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Abstract The paper concerns L'-convergence to equilibrium for weak solutions of the spa-
tially homogeneous Boltzmann Equation for soft potentials (—4 < y < 0), with and without
angular cutoff. We prove the time-averaged L'-convergence to equilibrium for all weak so-
Iutions whose initial data have finite entropy and finite moments up to order greater than
2+ |y|. For the usual L'-convergence we prove that the convergence rate can be controlled
from below by the initial energy tails, and hence, for initial data with long energy tails, the
convergence can be arbitrarily slow. We also show that under the integrable angular cutoff on
the collision kernel with —1 < y < 0, there are algebraic upper and lower bounds on the rate
of L'-convergence to equilibrium. Our methods of proof are based on entropy inequalities
and moment estimates.

Keywords Boltzmann equation - Soft potentials - Weak solutions - Strong convergence -
Equilibrium

1 Introduction

While convergence to equilibrium for solutions of the spatially homogeneous Boltzmann

equation has been extensively studied for hard potentials and Maxwellian molecules, much
less is known in the case of soft potentials. For instance, for the hard sphere model, it has
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been proven that solutions of the equation for all initial data that have finite mass and energy
always converge strongly to equilibrium at an exponential rate. The same result holds for
all hard potentials with angular cutoff under only mild additional assumptions on the initial
data fj; e.g., that fj is square integrable. See [21] and references therein.

For Maxwellian molecules with angular cutoff, one again has exponential convergence to
equilibrium if the initial data have finite moments up to order s > 2, although for s = 2 the
convergence rate can be arbitrarily slow [7]. (In the Maxwellian case, as in the hard sphere
case, there is no need to make any assumption such as square integrability of fj, or even
that the initial entropy be finite.)

For soft potentials, existing bounds [13, 24] on the rate of convergence to equilibrium are
only algebraic, and so far have been obtained under certain cutoffs, not only in the angle, but
also on the singularity in small relative velocities (which is present for soft potentials). It is
commonly believed that for soft potentials, the convergence rate actually is generally worse
than the former cases, and that the algebraic bounds found in the references cited above are
at least qualitatively sharp.

In this paper, we show that this is indeed the case. Moreover, we also prove convergence
results for a very broad class of weak solutions, and for a range of very soft potentials. The
convergence results that we obtain at this broadest level of generality are exactly that: They
assert convergence, in either a time averaged sense, or in the usual sense, but with no rate at
all.

However, in the case of angular cutoff, and with a potential that is not foo soft, we are
able to prove much more: In particular, we shall show that for a natural class of weak so-
lutions, if the initial data has moments of all orders, then the solution converges strongly
in L'RY, (1 + |v|*)dv) to its Maxwellian equilibrium at a super-algebraic rate; i.e., faster
than any inverse power of the time ¢. In proving this result we rely in part on an entropy
production inequality of Villani [28], but also introduce a new strategy to avoid the use of
pointwise lower bounds on the solution f that were used in [28].

While our results require moments of all orders on the initial data to ensure a super-
algebraic rate of relaxation, we do not require the initial data to be already close to equi-
librium. Indeed, the rate of relaxation in the close-to-equilibrium regime has been thor-
oughly investigated in the papers of Caflisch [4, 5] and Guo and Strain [16], who proved
“stretched exponential” convergence (i.e., O(e~"") for some 0 < a < 1). However, to apply
such bounds, one requires the initial data to be in close to equilibrium in a strong sense, and
with extremely strong control of the energy tails.

One crucial difference between hard potentials, Maxwellian molecules, and soft poten-
tials shows up in the different behavior concerning energy tails: In the case of hard potentials
with an angular cutoff, even if the initial data has no moments of order higher than 2, the so-
lution at any strictly positive time will have moments of all orders [30]. That is, long energy
tails, which are an obstacle to rapid convergence, are immediately eliminated for hard po-
tentials. This is not the case for Maxwellian molecules, but at least whatever control one has
on the energy tails of the initial data is propagated uniformly in time. For soft potentials, the
situation is much less favorable, and there is no propagation of higher moments uniformly
in time. Instead, one has bounds on the growth of such moments, or uniform bounds on their
time averages, as found in [12]. Such moment bounds play a crucial role in this paper, and
we shall prove several new and strengthened results of this type.

Before proceeding with the introduction of our results, let us first precisely specify the
equation to be studied and the notation that we shall use.
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1.1 The Boltzmann Equation for Soft and Very Soft Potentials

The spatially homogeneous Boltzmann equation is given by (see [9-11])

d
5 /@D =0(Nw@.D, @1 €0 00)x RY (B)

where N > 2,

Q(f)(v,t)=/ B(v — v, 0)(f'fi = ffododu,, (1.1)

RV x§N-1
f=fn, ff=F0.0, fi=f.0, fi= .0,

v+ [v —vilo v+ [v —vi|o _
v = * * i U;: * * , O_ESNI
2 2 2 2

and S¥~! is the unit sphere in R¥. The collision kernel B(z, o) is a nonnegative Borel
function of (|z|, cos#), i.e.

