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ABSTRACT. Hypocoercivity methods are applied to linear kinetic equations without
any space confinement, when local equilibria have a sub-exponential decay. By Nash
type estimates, global rates of decay are obtained, which reflect the behavior of the
heat equation obtained in the diffusion limit. The method applies to Fokker-Planck
and scattering collision operators. The main tools are a weighted Poincaré inequal-
ity (in the Fokker-Planck case) and norms with various weights. The advantage of
weighted Poincaré inequalities compared to the more classical weak Poincaré inequal-
ities is that the description of the convergence rates to the local equilibrium does not
require extra regularity assumptions to cover the transition from super-exponential
and exponential local equilibria to sub-exponential local equilibria.

1. INTRODUCTION

This paper is devoted to a hypocoercivity method designed for obtaining decay rates
in weighted L? norms of the solution to the Cauchy problem

atf+v'vzf:Lf:
f(0,z,v) = f™(z,v),

for a distribution function f(t,z,v), with position x € R%, velocity v € R?, and time
t > 0. The linear collision operator L acts only on the velocity variable and its null
space is assumed to be one-dimensional and spanned by the local equilibrium F', a
probability density of the form

Fo)=Che ™" peR,  withC ' = / e " do, (2)

(v) = /1+|v|2.

Our results will be concerned with the sub-exponential case 0 < a < 1, as opposed

(1)

where we use the notation

to the exponential (& = 1) and super-exponential (« > 1, including the Gaussian
with @ = 2) cases. This specific choice of the form of the equilibrium is for nota-
tional convenience in the proofs. The results can easily be extended to more general

Date: July 17, 2020.

2010 Mathematics Subject Classification. Primary: 82C40. Secondary: 76P05; 35H10; 35Q84.

Key words and phrases. Hypocoercivity; linear kinetic equations; Fokker-Planck operator; scat-
tering operator; transport operator; weighted Poincaré inequality; weak Poincaré inequality; sub-
exponential local equilibria; micro/macro decomposition; diffusion limit; decay rate.



2 E. BOUIN, J. DOLBEAULT, L. LAFLECHE, C. SCHMEISER

distributions F', satisfying

L loa(-log F()
[v|—+o0 log |v|

€(0,1).

We shall consider two types of collision operators, either the Fokker-Planck operator
Llf = vv : <FV’U(F_1 f)) )
or the scattering operator
Laf = [ b0) (£ FC) = F()F) )
We assume local mass conservation
/ Lfdv=0,
R4
which always holds for L = L;, and also for L = Ly under the assumption
/]Rd (b(v,v') — b(v',v)) F@)dv' =0. (H1)

Note that micro-reversibility, i.e., the symmetry of b, is not required.

Further assumptions on the cross-section b that will be given below guarantee that
the operators L; and L, are responsible for the same type of asymptotic behavior.
As a motivation, the relaxation properties of L; can be made transparent by the
symmetrizing transformation f = g+/F, leading to the transformed operator

1
gHﬁVU. (FVU\/gF> =A,g—11(v)g

with the collision frequency
AF |V, FJ?
nlo) = 5F = i
Partially motivated by this, we assume the existence of constants 3, b, b > 0, v > 0,
with v < 3, v < d, such that

b () ? ()? < b(v,v') < bmin {]v —|7P v — v’|’7} : (H2)

02
N~ jp|720-) as |v| — 0. (3)

The upper bound with the restriction on the exponent v is a local integrability as-
sumption. Hypotheses (H1) and (H2) allow for the choice b(v,v') = (v) ™ (/)" with
arbitrary 3 > 0, as well as Boltzmann kernels b(v,v") = |v — /|7 with 0 < 8 < d.

As a consequence of (H2) the collision frequency

vo(v) = /Rd b(v,v") F(v') dv’
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satisfies

b [ WP P dv < wa(v) < b lv— /|77 F(v') dv/

Rd l[v—v/]<1

+b lv— | P F(v') do'

[v—v'|>1

It is obvious that the last term is O(|v|™?) as |v] — oo, and the first term on the
right hand side is asymptotically small compared to that as a consequence of the
sub-exponential decay of F'. Therefore there exist constants 7 > v > 0 such that

v ()P <) <v W)’ Vo eRY, (4)
and the behavior for large |v| is as in (3) with =2 (1 — «).

Since both collision operators are propagators of Markov processes with the same
positive stationary distribution F', they also share the (quadratic) entropy dissipation

property
dv
< i =
th//Rdedf de dp = // (Lf) fdedu <0, with da(v) = <. (5)

where the dissipations are given by

- s du=/W|vU;:2

— [n g au=g [ [ bl (7F - 1) dude, (7

with the prime denoting evaluation at v'. For a derivation of (7) see, e.g., [8, 21].

F dv (6)

and

Our purpose is to consider solutions of (1) with non-negative initial datum f™ and
to study their large time behavior. If i has finite mass, then mass is conserved for
any t > 0. Since there is no stationary state with finite mass, it is expected that
f(t,-,-) locally tends to zero as t — +o00. However, the dissipations (6) and (7) vanish
for arbitrary local equilibria of the form f(t,z,v) = p(t,z) F(v), and therefore the
analysis of the decay to zero requires an hypocoercivity method. Our approach relies
on the construction of Lyapunov functionals by modifications of natural entropies or
norm as in [10, 11] (also see [13, Lemma 4.1], [14, Lemma 4.1], [25] and [29] for earlier
contributions).

