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Summary: Using the notion of time-dependent rescalings introduced in [DR], we prove explicit dispersion
results. The main tool is a Lyapunov functional which is given by the energy after rescaling and the entropy
dissipation. The relation with asymptotically self-similar solutions is investigated. The method applies to the
solutions of the Boltzmann, Landau and BGK equations. In the case of the Vlasov-Fokker-Planck equation,
the difference with the self-similar solutions has a faster decay, which is estimated by a classical method for
parabolic equations and interpolation estimates.

I. Introduction

Consider in IR? the Boltzmann equation

af B

with

Qﬂﬁf%i/ﬁﬁwg%wwmwmfﬁ—fﬂ>mdw.

Here f/, f1, f and f. are the standard notations for respectively f(t,z,v"), f(¢t, z,v}), f(t, z,v) and f(¢,z,v.)
where (v/,v}) and (v, v,) are the incoming and outcoming velocities corresponding to a deflection given by
the angle w € S2:

{v':v—[(v—v*)-w]w,

o=+ [0 — ) - wlw
We assume that the cross-section takes the form

UV — Uy

B(v — vy, w) = |v — 0|7 b( ‘w) . (PL)

v — v

v is determined by the 2-body power law of interaction as follows: if the 2-body force is proportional to Tis
with s > 2, then
5—5

s—1°

’y:
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s = 2 is the case of the Coulomb force term, which is a limit case for the Boltzmann equation.
The corresponding Landau equation in IR? is

0
O v Vef = Qulf ) (L)

0 2i%i af Ofx
_ Y2 5. — 2 I
dv; /st o = vel (6” |22 z—v—v*) (f* Ov; fav*j) e

The BGK equation is a simplified version of the Boltzmann equation:

with

3
QuLlf, /)=

i,j=1

0 1
8—{+U-wa:F0(Mp,u7g—f) (BGK)

where Ty is a positive constant and p, u, 6 are defined in terms of the moments of f:

(p(t,x),p(t,x)u(t,x),3p(t,x)9(t,:v)> = ( - ft,z,v) dv, /B3 ft,z,v)v dv, /B3 ft,z,v)|v —ul? dv) .

As a caricature(*) of the Landau equation, we may also consider the (linear) Vlasov-Fokker-Planck equation:

0 .

v Ve = fivy(of) + oD | (VFP)
where § and o are two nonnegative constants (friction and diffusion coeflicients respectively). The corre-
sponding Green function is explicitely known: using its invariances, we will prove in the last section that the
difference with the solution to the Cauchy problem has a faster decay.

We will not give detailed references on the existence theory of the Boltzmann equation, and will refer to
[L1] for a more extended list of references, and also to [CIP]. Let us simply mention [IS], [G] and [BPT)] for
the existence of classical solutions, and [DPL1], [DPL2] and [L1] for the existence of renormalized solutions
(we will work in that framework). Concerning the Landau equation, we may quote the results by P.-L. Lions
(see [L2]) and C. Villani (see [V1]) and for the BGK model, [P1], [P3] and [M].

For the notions of dispersion (see [MP] for an application to the Boltzmann equation), we will refer to
[IR], [P1], [P2], [CDP] and [DR]. The time-dependent rescaling method has been developped in the context
of kinetic equation in the last of these references.

One has to mention here that the notion of dispersion has been used a long time ago by R. Illner and
M. Shindbrot (see [IS]) to obtain an existence result for the Boltzmann equation. Since they were building
solutions in L*°, they were getting the decay one might expect for the free transport equation, actually that
p(t,.) = [ f(t,.,v) dv decays like ;5. Here we deal with weak solutions (actually even renormalized solutions
for the Boltzmann and the Landau equations) for which only the entropy and some moments are known to
be bounded. This gives rise to a much slower decay. How to fill the gap between these situations is still
open.

Transformations of kinetic equations have been extensively used to build special solutions. The notations
7, n we shall use thereafter are the classical notations of the celebrated Nikolskii transform, and we will refer

(*) If s = 5, the homogeneous Landau equation can be written (see [V2]) after a rescaling and a convenient
renormalization as

3
of 2 o*f
o o Tl = 30 (o0 ) v 1) 51
and the equation is reduced to the Vlasov-Fokker-Planck equation if f is radially symmetric in |v| (isotropic
case). However, this reduction is valid only for a correctly normalized distribution function. This explains
why the scaling properties of the (linear) Vlasov-Fokker-Planck equation differ from the scaling properties

of the Landau equation.



to [Co] or [BCS] for more references in this direction. However, our purpose is a little bit different, since
we are intereted in building integral quantities (that could even be exhibited without any justifications
concerning the transformations of the equations) to obtain dispersion results and we will therefore not insist
on that point.

I1. The Boltzmann equation

As in [DR], we may consider the time-dependent rescaling given by

1
VEOR
() = 7
_ A% R(t)
n(t, z,v) = R (v — mx} )

Here ~ denotes the derivative with respect to ¢. A natural requirement is the preservation of the L'-norm:
if F' is the rescaled distribution function given by

_(A®)N°
f(t,(E,'U) - (%) F(Tagvn) 9
it has to satisfy the rescaled Boltzmann equation (without cut-off):
OF At)  R@)\ .. R(t)A%(t) _ _
- VeF +24%0) | =2 — =2 )d Fy— =2 ey, F=A"M0)R 3@ F,F).
o Ve 220 () - b )aivyar) - 2w, (R ()Qs(F. F)
With the ansatz )
A = R B R - ﬁ 5
the rescaled distribution function is a solution of
oF
—+77V£F—§VnF:€(T)QB(FaF)7 (RB)

or

with 1
e(7(t)) = FEETOR

Assuming further that R(0) = 1, R(0) = 0 and 7(0) = 0, which means that f and F satisfy the same initial
conditions, the change of variables means

R(t)=v1+1t2, R(t)= \/11_#

7(t) = Arctg(t) ,

g(t,fﬂ) = \/% )

n(t,z,v) =1+t2(v—

),
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f(t,ac,v) = F(T(t),g(t,x),n(t,x,v)) :

