ¢ # 1. That kind of
regularity effect is also called ultracontractivity. More recently, a similar theory has been developed
for the Kolomogorov equation in the whole space, see in particular [47, 23]. Our purpose is to
generalise these techniques to a bounded domain framework. In the present framework and in order
to be able to deduce next (by interpolation) the same kind of regularity effect in the border L}
space, we first consider ¢ < 1. Let us observe that for ¢ # 0 and f a positive solution to the KFP
equation (1.1), we may compute

1—
O+ Vaf =0 Vuf —adf? = 8,47 - 48D o2 o,

Multiplying the equation by ®? := ¢?m? with ¢ € (0,1), ¢ € D((0,T)), and integrating in all the
variables, we obtain
1 1 * (1-9q) /212
a0 [t [ =l g apep g [ e,
qJr qJu q u u
with & :=(0,T) x O, ':= (0,T) x £, T € (0, 00),
(3.2) T0 = 9,0 —v-V, U
and @ := w,, 4 is defined in (2.3). Alternatively, defining
(33) T = 8t +v- Vz
and recalling that 4" has been defined in (2.1), we may write

fq _ pqg—1 _ prg—1
7’; =f1""Tf=f1""%f,
so that
1 otk T — -1
e e R

from what we deduce (3.1) with the help of (2.2)-(2.3).

We now establish a key new moment estimate on the KFP equation (1.1)—(1.2)—(1.3) which
makes possible to control a solution near the boundary. The proof is based on the introduction of
an appropriate weight function which combines the twisting term used in the previous section and
the twisting term used in [21, Section 11], that last one being in the spirit of moment arguments
used in [36, 42].

Proposition 3.1. Let g € (0,1) and m : R — (0,00) be a radially symmetric decreasing weight

function such that m™4 |v] € LY(R?). There exists C = C(q, m,Q) > 0 such that for any nonnegative
solution f to the KFP equation (1.1)-(1.2)~(1.3) and any test function 0 < ¢ € D((0,T)), there
holds

L 5)2
poine P2 oy [ 9oy < 0 [ fmolioet] + (e,
u 51/2 u u
where m s a modified weight function such that m S m S m and @w = wy, 4 is defined in (2.3).

Proof of Proposition 3.1. We fix ¢ € (0,1) and we introduce the modified weight functions
(3.4) mY = xa T+ (1 — xa)mi,
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for A > 1 and with the notations of Lemma 2.3. We next introduce the function
q q
4. 4759 59._ .00 _ A~ My /2, .~
O :=p'm?, m?:=mi 1 e v+4D1/26(x) Ny * U,
where D = sup ¢ is half the diameter of 2, so that in particular an estimate similar to (2.20) holds.
From (3.1), we have

L2 [ ioygep - [Grparn, - [
(35) q u T u
— / qu*\I’lg _ q/ fq(I)qw _|_/ qu7‘1*q)q’
u u u
where 71" = =04, T3 = —v -V, @w = wy ¢ and
q
Uy := pImY (1 — %nw -ﬁ) , Ugi=pf 4;;32 (5(3:)1/2711 ..

We now compute each term separately.
Step 1. For the second term at the left-hand side of (3.5), we observe that

- [pymtng o= [ Cupyimbins ol + [ mf)imbie o
b oy bl
and, using the boundary condition together with the fact that the map s — s? is concave, we get

ERCEDERIEVEIN LA

> [ =@ min o + [ i ol
Y_ Y_

Removing the contribution of the specular reflection thanks to the change of variables v — V,v as
in the proof of Lemmas 2.3 and 2.4 and using the Hélder inequality in order to manage the term
involving K5, we therefore obtain

—/E('yf)qm‘j‘nm v > / Wy ) (ny - v) _/ Ly f)Imy (e - v)4

_ oy
> (K(ma) - Kalma)™) [ o),
oQ
with
_qa_
Ki(ma) = [ #Im(ng-v)_dv < +oo, Ko(ma):= | my % (ng v)sdv < foc.
Rd Rd
On the other hand, we have
Ny - 0)? —
[anms s kma) [ iy
b o0
with
1
Ko(ma) == i MM (ny - 0)2 do
Rd

Both together, we obtain

= [ v 2 [Koma) + Kama) - Kolma) ] [ sipy
b a0
Observing that myq — M7t when A — 0o, we deduce that Kj(my) — Ki( %_1) =1,
Ka(ma) — Kg(//lé_l) =1 and Ko(ma) — Ko(///%_l) > 0 as A — oo, thanks to the integrability
condition made on m and the dominated convergence theorem of Lebesgue. We may thus choose
A > 0 large enough in such a way that

(36) Ko(m,q) + Kl(mA) — Kg(mA)l_q 2 0.