For the formulation of our main result, we introduce the norms

7= ( ([, ! dxdu>1/2, keR, (8)

as well as the scalar product (f1, f2) = [[payga f1 fodzdp on L?(dz du) with the in-
duced norm || f||> := || f||3 = (f, f). By L’ (dz dv), we denote the space of nonnegative
Lebesgue integrable functions on RY x RY, and by D(2) the space of smooth functions
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with compact support in the open domain  where, in practice either @ = R? or
0 =R4 x R

Theorem 1. Let a € (0,1), 5 > 0, k > 0 and let F be given by (2). Assume
that either L = Ly and f = 2(1 — «), or L = Ly and (H1), (H2) hold. Then there
exists a constant C > 0 such that any solution f of (1) with initial datum f™ €
L2((v)* da dp) N LL (da dv) satisfies

[Fadlk
||f(t, " )H2 < m

with rate ¢ = min{d/2,k/B} and with k > 0, which is an explicit function of the two
quotients || [ /N[ F* [l and (|71 /117 |t (aw avy-

Vt>0

The proof relies on the L2-hypocoercivity approach of [10, 11]. An important in-
gredient is microscopic coercivity, meaning that the entropy dissipation controls the
distance to the set of local equilibria. For L = L; and for the exponential and super-
exponential cases o > 1, this control is provided by the Poincaré inequality

[Vl Fdv=cp [ (-9 F o, (9)
R R
with § = [ga gF dv and Cp > 0 implying, with g = f/F,

—(Lif, f) = Cp | f — psF?,

with py = [ga f dv. A result similar to Theorem 1 (with o = 2, k = 0 and ( = d/2) has
been proven in [5]. In the sub-exponential case of this work, we shall prove a relaxed
version of the above Poincaré inequality.

Lemma 2. Let F' be given by (2) with 0 < o < 1. Let either L=L; and § =2 (1—«)
or L =Ly assuming (H1), (H2). Then there exists C > 0 such that

—(LE.fy=Clf = peFl2s YV feDR!xRY).

Proof. For L = L; the result is a consequence of the weighted Poincaré inequality
LIVgPFav=c [ (-9 @) Fd  ¥geD®Y),  (10)
R R
which will be proved in Appendix A.

For L = L, we estimate

L=z an= [ ([ (7 = 7F) P ) @) ag

< [ F) dv //R o (=) ) W) dpdyd <~ [ Lh) f

with . .
_ = B
C—2</RdF<U> dv) :
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For the first inequality we have used Cauchy-Schwarz and for the second, (7) and the
hypothesis (H2). Integration with respect to x completes the proof. U

Apart from proving the weighted Poincaré inequality (10), in Appendix A, we shall
also show in Appendix B how it can be used to prove algebraic decay to equilibrium
for the spatially homogeneous equation with L = L; and 0 < a < 1, i.e. the Fokker-
Planck equation with sub-exponential equilibrium. The loss of information due to the
weight (v)_m_a) has to be compensated by a L?-bound for the initial datum with
a weight <U>k, k > 0, as in Theorem 1. For this problem, estimates based on weak
Poincaré inequalities are also very popular in the scientific community of semi-group
theory and Markov processes (see [27], [3, Proposition 7.5.10], [17] and Appendix B).
Estimates based on weak Poincaré inequalities rely on a uniform bound for the initial
data for o < 1 which is not needed for o« > 1, while the approach developed in this
paper provides a continuous transition from the range 0 < o < 1 to the range a@ > 1
since we may choose k£ N\, 0 as a /' 1. Note that for &« = 1, the weighted Poincaré
inequality (10) reduces to the Poincaré inequality (9).

The proof of Theorem 1 goes along the lines of the hypocoercivity approach (with
a > 1) of [10, 11] (also see [13, 14, 25, 29]) and its extension to cases without con-
finement as in [5, 6]. It combines information on the microscopic and the macroscopic
dissipation properties. The core of the microscopic results is given in Lemma 2. Since
the macroscopic limit of (1) is the heat equation on the whole space, it is natural that
for the estimation of the macroscopic dissipation we use Nash’s inequality,

4 2d
lullta g < Cnash l0ll{i sy IVUllEE as) - (11)
a tool which has been developed for this purpose. The result of Theorem 1 can be in-
terpreted as giving the weaker of the microscopic decay rate ¢t ~*/# and the macroscopic
decay rate t~4/2
is recovered.

. Only for k > 5d/2, the decay rate of the macroscopic diffusion limit

Related results have been shown in [5, 6, 7]. Results in [7] are somewhat comple-
mentary to this work, as they deal with Gaussian local equilibria in the presence of an
external potential with sub-exponential growth in the variable z. Also see [30, 19, 16]
for various earlier results dealing with external potentials with a growth like (z)7,
v < 1, based on weak Poincaré inequalities, spectral techniques, H! hypocoercivity

methods, etc.