Exactly as for the usual Boltzmann equation, the following a priori estimates hold, at least at a formal
level:

d

dr / /JRS X IR3 F(r,&,m) dédn =0, (Mass)
d 1, 1o, B
dr /~/1R3sz3 F(m&m) (§|77| + §|£| ) d§dn =0, (Energy)

and Boltzmann’s H theorem is now

%//Rmm F(T,ﬁ,n)log(F(T,ﬁ,n)) dﬁdn——e(T)////(BS)BXsQB(n—n*,w)<F’F;—FF*>

F'F
-1 * ) dédndn, dw .
Og(FF*) §dndn.dw

Remark 1.

p=5 [ [ Pe.en) (nf +1eP) dedn
_1 2 _ t 2 1 2
= 2(1—|—t )//BleRS f(t,z,v)lv 1+t2$| d:cdv+—1+t2//JRSXRSf(t,x,v)|x| dxdv

plays the same role as the Lyapunov functional in [DR] but is actually (at least formally) a conserved
quantity. It can be seen as the limit as a — 04 of Lyapunov functionals L, given by

Lot =5 [ [ Far(o.6m) (ol + 16 ded

where F, is given by the same formula as F' except that the new ansatz for R and A is now

A=R'"%(t), R=R"Y"%.

In that case,

i 2 2 _ 1—2a : 2
dT//WXW Fa(,&m) (Inl” + [€°) dédn = —4aR (t)R(t)//}RaXRa Fo(r,&,m) [nf? dédn

d . t

aLa(t) = —2o¢R(t)R(t)//IRSXB3 flt,z,v)|v— %t;:ﬂz dxdv .

We shall use the identity (with & = 1) in Theorem 1 to prove the dispersion result. However, this essentially
says nothing but:

D) [ [gsme f(& x,0)[x — vt]* dedv is preserved.

2) [ [pewms [t 2, 0)|x|* drdv grows at most like t? (as ¢ — +o00) which is clear because of 1) and the
conservation of the energy.

In the framework of the renormalized solutions of R.J. DiPerna and P.-L. Lions (see [DPL1], [DPL1]),
these estimates are transformed into a priori estimates under the following assumptions on the collision
kernel:

(H1) The Boltzmann collision kernel satifies the “weak angular cut-off”: B € L}, (IR? x S?) which means

loc
be L'(S?) andy> -3 <= s5>2
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in the case of a power law 2-body interaction. Note that in this case the cross-section derived from the
corresponding force, which goes like Ti gives a singularity of the order of ( ‘Z:zi‘ ‘W) with a = % and

-w) is invariant under the time-dependent

V=V
[v—v]

that this singularity here is removed (but the term b(

rescaling).
(H2) The Boltzmann collision kernel satifies the “Mild Growth Condition”:

1
lim 72/ (| Bv,w)dw)dv=0 VYR>0,
l2[—+oo L+ (22 J|.—pj<r Js2

which means for the case of a power law 2-body interaction

YT<2s>1.

(H3) Almost everywhere in (v,w) € IR® x S%, B is positive.
We first give a dispersion result for the Boltzmann equation which improves the one given in [P1]. This
result does not depend on the special form (PL) we assumed in Section 1.

Theorem 1. Assume that the collision kernel satifies assumptions (H1), (H2) and (H3), and consider a

renormalized solution f € CO(IR", L*(IR? x IR?)) corresponding to an initial datum fo € L'(IR? x IR3) such
that fo(|z|? + |v]? + |log fo|) is bounded in L*(IR? x IR®), and such that for any t > 0, the estimate

// f(t, z,v)|v|* dedv —I—// ft,z,v)|z — vt|* dedv < // folz,v)(|z)* + |v]?) dzdv ,
R x IR? R x IR? R3 x IR3

and the entropy estimate
// f(t,z,v)log f(t,x,v) dedv
R3x IR3

+/ot(////(ﬂ3)3xs2 B(v — vx,w) (f’f; —ff*> -log<‘?/€/‘) dzdvdv,dw) ds

S//JRSXJR3 fo(z,v)log fo(x,v) dxdv ,

hold. Then
(i) for any t > 0,

t 1
1+¢ t - * dxd —// t * dd
i) [ [ ol el dodot g [ pes o)l dado

<[ [ fawo)of + 0P dodo
IR3 X IR3
(ii) there exists a positive constant C' = C(fy) which depends only on fy such that for any r > 0,

Clfo)
o (422)

(L)

m(r,t) := /z<r( - ft,x,v) dv)dx <

Proof : The simplest method to prove (i) is to notice that

t 1
1+¢2 t - % dad —// t ? dad
) [ [ pema = el dedos g [ el deao
:// ft,z,v)|v? dwdv—l—// ft,z,v)|z — vt|? dedo .
IR3 x IR3 R3 x IR3
)




One may also use the method of P.-L. Lions for the Vlasov-Boltzmann equation (see [L1], III) to prove directly
(using approximating solutions and passing to the limit) that any solution F' € C°([0, [, L' (IR® x IR?)) of
(RB) which is a limit of classical solutions of regularized problems has also to satisfy

Lo 1.9 1oy, 1,
/~/1R3><1R3 F(r,&,m) (§|77| +§|§| )dédnﬁ//JRSXRS fo(:v,v)(§|v| +§|x| ) dxdv

for any 7 € [0, Z[, which is equivalent.

We now use (i) to obtain a dispersion relation via an interpolation which is in a sense the limit case
as p — 1 of an interpolation between moments and an LP-norm. The result is obtained using several times
Jensen’s inequality: if f and g are two nonnegative L(§)) solutions such that f(|log f| + |logg|) belongs to

LY(Q), Jensen’s inequality applied to t — tlogt = s(t) with the measure du(y) = % gives
fo, f ( f > B <fg fy) dy)
log(=) dy = dy - =)d dy - =d = dyl = ).
/Qf og( ;) dy /Qg(y) Y /QS(Q) u(y)z/ﬂg(y) yes| f g ) /Qf(y) vlos\ T oty dy

(J)

(14— —t g2
=2l with y =wv, Q = IR3, and then integrating with

Applying first this inequality to g = e
respect to x, we get

/ p(t,x)log p(t, x) dx §// f(t,z,v)log f(t,x,v) dedv
R? R3x IR?