B(z,0) = B(|z|,cos0), cosf=(z/|z],0), z=v— v, #0.

In the case of main physical interest, N = 3. Then, if the potential energy function that
governs the interaction between pairs of molecules in the dilute gas is an inverse power of
the distance separating them, B takes the form

B(z,0) =b(cosO)|z|” (1.2)

with the exponent y depending on the power in the interaction. The following ranges of
y are distinguished [9, 10] by the methods required to treat them: The range 0 < y < 1
corresponds to hard potentials, y = 0 to Maxwellian molecules, and y < 0 to soft potentials,
with the case y < —2 corresponding to very soft potentials [28].

These distinctions pertain to the different strategies that must be employed in studying so-
lutions of (B), or even interpreting it, for y in the different ranges. When y is negative, both
the singularity in B(z, o) at z =0, and the vanishing of B(z, o) at z = co cause difficulties
that partially account for the fact that soft potentials have been less intensively investigated
than Maxwellian molecules or hard potentials. The problems caused by the vanishing of
B(z,0) at z = oo include the fact that with soft potentials, one does not have uniform in
time bounds on higher order moments of solutions; we shall return to this shortly.

The problems caused by the singularity in B(z, o) at z = 0 are more immediate: This
singularity precludes a naive approach to making sense of the integral in (1.1), and hence
complicates the interpretation of the equation itself.

Q(f) is a difference of two integrals, and if each of them is to be integrable, it would
have to be the case that

B(v—v,,0)f f, and B(v—uv,,0)ffs

would both be integrable on R* x R* x §?. When B takes the form B(z, o) = b(cos6)|z|”
as in (1.2), with the exponent y and 0 < y < 2, at least the integration over R? x R? poses
no problem: As is well known, solutions of the Boltzmann equation (B) should conserve
energy, and so an a priori bound on fR3 (1 + [v|?) f (v)dv is natural to assume. Granted this,
the integrability over R® x R? is obvious.
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There still remains the fact that for inverse power law potentials, the function b(cos6) in
(1.2) is not integrable on S?, and so in many studies of (B) for hard potentials, one invokes
a “Grad angular cut-off” to truncate b(cos #) so that it becomes integrable.

For soft potentials, the situations is more delicate: Lack of integrability of b(cos#) is not
the only problem. When y is negative, the function

v — v " f(v) f(v) (1.3)

is not in general integrable on R® x R? under any natural hypothesis on f. The finite en-
ergy condition does not help, nor does the H-Theorem, which would justify assuming that
flog f is integrable. By the Hardy-Littlewood-Sobolev inequality, the function in (1.3)
would be integrable if f belonged to L%®+")(R3), but there is no reason to expect con-
trol on this L” norm along any general class of solutions of (B).

To proceed, let ¢ be a test function, and note that by standard formal calculations (see
e.g. [25]), if we define

Ap(V', vy, v,v,) =0 (V) + @ (v)) — o) — @(v,) (1.4)

and define

O(f lAp)(v) = /3 B —v,, ) (f'fi — ff)Apdodv,,

R’ xS

then we would have
1
/ pW)Q(fH(v)dv = _1/ O(flAg)(v)dv.
R3 R3

It can be shown (see Lemma 2.1 below, and the references cited there) that the following
pointwise bound holds:

|Ag| < Clv — v,|*sind, (1.5)

where C is a constant depending on the second derivatives of ¢. Moreover, if one first
averages Ag with respect to the angle around the axis defined by v — v,, one can improve
the right hand side to

Clv — v,|?sin®6.

For —2 <y <0, the factor |v — v, |? is enough to deal with the factor |v — v,|” in (1.3),
and thus—neglecting for the moment problems with b(cos&)—the bound (1.5) provides
what is needed to make sense of a weak form of (B) for y in this range.

The analysis of this case was initiated by Arkeryd [2], who actually considered only
—1 <y <0, and it was carried forward by a number of authors. See [25] for a discussion of
the history.

The case y < —2 is more subtle; there is nothing more to be squeezed out of Ag to
help with the singularity at z = 0. Results in this very soft range were first obtained by
Villani [25]. A key idea in his work is to use an additional regularity estimate on the solutions
f coming not from the entropy itself, but from the entropy production. Later, we shall return
to this point in more detail. Hopefully now at least it is clear where the distinction between
soft and very soft potentials comes from.