This paper is organized as follows. In Section 2, we prove an hypocoercive estimate
relating a modified entropy, which is equivalent to || f||?, to an entropy production term
involving a microscopic and a macroscopic component. Using weighted L2-estimates
established in Section 3, we obtain a new control by the microscopic component in
Lemma 8 while the macroscopic component is estimated as in [5] using Nash’s in-
equality, see Lemma 7. By collecting these estimates in Section 4, we complete the
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proof of Theorem 1. Two appendices are devoted to L = L;: in Appendix A, we
provide a new proof of (10) and comment on the interplay with weak Poincaré in-
equalities, while the spatially homogeneous version of (1) is dealt with in Appendix B
and rates of relaxation towards the local equilibrium are discussed using weighted
L%-norms, as an alternative approach to the weak Poincaré inequality method of [17].
The main novelty of our approach is that we use new interpolations in order to exploit
the entropy production term. As a consequence, with the appropriate weights, no
other norm is needed than weighted L2-norms. For simplicity, we assume that the
distribution function is nonnegative but the extension to sign changing functions is
straightforward.

2. AN ENTROPY—ENTROPY PRODUCTION ESTIMATE

We adapt the strategy of [11, 5], denoting by T = v -V, the free streaming operator
and by I the orthogonal projection on Ker(L) in L?*(du), given by

Mf:=psF Wherepf:/Rdfdv.
To build a suitable Lyapunov functional, we introduce the operator
A= (Id+ (TN)*(TM)) ' (TN)*
and consider .
HIf) = 5 I+ (AL, )

All computations can be done with functions f in D(R? x R?) and later extended
by density to natural functional spaces. It is known from [11, Lemma 1] that A is a
bounded operator on L?(dz du) with operator norm bounded by 1/2, such that, for
any 0 € (0,1), H[f] and || f||* are equivalent in the sense that

1 1
5 (L= IFI” <H[fT < 5 (L +8) 111 (12)
A direct computation shows that
d
SHIf = - DlJ] (13)

with
D[f] :=— (Lf, f) + 6 (ATNf, N f)
+0 (AT(Id =) f,Nf) — 6 (TA(ld =) f, (Id =) f) — 6 (AL(ld — ) £, 1 f)

where we have used that (Af,Lf) = 0. With our notation, the result of Lemma 2
reads

(LEfy<—=Cl(d =S|, (14)
It is the essence of the approach of [11] that the second term in D[f] controls the macro-
scopic contribution ||[If||* and that the first two terms control the remaining ones.
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Proposition 3. Under the assumptions of Theorem 1 and for small enough 6 > 0,
there exists k > 0 such that, for any f € L? ((v}fﬁ dx d,u) NLY(dz dv),

DIf] > x ([I(1d = M) £|° ; + (ATAL,NF)) -

Note that x does not depend on k > 0 (the parameter k appears in the assumptions
of Theorem 1). An estimate of D[f] in terms of (ATMf,Mf) and ||(Id — M) f||* has
already been derived in [5], but using the weighted norm [|(Id — M) f||_; is a new idea.

Proof. We have to prove that the three last terms in D[f] are controlled by the first
two. The main difference with [11, 5] is the additional weight (v)? in the velocity
variable.

e Step 1: rewriting (AT f Mf). Let u = uy be such that
wF = (Id+ (T)*(TN) "' nyf.

Then u solves (u — © Au) F' = T1f, that is,

u—0OAu=ps where O := /Rd lv-el* F(v)dv, (15)
for an arbitrary unit vector e. Since

ATIf = (Id + (TO)*(TN) " (TM*(TN) Nf

= (1d+ (TM)*(TM) " (1d + (T)*(TM) — 1d) N

=Nf — (Id+ (TN*(TM))  Nf =Nf —uF = (p; —u) F,
then by using equation (15), we obtain

(ATOf,Nf) =MNf —uF,Nf) =(—0AuF,(u— 0 Au) F) ,

from which we deduce

(ATOF,Nf) = O [ Vull iz + O | Aullizgqs) > 0. (16)

Both terms on the right hand side are finite, since (15) defines py +— u as a bounded
map L2(dz) — H%(dx).

e Step 2: a bound on (AT(Id —M)f,Nf). If u solves (15), we use the fact that
AMNf=TNuF =TuF (17)
to compute

(AT(d =) f, Ny =((d =M f, T*A*Nf) = ((Id =) f, T"Tu F) .
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Therefore, since T*Tu F' = —v -V, (v - V,u) F, the Cauchy-Schwarz inequality yields

[(AT(Id =) £, 1f)] < | (1d = M) f]|_g H\/F (0)*v- V. (v~ Vou) VF L2(de av)

< Opyy [|(Id — n)f”—ﬁ ||Au”L2(dx) ’

hence

o=

[(AT(d = M) f, N[ < Ca [[(d = M) fll_g (ATOS,TIS)
where we have used identity (16), C4 = Op44/0 and

O ::/ (W) F(v)do.
R4
With this convention, note that ©, =1+ d©.

(18)

e Step 3: estimating (TA(Id —T)f, (Id —M)f). As noted in [11, Lemma 1], the
equation g =g = Af is equivalent to

(1d+ (TR)*(TM))g = (TN)"f
which, after multiplying by ¢ and integrating, yields
lgl* + 1Tgll* = (g, 9+ (TM)*(TM)g)
= (. (TM)"f) = (TNg, f) = (TAS, f) < [(Id =) fll_g [[TAF 5

by the Cauchy-Schwarz inequality. We know that (TM)* = — T, so that Af = g =
w F' is determined by the equation

w—@Aw:—Vz~/ vfdv.
R4

After multiplying by w, now a function in H(dxz) by elliptic regularity of the solution
of the above equation, and integrating in x, we obtain