t 3 1+ (T'la)
1+ ¢ t — * dedv — =M1
sare) [ [ jtal - el dodo - Sariog(£E5)
where
M =m(o0,t) = // f(t,z,v) dedv :/ p(t,x) dr .
R3x IR3 R?
Applying now (J) to @ = B(0,R), g =1, y = x, we find
4
m(r,t)logm(r,t) < m(r,t) 10g(§7‘3) —|—/ p(t,z)log p(t, x) dx . (T'1d)
|z|<r
But
[ stonsptoydi= [ peoosptode- [ palogpta)ds. (710
|z|<r R3 |z|>r
1212
Applying again (J) to Q = R\ B(0,7), y =z, g = e 1+, we obtain
|z
- p(t,z)log p(t,z) dz < p(t,x) ——5 dx
jo|>r jo|>r 1+1 (T'1d)

— (M —m(r,t))log(M — m(r,t)) + g(M —m(r,t)) log[r(1+ t?)] .
Combining (T1a), (T1b), (Tlc) and (T1d), we find

1+t t |z)?
< t log f(t 1+ t3)|v— 2 dzd
e B | R e e R

—m(r,t)logm(r,t) — (M — m(r,t))log(M — m(r,t))

3m(r, t) log(

4
3M 1 - t)log(——=) .
+ 3 log(m) — m(r,1)log( =)
t+— —tlogt is bounded from above: combining the decay of t — [ [no pa f(t,2,v)1og f(t,z,v) dedv which
is given by the "H-Theorem”, and (L1), we get the dispersion estimate (D). O
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However, the entropy production term for the rescaled distribution function provides further infor-
mations. Essentially, it controls the weak L'-convergence to the Maxwellian functions and the dynamical
stability in the sense of Y. Guo, G. Rein (see for instance [G1], [G2], [GR]) but is not sufficient to give the
strong L!-convergence to the Maxwellian functions as will be shown on a large class of counter-examples.
These three properties are the subject of the next three propositions.

Proposition 1. Weak L'-convergence. Under the same assumptions as in Theorem 1, for any sequence
Tpn, such that lim,_, 4 7, = %, up to the extraction of a subsequence, there exists a function D € L1(1R3)
and two functions & — 0(&) and & — U () such that F(,,.,.) converges weakly in L*(IR® x IR®) as n — +o0
to the local Maxwellian function

e~z In=U@©)

(M)
with M = ||D||p1(rs) = || foll L1 (R8s x r3)-

Notation : In the rest of this section, we denote by e[f] the entropy production rate:
flfl
wn=[[[[ se-oo(rr-ss)os( L) asanna.
(IR3)3x 52 e

Proof : The key estimate is the decay of the entropy. Since fOT (1) dr diverges, there exists an (increasing)
sequence (T, )nen With lim, 4o 7, = § such that lim,, | o e[F(7y,.,.)] = 0. But

T»—»//IRSXBS F(7,&m) <%|77|2+%|§|2+log(F(7-7§,77))) dedn

is decreasing and bounded by its initial value

[ e (i + 5le? + tox(ate.n) ) dedn.
IR3 x IR3

Using the Dunford-Pettis criterion, we get the existence of an increasing subsequence of (7, )nen (we still
denote it by (7n)nev) and of a function My, (€,m) € LY(IR? x IR?) such that

F(rpy.y.) = My
weakly in L' (IR x IR3). The usual (see [L1]) convexity argument then proves:
6[./\/1 M] =0.

According to [L1] for instance (see also [A], [CIP], [C]), M is a Maxwellian function: there exist three
functions D, 6 and U respectively in L'(IR?), LS (IR?) and L. (IR?) such that Equation (M) holds. O

loc loc

The dynamical stability is a global property of the solution to the Cauchy problem, which is preserved
by the evolution. Since we deal with weak solutions, one cannot expect to prove more than such a result
in general. The nice property here is that the free energy controls the L'-norm of the difference with the
stationary solution. This situation is simpler than several situations that have been studied earlier (see [G1],
[G2], [GR], [R] for instance).

Proposition 2. Dynamical stability.
(i) For any 6 > 0, there exists a unique minimum in

X={FeL'(R*xR?) : F>0ae. |[FllLi(rxm)=m}
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Fualr) = [ [ Fen (GP+ 3R+ oop(Frem) ) dey

which is reached by the following minimizer

Gue(€,n) = e 5Unl?lel®)

(276)3
In the following, we note

maro = Far,o|Garel -

(ii) For any 0 > 0, if F is a rescaled solution of the Boltzmann equation like in Theorem 1

)

T ég%}_M,e[F(T, . )] — ]'-Myg[mMﬁg]

is decreasing, and for any T € [0, T},

1
§||F(77 He) — mM,0||%1(]R3X]R3) < FumplE(7y.,.)] — Faelmae] < Farelfols-s.)] — Fuelmae] -

Proof : The proof is a straightforward consequence of the Csiszar-Kullback inequality (see [Cs], [K],
[AMTU]) and the fact that 7 +— Fazo[F (7, .,.)] is decreasing. O

To conclude this section, we exhibit examples of stationary or time-periodic solutions of the rescaled
Boltzmann equation that do not have a free energy as low as the one of the minimizer.

Proposition 3. Counter-examples to the strong convergence: stationary and time-periodic
solutions.
(i) Stationary solutions. For any 6 > 0 and any w € IR with |w| < 1,

o= 3 (€12 +In]? ~2w-EAn)

HM,H,W (57 77) = (27‘1’9)3

is a solution whose free energy is

jw|?

fM,H[HM,G,w] = fMyg[mMﬁg] + 4M97|w|2 1

(ii) Time-periodic solutions. Given any solution of

fo+& =0

(Eo = 3|%)* + %|€.0|2 is a constant of the motion),

Jeo (€,1) = o~ 30 (1E=&01?+|n—Eo|* —2w-EAn)

(270)3
is a time-periodic solution of period 2w whose free energy is
FumolJeo] = Farolmae] + Eo -
(See Appendix B for the most general type of time-periodic solutions.)
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Proof :
Stationary solutions. A class of stationary solutions is given by functions which are Maxwellian in the
velocities and depend only of the integrals of the motion according to Newton’s law:

é:_ga

Since the force term derives from the harmonic potential %|§ |2, which is radially symmetric, there are two
integrals of the motion: . .
€ +1€)* and EAE,

which give rise to the stationary solutions of Proposition 3. We may then write:
[P +1n* = 2w - EAn = In—wAEP +IE° — w g

and the computation of Fps g[Hnr,e,.] immediately follows.
Time-periodic solutions. A straightforward computation shows that

[

ot (5050 + éo{ro)Jgo =0.