Step 2. Tn order to deal with the third term at the left-hand side of (3.5), we define ¢ := §(x)'/?n,, -v.
Observing that (v)yp € L>=(0), V¢ € L*(0O) and
1 1

25 (0 ) +8(@)!/%0 - Doms,

v-Vgp =
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we compute

11
/quz W3 = 4D1/2/fq {25( )1/2( I)2+5(x)1/2@-Dznw@}.

We may now conclude. Because of (3.6), we may get rid of the boundary term, and together with
the last inequality, we get

1—g¢q - 1 1
4 v /2|2 4 / 99,2 . D)2
[ w4 g [ e s o)
<5 [ st Vatns 5 g [ froiim - [ frisoe
u u u

1
,4D1/2/uquqqu (z )1/21) Dynyo

<Cou [ fmti@)et+Ca [ pmtjo
u u
where we have used that § € W2°°(Q) and (Q is bounded. O

Using an interpolation argument, we may write our previous weighted L9 estimate in a more
convient way where the penalization of a neighborhood of the boundary is made clearer. In order
to do this, we use the following interpolation estimate.

Lemma 3.2. We set 3:= (2(d+1))"L. For any functzon g: O — R, there holds

(3.7) /5ﬁ~/ ”;1/; /|v

Proof of Lemma 3.2. For n,( > 0, we start by writing

252 g9 g’
—<an — —.
/(9 g°é = /(9 527 1, .v)2>62¢ + /(9 527 1, wj<sc =T + T

For the first term, we have

2 (g - v)? 5 (14 - v)?
Ty S/Og 1(nx»v)2>52<5247+277 S/Og Tz

by choosing 2¢ + 21 = 1/2. For the second term, we define 2* := 2d/(d — 2) the Sobolev exponent
in dimension d > 3, and we compute

/95_% (/Rd<<v>g)2*)2/2* (/Rd <v>_d1\nz-v|35<)2/d

< /5_2n+2</d/ IV, ((v)g)|%
Q Re

where we have used the Holder inequality in the first line and the Sobolev inequality in the second
line together with the observation that (v)~¢ € L*°(R; L!(R¢"1)). Choosing 2(/d = 21, we get
= (4(d +1))~! and we conclude to (3.7). O

IN

Ty

Gathering the estimates of Proposition 3.1 and Lemma 3.2, we immediately obtain the following
result.

Proposition 3.3. Let ¢ € (0,1) and m : R — (0,00) be a radially symmetric decreasing weight
function such that mT™ |v| € LY(R?). There exists C = C(q,m, ) > 0 such that for any nonnegative
solution f to the KFP equation (1.1)—=(1.2)—(1.3) and any test function 0 < ¢ € D((0,T)), there

holds
fa mq

| Gze" <0 [ rmtlo| + @),
where B := (2(d+1))™! and w := w,,-1 , is defined in (2.3).

q
By particularizing the choice of m, we obtain a first boundary penalizing weighted L' — L
estimate which will be convenient for our purpose in the next steps.
Proposition 3.4. For any q € ((d+1)/(d+ 2),1), for any nonnegative solution f to the KFP
equation (1.1)—(1.2)~(1.3) and any test function 0 < ¢ € D((0,T)), there holds
B oy < CT e w0 1
L, 08 (v)2+dali-q) = Priwre DI L @)

with C = C(q,d, Q) >0 and B = (2(d+ 1))~ defined just above.
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Proof of Proposition 3./. We choose m := (v)~(+2{1=9) and we observe that mTa (v) € L' and
~1 4 € L. From Proposition 3.3, we thus get

fe !
|, 8 (2@ = < Clle?lw.e=(0,1) fq ~(@+2)(1-g)e,

On the other hand, using the Hélder inequality, we have

[ rrwasa-an ([ 1) oo ([ o),

and the last integral if finite because (d + 2)q > d. We conclude by just gathering the two
estimates. 0

3.2. A weak weighted L' — L? estimate. Taking advantage of a known L' — LP estimate available
for the KFP equation set in the whole space and thus in the interior of the domain, we deduce a
downgrade weighted L' — LP estimate. We define

(3.8) Wy = {w: R% — (0,00) ; wp := w/{v) €W, |Vwglwy *(v) ™! € LOO(Rd)} .
Proposition 3.5. Assume that p € (1,14 1/(2d)), a > p and w € Ws. There exists some constant
C=C(Q,p,a,w) € (0,00) such that any solution f to the KFP equation (1.1)—-(1.2)—(1.3) satisfies
<o R ol 0.1 | el a0

<U> LP(U)

for any 0 < p € D((0,T)) and any T > 0.

