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HYPOCOERCIVITY AND SUB-EXPONENTIAL LOCAL
EQUILIBRIA

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

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 L2 norms of the solution to the Cauchy problem

Of +v-Vof =LFf,
f(0,z,v) = f™(z,v),

for a distribution function f(¢,z,v), with position x € RY, velocity v € R?, and time
t > 0. The linear collision operator L acts only on the velocity variable and its null

(1)

space is assumed to be one-dimensional and spanned by the local equilibrium F', a
probability density of the form

Fv)=Che ™" peR  withCl= / e " dv, (2)

(v) = 1+ P

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

where we use the notation

to the exponential (v = 1) and super-exponential (o« > 1, including the Gaussian
with a = 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
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distributions F', satisfying

L loa(-log F(v)
[v|—+o00 log ||

€ (0,1).

We shall consider two types of collision operators, either the Fokker-Planck operator
Lif =V (FVL(F 7)),
or the scattering operator
Laf = [ beo!) (£ FO) = () F) ) o
We assume local mass conservation

/ Lfdv=0,
R4

which always holds for L = L;, and also for L = Ly under the assumption

/d (b(v,v') - b(v',v)) F@)dv =0. (H1)
R
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

g %vv- (F%%) = Aug—wi(v)g
with the collision frequency

AF |V, F)?  a?
T oF  4Fr T4
Partially motivated by this, we assume the existence of constants /3, b, b > 0, v > 0,
with v < 3, v < d, such that

b (v) ™ ()™ < bv,v') < bmin {Jv — |7, jv— /| 7} (H2)

|| ~20-e) as |v] — co. (3)

1%} (U)

The upper bound with the restriction on the exponent v serves as a local integrability
assumption. Hypotheses (H1) and (H2) permit the choice b(v,v') = (v) 7 (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

va(v) = /R b(v,v) F(o') dof
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satisfies

b [ W)Y PFW)d <) <b v — | TP do

Rd [v—v'|<1

+b lv — | PEQ) dv/

[v—v'|>1
It is obvious that the last term is O(Jv|™") 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(o) " <m@)<T@)?  VeeR?, (4)

and the behavior for large |v] is as in (3) with 8 = 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

5 dt //RR Fdedy = // (L) fdedp <0,  with du(v) = F(Z)’

where the dissipations are given by

- fnsan= [ v 2

— [nsan=5 [ [ o) (7 - 1) dude, (©

with the prime denoting evaluation at v'. For a derivation of (6) see, e.g., [7, 17].

F dv (5)

and

Our purpose is to consider solutions of (1) with non-negative initial datum f™ and
to study their large time behavior. If f* 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 (5) and (6) vanish
for arbitrary local equilibria of the form f(t,x,v) = p(t,z) F(v), and therefore the
analysis of the decay to zero requires an hypocoercivity method.

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

= (ff, 72 @) hew @)

as well as the scalar product (fi, f2) = [fpaxge f1 fodzdu on L%(dzdu) with the
induced norm || f||*:= || f|[§ = (f. f)-

Theorem 1. Letaw € (0,1), 8> 0, k > 0 and let F be given by (2). Assume that either
L=L,and 8 =2(1—a), orL =Ly and (H1), (H2). Then there exists a constantC > 0
such that any solution f of (1) with initial datum f* € L?((v)* dzdy) N LY (dz dv)
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satisfies

I <e s

7 — (14 k)€ -
with rate ¢ = min{d/2,k/B} and with k > 0, which is an explicit function of the two
quotients || [ /Lf 1y, and LA /1 o s ao) -

The proof relies on the L%-hypocoercivity approach of [9, 10]. 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 Fav=co [ (9-9)°F do, ®)
R4 R4
with § = [ga gF dv and Cp > 0 implying, with g = f/F,

—(Lif, £y = Cp | f — psF|?,

with py = Jpa f dv. For this case the result of Theorem 1 (with £ = 0) has been proven
in [4]. For the sub-exponential case of this work we shall prove a relaxed version.