@/ |Vmw|2dx§/ |w|2dx+@/ V,w|* dx
Rd Rd R

< (/Rd\VIw]Zdaﬁ)é (/Rd]fRde]Cdv\2 da:)é

Sy (d-Myf e .
Jou 0T S el ) Y

and note that

2 —
/RdURd'dev] da:—/Rd

2
dx

< Opyo (1 = M) f1%
by the Cauchy-Schwarz inequality. Hence

)
Vol dz < 252 flad = |2,
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and
ITASIE = [ Vo - 0 @72 )" = 42 [ [Vowfdz < 3 ll0d = /|2,
with Cy 1= ©4.2/6. Since g = Af so that |Af|*+ || TAf|]® = [lg||* + | Tg||>, we obtain

(TAf, £y = (TAQd = ), (Id = M) £) < [[(d = M) f||_5 [ITAf]l; < Co ||(1d = M) f]1% 5 -
(19)
We also remark that

<TAf,f>:((v-Vzw)F,f):/Rdvxw- </Rdvfdv> dz

:/ ywy2dx+@/ Vo w|?dz > 0.
R4 Rd

e Step 4: bound for (AL(Id — M) f,MNf). We use again identity (17) to compute

[(AL(Id =)/, 1A = [{(Id = M) f, LA = [((Id = M) f, L"Tw F)]
< [[(d =M Al I TuFll5 .

In case L = L; we remark that

T rz= /[
_ //RR VoF - Vaul* () dedp < [VoF IR (ysan [Vaultaas -

In case L = Lo, note first that

(LT F)(v) = ( /]R B! v) (W~ v) F(v) dv’) VauF(v),

and thus, by the Cauchy-Schwarz inequality,

V- (F V., (v- qu)>‘2 ()’ dz dp

* . _ / ’ / ’
ILsTuFly < B | Vouliqn . with B= /Rdb@,v) (' —v) F' Fdo e
For proving finiteness of B we use (H2) in

/ !/ / !/
’/Rdb(v,v) (v —w) F'dv
<b v — ' "F'dv +b |v’—v[1’5F’dv’§C(1+<v>1_ﬁ) :

[v/—v|<1 [v'—v|>1
which implies
2
B* < 02/ (1—|—<v>1_f8> WY Fdv < o0
R4
Combining these estimates with identity (16), we get
1
[(AL(d =) f, M) < Cp [[(Id = M) f|_y (ATTLF,T1S)2 (20)

where Cp = B/V/0O.
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e Step 5: collecting all estimates. Altogether, combining (14) and (18), (19)
and (20), we obtain

d

Hlfl = =Ccli(d - M2 — 0 (ATMF, 1)

1
+0(Ca+Cr) [(1d = M) f ||y (ATAS, )2 +6Co [[(1d = M) f]1%,
which by Young’s inequality yields the existence of x > 0 such that

SHUT <~ (I0d = M1, + (ATA )
for some § € (0,1). Indeed, with X := [|(1d — M) f||_, and Y := (ATIf, M), it is
enough to check that the quadratic form
QX,Y):=(C—0C) X*—(Cy+Cp) XY +5Y?
is positive, i.e., Q(X,Y) > k (X? + Y?) for some x = x(d) and § € (0,1). O

3. WEIGHTED L? ESTIMATES

In this section, we show the propagation of weighted norms with weights (v)k of
arbitrary positive order k € R*.

Proposition 4. Let k > 0 and f be solution of (1) with f™ € L2((v)" dzdy). Then
there exists a constant IC,, > 1 such that

ViR 0 (f(L )l < Kk

in
f k

We recall that || f||, is defined by (8). We shall state a technical lemma (Lemma 5
below) before proving a splitting result in Lemma 6, from which the proof of Propo-
sition 4 easily follows (see Section 3.3).

3.1. A technical lemma.

Lemma 5. If either L = Ly or L = Ly, then there exists £ > 0 for which, for any
k >0, there exist ay, bk, Ry > 0 such that

(i f )< [ (@ toen, —be 7)1 () dodp, (21)
for any f € D(R? x RY).
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Proof. In the Fokker-Planck case L = Ly, with h := f/F, we have
Lufre)de = = [V @) Fdo = [ V2V ) F
1 V., F
< - 2( .V, A, >d
<5 [ (e V) A 0" du

= [P 2k =) ) 0 ()~ a)) d

< o [P0 e a ) dn
- / ax oo, — by (o)) 1117 (0)" dp

+ B) /Rd f2 ()2 (Ck; (1 — Ljyj<rs (v>2) - % <U>O‘> dy

with ¢p = |k = 2|+ |d+k — 2| + «, ap = 1 k/2, b, = ak/4, £ = 2 — «. The choice
Ry, = (2¢x/a)"® makes the last term negative, which completes the proof.

In the case of the scattering operator L = Ly, with h := f/F, we have
k - / I k ! 1
QA;fbf@)du_Qxéwmwuvﬂh h)h (V) FF dvdo

— b(v,v') (2K h — h? FEF dodd
//IRded (v,v)( ) (v) vdu

- b(v',v) 2 () FF' dv do’
//Rdx]Rd (v',v) h* (v) vdo',

where we have used (H1). Swapping v and v’ in the last integral gives

ZAdfbf(@kduzr—[éwkﬂxmvﬁﬁr—ﬁfﬁﬁkFF%de
+-/Q£dedb(v,vq<jy)2(<v>k-<vwk)zrzwchjdv'
< [ (Lpwo (00" = @) Frav) 2,

with another swap v <» ¢ in the last step. Now we use (H2) and its consequence (4):
k k k k
Aﬁwwgm—@nwm':Aﬁwm@spw—mym)
< 2ap () —p (o)

where the estimation of the first term is analogous to the derivation of (4). This
implies

Lurf@fan < [ (e —b @) 12 @)

k —B—k -t v -8
» f2 <’U> (ak’ (<’U> — ]]-|v|<Rk) + bk <?}> — 5 <U> > dU .
The last term is made negative by the choices £ = 3, by = v /4, Ry, = (4 a3 /v)/*. O

Y
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3.2. A splitting result. As in [12, 17, 23|, we write L — T as a dissipative part C
and a bounded part B such that L — T =B + C.