Proof of Proposition 3.5. For x € D(2) such that 0 < y <1, we define 0 < f := fpxwy, which is
a solution to the equation

(3.9)

8tf+v.fo—Avf—(v+2v:wo).va:F
0
set on (0,7T) x R? x R4, with
. Vow Vowol?  Ayw
F3:fw0(<P/X+SOU‘VmX)+f<d7U' 0+2| 20| - 0)'
wo 0 wo

Because wy € 20, we have

Fy < fwo(o)(l¢'[x + ¢l Vax!]) + foxwok,-

From [4, Theorem 1.5] for instance and because |Vwo|wy ' < (v), we know that

~

t
f< | K,_sxF..ds
f / + ]
0

where * = %, ,, stands for a convenient convolution operation and K, is the Kolmogorov kernel
defined by

Cl 302 T CQ
K, (z,v) := 34 XP (7_3|x - 51}|2 - E|U|2 , Ci>0.

We next compute

A

T t
IFIZ0 (o, yxr2ey < / H/ Kt—S*FJrSHiP(RM)dt

HKHLP( 0,T]xR2d) ||F+ szl([O,T]xRZd)’

IN

and because 1 < p < 1+ 1/(2d), we find

1K1 — Cie, T 207,

([0,T] xR24) =
As a consequence, we have

(3.10) I fewoxllzewy S Crllellwre Ixllwe ||l fwllLr @)

with Cp := T1/p+2d(1-1/p)

Step 2. We define €, := {z € Q | §(z) > 27"} and we choose x;, € D(Q) such that 1, , < xx < 1o,

and 27F||x¢|lwi.~ < 1 uniformly in k& > 1. We also denote Uy, := (0,T) x Qi x RZ. We deduce
from (3.10) that

I fowollr @i,y S 25 Crllellwreonllfwllw, Yk>1.
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Summing up, we obtain

/ % (pfwo)’ = Z/ 6% (pfwo)?
u L YUk \Uk
s St [ efuy
k Uk 1
S Z 2k(p7a)0§"”90”€v1,oo ||fW||ZL)1(u)
k
S Cg”@”gvl,oc(o,j*)”fw”il(u)a
because o > p, what is nothing but (3.9). O

3.3. The L' — L" estimate up to the boundary. We start with a classical interpolation result.

Lemma 3.6. For any exponent 0 < rg <11 <00, a,3 >0, 0< 60 <1 and any weight functions
o; U — (0,00), there holds

lgllzy < llgl
with 1)1 := (1 —0)/ro +0/r1 and o := oy %of.

—0
1L;% |g||i;11,

We include the very classical proof because the statement is usually written assuming rather
1 <rg <ry < oo, but that last restriction is not needed.

Proof of Lemma 3.6. We write

(/ frar>1/r _ (/(fao)r(l—e)(fol)m)l/r
(/(fgo)‘"’(lfe))l/w (/(fgl)a,re)l/ar

thanks to the Holder inequality with a := 2~ =1+ 1’923 > 1. We conclude by observing that
ar(l1 —0) =ry and a'rf = rq. O

IN

We are now in position of stating our weighted L' — L" estimate up to the boundary which is
the well-known cornerstone step in the proof of DeGiorgi-Nash-Moser gain of integrability estimate.

Proposition 3.7. There exist an exponent r > 1 and some constants n > 0, 0,q € (0,1) such that
any solution [ to the KFP equation (1.1)-(1.2) satisfies

1
(3.11) lofwtllr @y < CT A e o 1 Fwllr oy,

for any weight function w € W3 and any test function 0 < ¢ € D((0,T)), with w* := w?{v)~* and
C=Cd,Qw).

Proof of Proposition 3.7. From Proposition 3.4, we have

1 1 1/q—1 1/
I 557 yerararea—a < CTY M@l e oy Il 0l 22 a0y

La(U)
for some exponent ¢ € ((d+1)/(d+2),1) and with 3 := (2(d+1))~!. Together with Proposition 3.5
and Lemma 3.6, we deduce that
|feollr < OTMlp il feoll22
for any 6 € (0,1) with
1 1-6 ¢ 5o0/p w?

rT g T T S0 a8 (et e/ar @i o)’

and
n:=(1-0)(1/¢—1)+0(1/p+2d(1—-1/p)),
where we recall here that p € (1,14 1/(2d)) and o > 1. We first choose
__ Bla
Bla+alp

in such a way that §*¢/P=(1=9)8/a = 1. Because 6, — 6; € (0,1) as ¢ — 1 and 7 = r, — 7, as
q — 1 with

0=10,:

1 0
—=1-6,+=<1,
P

T
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we may choose ¢ € ((d+1)/(d + 2),1) large enough in such a way that r > 1. We finally observe
that 2/q + (d + 2)(1 — q) < 4 so that o > wF. O