Lemma 2. Let F' be given by (2) with 0 < a < 1. Let either L =1Ly and 5 =2(1 — «)
or L =Ly assuming (H1), (H2). Then there exists C > 0 such that

— (L. F) = Cllf = psF %, v f € DRM).

Proof. For L = L; the result is a consequence of the weighted Poincaré inequality
LVeglPFran=c [ (=97 @)V Fde ¥geDRY,  (9)
R R
which will be proved in Appendix A.

For L = Ly, we estimate
Lo au=[ ([ (7= rF)F du’)2 (0)™" dp
< [ v [[ (- PE) @7 ) dudn < 5 [ (L) dn

C:%(édF<v)6dv>_l.

with
For the first inequality we have used Cauchy-Schwarz and for the second, (6) and the
hypothesis (H2). Integration with respect to = completes the proof. O

Apart from proving the weighted Poincaré inequality (9) (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
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weight (v) 2™ has to be compensated by a L2-bound for the initial datum with

a weight (v)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 [22], [3, Proposition 7.5.10], [14] and Appendix B).
Estimates based on weak Poincaré inequalities rely on a uniform bound for the initial
data for v < 1 which is not needed for o« > 1, while the approach developed in this
paper provides a continuous transition from the range 0 < a < 1 to the range a@ > 1
since we may choose k N\, 0 as a 1. Note that for « = 1, the weighted Poincaré
inequality (9) reduces to the Poincaré inequality (8).

The proof of Theorem 1 follows along the lines of the hypocoercivity approach of [9,
10] and its extension to cases without confinement as in [4, 5]. It combines information
on the microscopic and the macroscopic dissipation properties. The essence of the
microscopic information 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, a tool which has been developed for
this purpose. The result of Theorem 1 can be interpreted as giving the weaker of the
microscopic decay rate t~*/% and the macroscopic decay rate t~%2. Only for k > 5d/2
the decay rate of the macroscopic diffusion limit is recovered.

Related results have been shown in [4, 5, 6], where the latter is somewhat com-
plementary to this work dealing with Gaussian local equilibria in the presence of an
external potential with sub-exponential growth in the variable z. Also see [24, 15, 13]
for various earlier results dealing with external potentials with a growth like (x)”,
~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 [4] using Nash’s inequal-
ity, see Lemma 7. By collecting these estimates in Section 4, we complete the proof
of Theorem 1. Two appendices are devoted to L = Ly: in Appendix A we provide a
new proof of (9) and comment on the interplay with weak Poincaré inequalities, 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 L2-norms, as an
alternative approach to the weak Poincaré inequality method of [14]. The main nov-
elty 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 func-
tion is nonnegative but the extension to sign changing functions is straightforward.
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2. AN ENTROPY—ENTROPY PRODUCTION ESTIMATE

We adapt the strategy of [10, 4], denoting by T = v -V, the free streaming operator
and by [ the orthogonal projection on Ker(L) in L2(R% du), given by

Nf:=psF Wherepf:/dfdv.
R

To build a suitable Lyapunov functional, we introduce the operator
-1

A= (Id + (TI'I)*(TI'I)) (T

and consider

HIf) o= 5 146 (A £)

It is known from [10, Lemma 1] that, for any 6 € (0, 1), H[f] and || f]|* are equivalent

in the sense that ]

1
5 (1-9) £ < HIf] <5 (1+9) ILF11% (10)
A direct computation shows that
d
SHIf] = DI (1)

with
Df] :=— (LS, f) + ¢ (ATOf, N f)
+ 0 (AT(Id =) f,Nf)y — 6 (TA(d =T f, (Id = M) f) — o (AL(Id — ) £, 1 f)

where we have used that (Af,Lf) = 0. Note that in terms of the new notation the
result of Lemma 2 reads

(LE Sy <—=cl(d=Mf|Z,. (12)

Proposition 3. Under the assumptions of Theorem 1 and for small enough & > 0,
there exists k> 0 such that, for any f € L? ((1))_5 da d,u) N LY(dz dv),