There is still the problem that for inverse power law interactions, the function b(cos ) is
not integrable on S2. The problem comes from a singularity in the small @ collisions; i.e., the
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grazing collisions. Whenever one wishes to consider Q(f) as a difference of two separate
integrals—the gain and loss terms—it is necessary to impose a Grad angular cut-off which
is the assumption that h(cos @) is integrable on S?.

However, for many purposes, this is unnecessary, and one can takes advantage of the
weak form Q(f|A¢) and the extra factors of sin6# in (1.5) and the bound below it. This
takes care of the singularity in b(cos8) for —3 < y < 1, since in this case one has

/ B(z,0)sin’*6 do = const.|z]” < 0.
S2

The case y = —3 is the Coulomb potential, and is therefore of particular interest. How-
ever, in this case B(z, o) = Cy(sin(6/2))~*|z|~3, so that

/ B(z,0)sin’6 do = .
S2

This difficulty with the Coulomb interaction is a genuine part of the physics, and not a
weakness of current technical tools. Without an angular cut-off, the Boltzmann equation
does not make sense for the Coulomb interaction. See [25] for further discussion of this, and
what is done in plasma physics to study the kinetics of plasmas nonetheless.

Here, we stay within the framework of the Boltzmann equation (B) with N > 2, and often
will simply require of b(cos @) the mild cut-off hypothesis that b(cos @) sin @ is integrable
on SV-1:

In this paper we shall always require at least that B(z, o) satisfies the finite momentum
transfer condition:

/ B(z,0)sin*0do < A*|z|Y, —4<y <0 (1.6)
SN—I

for some constant 0 < A* < oo. This is not a cut-off condition; the difference between this
and the more restrictive Grad angular cut-off condition is the factor of sin? 6 in the integral,
and while the Grad condition does not hold for molecules interacting through any inverse
power force law, (1.6) is satisfied for all inverse power force laws r=* with s < 2. That is,
(1.6) is satisfied right up to the Coulomb interaction. The insight that for many purposes one
could dispense with a Grad cut-off, and instead use only the natural condition (1.6) is due to
Goudon [15] and Villani [25].

Moreover, the reason we have called (1.6) the finite momentum transfer condition is that
it has a physical meaning: It is satisfied for a given interaction if and only if the total cross
section for momentum transfer for that interaction is finite. See [25] and [22] for further
discussion on this point.

In addition to the upper bound in (1.6), we shall also sometimes need to invoke a corre-
sponding lower bound. For instance, to prove the moment estimates mentioned above, and
prove the convergence to equilibrium, we assume in addition that B(z, o) > 0 for almost
every (z,0) € RY x S¥~! and there is a constant 0 < A, < oo such that

f B(z,0)sin’0do > A.(1+|z))"?, —-4<y <. (1.7)
SN—I

1.2 Weak Solutions of the Boltzmann Equation

Having explained the difference between soft and very soft potentials, and the kinds of cut-
off assumptions we shall consider, we are ready to introduce the class of weak solutions of
(B) that we shall study.
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Equation (B) for soft potentials is usually investigated by entropy and moment methods
with working spaces of Lebesgue measurable functions f : R¥ — R

LyRY) =L'®R), Li(RN)==f‘IIfIIL_g :=/ <v>5|f(v)ldv<OO], s R,
RN

L}log L(R") = {f\ /RN<v>“If(v)|(1 +|log f(W)dv < oo}
where and throughout the paper we use the notation
(V) =L+ )2
The entropy (Boltzmann H -functional) and the entropy dissipation are given by

H(f):/ f()log f(v)dv, 0< feL'logLR"),
RN
(1.8)

1 £

1
bi)y= 4 /I;N xRN xSN—1 B =, 0)(f/f*, BRERE ( ffjj*) dodv.dv.

*

Here and below we define (¢ — b)log(a/b) =ocoifa>b=0o0orb>a=0; (a—>b)x
log(a/b) =0ifa=b=0.

As noted above, in order to establish a weak form of (B), we need to be able to make
sense of the expression

/ B(Jv — v4],cos0)Apdo
SN—]

even when, due to the singularity in B at 6 = 0O, the integrand is not integrable. As we
shall see in Sect. 2, this can be done under smoothness assumptions on ¢ provided we first
integrate over all the variables in SV¥~! except 6, and then integrate over 6. That, is with
k = (v —v,)/|v — v/, we can parameterize S¥ ! by (6, ®) € [0, 7] x S¥2(k) through o =
cos(0)k + sin(f)w. Using this parameterization, and interpreting the integral as an iterated
integral, we shall show in Sect. 2 that when ¢ is sufficiently smooth, integrating first in @
renders the 6 integral convergent. On this basis (see Sect. 2 for details), we define for all
¢ € C*(RY)

qukuw):/wBﬂv—vmcm9th49</ Awdw>m9 (1.9)
0 S

N-2 (k)

where Agp = Ap(V', v, v, v,) is given by (1.4).
The relevant space 7 of test functions ¢ for which this construction works is given by