+n- vﬁ‘]ﬁo §'VWJ50 =

Sy

Remark 2. The fact that there is no other stationary solution than the ones that depend of the integrals of
the motion is usually called Jeans’ theorem (see [Dol] for a general approach of these ideas). That there are
no other stationary solutions than the ones considered above can be studied directly following Desvillettes’
ordinary differential equations approach (see [De]): this method is detailed in Appendix B.

Remark 3. One may also study directly the dynamical stability of the solutions Hj g, ., with the modified
free energy

~ 1 1
Fuacdtl= [ [ Pl Glo-one?+ 5P ~ o neP) + o108 Frg.n) ) ded.
IR3 X IR3
To obtain further results, 6 and w should be choosen consistently with the initial data, assuming for instance

that
// fo(f,n)éAndédn:// folé,m) €A (w A &) dedy
IR3 x IR3 R3x IR3

//,RB ol& )= ‘”A5|2d5d77—39/ | Jol&m) dedn.

However, it is not clear if these quantities, which are conserved for classical solutions, are still preserved
during the evolution for renormalized solutions.

and

Remark 4. If t — R(t) is a solution of

. 1 . .
fr= 25 with RO0)=1, R(0)=0,

t— Ry(t) = \/_R(ﬁ) is a solution of the same equation with Ry(0) = v/X and Ry(0) = 0. The generic
solution is therefore (for any Ry > 0)



To the family of the global Maxwellian stationary solutions Hase.,(&,n) corresponds a whole family of
solutions of the Boltzmann equation

12 2

£l £
R3

——— + (RE +
R+

M 1
R _
M?H,w(tvxvv) - (27‘(9)3 exp—@< v — Wl’ —2wax A ’U) .

The fact that there is no limit as Ry — 04 reflects why (see [DR]) self-similar solutions do not appear
explicitely in the Boltzmann equation.
An even more general class of special solutions is given by the local Maxwellian that are solutions of
the free transport equation:
t. x R(t)
t,z,v) = g( Arctg(—), ——, R(t)(v — ==
flt,2.0) = o Aretg(0), 7 RO - ioko))
where ¢ is given in Proposition 6 (g is a local Maxwellian which is a solution of the transport equation in an
external harmonic potential: see Appendix B). However, these solutions are classical. The decay is then of
course of order O(t~3) like for the solutions of R. Illner and M. Shindbrot (see [IS]), in an appropriate norm.

Note that the above remarks apply as well to the Landau or BGK equations (see Section III and IV).

ITI. The Landau equation

The same scaling as for the Boltzmann equation holds for the Landau equation. If

1 T A2(t) R(t)
the rescaled distribution function F' such that
AnN°
t =|—=—<%| F
) = () Fr&m)
has to satisfy the rescaled Landau equation:
OF At) R\ .. R(t)A%(t) 2(1— _
T VeF +242(t) [ Spn — =t | divy (nF) — —2 26 -V, F = A2V RT3 ()QL(F, F) .
- er 4200 (450 - 20 Jaw, o) - O 0e v, OB ()Qu(F. F)
With the same ansatz as in Section II,
R 1 .
A=R, R:ﬁ’ R0O)=1, R(0)=0 and 7(0)=0,
F becomes a solution of oF

with

e(T(t)):m%w, R(t)=+1+1t2, R(t)= ! and 7(t) = Arctg(t) .

1+ ¢2

The estimates are the same except the H Theorem which now is

%/~/JRS><B3 F(Ta&n)log(F(ﬂ&n)) dédn = —e(t)eF)(r)

10



AFI) = [ [ = n[HE - TP W, n)(VE - V.F)dgdn.d
(IR?)3
II(n. — n) beeing the orthogonal projection on (7, —n)*.
As a consequence, assuming that there exists a renormalized solution (see [L2], [V1]), we may state a
result analogous to the one we obtained for the Boltzmann equation (the proof is exactly the same).

Theorem 2. Assume that the collision kernel satifies assumptions (H1), (H2) and (H3), and that f is a
renormalized solution of the Landau equation with the same a priori estimates as in Theorem 1. Then
(i) for any t > 0,

t 1
1 t2 t7 9 - 2d d —// t, , 2d d
1+ )//JRaleaf( x,v)|v 1+t2:1c| xdv + 5 S ft,z,0)|z|? dedv

<[ [ falwo)ef + o) dodo
R x IR?
(ii) there exists a positive constant C' = C(fy) which depends only on fy such that for any r > 0,

Cho)
o (25

m(r,t) := /$>T( - ft,z,v) dv)dx <

Note that the weak L'-convergence, the dynamical stability and the counter-examples hold exactly as
for the Boltzmann equation.

IV. The BGK and Vlasov-Fokker-Planck equations

Since the quantities preserved by the BGK equation are the same as the ones of the Boltzmannn equation
or the Landau equation, the same type of results holds. Dispersion estimates for a modified BGK equation
that satisfies a maximum principle have been obtained by B. Perthame in [P1]. Here we simply use the
entropy estimate to control the dispersion.

Theorem 3. Assume that f is a solution of the BGK equation with the same a priori estimates as in [P1].
Then
(i) for any t > 0,

t 1
1+¢2 t - 2 dad —// t 2 dad
) [ [ pema = el dedo s g [ faolef? dedo
g// fo(z,v)(|z|* + |v|?) dadv |
R3 x IR3

(ii) there exists a positive constant C' = C(fy) which depends only on fy such that for any r > 0,

Clfo)
s (422)

m(r,t) := /z>r( - ft,x,v) dv)dx <

11



The same techniques also applies to the Vlasov-Fokker-Planck equation except that the two terms
(friction and diffusion) of the Fokker-Planck term do not have the same scaling properties, which makes the
analysis of the dispersion somehow a little bit tricky. We use here the same approach as in [DR] for the
Vlasov-Poisson-Fokker-Planck system.