Df] = x (/l(1d = M) fI> ; + (ATOF,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 [4], but using the weighted norm [|(Id — ) f]|_4 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 [10, 4] 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)) "' nf.
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Then u solves (u — © Au) F =T1f, that is,
u—0 Au=py, (13)
where © := [pa|v - e|? F(v) dv for an arbitrary unit vector e. Since
ATIf = (Id + (TM)*(TY)) " (TM)*(TM) Nf

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

=Nf — (Id+ (TN (TM) " Nf =Nf —uF = (p; —u) F,
then by using equation (13), we obtain

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

from which we deduce

(ATNf,Nf) =0 ||vu||12_,2(dx) + 67 ||Au||iQ(dx) > 0. (14)

e Step 2: a bound on (AT(Id —M)f,Nf). If u solves (13), we use the fact that
ATf=TNuF =TuF (15)
to compute
(AT(d =T f,0f) =((d =) f, T*"A*Of) = (Id =) f, T"Tu F) .
Therefore, since T*Tu F'= —v -V, (v - V,u) F, the Cauchy-Schwarz inequality yields

8
2

(AT =N < 0= WS, [VF @)F 0 V. (0 Vou) VE

L2(dz dv)
< Opia |0 = fI g 1Au]Loa) »

hence )
[(AT(Id =) £, ) < Cy [[(Id =) f[_g (ATTLS, T1f)2 (16)
where we have used identity (14), C; = Op14/0© and
Oy = /R W) Fv)dv.

With this convention, note that ©, =1+ d O.

e Step 3: estimating (TA(ld —)f,(Id —M)f). As noted in [10, Lemma 1], the
equation g = g = Af is equivalent to

(Id+ (TR)*(TM))g = (TN)"f
which, after multiplying by ¢ and integrating, yields
lgll* + I TglI* = (g, 9+ (TM)*(TM)g)
= (g, (TM)"f) = (TNg, f) = (TAL, ) < [(1d =) fll_g [ITAS]l5
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by the Cauchy-Schwarz inequality. We know that (TM)* = —MNT sothat Af =g =w F
is determined by the equation

w—@Aw:—VI-/ vfdv.
Rd

After multiplying by w and integrating in x, we obtain that

@/ |wa|2dx§/ |w|2dz—|—@/ |V, w|?dx
R R R4

< (/Rd\vmw\2dx)% (/RdURdvfdv\z dx)é

£ (Id—l'l)f.v e ,
Joo 0 F S el ) Y

and note that

/ | fga v f dv|? dx:/
Rd R4

2
dx

< Opyo [(1d = M) f]1%,
by the Cauchy-Schwarz inequality. Hence

S)
[ Vewlde < 252 1 0d = )£,

and

2
ITAFIE = [Vow- @ @72 )" = 052 [ [Vow]de < &3 l0d = f|?,

with Cy := ©5,5/0. Since g = Af so that ||Af||> + | TAf|]> = |lg]|> + | Tgll*, we obtain
that

(TAS, [y = (TA(d = M) f, (Id =) ) < [|(1d = M) f]|_ [ITAf Il < Co [|(1d =T £ -
(17)
We also remark that

<TAf,f):<(U~wa)F,f):/Rdew- (/Rdvfdv) dz
:/d|w\2dx+@/d\vmw\2dx20.
R R

e Step 4: bound for (AL(Id — M) f,MNf). We use again identity (15) to compute
(AL( — ), 1) = [{(1d — ), LA = [(1d — ), L"Tu )
< [[(d =M fll_ [LTu Fll; .
In case L = L; we remark that

LT |} = //RR V.- (FV.(0- Vo) (v) dedy

_ //RR VoF - Voul? (0) dedp < IV F Iy 10020 -
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In case L = Ly, note first that

(LiTu F)(v) = (/]Rd b(v',v) (v —v) F(v') dv') -Vu F(v),

and thus, by the Cauchy-Schwarz inequality,

* . o / / / /
ILTuF|; < B [[Vaull2(a » with B = /]Rd b(v',v) (v —v) F' F dv ()
For proving finiteness of B we use (H2) in

/ b(v',v) (v —v) F' '