3.4. The L' — L? estimate on the dual problem. We consider the dual backward problem
(2.13) for which we establish the same kind of estimate as for the forward KFP problem (1.1)-(1.2).
We define

(3.12) M = {m:Rd—> (0,00); m € LY(RY), m.a#~' € LURY),
2
my == m(v) 272 satisfies |Vm;| + [Am| < (v)? for £ =0, 1},
my my

Proposition 3.8. There exist some exponent r1 > 1 and some constants 1 > 0, g € (0,1) such
that any solution g to the dual backward problem (2.13) satisfies

m 1
(3.13) Ii9 755 1m0 S T 16 it e ol

for any weight function m € My and any test function 0 < ¢ € D((0,T)), with C = C(d,Q,m).
Proof of Proposition 3.8. The proof follows the same steps as for the proof of Proposition 3.7 and
we thus repeat it without too much details.

Step 1. Boundary penalizing L' — L9 estimate, ¢ < 1. From [21, Lemma 7.7] or a direct computation,
we have

(3.14) Jerggrim = 22D 19, gy + [ g,

with €* defined in (2.8) and

1 VU 2 2 Av d VU
(3.15) p:=2(1—>| T' +<—1>m++v~ .

q m q m q m
Considering a solution g to the dual backward problem (2.13) and g # 1, we may write

q

(3.16) T*% =g T g=g"""¢"yg,
with 7 defined in (3.2). Let us fix an exponent g € (0,1). For a weight function m € 91 satisfying
(3.17) miv| € LY(RY), (m.# )T |v| € L' (RY),

we define the modified weight function m by

g 1 - 1
m zmA 1—|—47’l93’U—4D71/2

8(2)Y%n, ~5> ,
where similarly as in (2.19) and with the same notations, we have defined
mé = xadl +(1—xa)m?, A>1

Multiplying the equation (3.16) by ®9 := @?m? with ¢ € D(0,T), and integrating in all the
variables, we obtain

1 1
—7/(vg)q¢>qnw-v+ f/ gIT e = / g1 (€)D"
q.Jr qJu u
with 7 defined in (3.3). Together with (3.14), we thus deduce

1
®)9/2)7 + / (v9)?®7n, - / gIT! — / g%,
T q u

with o = p~ " In order to deal with the second boundary term at the LHS, we first set

(3.18)

Ki(mf) := , ming v <oo, Ks(mb):= /d(//ffquil)lfq(mlc “v)_ < 00.
R R

We next observe that

[aamtn, o = [ gAY )~ [ -9 o)

v

/BQL(KI("”‘?“’ Ka(m)' %) (gt )",
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where we have used the concavity of the function G +— G9, we have removed the contribution of
the specular reflection in the first line, and we have used Holder’s inequality

| gty o) < (o) ([ oty P 0-)

in the second line. On the other hand, we have

Ny - D)2 N q (ng -0 2
/E(vg)qmi(zl) > /&(% ’Y—g)qu%

> / Ko(m)(7_g )",
onN

with

1 N
Ko(m%) := 1/ mY (n, - )% dv € (0,00).

Both estimates together, the contribution of the boundary is bounded by below in the following way
[ogrmm, oz [ (om) + Kamh) - (Kamd)' ") (o)
by o0

Because
Jim Ko(m) + Ki(mf) — (K3 (m% )1 = Ko(a) > 0,
—00

we may choose A > 0 large enough in such a way that Ko(m%) + K1 (m%) — (K2(m%))!77 > 0. We
may then proceed exactly as in the proof of Proposition 3.1, and we obtain
~ o\ Ny 0 2 ~ CQ

[t o [1wagrrasmiee < (O [ gmatiog + oo ),
As in Proposition 3.3 and with the help of the interpolation Lemma 3.2, we deduce
g?m? . Cq /
I < 119, o1 AU
ERTEA el AL [10:| 4+ ()],
for the same 3 := (2(d + 1))~!. Finally, arguing similarly as in the proof of Proposition 3.4 with
the help of a last Holder inequality for handling the left-hand side term, we get

(3.19)

gq mq B _
(3.20) [ e < Tl wnem lgm{p- ) Vo) =0

for some constant C' = C(q,2) > 0.

Step 2. Weak weighted L' — LP estimate, p > 1. Consider again a solution g of the dual problem
(2.13), 0 < ¢ € D((0,T)), 0 < x € D(Q) and a weight function m : RY — (0,00) such that
mo := m{v)~2 satisfies

Vmg|? Am

| 20| + | 0| 5 <U>2.
my mo

We set g := gpxmo and we easily compute

V.mg

—0ig —v Vg —Ayg+ (2
mo
with

Vomo? A v
o Vormol® _ Bvmo |, Vom0l _ a4 - V) ().