If
F(t,2,v) = F(r(t), %, R(t)(v — %@) . 7(t) = Arctg(t) and R(t) = /1+¢2,
then F is a solution of
‘2—1: +n-VeF — €V, F = BR*(t)div,(nF) + o R*(t) A, F . (RVFP)
The free energy is as usual (see [BD], [D], [DR])

n=[[  reen <1|n|2 ey TR log(Fv,s,n))) dédn
IR3 x IR3 2 2 ﬁ

- BRQ(t)HFHLl(RstRﬁ) log || F|| 1 (3 x m3)

3SRl ey og (205 - F20)) 20,

with of course 7 = 7(¢t) = Arctg(t). Since t — R(t) is increasing, it is more convenient to consider

L) = gm PO+ 5 [ [ ) oa(Pene) dear

g
- B||F||L1(R3><R3) log || F|[1(r3 x R%)

+ 3%||F||L1(1R3><1R3) 10g<27Tg : R2(t)) ,

B
with )
_ 4 - 2 2 '
s ] rwen (2 +1e?) asay
Then
e ALy o B0 dr >+6@<d—7> Ziie|
dr R3(t)  dt R(t) dt LI xR

_ I 2 877_F2
6//JRSXB3F(T,§,17> -+ GRAOZ dedn

Going back to the original variables, this means that

dt |2 ! - dadv + 5 t dad
dt L//m,smsf( vl = el dedv ¥ ST //mxmf( @, 0)lal” dedv
+g// f(tvxvv)logf(t,z,v) dxdv
g R x IR?

ag ag ag
_ —||f||L1(IR3><lR3)10g||f||L1(IR3><lR3) +3B||f||L1(B3XIR3) 10g(27TB . (1 +t2)>:|

p
- [// [tz v)v— ! xf? d:vdv—i— // ft,z,v)|z)? dedv
1+t2 R3 x IR3 B 1+ 2 R3x IR3
6t 2 ’Uf2
1 Sl — o [ [ st o e+ GV R 2P dean
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With this computation and using the estimates given in Proposition 5 (Appendix A), we are in position
to state the following results on the long time behaviour of f.

Theorem 4 .Consider in C°([0, +oo[, L'(IR® x IR3)) the solution of the Vlasov-Fokker-Planck equation
corresponding to a nonnegative initial data fo in L°°(IR? x IR®) such that

(z,0) = folz,v) (Jz|* + [v]* + [log fo(z,v)])

belongs to L*(IR® x IR®). Then

1 o
t— ———— t — dzd
= a0 7 ] Sy 5 Tt

is uniformly bounded on IR™, f belongs to C°([0, 4+-occ[, L'NL>(IR*x IR*)) and for any (p,q) € [1,40c]x[L, 5],

||f<t,.,.>||Lp<Rsms>—o<t-%<1-%>> and || / f(t,.,v>dv||m<ms>—o([log<1+t2>f”2q”t%w),
RS
ast — +oo.

Proof :  The decay of ||f(t,.,.)||zr(msxm3)(t) is given by the results of Appendix A and interpolation
inequalities based on Holder’s inequality.
Using that, on one side

L(r(1)) < L(0) + 3log(1 + ) %||fo||p<ﬂsms> ,

and on the other side, by the mean of Jensen’s inequality,

1 t 3o
p-1 [ [ fal— el dedo> = Z ol e loz2.

one proves that m [ Jrssems F(t2,0)|v — =] dedv is bounded.

The decay of || [js f(t,.,v) dv||Le(rs)(t) is then a consequence of the following interpolation inequality
(see [Do3] for more details): there exists a constant C(p) > 0 such that

1-6
t
||/ f(t, ) dvl|pamrsy < Cp)||f(E,.,.) dU||9Lp(lele3)- // ft, z,v)|v— 29c|2 dxdv
IR3 R3xIR3 1+t

: __ 5p—3 _ 2p
Wlthq—ﬁandH—m ]
Remark 5.

1) Note that the decay given above is mainly a consequence of the estimate given by the Green function, not
by a decay of the moment.

2) More precise estimates on the decay might be obtained using the expression of the Green function.

3) Using again interpolations results like in [Do3], one could also give decay estimates on moments in v of
order strictly less than 2.

4) The decay estimates on the moment in (v— HL#:Z:) might be improved using one of the following logarithmic

Sobolev inequalities: for any nonnegative function g such that ,/g belongs to H*(IR?) (d > 1), for any a > 0,

2 d/2
Y 2ma a Vg vy
| owttoegt + 20y dy+ gl tos (2 <5 [ ) 152+ Ly,

2a 19l (e 2 g
V2ra a Vgl|?
/ 9(y)logg(y) dy +d {1 + 19l (ma) log(i)] < —/ Vol dy
R4 gl L1 (ma) 2J)ps 9
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V. Conclusion

This paper has been focused on the dispersion properties of kinetic equations with collision terms.
However the rescaled equation does not provide much information because most of the solutions are defined
only in a very weak sense. The available information is too poor to prove that the rescaled solution converges
to the stationary solution of the rescaled equation. This is very similar to the situation that occurs for kinetic
equations without collision terms, for the Vlasov-Poisson system for instance (see [DR]) in the sense that the
results one can establish are simply based on the decay of the Lyapunov functional, which can be computed
directly.

Here, the method provides dispersion results because the collision kernels are local in = and (except
for the Vlasov-Fokker-Planck equation) and preserve the local energy (the momentum of order 2 in v is
conserved).

As a consequence, the rate of dispersion is determined more by the quantities one uses for the interpo-
lation than by the structure of the equation itself. For instance, in the case of the Boltzmann equation, the
solution found by R. Illner and M. Shindbrot (see [IS]) are such that |[p(t,.)|[z~(rs) has a decay of order
O(t~?) while one proves only a decay of order O(@) for the renormalized solution of R. DiPerna and P.-L.

Lions, simply because the interpolation uses the estimate [ fleleS ft,x,v) log(f(t, z,v)) dedv instead of
an L (with weight) norm of f.

Similarly, for non-collisional kinetic equations, one may expect that the dispersion rate one can obtain
with interpolation methods will depend in a crucial way whether the solution is strong, weak, or renormalized.
A very simple illustration of this fact is given by the Vlasov-Poisson system: while the decay is of order
O(t=3) for classical solutions (see [BaDe]), the decay turns out to be weaker for strong solutions (see [P1],
[IR]), actually of order O(t=3/%). Tt is still weaker if we consider the renormalized solutions defined by R. J.
DiPerna and P.-L. Lions in [DPL3] as shown by the following result.