T={¢ec%R%

sup ((0) lp)] + (v) 99 )| +[8%p(v)]) < OO],

veRN

where

dp(v) = (3,9 (V), ..., Dy V),
p) = (97,,9() vy
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1/2

1/2
|a¢(v)|=<z |av,.<p<v)|2> and )| =| D 0%,

I<i<N 1<i,j<N

As in the previous subsection, we also define, here for all ¢ € 7,
ofapw = [ BO=u.o)f S~ fApdody.
RN xSN-1
By formal calculation we have
1 1
P O(fH(v)dv=—~ O(flAp)(v)dv =~ LIA@](v, vi) ffidvidv.
RN 4 RN 2 RN xRN
Referring to Arkeryd [2] and Goudon [15] (for —1 <y <0and —2 < y < Orespectively)
and Villani [25] (for —4 < y < 0), we introduce

Definition of Weak Solutions Suppose the kernel B satisfies (1.6). Let 0 < fo € L1 N
L'log L'(RV). A nonnegative measurable function f (v, ) on RY x [0, 00) is called a weak
solution of (B) with f (v, 0) = fy(v) if the following (i), (ii) hold:

(i) f e L>®([0,00); L} N L'log L'(RY)) and

H(f(t))+/ D(f(z)dt = H(fo), t=0. (1.10)
0

(i) Forall o € 7,if —4 <y < —2, then

1 t
[ o) f (v, Ndv = f o) fo(v)dv — - / dr / O/ 1A (v, T)dv, 12 0;
RN RV 4 Jo RN

(1.11)
and if —2 <y <0, then

f o) f (v, D)dv = / o) fow)dv + f dz f LIAQ]ff.dv.dv. 150,
RN RN 2 0 RN xRN (1 ]2)

Note that the particular functions ¢(v) =1,v; (i =1,2,..., N) and |v|? all belong to
T and satisfy Agp = 0. So the above definition implies that every weak solution f of (B)
conserves the mass, momentum and energy, i.e.

/(l,v,lvlz)f(v,t)dv:/ 1, v, v fow)dv, t=>0.
RN RN

It will be seen that the collision integrals in (ii) are absolutely convergent with respect to
the total measure do dv,.dvdt and dv,dvdt respectively (see Lemma 2.2 below). For very
soft potentials, —4 <y < —2, this is essentially due to the entropy inequality (1.10) as first
noted in [25]; the corresponding weak solutions are also called H -solutions.

We shall prove in Sect. 3 that the integral equations (1.11) and (1.12) are both equivalent
to a full and common version like (1.11) with ¢ € C,l (RY x [0, 00)) N L>([0, 00); Cbz(RN))
where

GRY) =|peC*®RY)

sup (1 (v)] + e ()| + 1% W) < oo.

veRN
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The precise statement of this equivalence is given in the following proposition:

Proposition 1.1 Suppose the kernel B satisfies (1.6). Let 0 < f; € Lé N L'log L'(RM),
0 < f € L*([0, 00); L; N Llog L(RM)) satisfy the entropy inequality (1.10) and f|,—o = fo.
Then the following are equivalent (for total range —4 <y < 0):

(a) f is a weak solution of (B).
(b) f satisfies (1.11) for all p € CZ(RN).
(c) f satisfies the following equation: For all ¢ € C}(RY x [0, 00)) N L*([0, 00); CZ(RY))

/ (.1 f (v, 1)dv = f 0 (v, 0) fo()dv + / dr / 9.1 1y vy
RV RN 0 RV ot
—1/ dr/ O(fIA@) (v, T)dv, 1> 0. (1.13)
4 0 RN

The existence of weak solutions has been proven respectively by Arkeryd [2] for —1 <
y < 0, Goudon [15] for —2 < y < 0, and Villani [25] for —4 < y < 0. In Proposition 1.2
below we summarize these results, with one improvement: We also treat the case y = —4.

Proposition 1.2 Let B(z, o) satisfy (1.6). Then for any 0 < fo € LN L' log L(RY), the (B)
has a weak solution f satisfying fli—o = fo-

We shall provide a proof of Proposition 1.2 in Sect. 3 below. Despite the fact that apart
from the case y = —4, a proof can be found in the references cited above, there are motiva-
tions for presenting the details here.