G=3g|

my mo mo
Proceeding as in the proof of Proposition 3.5, we get first

91l Lp (r2at1y < CT™[[pllwro X [lwroe lgmll @),

for any p € (1,14 1/(2d)) and with 12 := 1/p+ 2d(1 — 1/p). By interpolation, we then conclude

m (0%
(3.21) ||9<PW5 Pl oy < CT™ | @llwre llgmll 2y

for any a > 1 and some constant C' = C(«, Q,m) > 0.
Step 3. Weighted L' — L" estimate, r > 1. We consider a weight function m € 91; so that
my = m/(v)?* satisfies the condition (3.17) with ¢ € (d/(d + 1),1) as well as

Vma|? A
| m21| + | m1| S <'U>2.
my mq
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From Step 1 applied to my, we find
m

g ) 1
Hdﬁ/quum w < CT™[l¢? 5 llgmll 22 ey

with 77 := 1/¢g — 1. We observe that m satisfies the requirement of Step 2 because m € 91;. We may
thus use the above estimate together with (3.21) and the interpolation Lemma 3.6, in order to get

1
lgeal ey < CT 0?3 e llgmll i o),

with
1 1-6 9 . m
r g + o 0= (v) 201 (1+2/9)(1-6)

and
n:=(1-0)(1/qg—1)+06(1/p+2d(1—1/p)),
where we have fixed

Bla
e(1,1+1/2d), a>1, §:=—219
pe (L1 +1/(0) S
For g € (d/(d +1),1) large enough, we find o > m/(v)® and r > 1. O

We finally deduce a slightly modified weighted L' — L™ estimate which will be more convenient
for our purpose in the last step that we present in the next section. We define

(3.22) Ny = {m € No; m? €Ny, m¥2(w)™ e ‘.Tto}.

Proposition 3.9. There exist some exponent r > 1 and some constants n > 0, g € (0,1) such that
any solution g to the dual backward problem (2.13) satisfies

m3/2
(3.23) I sz o S T8 ol v

for any weight function m € Ny and any test function 0 < ¢ € D((0,T)), with C = C(d,Q, m).

Proof of Proposition 3.9. From the interpolation Lemma 3.6 (which is nothing but the Cauchy-
Schwarz inequality in that case), we have
m3/2
o T liran < oo 7o 2 gl Y2,

with 7 > 1 defined by 1/r =1/2+1/(2ry) and r; > 1 defined in Proposition 3.8. We conclude with
n = n1/2 by using (3.13) with the weight function m? and by observing that m? < m since m is a
radially symmetric decreasing function. ([l

3.5. Conclusion of the proof. We now conclude the proof of Theorem 1.1 in several elementary
and classical (after Nash’s work) steps.
Proof of Theorem 1.1. We split the proff into four steps.

Step 1. Take w; := w € Wy NWs such that w, := w = w’(v)~* € Wy, where r > 1 and 6 € (0,1)
are defined in the statement of Proposition 3.7. We first claim that there exists v; > 0 and k1 € R
such that

(3.24) T[S (T) follzr, (0) S eF”T||fo||L1w1(0), VT >0,V fo € L, (0).
We set f; := Sz (t) fo. On the one hand, from Proposition 2.1 with p = r, we have

T
v, 5[ e,
r T/2

T
S e [ ot/ Dl .
0

with o € C2((0,2)), 11121) < @ < 1, p? € Wh for any g € ((d+1)/(d +2),1). On the other
hand, thanks to Proposition 3.7 applied with ¢(t) := ¢o(t/T) and next to Proposition 2.1 with
p =1, we deduce

T T
5||fT\ Lbdt

T T P T r/ T "
s, < e ) ([ 1, @)

T r
< emrrmius ([ o) Ly,
0 1

from what (3.24) follows with vy :=1/r —n —1/q and any k1 > 3.
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Step 2. Take m; :=m € Ny so that m, := m3/2(v)~* € Ny, where > 1 is defined in the statement
of Proposition 3.9. We now claim that there exist v5 > 0 and ko € R such that

(3.25) T2||SE(T)goller, ) S €T llgolley, 0)» YT >0, Ygo € Ly, (O).

We repeat the argument presented in Step 1. We set g; := S7(t)go. On the one hand, from the
dual counterpart of Proposition 2.1 with p = v’ and next from Proposition 3.9, we have

T s [T
LS e / lgeo(t/T)|
r 0

5“9T|
reT rn 1 r/q T "
T (14 )" ([ lgillus, dt)
0

where g is the same function as above. We conclude to (3.25) thanks to the dual counterpart of
Proposition 2.1 with p = co (which is nothing but Lemma 2.4).