Rd
<b v — o' F dv + b \U’—U|1_5F/d1/§0(1+<v)1_6) :

[v/ —v|<1 [v/—v|>1
which implies
2
B? §02/ (1+<U)I_B) WY’ Fdv < 0.
R4
Combining these estimates with identity (14) we get
[(AL(ld =) f,Nf)| < Cp [[(Id =) f[|_5 (ATIf, T1f)2 (18)

where Cp = B/VO.

e Step 5: collecting all estimates. Altogether, combining (12) and (16), (17)
and (18), we obtain

%Hgk;_cmm_nﬁmﬂ—éuwnﬂnn

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

d
GHU < = (10d = mfI2, + (ATRS NS))
for some ¢ € (0,1). Indeed, with X := [|(ld = M)f[|_, and Y := (ATTIf, |'|f>%, 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 k = 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™.
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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

VE>0 [ f( ) < K|

in
f k

We recall that ||f||, is defined by (7). 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, R, > 0 such that

(rr @y < [ (@ bpen = be @) 12 @)F dodn, (19)
for any f € D(R*).

Proof. In the Fokker-Planck case L = L; we have

/RdLlfﬂw’“du = - m(%)z Fdv —_/ ( ) v, () Fdy
f2<VF )"+ A ) dn

5 Jud” W (2 =k (d+ k= 2) () + o (0)* — o (0)*7?) du

R4

IN

[ 70 (e — o 0)) d
—/ (ar Dper, —be ()77 [P (0)" du

L (o 0 s )5 0)

with ¢p = |k = 2|+ |d+ k — 2| + «, ap = ¢ k/2, b, = ak/4, £ = 2 — «. The choice
Ry = (2¢,/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 o / I k ! !
Q/Rde2f (v) du_z//Rdedb(v,v)(h h)h (V) FF dv do

— / 1, 12 k / /
_//Rdedb(v,v) (20'h —1?) ()" FF' dvdv

- // b(v',v) h? (v)" F F' dvdv’,
RIxR4
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where we have used (H1). Swapping v and ¢’ in the last integral gives

2A;fbf@fdu:—/éwwuudﬂh—ﬂf@VFFﬂvM’
+—/%;XRdb(v;d)(hﬁ2(@Ak-—<v§k)}7ﬁ”dvdv’
< [ (b () = @) Frav) 2,

with another swap v <> ¢’ in the last step. Now we employ (H2) and its conse-
quence (4):

@uumww—mﬁpwwzAﬁwwvamu@ﬁmm
< 20 (W) —p )

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

/Rd L2ff<“>k dp < / (ak Ly<r, — bk (v>_£) |f|2 <U>k
/Rd f* ( (v >_B_k - ]l\v\<Rk) b () - % (v>_5> dv.

The last term is made negative by the choices ¢ = 3, b, = v /4, Ry, = (4ay/v)V/*. O

3.2. A splitting result. As in [11, 14, 19], 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 ky > 0, ko > k142 (, a = max{ay,, ax, },
R =max{Ry,,Ri,}, C=alp<r and B=L—-T —C. For anyt >0 we have:

, ko /2
(1) 1€l 2 (dz dp)—L2 ((0)*2 do dpe) <a (R)™7,
(ii) [|e*® ||L2( YF1 da dp) —L2((0)™ dadp) <1
(iii) | e BHLZ( 2 dg du) L2 ()M da ) <C(1+ t) for some C' > 0.

Proof. Property (i) is a consequence of the definition of C. Property (ii) follows from
Lemma 5 according to

//Rded fBf ()™ dzdu < //Rded <ak1 Lpg, —alp, — by (v>_€> £ ()™ dzdp
<-b 2 ()" drdp.
< b [[, UF @R deap

Similarly, we know that [|e'® ||L2( 2 da dpe) L2 ()" dr ) <1.