Proposition 4. Consider a renormalized solution of the Vlasov-Poisson system

%+U-fo—VxU~va:0

— AU = f(t,z,v) dv
IR3

such that

(// ft,z,0) (|v]* + |z — vt|* +log(f(t, x,v)) dzdv —|—/ V.Ut z)? d:c) < 400 .
R3 x IR3 R3

|t=0
Assume moreover that f(t = 0,.,.) = fo has a spherical symmetry (i.e. depends only on t, |x| , |v| and

(z-v), and that at t = 0, f(t =0,.,.) is supported in the set {(z,v) € R* x R* : (z-v) > 0}. Then f is
spherically symmetric for any t > 0,

sup// ft,z,v) (v + |z — vt]* + log(f(t, ,v)) devdv —|—/ |V U(t,x)]* dv < +oo
t>0 R3 x IR3 R3

and
(i) for any t > 0,

t 1
1 t2 t77 - 2dd —// t,, 2dd
ity [ [ o el dado s g [ gt el dade

xr,v I2 ’U2 xav
<[ [, folao)aP +1oR) dodo.
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(ii) there exists a positive constant C' = C(fy) which depends only on fy such that for any r > 0,

C(fo)

m(r,t) := / (| flt,z,v)dv)de < ————.
jal<r /3 log(m)

The proof of (ii) is essentially the same as before except that we have to prove first that under the
symmetry assumptions made on fy, the solution has a Lyapunov functional which essentially has the same
decay as the solution of the free transport equation. We may note that for a strong solution, one would get
a decay of order O(t=6/%).

Of course, for a spherically symmetric solution, more results on the regularity are available and it is
possible to consider a stronger form of the solution than simply renormalized solutions. However, we will
here only use the a priori estimates that are required to define a renormalized solution (for the interpolation
method). The symmetry assumptions are done only to prove the decay of the Lyapunov functional. Without
these assumptions, the usual Lyapunov functional, or even its slightly improved form (see [DR]) involving a
moment of order 2 in z, is not sufficient to apply our interpolation method.

Proof : First, we may notice that for a spherically symmetric solution, the potential U is radial and decaying:
x-V,U(t,x) <0 for (t,r) € IRT x IR? a.e. The argument is then very simple. Assume first that the solution
is a classical one (assertion (i) will be satisfied as soon as it is verified uniformly for classical solutions). One
may see that for any characteristic starting in the support of fy at t = 0, for any ¢ > 0,

d 1 d 2

—(= |v|) (z-v) and a(xw):h)

—(r. >
= (5 (z-V,U)>0,

1
(G10P)=0 20 and (2 v)j— 20.
The kinetic energy is therefore increasing, and because of the conservation of energy,

d
— V.Ut z)|* de <0.
b J s

Exactly as in [DR], instead of making a complete change of variables in ¢, z and v like in section II, one
may simply consider the equation for F' defined by

F(t2,0) = F(t,a,n = v — ).

R
F' is a solution of
OF R R R
el SF— F— VoF + =V, (zF)— =V, - (vF)=0.
at%—vV V.U -V, RxV +RV (zF) RV (vF)=0

For any given function ¢ — B(t) in C*, a computation provides the identity

[ (// F(t,z,n) |n|* dedn + —// F(t,z,n) |z d:vdn—i—/ |V U(t,z)? d:v)]
IR3 x IR3 IR3 x IR3

BR B (LR)
=B(= —2 // F(t,z,n) |n|* dod —(— d. // F(t,z,n) |z* dzdn
IR3 x IR3 IR3 x IR3

+B/ |V1U(t,x)|2dx+@// Flt,2,n) (- VoU(t 7)) do
IR3 x IR3

< ——2 // F(t,z,n) |n|*> dedn
IR3 x IR3

-G

=+ t,z,n) |z|* ded +B/ V. U(t, ) dx
L Y R V()
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as soon as R > 0. Assuming now simply that R(t) = v/1 + {2 and B(t) = R%(t) = 1 + 2, we get

d R d
G1BO-([ [ Peaamy i asagry [ [ P o dedn) | < 5 [ 9.0 do <0
which proves (i) when one replaces n and R(¢) by their values. O

Appendix A: Green’s function of the Vlasov-Fokker-Planck operator

In order to give a complete description of the asymptotic behaviour of the Vlasov-Fokker-Planck equa-
tion, we state in this Appendix the decay properties that arise from the symmetries of the Green’s function.
The proof exactly follows the method one may apply to the heat equation.

Proposition 5.
(i) The Green function G € CY(IR*; D(IR*Y)) of the Vlasov-Fokker-Planck operator, i.e. the solution of

8iG +v-8,G — B0y - (vG) — TALG =0
G(t:O,.I,’U,y,U)) :5(I—y,v—w)

is

_A@v2—2p@) (@) +rd)|=|?
1 — Pt e Ao (v (D —p2 (D)

—y,e’v—w), with F(t,z,v) = (dma)N (AR (t) — p2(8))N/2 7

G(t,z,v,y,w) = "PE(t, x +

G(t,x,v,y,w) = J(t) - H<M(t)((x,v) - U(t)(y,w)))
with
H(z,v) = (47)~ N . e~ 1z +v]?) ,
N eNBt
J(t) = (a(t)d(t) = b(t)e(t)) = N3

(@AW (t) — p2(1)))
UOww) = (5= 3 = e )
and M (t)(z,v) = (a(t)z + b(t)v, c(t)z + d(t)v) ,

t) = —— b(t) = —A— . L=
(1) ) dy = LA
C = — ) = — 5
0] O]
A(t)y /[ o(v(t) (1) ) o(v(t) X(t) )
8 _gefty —14 2t — (28t —1+ €28t
A= 22 - T and v{t) = o

(ii) f is a solution of the linear Vlasov-Fokker-Planck equation

Of +v-0uf = B0y (vf) —0Ayf=g
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corresponding to the initial condition fy if and only if

f(t,x,v):fo>kG(t,.)—|—/O g(s,. ) xG(t —s,.) ds

where

(R G(t,.))(t,z,v) = //RN o h(y, w)G(t, z,v,y,w) dydw .

(iii) The fundamental solution is invariant under the following transformation: for any a > 0,

G(t,z,v,y,w) = k(a,t) - Glat, T(a, t)(x,v), U (at)oT (a, t)oU (t)(y, w))
Y (t,z,v,y,w) €]0, +oo[x R

with
kla,t) = ) and T(a,t) = M~ (at) o M(t) .