T
L:nr dt,

IN

Step 3. Take w a weight function such that m; := w™! € 9. The dual counterpart of (3.25) writes
(3.26) T(Sc(T) follLee_ o) < enzT”fO”Lst(O)a VT >0,V foe L (0),

with wee 1= my*, s = 7 € (1,00) and w, := m; . Interpolating (3.24) and (3.26), for any

1 < p < q < oo, we obtain

eC2T

18T folles, < Crovarm=izg

Ifollzz, , VT'>0,VfoeLf (0),

with v := max(v1,v2)(1 — 1/r)~1, Ca > max(k1, K2), C2 > 0, and the interpolated weight functions
wp and wy.

Step 4. In this final step, we exhibit some weight function w such that estimate (1.9) indeed holds,
so that 20; is not empty! We define
wi=esl’,
We clearly have w € 20y N Ws and w?{v)~* € W, with 6 € (0,1
Proposition 3.7 from the very definitions (2.5) and (3.8), so that (
q =1 and w, := w’ whatever is 6; € (0,0).
We now define

) defined in the statement of
1.9) holds with p = 1, w; = w,

1 +lv]

&= eil .
We also clearly have m := &1 € Mg, m3/2(v)~* € Ny from the very definition (2.17) and m? € N,
from the very definition (3.12), so that @=! € 91, from the very definition (3.22). We may thus
write (3.25) and next (3.26) with m = ©@~!. Observing that the associated weight functions Wa,
and @, satisfy w?/16 <& = @y and Ty, = ©3/?(v)* < w, we have established that (1.9) holds with
p=35,ws =w,q=00and ws = w19 We conclude that (1.9) holds with the choice w and
6 := min(f1,9/16) whatever is 1 < p < ¢ < oo by the same interpolation argument as in Step 3. O

4. HYPOCOERCIVITY: PROOF OF THEOREM 1.2

We adapt the proof of [7, Theorem 1.1]. We start introducing some notations and recalling
some classical results about the Poisson equation. For any convenient function or distribution
€:0 — R, we define v := (—=A,) 71 : Q — R as the associated solution to the Poisson equation
with Neumann condition. More precisely, for any n; € L2(€2), (n1) = 0, we define u € H, with
H :={u € HY(Q), (u) = 0}, as the solution of the variational problem

(4.1) / un-waz/{wm—Vmwmg}, Vw e H,

Q Q
which is indeed a variational solution to the Poisson equation with Neumann condition
(4.2) —Ayu=mn+divyne in Q, ng-(Veu—1n2)=0 on S

It is well-known that the above variational problem has a unique solution thanks to the Poincaré-
Wirtinger inequality and the Lax-Milgram Theorem, that

2
(4.3) [ull @) S Imill 20,
=1

holds true and that the additional regularity estimates

(4.4) lull 1 00) S llullaz@) S llmillze @)
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holds when 7 = 0. We define
H = L*(p 'dvdx), Ho:={f€M; (f) =0}

where p is defined in (1.7) and ((-)) in (1.8). We next define the new (twisted) scalar product ((-, )
on Ho by

(f,9) = (f,9)nu +5(vx(_Aa:)719f’jg)L2 =+ 5(Vz(_Ax)71ngjf)L27

with & > 0 small enough to be fixed later, L? := L2(9) and where the mass o and the momentum
Jjr are defined respectively by

on(z) = olh|(z) :==(h), jn(x) = j[hl(z) = (hv), (H):= y H(z,v)dv.
For any f € Ho, we next decompose
(4.5) f=nf+1,
with the macroscopic part 7 f given by
mf(z,v) = of(z)pu(v),

and we remark that

(4.6) 115 = 15+ I f 13 I fl3 = logllZe-
as well as
(4.7) logllze < W fllws Ndpllze Sl < NNl

It is worth emphasizing that

(Va(=As) " 0, d5)r2] IVa(=2a) " osll2llisl 2

<
< loslleall e S M1

from the Cauchy-Schwarz inequality, (4.4) and (4.7). Denoting by || - ||| the norm associated to the
scalar product ((+,)), we in particular deduce that
(4.8) 1l S ANS 1F N2,V F € Ho.

We finally define the Dirichlet form associated to the operator . defined in (1.10) for the twisted
scalar product

D[f]:((_"%.ﬂf))v f€H0~
More explicitely, we have
DIf] = D1[f] + Da[f] + Dsl[f],
with
Dl[f] = (7$faf)7'lv DQ[f] = E(VwA;Ivaj[gf])L% DS[.ﬂ = €(VrA;1g[$f],jf)L2,

and we estimate each term separately. For simplicity we introduce the notations 2+ :=1d — 2,
where we recall that 2 is given by (1.5) and OH = L?(X1;pu~(v)n, - vdvdo,). Tt is worth
emphasizing that because f € Dom(.¥), the trace functions 4 f are well defined. We refer the
interested reader to [38, 21, 12] and the references therein for a suitable definition of the trace
function for solutions to the KFP equation.