By combining Hoélder’s inequality

2 (ko—k1)

|mm<WW”ﬂnm@m“
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with Property (ii), we obtain
Y
ko—ky

// Bf ()" drdu < by, ||f||i1(l+ﬁ) =
RIxR

With f = e'® i Property (iii) follows from Grénwall’s lemma according to

171, <

kog—k ky—k

_—2l 2 1
T < ka=ky )
— kz—k1+2€bk1 t

k2 kl 2£bk1

fin 2
k

fll’l

fln

O

3.3. Proof of Proposition 4. Using the convolution UV = [fU(t — s)V(s)ds,
Duhamel’s formula asserts that

QLT _ B 4 1B € LT |

Therefore, by

IV e (aramsrz(aean <1 = 1TV i o) sr2(aean <1

by Lemma 6, and with k = &, £ as in Lemma 5 and ko > k + 2 /¢, we get that

ky [t Cds
L2(<v>k1 dxdu)—)LQ(@)kl dxdy) S 1+a <R> 2 /0 —(1 N S) kgglkl

is bounded uniformly in time. O

Het(L—T)

4. PROOF OF THEOREM 1

The control of the macroscopic part MMf by (AT f Mf) is achieved as in [4]. We
sketch a proof for the sake of completeness.

Lemma 7. Under the assumptions of Theorem 1, for any f € L'(dz du) NL?(dz dv),
(ATOF,Nf) > @ ((Inf?)
with .
_ T _d2 4
27 (y) =25+ (47 c= 00wl I Iifua-

C

Proof. With u defined by (13), we control ||[ITf||* = ||pf“12ﬂ(dx) by (ATMf,MNf) accord-
ing to

H”fH2 = ||u||12_,2(dx) +20 Hqui2(dx) + 67 ||Au’|iz(dx) < "U’|i2(dx) + 2 (AT, f)

using (14). Then we observe that

1
lulles = losll = 1 loaean  elia@) < g (ATOS, £)
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and use Nash’s inequality
4 2d
) 4 2d
[/l (dz) < Cnash ullfiany IVl 4

to conclude the proof. O

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 = Mt )17 > @ (l(0d = £

for any t > 0, where Ky is as in Proposition 4 and

28
E

Wly) = Coy O, Coi= (K (14 04) 171

Proof. Holder’s inequality
_k_ B
[(1d = M) fI] < [[(d = M) fIIZ57 1(d = 1) £l
and
fin
where the last inequality holds by Proposition 4, provide us with the estimate. O

10 = £l < 1711k + O pllaa < (1+O8) [1flls < K (1+04) |

k Y

Proof of Theorem 1. Using the estimates of Lemma 7 and Lemma 8, we obtain that
1(1d = M) £]17 5 + (ATAF,NF) > W (|[(1d = M) ) + @ (IN£]*) -
Using (11) and the fact that D[f] > 0 by Proposition 3, we know that
I(d =Mf|I* <z and [INf|* <z where zo:=|f"?.

Thus, from
Yy ﬁ 4 2 d —%
O (y) =2y + (E) < (C’l_l y) " with O = (2 D(29) 72 + c_d_+2) :
as long as y < ®(zy), we obtain
d+2
o (INf%) = ¢y [Ing)* =,
since ||Mf]|? < 2. As a consequence,

k+8 d+2

1(1d = M) fI2 5 + (ATAF N ) > Co [[(1d =M% + G N>

B_1 2_1 042
> min {C’ozo’c ¢, Chz <} [l
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where 1/( = max{2/d, f/k}, i.e., ( = min{d/2,k/B}. Collecting terms, we have
d
ZHIf] < — CCHIT
using (10), (11) and Proposition 3, with
Ko B_1 21 141
C:= c mm{C’onk ¢, Chzg C} (%) ‘.
Then the result of Theorem 1 follows from a Gronwall estimate.

in in1 —<
HIf (£, )] < H[™ (14 CHIf™)< 1)
B_1 )
The expression of C' can be explicitly computed in terms of Cj 2y © H| fm]%, which is
2_1 o1
proportional to (|| /™ / Hfi“||k)%, and in terms of C; z; © H[f™]¢ which is a function
of (I1F™ |t @z awy / 171 442), but it is of no practical interest. To see this, one has to

take into account the expressions of Cy, C and c in terms of the initial datum f*. 0O

As a concluding remark, we emphasize that a control of the solution in the space
L2(<v>k dz dp), 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

This appendix is devoted to a proof of (9) and considerations on related Poincaré
inequalities. Inequality (9) 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. Here we prove a
generalization of (9) which relies on a purely spectral approach.