First, the only paper covering the range —4 < y < —2 is Villani’s [25], and he bases his
analysis on the relation between the Boltzmann equation and the Landau equation. In fact, he
gives a complete proof for the case of the Landau equation for —4 < y < 0, and then simply
discusses the main ideas of proof for the Boltzmann equation. While the discussion is quite
clear, and while there are good physical reasons for making a connection with the Landau
equation, it is possible to proceed somewhat more directly for the Boltzmann equation, as we
do here: Our proof is direct, relatively short, complete and covers the case y = —4. (In [25],
the hypothesis —4 < y, was used two times for Landau equation, and hence needed for
Boltzmann equation.)

A second reason for presenting a proof here is that to go beyond y = —2, one must use
entropy production estimates. We shall use simple entropy production arguments systemati-
cally throughout the paper, not only to construct weak solutions. But using them to construct
weak solutions for very soft potentials provides an excellent topic with which to introduce
them.

Finally, various approximation procedures that are used in the proof of existence are also
used in our study of convergence to equilibrium, and for this reason it is quite useful to have
them included explicitly in this paper.

1.3 The Main Results

By changing scales one can assume without loss of generality that initial data have unit
mass, zero momentum and unit temperature, i.e.

fo€ Lo RY) := {0 < reria)| [ (1, v, i|v|2>f(v)dv (1,0, 1)}.
RN N
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The Maxwellian in L}LO. I)(RN ) is given by
M) = Q) N ?exp(—|v]*/2), veRV. (1.14)

To study L'-convergence to equilibrium, we shall use a property that the L'-distances || f —
M| ;1 and || f — M]|| L) are almost equivalent [7]: There is an explicit constant 0 < Cy < 00
depending only on N, such that

6
If =Ml <Cyllf—M]| 110g<7>, VfeLo,RY).
ER =N - Ml on
This implies that (with a different Cy < 00)
If = Mllpr <1 f =Ml < CvIf =M, VfeLfo,®RY). (1.15)

Our main results are Theorems 1-3 below; their proofs will be given in latter sections.

Theorem 1 Let B(z, o) satisfy (1.6) and (1.7). For any initial datum fy € L(ll,()‘l) N L}, N
L'log LARN) with s > 2, let f(v,t) be a weak solution of (B) with f|,—o = fo. Then

(I) (Moment estimates)

1 t
If Ol =G +1), ;/ 1F @l dr=C, ¥1>0 (1.16)
0

where the constant 0 < Cy; < 00 depends only on N,y, A,, A*,s and ||f0||L}_, and in
case —4 <y < =2, Cy depends also on H( fy).
(II) (Time averaged convergence) Ifs > 2+ |y|, then

1T
Tler;oTA ||f(t)—M||Lédt:0 1.17)
where M € L(ll,oyl)(RN) is the Maxwellian (1.14).

Remarks (1) The moment estimates in (1.16) were first established by Desvillettes [12]
under the Grad angular cut-off on B with —1 < y < 0. Villani [25] then proved (1.16) under
the finite momentum transfer condition (1.6)—(1.7) for —4 <y <0 and s <4, and in [27]
he concluded further that Vs > 2, 31, > 0 such that || f(¢) ||Lg < Cy(1+1)*. Here we prove
that A, = 1 for all s > 2 (thanks to the integrability fooo D(f(1))dt < o0).

(2) Theorem 1 provides the first convergence results for weak solutions for very soft
potentials without any cut-off, assuming only the physically natural finite momentum trans-
fer condition (1.6). For the usual L' convergence, it has been proven in [13] and [24] that
| f(@) — M| ;1 <C(1+1)~ (A > 0) only under quite strong cut-off assumptions for soft
potentials; e.g., that z — B(z, o) is bounded near z = 0.

Our next results concern lower and upper bounds of convergence rate to equilibrium for

certain classes of solutions of (B). We show that a general lower bound can be obtained for
such initial data fo € L{; o, N L{ N L'log L(R") that have energy long-tails:

R—o0

limsupRﬁ/ [v]? fo(v)dv = o0 (1.18)
|v|>R

@ Springer



690 E.A. Carlen et al.

where B = min{s, s —2+|y|} fors > 2, —4 <y < 0. Note that the condition (1.18) implies
that for any constant K > 0, the equation

(R(t))ﬂ/ [v]? fow)dv =K1 +0)>25 1[0, 00) (1.19)
lv|>R(r)

has a minimal solution R(#) > 0. Here [x] denotes the largest integer not exceeding x.