Lemma 6. With the notation of Lemma 5, let k > 0, ky > k+2/{, a = max{ay, ax, },
R =max{Ry, Ry, }, C=aljcg and B=L T — C. For anyt > 0 we have:

. 2
(Z) HCHLQ(dI du)—>L2(<v>k1 dz du) — > 1
1,

a (R
(”) HetBHL2<(v)kdwd;t)—>L2(< )k dacdu) <

_ki—k
(ii1) ||etB||L2( 1 da d) L2 ((0)* dz dp) < C(1+t) 2T for some C > 0.

Proof. Property (i) is an obvious consequence of the definition of C. Lemma 5 and
Jra [ Tfdx =0 imply

//Rded fBf <U>IC dedp < //Rded (ak Liyj<r, — aljyjcr — bk <U>_Z) |fI? (U>k dxdp
< = bellf e (22)

which proves (ii) and, analogously,
||€tBHL2(<U>k1 dxdu)—>L2<(v)k1 dxdu) <1. (23)

Now we consider f = e'® fi in (22) and use Holder’s inequality

2 (k1 —k)

L < 2™ 1F 1l e

as well as (23):

2¢

2 (i) |1 22
5 I < — b I )P
The Bihari-LaSalle inequality [4, 18], a nonlinear version of Gronwall’s lemma, implies
, EYINEE Bk 2
in 2€b t in - ki—k ? in
R (e A T e I = e T
thus completing the proof. O

3.3. Proof of Proposition 4. With the notation of Lemma 6, i.e., B=L - T — C,
integration of the identity

d
- (e(tfs)B es(LfT)> — o(t—5)B (L—T—B) eS(L=T) _ o(t=5)B Cps(L=T) :

gives
PHL=T) — ot /t o(t=9)B C o5(L-T) g
0
The entropy dissipation inequality (5) implies

Het(LiT)||L2(d:pd,u)ﬁL2(dxdp) <1,
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and therefore, since k > 0,

H€ ||L2( dxdu)HLQ(dxdu) <1

Combining this with the results of Lemma 6 leads to

t 1=
H-T) <1+ a (R)F 0/ (14 )5 ds,
0

H@ L2(<v>kdx du)—>L2<(v)kdxdu)

which completes the proof, since the right hand side is bounded uniformly in ¢ by
ki >k+2/¢. O

4. PROOF OF THEOREM 1

The control of the macroscopic part MMf by (AT f Mf) is achieved as in [5]. We
sketch a proof for the sake of completeness.

Lemma 7. Under the assumptions of Theorem 1, for any f € L'(dzdu) NL3(dz dv),
we have

(TN NS > o (INf]P2)
with N

-1 Yy -2 -4
o) =25+ (1), =00k I/ nan
where Cnash s the constant in Nash’s inequality (11) and © is defined in (15).

Proof. Equations (15), (16), Nash’s inequality (11), and |[[Uf[| = [[o[lp2(q,) imply
(L e +2@HVUHiz(dz + O |Aulfep) < Nlullfzgan +2(ATMS, f)

< ChNash IIUH‘”de) ||VU||E¥<2dm +2(ATIf, f) .

Again from (15) and (16), we deduce

1
2
lllsasy = 165 lagany = 1 lrasan . [ Vuliauy < g (ATALS)

which completes the proof. [l

The control of (Id — M) f by the entropy production term relies on a simple, new
estimate.

Lemma 8. Under the assumptions of Theorem 1, for any solution f of (1) with initial
datum f™ € L2((v)* dzdp) N LY (dz dv), we have

1(d = )£t )15 > @ (1(0d = )£t ))17)

for any t > 0, where ICy, is as in Proposition 4 and
28
k

U(y) = Coy" ™% Cp = (’Ck (1 + @k) ||fin||k;>
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Proof. Holder’s inequality

ke B
I(d = M)FI < [10d = M FIEF 1(0d = 1)1

and

1(0d =) £lly < 1F 1k + O llplliagan < (1+Ok) £l < K (1+64) £,
where the last inequality holds by Proposition 4, provide us with the estimate. 0

Proof of Theorem 1. Using the estimates of Lemma 7 and Lemma 8, we obtain
1(d = M) f2  + (ATAF, N ) > @ ([[(d = M) f]1*) + @ (IN£]°) -
Using (13) and the fact that D[f] > 0 by Proposition 3, we know that
|(0d =M f||> <z and ||Nf||? <z where z:=|[f™?.