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

dé¢ =e?dv and dv=1d¢,
where ¢ and 1) > 0 are two measurable functions, and the weighted Poincaré inequality
VheDRY, / |Vh|2d§zc*/ =& dv (20)
R R

where h = Jra hdv. The question we address here is: on which conditions on ¢ and v
do we know that (20) holds for some constant C, > 0 ¢ Our key example is

¢(v) = (0)* +log Z, and P(v)=crh ()™ (21)
with @ >0, 8> 0, Zo = fgae ®dv and cq 5 = fpa (0) " dE.
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Let us consider a potential ® on R? and assume that it is a measurable function
with Yul? 1 ol d
o= lim inf Jea (V" + @ Ju]7) dv >0,
r—-+oo weD(BE)\{0} Jga |w|? dv

where B¢ := {v eR?: |v| > r} and D(B¢) denotes the space of smooth functions
on R? with compact support in B¢. According to Persson’s result [21, Theorem 2.1],
the lower end o, of the continuous spectrum of the Schrodinger operator — A + & is
such that

o, > 0> lim infess ®(v).

r—+oo veB¢
If we replace [pa |w|>dv by the weighted integral [pa |w|?¢ dv for some measurable
function ¢, we have the modified result that the operator £L = ¢! (= A + ®) on
L?(R% v dv), associated with the quadratic form

w /[Rd (|Vw|2 + o |w|2) dv

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

2 2
o lim Jra ([Vw|? + @ |w|?) dv

> 0.
r—+o0 weD(BE)\{0} Jra [w|* ¥ dv

To prove it, it is enough to observe that 0 is the lower end of the continuous spectrum
of L — o, and to apply again [21, Theorem 2.1]. It is also straightforward to check
that the lower end of the continuous spectrum of £ is such that

o, > rll)grnooq(r) =: 009 where q(r):= mgzss e

Notice that oy is either finite or infinite. In the case of (21), we get that og € (0, 400
if and only if 5 > 2 (1 — «). Relating the weighted Poincaré inequality (20) with the
spectrum of L is then classical. Let

h=we’?, &=1|V¢*-1A¢ (22)
and observe that

[ IVhEag =22t [ (IVol + @ w?) do,
R4 R4

o

o fRdwwe*Wzdv —¢)2
_—fRdee*d)dv e .

h—ﬁ]2d5:2;14d|w—w|2¢dv,

where

Proposition 9. With the above notations, let ® and i) be two measurable functions
such that og > 0. Then inequality (20) holds for some positive, finite, optimal constant
Ci > 0. Otherwise, if we have that lim, ;o SUpess, ¢ g % = 0, then inequality (20)
does not hold.
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Proof. By construction, ¢ is nonnegative and the infimum of the Rayleigh quotient
Jra ([Vw|? + @ |w]?) 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. O

In the case of (21), the condition § > 2 (1—«) is a necessary and sufficient condition
for the inequality (20) to hold. The threshold case f = 2(1 — «) is remarkable:
inequality (20) can be rewritten for any a € (0, 1) as the following weighted Poincaré
inequality

d 2 ’h_ h’ e "
Vh € D(RY) / IVh|2e / —_dv, (23)
R (14 [v]?)
for some constant C, € (0, a?/ 4} and
1 b e—(0)° ()"
h:=— 6—1_Qd7), Zo = e—l_adv
Zo JR (1 4 [v[?) R (1 + |v]?)

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

Corollary 10. Let ® and v be respectively a measurable function and a bounded
positive function such that, with the notations of section A.1, oo > 0 and ¢~ €
LY(RY,d€). Then the inequality

Vh e DRY, /|Vh\2d§>6/ = B[ dv (24)

holds for some optimal constant C € (0,C,], where h= Jga hd€. Here C, denotes the
optimal constant in (20).