Theorem 2 Let B(z, o) satisfy (1.6) and (1.7). Let fy € Lgl,o,l) N Li N L'log L(RY) satisfy
(1.18) for some s > 2, and let f (v, t) be a weak solution of (B) with initial datum f|;—o = fo.
Then

(I) For any constant K, € (0,00) there exists K € [Ky, 00) which depends only on
N,y, A", A,,s, ||f0||L§, H( fy) and K such that for the minimal solution R(t) of (1.19)
we have

I1f (@) — Ml Zf vl fo(v)dv, Vi >0. (1.20)

[v|>R(1)

As a consequence we have the following explicit lower bounds:
(I1) Suppose s > 2, f = min{s,s — 2 + |y|}, and there are constants s —2 < & < f8 and
0 < g9, Ry < 00 such that

fo(v) = go(v) N2 (1.21)
forall |v| = Ry. Then there is a computable constant C > 0 such that

If@ =Ml =CA+n™" V=0 (1.22)

where . =25/(B — 8).
(III) Suppose s =2, 8 =min{2, |y|}. Let A € Cb]([O, 00)) satisfy

lim A(t) =0, inf(1 +1)°A(r) >0,
—00 >0

d (1.23)
A1) = _EA(I) >0 onl0,00)
where 0 < & < B. Suppose for some 0 < gy, Ry < 00
fow) = eolo] YV A(JvD), Vv = Ro. (1.24)
Then there are constants 0 < ¢, C < oo such that
If () =Ml = CACcr®), Vi=0 (1.25)

where « = 1/(8 — 8).

There are many initial data f that satisfy all conditions in Theorem 2. For example, in
the case s = 2, one can choose

A =1+, [14+logl+6)17", [1+log(l+1log(l+)H]7,...

which means that the rate of convergence to equilibrium can be arbitrarily slow for s = 2.
This fact has been observed in [7] for Maxwellian molecules (y = 0) with angular cutoff.
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Note also that for any initial datum f; € L%],O,l )(RN ), the mass tail of f; always decays at
least with algebraic order 2, f‘va fo(w)dv < NR™2, but the energy tail flv\>R [v|? fo(v)dv
may decay very slowly. This is why we consider the energy tail (hence L} norm) rather than
the mass tail.

We now turn to upper bounds on the rate of convergence. Here, we must impose more
restrictive conditions on the collision kernel: We assume that B(z, o) satisfies the following
cutoff conditions (with constant K, > 0):

K.(1+12*)"* < B(z,0) <b(cosb)|z|", —1<y <0, (1.26)

Ag = |SN_2|/ b(cos)sin" 20 dh < . (1.27)
0

Theorem 3 Let B(z,0), y satisfy (1.26)—(1.27) and let f; € L(ll,o,l) N L; log L' (RY) with
s > 10. Then there exist a finite constant C and a weak solution f(v,t) of (B) with f|,—o =
fo such that

||f(t)—M||L5§C(1+t)_*, t>0 (1.28)
where
s—10
12

> 0. (1.29)

Remark 1In this theorem we do not assume that f; has any strictly positive pointwise lower
bounds, nor shall we make use of any pointwise lower bounds on the weak solutions.

In Theorem 3, if the initial datum satisfies (1.21), then the corresponding solution f
satisfies both (1.22) and (1.28), i.e., the convergence rate to equilibrium satisfies both upper
and lower bounds that are only algebraic:

A+ <|fO) =My <CA+n7" 120

One of the main tools we use to prove Theorem 3 is an entropy production bound of
Villani [28] for super hard potentials; i.e., y = 42. As Villani showed in [28], for super
hard potentials, there is an especially nice inequality relating the entropy production and the
relative entropy. And moreover, while super hard potentials are themselves non-physical,
one can use the super hard entropy production bound to obtain entropy production bounds
for physically interesting hard potentials, using moment bounds and pointwise lower bounds
on the solutions.

Our Theorem 1 provides moment bounds for soft potentials that are good enough to pro-
ceed with an adaptation of this part of Villani’s argument to soft potentials, but the pointwise
lower bounds are more problematic in this setting.

The pointwise lower bounds enter Villani’s argument as follows: To estimate the entropy
production D(f) for y < 2 in terms of D,(f), the entropy production for y = 2, a simple
Holder argument explained in Sect. 7 leads to the consideration of the quantity

I 1

1
Dk(f>=Z/RN o SN71(1+Iv—v*lz)k/z(f’f;—ff*)log< 7

) dodvdv,

for k > 2. It is easy to see that D;(f) can be estimated in terms of L' bounds on
(v)* f(v) log f(v), and clearly the negative part of this function is integrable if f satisfies
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a bound of the type f(v) > Ce™"l” and f has moments of sufficiently high orders. The
details are somewhat more complicated than indicated in this sketch, but the sketch should
nonetheless give a fair indication of the interplay between moment bounds and pointwise
lower bounds in Villani’s arguments. While suitable pointwise lower bounds are available
for the hard potentials that Villani considers, they are not available for soft potentials, at
least not for the sort of general initial data that we wish to consider.