As a consequence, if g = 0 and if fy belongs to L*(IRN x IRN), then

lim N2 (| f(t,2,0) — [[follzr(my xmYy - G(t,2,0,0,0)|| Lo (RN x BN; dodv) = 0

t——+oo

tliﬂ)o I[f(t,z,0) = |[follLr(my xmyy - G 2,0,0,0)|| L1 (BN x RN dodv) =0 -

Proof : (i) is a classical computation which can be found in [Bo2] or [H]. Let us give a sketch of the proof:
with the change of variables

1—eft

G(tv :E7’U7y7w) = eNﬁtF(t7x + v—=Y, eﬁtv - y) )

F has to be the fundamental solution of

2 2 2
8,5F(t,17,1))—0'<d>\ 0°F du 0°F dv 0°F ))

E(t) ' W(taxav) +25(t) : m(tv%v) + E(t) : W(tvﬂ%v

A Fourier transform shows that
F(t,z,0) = // F(t,x,0)e" @) dedy
RN x RN

is a solution of

O, F(t,2,0) = —U(%(t) |#)? + 2Cfl—t(t) (& 0) + d—”(t) - |1§|2)F(t,50, )

with the normalization condition F(t,0,0) = 1 for any ¢ > 0.

1Og(%)> - _a(/\(t)|:z|2 2ut) - (&-0) + V(t)|ﬁ|2> = ﬂ(WW + l;—
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An inverse Fourier transform now gives

F(t,x,v)
dzdo
// 71(90 E+v- 'U)F(t % 1)) €rav
RN xRN ( )
__l=® .
__ ¢ 0 / i | 4B @0) |~ 35 A —E @)l _d0
(4moX(t))N/2 [~ 2m)N
_l=? .
B (46 ;E;)(;)N/z / et . o~ 3 QOO =i O)0- s ol eWM‘ B (2d1;N
o RN T
2t t
e_4di(t>(1+x<n)u<f)f( inuz(t))lm|2 e ml vl? 5o )u(ﬁ))_Q( -(av)
frnd . - e 20 t)v(t)—p<(t
(4maX(t))N/2 \ N/2
(v (t)—p2(t)
_ 2@ —2u@®)(@v)+v@)|z)?
e 1o N1 (1) — 12 (1)
 (Ara)N(A)u(t) — 2 (t))N2
which provides the result for G, since
A(t) - ol = 2u(t) - (- ) + v() - |o? _ ' A(t) (U_ @) 2+’ 1
a(AMt)v(t) — (1)) a(At)v(t) — p2(t)) A(t) oA(t)

(ii) The integral form of the equation is classically given by the following computation: if G is the Green
function corresponding to

oG

E_LG’ Gt=0,.)=09,
a solution of

of _

is then formally given by
t
f:G*fo—l—/ g(s,. )« G(t —s,.)ds
0

(apply ( L) to | G*fo-i-fo )xG(t—s,.) ds] and integrate by parts). Since the solution of the equation
is unique (11) is proved.

(iii) The invariance of G is easily derived from the following identities:
k(e t)J(at) - H(M(at) o T'(a, t)(x,v)) = J(t)H(M(t)(z,v)) ,

G(t,z,v,y,w) = G(t, (x,v) — U(t)(y,w),0,0) .

In the following we denote by Gy the fundamental solution:
Go(t, z,v) = G(t,z,v,0,0) .

Like for the heat equation we may now compute

kDT @) = [ [ o) ke Go<t,T<t,1>[<x,v>—T1<t,1>oU<t><y,w>1) dyd

//]RijRN y,w )GO< (w,v) = T~ (t, 1)oU (t)(y, )) dydw
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where

T (t, 1)oU(t) ~

; —VEb) —vEam | (

ad(D) —bWe@) \ /8y vae()

This proves that

lm k(t, 1) T 1)(z,v)) = //RNXBN foly, w) dydwGo(1, z,v) .

t——+oo

To conclude the proof, we have to notice that

lim sup k(t,1) - ’f(t,fl;,v)_||f0||L1(1RN><1RN) - Go(t, z,v)
t—+oo (z,v)ERN xRN
= s ) PGP0 @00) [l e Golt T (e )

t—+oo (z,v)€RN xRN

cim sp [ g )k(t,m-\Go(t,ml)[(x,v)—T‘l(t,noU(t)(y,w)J)

t=40 (4 v)e RN x RN
— Go(t, T(t,D)[(=, v))‘ dydw
=0
because of Lebesgue’s theorem of dominated convergence. The result holds for the L>-estimate since k(¢, 1) ~

N
é(;;;/z -tN/2 as t — +00. The result for the L'-norm is obtained in the same way, but

// ‘f(t,fl?,v)—||f0||Ll(lRN><RN)'GO(t,fE,U) dxzdv
RN xRN

which explains why there is no explicit w.r.t. ¢ uniform convergence.

f(t,T(t, 1)(17,1))) = follLr(m~ x mvy - Go(t, ,v)| dxdo

O

Remark 6. The above computation also shows that || [|fol[z1(m~ xmy) - G(t,2,0,0,0)||L1(RN x BN dedv) 1
a constant (which is consistent with the fact that the L'-norm of f is conserved) and that

I[f(t, 2, 0)|| Loo (RN x BN ; dwdv) ~ | follLr(my xmyy - G(t,2,0,0,0)|| oo (RN x BN dade) = Ot N?) ast— +o0.

From a heuristical point of view, the equivalence results as ¢ — +o0o are easily recovered if one notices
that f is a solution of the Vlasov-Fokker-Planck equation corresponding to an initial data fy if and only if

[tz v) = k(o t) f (o, T (e, t) (7, )
is a solution of the Vlasov-Fokker-Planck equation corresponding to an initial data
8z, v) = k(ayt) fo <U1(t)oT1(a, t)oU (at)(z, v)>
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(the proof relies on a simple change of variables). But for a fixed t,
f& = lfollLr(ryxmyy -0 as a — 400
(in the sense of the distributions), which proves the assertion :

[t z,v) = (L z,0) ~ || foll i (my xmyy - Gt 2,0,0,0) as ¢ — +o0.