Thus, from

_d+2

T+ d_
(I)—l(y) =2y -+ <3C/> a+2 < (01_1 y) N Oy = (2 @(zo)ﬁ +C—ﬁj_2> d ’
as long as y < ®(zp), we obtain

® (|INf2) > ¢y N g2

since ||[Mf]|?> < z9. As a consequence,

d+2

d+2

I(1d — M) £, + (ATISL ) > Co [[(1d = M2+ Cy Hﬂf!|2

2

8 1
Zmin{Cozo , O 2§ C}Hf””%
where 1/¢ = max {2/d, §/k}, i.e., ( = min{d/2,k/F}. Collecting terms, we have
d 141
—H[f] < —CCH[f]'"
using (12), (13) and Proposition 3, with

Ko Tt i) (L2 \Ite
C’::Zmln{cozo , C1 2 }(m) .

Then the result of Theorem 1 follows from the Bihari-LaSalle estimate

It -, )] < HIF (14 CHEPE )

B
k

1
S H[f]2, which
is proportional to (|| /™| /|l/™I, )7 %, and in terms of C zo C H[ ™)< ¢ which is a func-
tion of (Il /™ (11 (azau) AV b A d+2). To see this, one has to take into account the

expressions of C’o, C'1 and c in terms of the initial datum f™. O

The expression of C' can be eXpllcltly computed in terms of Co 2
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As a concluding remark, we emphasize that a control of the solution in the space
L2((v)* dzdp), based on Proposition 4, is enough to prove Theorem 1. In particular,
there is no need of a uniform bound on f. This observation is new in L? hypocoercive
methods, and consistent with the homogeneous case (see Appendix B).

APPENDIX A. WEIGHTED POINCARE INEQUALITIES

The goal of this appendix is to provide a proof of (10). Inequality (10) is not a
standard weighted Poincaré inequality because the average in the right-hand side of the
inequality involves the measure of the left-hand side, so that the right-hand side cannot
be interpreted as a variance. Section A.1 is devoted to a reformulation of a spectral gap
issue associated with Poincaré inequalities with weights into spectral considerations
for a Schrodinger operator. We establish a criterion for Poincaré inequalities which is
well adapted to the weights in (10). The average, however, corresponds to a standard
variance. In Section A.2, we establish the result for the average which appears in (10).

A.1. Continuous spectrum and weighted Poincaré inequalities. Let us con-
sider two probability measures on R?

dé =e?dv and dv = dE,
where ¢ and 1 > 0 are two measurable functions, and the weighted Poincaré inequality

Vh e DRY), /Rd|Vh|2d§26*/Rd'h—ﬁ‘2dy (24)

where h = Jga hdv. The question we address here is: on which conditions on ¢ and 1)
do we know that (24) holds for some constant C, > 0 ¢ Our key example is

o(v) = (V) +logZ, and ¢(v)= c;i3 (v)_ﬁ (25)
with @ >0, 8> 0, Zo = fpae " dv and cap = Z; " fra (v) 7 e @) du.
Here we use a spectral property of Schrodinger type operators, which goes as follows.
Let us consider a measurable function ® on R? such that

2 2
o= lim inf o ([Veol” + @ Juf") dv >0,
r—+o00 weD(BE)\{0} fRd ]wP dv

where B¢ := {v eR?: |v| > 7’} and D(B¢) denotes the space of smooth functions
on R¢ with compact support in BE. According to Persson’s result [26, Theorem 2.1],
the lower end o, of the continuous spectrum of the Schrodinger operator — A + & is
such that

o, >0 > lim essinf ®(v).

r—+oo veB¢
If we replace [pa |w|?>dv by the weighted integral [ga |w|?¢ dv for some measurable
function ¢, we have the modified result that the operator £L = ¢! (— A+ ®) on
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L2(R4, ¢ dv), associated with the quadratic form
w / (|Vw|2 +o |w|2) dv
Rd

has only discrete eigenvalues in the interval (—oo, o) where

2 2
. Jio (IV0]? + ® u]?) do

> 0.
r—+00 weD(BE)\{0} Jga |w]? 2 dv

To prove it, it is enough to observe that 0 is the lower end of the continuous spectrum
of L — 0,1, where o, is again defined as the lower end of the continuous spectrum
of £, and to apply [26, Theorem 2.1]. Tt is also straightforward to check that o, is
such that

o, >0 > lim q(r) =109  where q(r):= essBiCnf (26)

r—-+00 @ '

Note that og is either finite or infinite.

Relating the weighted Poincaré inequality (24) with the spectrum of £ is then
classical. With
o =1|VoP -1 A, (27)

the spectral gap of L is equal to the optimal constant in the Poincaré inequality.
Indeed, let h = we?’? and observe that

/Rd [Vh|*dE = /Rd (IVwl]? + @ [w]?) do,

e

where @ = e %/2 [pa w1 e ??dv is the orthogonal projection of w, with respect to
L%(¢) dv), onto the kernel of L. The kernel of £ is generated by the constant functions.
With o, > 0, we know that the interval (0, 0,) contains only eigenvalues, with finite

h—ﬁfdu:/dm—wﬁwdv,
R

dimensional eigenspaces, which may eventually accumulate, but only with o, as the
adherence value. As a consequence, there is a lowest positive eigenvalue of £, which
is positive and determines the spectral gap.

Proposition 9. Let ¢ and ) > 0 be two measurable functions. Let ® and o be defined
respectively by (27) and (26) and assume that oy is nonnegative. Then inequality (24)
holds for some positive, finite, optimal constant C, > o if og is positive. Otherwise,
if 0o = 0, then inequality (24) does not hold.