As we shall see in the proof, our method provides us with an explicit lower bound C
in terms of C,. We emphasize that in (24), the right-hand side is not the variance of h
with respect of the measure dv because we subtract the average with respect to the
measure d¢ which appears in the left-hand side. In case ¢(v) = (v)?, inequality (24) is
equivalent to [14, inequality (1.12)], which can be deduced using the strategy of [1, 2].
Also see Appendix B.1 for further details.

Proof. Let us consider a function h. With no loss of generality, we can assume that
h= Jra h d€ = 0 up to the replacement of h by h — h. We use the IMS decomposition
method (see [20, 23]), which goes as follows. Let x be a truncation function on R,
with the following properties: 0 < xy < 1, x = 1 on [0,1], x = 0 on [2,4+00) and
x?/ (1 —=x?) < &k for some £ > 0. Next, we define yz(v) = X(|v|/R), hir = hxgr
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and ho p = h /1 — x%, so that hy g is supported in the ball Byg of radius 2R centered
at v = 0 and hgp is supported in B = R?\ Bg. Elementary computations show
that h* = hip 4 h3 x and |[Vh|]* = [Vhy gl + [Vhog* — h* [Vx[?/ (1 = x?), so that
’|Vh|2 - |Vh17R|2 - |Vh27R|2’ S K,h2/R2.

Since hg g is supported in B, we know that
[ Vhanl?d€ = a(R) [ [ho 5l dv
R4 R4

for any R > 0, where q is the quotient involved in the definition of oy. We recall
that lim,_, o q(r) = 09 > 0. Using the method of the Holley-Stroock lemma (see [12]
and [8] for a recent presentation), we deduce from inequality (20) that

~ 2
[ Vhialag = c. [ Jhn = | v
R4 R4
~ 2
> C*/ hir — hl,R’ P dg
Bagr

> C, inf ¢ min/ lhig — cf” dé
2R

Bsog ceR JB
infp,, ¥

2
> Q(R) [ sl dv —C, (hd>
> Q(R) Rd| Lr| dv ) i LR 3
where Q(R) := C, infp,, ¥/ supg,,. ¥. By the assumption h =0, we know that

hdg:—/%hdg,

Br

from which we deduce that

(/Rd hLRd§>2 N </Bth§+/B%th£>2 < (/B%‘h‘d§>2 < /Rd h2d1//3%¢_1d§

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

infp,, ¥ _
e(R) :=C, —2& Lde.
(7) §(Bz2r) Bfﬂ ¢
By the assumption that ¥~! € LY(R4, d¢), we know that
. B _e(R)
Rgrfoog(R) =0 and Rgr—ll—loo Q(R) 0.

Collecting all our assumptions, we have

KR
/Rd VA de > /R <|Vh1,R|2 +Vhof - 2 h2) de

> (min {QUR),a(R)} — e(R) — ) [ 1hf*av

where min {Q(R), q(R)} —e(R) — k/R? is positive for R > 0, large enough.
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Finally, let us notice that for any ¢ € R we have

/|h—c|2d1/:/ h2d1/—20/ hdu+022/
R4 R4 R R4

with equality if and only if ¢ = h = Jra hdv. As a special case corresponding to

c=h= [pa hd&, we have
L p=Hfav= [
Rd Rd

This proves that C, > C. OJ

~12
h—h] dv

~12
h—h} dv.

In the special case of (21), it is possible to give a slightly shorter proof using the
Poincaré inequality on Bpg, for the measure d¢: see [18, Chapter 6]. An independent
proof of such an inequality is anyway needed for a general ¢. The proof of Corollary 10
is more general and reduces everything to a comparison of the asymptotic behavior
of ¢ and 1. If these functions are given by (21), inequality (24) can be rewritten in
the form of (9), we have an estimate of C and we can characterize C, as follows.

Proposition 11. The optimal constant C, is the ground state energy of the operator
L=19y"1(—A+®) on LHRY ) dv).

The proof relies on (22). Details are left to the reader.