We estimate the first term involved in the Dirichlet form D.

Lemma 4.1. For any f € H, there holds
1
(=Zf, P = 11+ 5IVH2 = )27 flloa, -
Proof of Lemma 4.1. Recalling (1.10) and (2.1), we write
(_gfvf)ﬂ = <_cgf7f)7-l + (U'vxfaf)ﬂ-

On the one hand, we recall the classical Poincaré inequality

Ih = )2y < NVohllz2qny,  Vh € L2 (pdvdz),
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from what we classically deduce

(~6f, ) = - /O divy (Vo (/1)) £/ dvda
- / Vo (f /)P dv e
O

\Y]

/@ /i — () Ppdvde = | F 3

The second part of the estimate has been proved during the proof of [7, Lemma 3.1]. ]
We recall the identity established in [7, Lemma 3.2].

Lemma 4.2. Let ¢ : R — R. For any x € 90X, there holds

/ dp()vf(x,v)ng -vdv = (0)e(2) DYy f g - vdv
R4

=%

+ [ A60) — 6va)} (L= (@) P f e -

+ - {6(v) — d(V0)} Dy4 f g - v du.

We estimate the second term involved in the Dirichlet form D.

Lemma 4.3. There is a constant Cy > 0, such that
_ . 1
(Vo' op, gl Mz 2 Sllegllie — Coll f 15 — ColleZva fli3a,, YV EH.
Proof of Lemma 4.3. We repeat the proof of [7, Lemma 3.8]. Writing
21 =jl-v - Vaf] = ilf]
where we have observed that €7 f = 0 and j[%¢g] = j[g], and denoting u := (—A,) !0y, we have
(=Vaou, j[ L)1 = (E)Iiu, Oq; /Rd v;v; f dv)L2 + (Vru,j[fL])LZ.
On the one hand, using the Green formula, we may write
(@fiu, Oz, / Uﬂzjfdv)LQ = A+ B,
Rd
with
A= —(8xj8ziu,/ vivjfdv)LZ, B = / Oz, un;(x) </ ViVj 7fdv> do,.
Rd oQ Rd
Thanks to the decomposition (4.5), we get
/ viv; f dv = 650y +/ vivij‘ dv,
Rd Rd
and hence
A= (—Asu,05) 2 — (Oq, &Uiu,/ v [ dv) 2
Rd
= loll?: — (01_70@%/ vv; [ dv) e,
R4
since —A,u = p by definition of u. Using (4.4), we have
S IDZull 2| f [l

S llosllzz I+ s

‘(8%. Ox, U, / v [ dv) e
Rd

from what it follows, thanks to Young’s inequality,

3
A2 llegl3: - CIF
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We now investigate the boundary term B. Thanks to Lemma 4.2, we have
B = / Vaeu-vyfng -vdvdo,
b
= Vou - vu(x) Dy, f ng - vdo doy,
P2

+ Vot [v—Veul(1 — o(2) P ye f g - vdvdo,
P2

+ / Vet - [v — Vo] Dyy fng - vdvudo,
P

=: B1 + B2 + Bg,

and we remark that
v = Vv = 2n,(ny - v),
so that
Vet [v—=Vev] = 2V u - ny (ng - 0).
We therefore obtain By = B3 = 0 thanks to the boundary condition satisfied by  in (4.2). On the
other hand, the Cauchy-Schwarz inequality and (4.4) yield
1/2
|B1| < | Vaull 2 o lonll 2167 e Fllon.
S llosllz2 62 v fllow, -

Similarly as for the term A, we last have

(Vo ) | S IVeulle2llF e S Nopllee I+ llaes
where we have used the estimate (4.4) and twice the Cauchy-Schwarz inequality. The proof is then
complete by gathering all the previous estimates and by using Young’s inequality. (|
We finally estimate the third term involved in the Dirichlet form D.
Lemma 4.4. There is a constant C3 > 0 such that
(VoA ol L 1)) e = —Call f 113,
Proof of Lemma 4.4. From (1.10), (2.1) and o[€ f] = 0, one has

o[ Lf]=ol-v-V.f] = —diVm/RdedU = —div, jy.

On the other hand, we also classically observe

Jfne = /va-nmdv
R4

i
+(1 - L){/E

and using the very definition of 'm and . in (1.5) and (1.6) in the second integral and the change
of variables v — Vv in the last integral, we see that both contributions vanish and we thus obtain
the zero flux condition

(4.9) jp-ne=0.