Proof. By construction, ¢ is nonnegative and the infimum of the Rayleigh quotient
Jra ([Vw]? + @ Jw]?) dv
Jra [w]? ¢ dv
is achieved by h = h = 1, that is, by w = @ = e~*/2, which moreover generates the
kernel of £. Hence we can interpret C, as the first positive eigenvalue, if there is any
in the interval (0,0,), or C, = o, if there is none. Notice that in the latter case o,
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is finite. If oy = 0, it is easy to construct a sequence of functions which shows that

inequality (24) holds only if C, = 0. O
In the case of (25), we have % ~tatcap <v)2(a71)+’8 as |v| — oo. Thus the condition

B > 2(1—«) is necessary and sufficient for the inequality (24) to hold. The threshold
case # = 2(1 — «) is remarkable: inequality (24) can be rewritten for any a € (0, 1)
as the following weighted Poincaré inequality :

) B[ et
Vh e D(RY) / IVh|2e / —dv, (28)
R (L Jof?)'
for some constant C, € (0,0¢). The above computation shows that oy = */4 and
~ 1 he ()" e~ (v*

= 11—« v,

= = | T aama
Za /R (14 [0]?) R (1+ [vf?)
Notice that (28) differs from (10), as the average in the right-hand side is not taken

with respect to the same measure in both inequalities. The purpose of the next
subsection is to deduce (10) from (28).

A.2. A weighted Poincaré inequality with a non-classical average.

Corollary 10. Let the assumptions of Proposition 9 hold with oy > 0 and let, ad-
ditionally, ¢ be bounded, v~' € LY(d€) and such that limg_,, . R%infp,, 1 = +o0.
Then the inequality

Vhe DRY, /|Vh]2d§>6/ [ dv (29)

holds for some optimal constant C € (0,C,|, where hoi= Jra hd&. Here C, denotes the
optimal constant in (24).

Notice that (29) is similar to (24), except that the average is computed with respect
to the measure of the left-hand side. We emphasize that in (29), the right-hand side
is not the wvariance of h with respect to the measure div, as we subtract the average
with respect to the measure d§. In the case ¢(v) = (v)* + log Z,, which corresponds

0 (25), Inequality (29) is precisely (10). Inequality (10) has been established in [17,
inequality (1.12)] by a different method, based on the strategy of [1, 2]. Also see
Appendix B.1 for further details. As we shall see in the proof, our method provides
an explicit lower bound C in terms of C,.

Proof. Without loss of generality, we can assume that i = Jgahd€ = 0 up to the
replacement of h by h — h. We use the IMS decomposition method (see [24, 28]),
which goes as follows. Let x be a truncation function on R, with the following
properties: 0 < x <1, y = 1 on [0,1], x = 0 on [2,+00) and X/ (1 — x?) < & for
some k > 0. Next, we define xyg(v) = X(‘U’/R), hir = hxgr and hagp = hy/1 — X%,
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so that h; g is supported in the ball Byr of radius 2R centered at v = 0 and hy g is
supported in B = R?\ Bg. Elementary computations show that h? = h? RrRT h3 5 r and

Vh[2 = [Vhy g +[Vho g2 =2 [V X[/ (1 = X?), s0 that || VA[2 =V hy g2~ [Vhy [?] <
xh*/R?%.
Since hgy g is supported in Bf, we know that

/Rd Vhar[2d€ > q(R) /Rd |y, |2 dov

for any R > 0, where q is the quotient involved in the definition (26) of 0. We recall
that lim,, . q(r) = 09 > 0. Using the method of the Holley-Stroock lemma (see [15]
and [9] for a recent presentation), we deduce from inequality (24) that

~ 2
L IVhnfdg = C, [ [~ hos| dv
R4 R4
~ 2
> C*/B ’hl,R - hl,R‘ Y dg

> C, inf 9 mm/ \hi.p — | d¢
Bar

Bogr ceR

fp
R/ b pl2d i, (/ h d)
) Rd\ 1,R| vV — BzR 1,R f

where Q(R) := C, infp,, ¥/ supg, 1. By the assumption h =0, we know that
hds = — / hde,
By

Br

from which we deduce that

(/Rdm,gd§>2: (/BthH/B%thdg)Qg (/B%|h|dg>2§/wh2dy [

where the last inequality is simply a Cauchy-Schwarz inequality. Let

L infBQR¢ _1
(R) :=C, o B%zﬁ dé.

By the assumption that 1~! € L1(R%,d¢), we know that

. B . e(R)
pm e(F) =0 and - lim Q(R)

=0.

Collecting all our assumptions, we have
/ IVA|? de >/ <]Vth\2 +|Vhonf - £ )d§
> (min {QUR).a(R)} — e(R) — 75 ) [ 1hdv

where min {Q(R), q(R)} —&(R) — k/R? is positive for R > 0, large enough, as follows
from the assumptions on 1.
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Finally, let us notice that, for any ¢ € R, we have

/]h—c[QdV:/ h2du—2c/ hdu—{—cQZ/
R4 R4 R4 R

with equality if and only if ¢ = h = Jra hdv. As a special case corresponding to
¢ =h = [ga hd€, we have
L.

This proves that C, > C. OJ

~12
h—h\ dv

~12
h—h\ dv .

~12
h—h\ > [

In the special case of (25), the assumptions of Corollary 10 are not difficult to check.
It is also possible to give a slightly shorter proof using the Poincaré inequality on By
when (25) holds: see [22, Chapter 6].