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

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

9,9 =L.g. (25)

After summarizing the standard approach based on the weak Poincaré inequality (see
for instance [14]) 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 (« = 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,B) with 8 =
2 (1 — «). By a simple Hélder inequality, with (7 + 1)/7 = /n, we obtain that

/Rd h—%fdgz/Rd
< (/L

Wbl )" () de

h—i[” <v)_5d§>%ﬂ </Rd

1
147

Ay 07 )
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Here we choose h := Jga hd€. Using (9), we end up with

Vh € D(RY), /]h A’ d§<CM</ |Vh|2d§)

for some explicit positive constant C, ,. We learn from (5) that

1+7'
Lo (R4) (26)

— 7| de = —Q/Rd IV, h|? de

if g = h F is solves (25), and we also know that h does not depend on t. By a strategy
that goes back at least to [16, Theorem 2.2] and is due, according to the author, to
D. Stroock, we obtain that

- 2o NTF o 2t T
[ Inte —h’ngg((/Rd’h(o,-)—h’2d§> +7Cé,tf/7/\/zt>

with M = sup,¢ gy Hh( hHL o (R The limitation is of course that we need to
restrict the initial conditions in order to have M uniformly bounded with respect to t.
Since 1 can be chosen arbitrarily close to [, the exponent 7 can be taken arbitrarily

large but to the price of a constant C, , which explodes as n — [_.

Notice that (26) is equivalent to the weak Poincaré inequality

Vhe DRY, CM/ = A€ < g m/ VAP dg +r ||h— R .
for all r > 0, as stated in [22, (1.6) and example 1.4 (c)]. The equivalence of this
inequality and (26) is easily recovered by optimizing on r > 0. It is worth to remark

that here we consider Hh — 7LH while various other quantities like, e.g., the median

Lo (R4)
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 & > 0 the
evolution according to equation (25) of fua [h(t, )2 (V) A€ = fpa [h(E,0)|? (0)" F dv
where h := g/ F solves

Oh=F'V,- (FV,h).

Let us compute
2 - _ 2y . k
dt/ In(t, qu+2/ IV h[2 (o) Fdo = /Rdvv(h) (V. ()F) Fdo
and observe with ¢ = 2 — « that

Vo (FV,()f) = @—"7)4 (d+(k+d=2) o) —a @) [v]*) <a—b (v)™
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for some a € R, b € (0,+00). The same proof as in Proposition 4 shows that there
exists a constant /K, > 0 such that

VE2 0 [IA(t )liLe(+ae) < K |

L2((v)*dg)

Hence, if h solves (25) with initial value h™, we can use (9) to write
d =2 . 9 ~12 _3
E/Rd B, ) — I dg——2/Rd|Vvh| dgg—zc/Rdyh—hy (0) =B dg
with =2 (1 —a) and h = fga hd¢. With 6 = k/(k + 8), Holder’s inequality

Juln=iag< (=77 o ag) ([ =i wta)

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

Proposition 12. Let a € (0,1), let g™ € L (du) N L2((v)*du) for some k > 0,
and consider the solution g to (25) with initial datum g™. With C as in (9), if § =
(Jga g dv) F' where F is given by (2), then

) w P\ 28C TP
lg(t,-) —gl* du < (</ 9" -7 du) t)
R4 R4

TRk
with B =2 (1 — ) and K := K3 ||gi“!|iz(<v>kdu) + Oy (fpa g™ dv)”.

We recall that ¢ = hF, § = hF and Fdy = dv = F~'d¢. We notice that
arbitrarily large decay rates can be obtained under the condition that k£ > 0 is large
enough. We recover that when k < d 3/2, the rate of relaxation to the equilibrium is
slower than (1 +t) =42 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 & > 0, if « is taken close enough to 1.

1

3 e
we obtain that y(t) == fga g(t,-) — g|* dp obeys to iy’ < —2C K'=/? /% and conclude
by a Gronwall estimate. OJ

Proof. Using

h—hf <v)kd§§/Rd|h|2 (0)F A€+ 0, % = K,
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