A novel element in our proof of Theorem 3 is a strategy for avoiding any pointwise
bounds which is explained in Sect. 7. Given a solution f (v, t) of (B), we define the function
g(v,t) by

g, =0 —-e""Hfw, ) +e "' M®©).

Evidently, g (v, t) has good pointwise lower bounds by construction. Although g is not itself
a solution to (B), it is closely related enough to one, namely f, that we shall use Villani’s
entropy production inequality for super hard potentials to prove and an entropy production
inequality relating D(g) and H(g|M) and show that H(g|M) tends to zero at any polyno-
mial rate provided the initial datum fj has sufficiently many moments.

The most technically involved part of the proof is the demonstration that the L' norm
of (v)*g(v,t)log g(v, t) is bounded by a constant multiple of (1 + £)?, again, provided the
initial data has sufficiently many moments. This approach to proving and using such entropic
moment estimates is one of the more novel features of this paper, and may well have other
applications. The condition y > —1 is used in this part of the proof of Theorem 3.

We thank the referee of this paper who encouraged us to work harder on the proof of
Theorem 3, and relax the stronger conditions on the initial data that we had imposed in a
previous version, and we thank this referee for his many other useful remarks and sugges-
tions as well.

2 Basic Lemmas Concerning Collision Integrals

In this section we collect some lemmas that will be used to ensure integrability of certain
collision integrals, as well as to estimate others in terms of entropy dissipation.

There are nothing fundamentally new in this section except some quantitative improve-
ments and mild generalizations of some lemmas that can be found in previous works by
Goudon [13] and Villani [21], and references they cite.

The first lemma justifies the definition of L[A¢](v, v,) that figures in our definition of
weak solutions. We begin with a more complete explanation of the notation used in the
definition of L[A¢](v, v,) that we have given in the introduction.

Let

k=~ ifv£uv:  k=e =(1,0,...,0) ifv=nu,.
[v— vyl

Under the spherical coordinate transform o =cos6 k +sinf w, 6 € [0, 7], w € SV=2(k) we
have

v = cos2(0/2)v + sin®(0/2) v, + v — v,|sinf w,
{ 6/2) ©/2)v, + 31 | wes 2w @)

v, = sin2(0/2)v +cos?(8/2)v, — %|v — V| sinf w,
[V —v| = |v) — vi| = [v — | 5in(6/2),

2.2)
[V — vy = [V, — v] = [v — vy| cos(6/2).
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Here
SY (k) = {we SV {w, k) =0} (N >3);
S°(k) = {—k. k'} (N=2)

where k* e S' satisfies (k*, k) = 0. Also, for any F € L'(SV~") or any measurable function
F >0o0nS""!, we have

g
/ F(o)do :/ sinV 26 (/ F(cosfk + sin6 a))da)) do
SN-1 0 SN=2(k)

and in case N = 2 we define
/ g(@)dw = g(—k*) + g(k™).
S0(k)

Let [S¥2(K)| = fyv 24, do, etc. Then [SV2(k)| = [S"~2| for N > 3, |S°(k)| = |S°| =2

for N =2.

N—Z(k)

Lemma 2.1 Let ¢ € C2(RY), Ap = (V') + ¢(v.) — (v) — @(v). Then for all o € SV,
v, v, € RV

|A¢|§2<4’3’")/2( sup |8mg0(u)|>|v—v*|'"sin9, m=1,2; (2.3)

[ul <A/ 102 +]ve |2
—1 2 2 .2
1SV=2[ | Jgn 2 Apdo| < sup [0%@(u)| )|v — v,|”sin” 6. 2.4)
ST PEN/TTE

Proof Observing that —o = cos(wr — 0)k + sin(wr — 6)(—w) and Ag is invariant under the
reflection 0 — —o, we can assume without loss of generality that 6 € [0, 7r/2]. In this case
we have sin(6/2) < (sin@)/\/i.

By writing Agp = (¢’ — @) + (¢, — ¢.) one sees that (2.3) for m = 1 follows from the
first equality in (2.2). Next writing Ag = (¢’ — ¢) — (¢« — ¢,) and using v, — v, =v' — v,
we compute

1
Agp = / B+t —v)) — @, +1(V —v)),v —v)dt
0

1 1
_ f f (0 — )02 )W — v dedi
0 0
with (& = max{lv], ['], o], o)} < VP F 0P, Since [v. — vl — o] =

%|v —v,|?sin#, this gives (2.3) for m = 2. To prove (2.4) we write Ap = (¢’ — @) + (¢, —¢4)
and use v, — v, = —(v' — v). Then

Ap = (3p(v) — 3p(vy), v —v)