APPENDIX B. ALGEBRAIC DECAY RATES FOR THE FOKKER-PLANCK EQUATION

Here we consider simple estimates of the decay rates in the spatially homogeneous
case of equation (1), that is, f(¢,z,v) = g(t,v) solving the Fokker-Planck equation

drg = Lig. (30)

After summarizing the standard approach based on the weak Poincaré inequality (see
for instance [17]) in Section B.1, we introduce a new method which relies on weighted
L? estimates. As already mentioned, the advantage of weighted Poincaré inequalities
is that the description of the convergence rates to the local equilibrium does not
require extra regularity assumptions to cover the transition from super-exponential
(v > 1) and exponential (a« = 1) local equilibria to sub-exponential local equilibria,
with a € (0, 1).

B.1. Weak Poincaré inequality. We assume o € (0,1) and n € (O,ﬁ) with 8 =
2 (1 — «). By a simple Hoélder inequality, with (7 + 1)/7 = 3/n, we obtain

/Rd h—i}fdg:/w [ ) (o) de

< (L= w2 ae) ™ (=, 077

We assume that d¢ = Z;'e~"dv as in (25) and take h := [pa hd€. Using (10), we
end up with

1
147

2
7| T+
h=h ., 3D

h—[ dg < Car ([ 19Rdg)
Rd

for some explicit positive constant C, ,. We learn from (6) that

(‘;t/Rd h(t,~)—7z(2d§:—2/Rd|vvh|2d§

Vh e D(RY), /
Ra
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if g = h F solves (30), and we also know that h does not depend on t. By a strategy
that goes back at least to [20, Theorem 2.2] and, according to the author of [20], due
to D. Stroock, we obtain

1

/Rd h(t )—ﬁ‘QdSS ((/ﬂgd‘h(o")_ﬁ‘Qdé)_T—|—Cé_2:17;1/\/lt>_7-

with M = sup,c(oy) [Ih(s,) — hHig ray, Where the Bihari-LaSalle inequality has been
employed again. The limitation is of course that we need to restrict the initial condi-
tions in order to have M uniformly bounded with respect to ¢t. Since 1 can be chosen
arbitrarily close to (3, the exponent 7 can be taken arbitrarily large but to the price

of a constant C, , which explodes as n — 5_.

Note that, with the denomination used in [27, (1.6)], Formula (31) is equivalent to

the weak Poincaré inequality
d -1 712 7’ 2

¥heD®RY, C;l /R h— B[ A€ < et / VAP dg +r ||h— R .
for all » > 0. The equivalence of this inequality and (31) is easily recovered by
optimizing on r > 0. It is worth to remark that here we consider ||h — Ay
while various other quantities like, e.g., the median can be used in weak Poincaré
inequalities.

B.2. Weighted L? estimates. As an alternative approach to the weak Poincaré in-
equality method of Appendix B.1, we can consider for some arbitrary k& > 0 the
evolution according to equation (30) of fga |B(t,v)[> (0)* d€ = faa |R(t, )] (v)* Fdv
where d¢ is as in (25) and h := g/F solves

oh=F1vV,- (F Vvh) .

Let us compute

2/ \k _ 2\ k
dt/ In(t, R+ 2/ IV h[2 (o) Fdo = /Rdvv(h) (V. (0)") Fdo
and observe with ¢ = 2 — « that

k
Vo (FV@)*) = g (d+ (k+d=2) v —a () o) F ()"

(v)
< (a=b @) F@)",
for some a € R, b € (0, +00). This estimate corresponds to Lemma 5 for the spatially

inhomogeneous equation. From here the same proof as in Proposition 4 shows that
there exists a constant K > 0 such that

VE20 At e ae) < K |

L2((v)* dg)
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Hence, if g = hF solves (30) with initial value ™, we can use (10) to write

4 h@)—iﬁdgz—Q/|Vde§g—2c/\h—m2@yﬂ%
dt JRrd Rd Rd

with 8 =2(1 —a) and h = fga hdé. With 6 = k/ (k: - 6), Holder’s inequality

Adh—ﬂﬂmg(édh—ﬂ2@>%my<éd

allows us to estimate the right hand side and obtain the following result.

h—ﬁf@fﬁye

Proposition 11. Let a € (0,1), let g™ € Ll (du) N L2((v)*du) for some k > 0,
and consider the solution g to (30) with initial datum g™. With C as in (10), if
G = (Jga gdv) F where F is given by (2), then

i w2\ 28 TP
/Rd|9(ta')—g| dNﬁ((/Rdg —9‘ dﬂ) +Wt

with §=2(1 - a) and K = K} [lg" |52+ q,) + O (fps g™ dv)”.

We recall that g =h F, g = hF and F dp = dv = F~1d¢. We note that arbitrarily
large decay rates can be obtained under the condition that £ > 0 is large enough. We
recover that when k < d /2, the rate of relaxation to the equilibrium is slower than
(1 +t)~%2 and responsible for the limitation that appears in Theorem 1. However,
the rate of the heat flow is recovered in Theorem 1 for a weight of order £ with an
arbitrarily small but fixed k£ > 0, if « is taken close enough to 1.

Proof. Using

e

we obtain that y(t) := fga [g(t,) — g|° du obeys to iy’ < —2C K'=1/? y/? and conclude
by the Bihari-LaSalle inequality. U

h—W@M%§/|W@M%+@W:K,
Rd
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