Appendix B: Positive Maxwellian solutions of the Vlasov equation in an harmonic potential

In this last part of the paper, we give the general expression of nonnegative local Maxwellian solutions of
the transport equation in an harmonic potential by solving the corresponding equations for the coefficients.
These solutions form a bigger class than the periodic solutions given in Proposition 3 (Section IT) and might
even be pseudo-periodic.

Most probably, the main interest of such solutions is that they straightforwardly give special solutions of
the Boltzmann, Landau or BGK equations in the whole space simply by using the time dependant rescaling.
These solutions (for the unscaled equations) are of course local Maxwellians.

Proposition 6. Any nonnegative local Maxwellian solution
g(t,z,v) = r(t,x) exp{—o(t, )[v — u(t,x)|*} (B1)
of the transport equation in an harmonic potential:

0
a—i—l—v-vxg—x'vvg:o (B2)

such that the coefficients r(t,x), u(t,z) and o(t,x) are Lipschitz and such that (t,z,v) — g(t,z,v) (1 +
|z)? + |v|> + |log g(t, z,v)|) belongs to L*° (IR, L*(IR? x IR?)) is given by

2
rit,a) = M(Z)H(1 - AL eenlemanOP s hoonte—so)
0

o(t,z) =0,

w w
t+ <P1)€i_ + uﬁ_ cos(—|00| t+ gpg)ei + Uy, cos(t + %,D)—O
0

|wo| 7

u(t, ) = ul cos(M
g0
where (09, wo) €]0, +00[x IR? are constants such that
|w0| <og,
(ei7eiaﬁ) is a given orthonormal basis in IR3, ((ui,ui,uwo),(cpl,gog,gowo)> € R? x (0,273, M =
llg(t, ., )|o1(msxms) and xo(t) is given by

2
o 1 , 1
t) = 5———=|——=wy A A\ t)) — —wp A t)| —
xo(t) 7= o] |w0|2w0 (wo ug( )) Uowo uo( )}

up(t) - wo

|w0|2 wo -

20



Proof : If g is a Maxwellian solution of Equation (B2) of the form given in Equation (B1), its coefficients
have to satisfy to the following system

or
ot

0 0
- |v—u|2ra—j +2T08_1; (v —u)+v-Ver — v —u*rv- Vo

+2roVyu(v,v —u) + 2roz - (v —u) =0

or, assuming that the coefficients of the polynomial in v — u cancel

%Mvzr:(x (B3)
ou 2
2rU§ + Vor + 2rouVyu + roVy(|z|7) =0, (B4)
Oo
—rop ~ U Vao F 2roVyu(h, h) =0, (B5)
Vo =0, (B6)

for any h € S?. Assume first that 7 > 0 almost everywhere. Then Equation (B6) gives
o(t,x) = oo(t),

and Equation (B5) is now
0o

ot

T

+2roVyu(h,h) =0.

According to L. Desvillettes (see [De]), (V@ u — 2‘7060((’5 t)) Id) is an antisymmetric bilinear form: there exist two

functions ¢ — w(t) and ¢ — ug(t) such that

_ o)
u(t,x) = 200(t)x +w(t) ANz +uo(t).

According to Equation (B4),
0 1 1 NEVRAON o (o)
a. — — 5 V=z 1 S Vzx - = 1 x -
T+ e A =~ Va(logn) + 5Va(w A al) = 3 (R +1) Vallef) - (2o +w Ao
is a gradient. This is possible only if

ow  op(t)

T o

wo
w(t) =
(t) T

for some fixed wy € IR3.
With the notation

Mz// g(t,z,v) dedv Vite R,
R3 x IR3

and using again Equation (B4), r(t,z) takes the form

M

) - (#zzo<t>2+¥w<xmo<t>>ﬁ>
r(t,x) = W “ya(t) (a(t) + |wol b(t)) -e

provided
a(t) + |wol*b(t) >0 Vte R
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and if a(t), b(t) and xo(t) satisfy the following equations which are obtained by identifying to zero the
coefficients of the polynomial in (z — z(¢)) in Equation (B4):

o’ 2
alt) = (0) ~ G2 + 2000,
) = .

Uy (o0(®)? 1 /
200(0) (ao )5 200(1) +200(t)>wo(t)+ (ao(t))2w0/\(w0 Aug(t))+ (Uo(t)‘f'

The solution of Equation (B7) is given by:

The problem is now reduced to solve Equation (B3):

d(logr(t,x))

N + u(t,x) - Vo(logr(t,z)) =0,

which gives the explicit expressions for oo(t) and wug(t) by identifying the coefficients of the polynomial in
(x — zo(t)) to 0:

a(t) | d(t)+|wolV'(t) d'()) e b'( ) lion A — 2o (E1)[2
2a(t) + ) T [woPbD) 5|t = zo(t)]” ~ |wo A ( o))l
+a(t)(z —zo(t)) - xo(t) + b(t)(wo A (z — UCO(t))) ~(wo A zp(t))

- ( %(t) x + %wo ANz + uo(t)> : (a(t)(:v —xo(t)) = b(t)wo A (wo A (z — :Co(t)))) .

20’0(t) (oJs)

The second order terms in (x — x¢(t)) provide the identity:

ag

alt) = oo(t)

for some constant ag €]0, +oo[ and the condition on wy is now

Q,
|wol? < 70

The first order coeflicients in (z — z(t)) give

ao <x6(t) - (@xo(t) + wo A zo(t) + uo(t)))

ao(t)

/ a(t) !
+ 2&)0 N |:u}0 A <$0(t) - (m.fo(t) + m

wo A zo(t) + uo(t)))] =0,

which is equivalent to



The zeroth order coefficient corresponds to

/
t
oo(t) —0.
oo(t)
oy is therefore a constant as well as a = 20g and b = —U%, and the condition on wy is now
|(UQ| <op .
According to Equation (B8),
2 /
ro(t) = ————= | ——=wo A (wo Aug(t)) — —wo Aug(t)| — ———wo -
( ) 0,(2) . |L¢J0|2 |L¢J0|2 ( O( )) o0 ( ) |L¢J0|2

Plugging this expression for z((t) into Equation (B9), we get for u(t) the system

(ug +uo) - wo =0

" |W0|2 _
[(uy + ~ ug) Awog =0
0

which achieves the proof of Proposition 6 in the case r > 0 a.e.
Note that the same proof holds on any connected component of

{(t,x) € RT x R®: r(t,x) > 0},

so that r cannot vanish. O
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