Y+f v - ngdv — /zr %(U)’ﬁ v nw|dv}

Yof v ngdv — / Yif o Va v+ nw\dv},
e

x
+

Now let us define

U= (_Aw)_lg[g.ﬂ = <_Aw)_1(_ divw ]f)
the unique variational solution to (4.2) with Neumann boundary condition associated to the source
term & = p[.Z f] = div g, 12 := —j¢. From the variational formulation (4.1), we have

nmw3=—4wfymw

:/jf~V$udm—/ jf~nwudaz:/jf-kudx,
Q o0 Q
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where we have used the Green formula and finally (4.9) in order to obtain the last equality. We
deduce

IVaullze S ldgllze-
thanks to the Cauchy-Schwarz inequality, and thus
(=Vaou, jp) ezl S IVoullr2lldgllee S Mlirll2e-
We conclude thanks to (4.7). O

We are now able to conclude the proof of Theorem 1.2.

Proof of Theorem 1.2. Let f satisfy the assumptions of Theorem 1.2. Observing that 1/¢(2 —¢) > ¢
since ¢ takes values in [0, 1], and gathering Lemmas 4.1, 4.3 and 4.4, one has

(~25.5) 2 1B+ 5B =0 1 1,
+e(Gllosl3s — (o + OB~ Coll V2= 0771 £, )

Choosing 0 < ¢ < 1 small enough, we get

(=2 £, 1) = 5 (171 + llogllZa) + w1V u2 = )24 il

for some constants k, k' > 0. We thus obtain (1.11) by using the identity (4.6) and the equivalence
(4.8) of the norms || - || and ||| - |||- O

5. ASYMPTOTIC BEHAVIOR: PROOF OF THEOREM 1.3

We repeat the proof of [24, Theorem 3.1] and [39, Theorem 1.4], so that we just sketch the
arguments.
Proof of Theorem 1.3. We introduce the splitting
Af = Mxa(v)f, Bi=% A

with xr(v) := x(v/R), x € D(R?), 15, < x < 1p,, and some constants M, R > 0 to be fixed below.
We denote by S the semigroup associated to the modified KFP equation associated to the partial
differential operator B and the same reflection condition (1.2). We define

(5.1) Wy :=qw € Wp; sup limsupw,, =" < —-1;,
pE[l,00] |v|—o00

where we recall that w,, , is defined in (2.3). In particular, w := (v)Fel*l" € 20, if s = 2 and
¢ €(0,1/2),0orif s €[0,2), or if s =0 and k > d + 1. By repeating the proof of Proposition 2.1, for
any k > k*, we may find M, R > 0 large enough such that for any w € 205, we have

sup  sup (ww p(v) — Mxr(v)) < (K" +K)/2,
pE[l,00] vERT

and thus there exists a constant C' = C'(w) > 0 such that
(5.2) 1S5(®) follzz, < Ce™ N follrz, V>0,
for any fo € LP, 1 < p < oo. By repeating the proof of Theorem 1.1, we also have

ent
(5.3) ISs(t)follz, < C—llfolles. ¥t >0.
Recalling the definition of total mass {(-)) in (1.8), we define
g :=g— (ghn
and

Sg = HS;/ = S;gH = HSgH.
Iterating the Duhamel formulas
Sy = Sg+SgAx Se
Sy = S+ Sg*ASp,

where * stands the time convolution between operator defined on R with support on R, we deduce
that

(5.4) Se = Vill + Wy S,
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and
(5.5) S =TIVi + S « Wa,
with )
Vi=) (SpA)Y * Sz, Wi:=(SpA)™, Wy:=(ASp)™,
j=0

where we use the shorthand U*? := Id, U*U*Y := U« U*/. Both estimates (5.4) and (5.5) together,
we obtain

(5.6) Sy =Va+ Wi Sgx Wy,
with
V2 = V1H =+ W1 * HV1
For any x > k* and n € N, we deduce from (5.2) that
(5.7) Va(t) folly < Ce™ | follLy, V>0,

For any k > k*, we deduce from (5.2) and (5.3) (see [24, 39] as well as [40, Proposition 2.5]) that
we may find n € N* such that

(5.8) W) follr, < Ce™llfolleeqn, Yt=>0,

(5.9) Wa@follz,, < Clfollsg, Vi o0,

We also recall that from Theorem 1.2, we have

(5.10) IS2holz ,, < CeMlfolliz o VEZo0.

We conclude to (1.12) by just writing the representation formula (5.6) and using the estimates
(5.7), (5.8), (5.9) and (5.10). O
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