1
+/ 1= =)@+t — ) —v) dt
0
1
“r/ a- Z)(U; - U*)32</)(U* + t(v; - U*))(v; - U*)Tdt'
0
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Since by (2.1)

1
1SV Jonage (09(v) — 99 (v,), V' — v)dw = (09 (v) — d9(vs), v, — v) sin*(/2)
N=2(k)

where we used fsN—Z(k) (0p(v) — 3@ (vy), w)dw = 0, it follows that

1
ISV=2

/ A(pda)| 52( sup |82<p(u)|>|v—v*|zsin2(0/2).
SN—Z(k)

[l <A/ 02 +]vx | 0

Our next lemma provides bounds on certain collision integrals in terms of entropy dis-
sipation. As in the case of the local Sobolev bounds on the collision kernel first proved
by Lions [18], and then extended in subsequent work [1, 26], the proof of our bounds de-
pends on the pointwise inequality (2.10) below. However, as our bounds do not involve local

Sobolev norms, the proof is somewhat simpler.

Lemma 2.2 Let B= B(v — vy, 0) satisfy (1.6),0< f € L;(RN) satisfy D(f) < oo. Then:

(I) For any nonnegative measurable function ¥ on RN x RV satisfying
Y, ) =¥, v), Y, v,,0)eRY xRY x 8§V

we have

/ B (v, v,)sind|f'f/ — ff.ldodv.dv
RN xRN xSN—1

1/2
< <4A*/ [V (v, v)l* v — v*lyff*dv*dv> VD(f) 2.5)
RN xRN

where A* is the constant in (1.6).
(II) Let m € {1, 2} be such that 0 <2m + y <2. Then

/ Blv — v, |"sind|f' f, — ffildodv.dv < VAA*|| fll i/ D(f)  (2.6)
RV xRN x$N~-1 2
and consequently for all ¢ € C,f (RM)
/N  BIAGIISf = ff.ldodv.dv < VBAT 0" ¢l £,/ D). 2.7)
RV xRN xSN—
(Il) Forallp € T,if —4 <y < =2, then
/ BIA||f' fl— ffildodv.dv < vV A* 8¢ L~ 1AV D) (2.8)
RN xRN xSN-1
and if =2 <y <0, then

/ / B(|v — vy, cos @) sin" 20
RN xRN Jo

< A%l IIfIIi;- 2.9)

/ A(pdw‘dO ffidvdv
SN_Z(k)
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Proof Applying the elementary inequality

la —b| < (Va++/b) /%(a—b)log(%), a,b>0 (2.10)

toa = f'f],b= ff, and using Cauchy-Schwarz inequality we have

/ B (v,v,)sinb|f f. — ffildodv,dv
RN xRN xSN-1

1/2
< (4/ (/ B Sinze dO’) [‘*IJ(U, U*)]sz* dU*dU> m
RN xRN SN-1

which gives (2.5) by condition (1.6). The condition 0 < 2m + y <2 implies |v — v, |7 <
(v)2(v,)?. So applying (2.5) to W (v, v,) = |v — v, | gives (2.6). The inequality (2.7) follows
from (2.3), (2.4) and (2.6). The inequality (2.8) follows from (2.3) and (2.6) with m = 2.
Finally from (2.4) and [SY=2| [ B(|v — v/, cos0) sin"” 6d6 < A* we have

/ B(Jv — v,], cos ) sinV 720
0

/ Awdw‘dG < 18%pllLee A*|v — v, >
SN’Z(k)

and [v — v, [>T < (v)*(v,)? when —2 < y < 0. This gives (2.9). O
The last lemma in this section justifies the equalities resulting from formal calculation

that are cited just above the definition of weak solutions, at least for certain cutoff parts of

the collision integrals—which is just what we shall need in the next section.

Lemma 2.3 Suppose B(z, o) satisfies (1.6). For any A > 0, let

B*(z,0) = 1y<1yB(z, 0), By (z,0) =11 B(z,0) (2.11)

and let Q(-), Q*(*), L;[-] be the operators corresponding to the kernels B(z, o), B*(z,0)
and B, (z, o) respectively. Then for all 0 < f € L1(RY) satisfying D(f) < oo we have

(D If -4 <y < —2 then for any ¢ € T and any A > 0
| eapwan= [ oiapwd-2[  Lisglftdvde. @12
RN RN RN xRN
) If =2 <y <O then forall ¢ € Cg(RN)

/ O(flAp)(v)dv = —2/ L[A¢]ffidv.dv. (2.13)
RV RN xRN

Proof (I) Suppose —4 <y < —2.Given ¢ € 7.By Lemma 2.1 we have |Ap(v', v}, v, v,)| <
18%2¢]| L |v — v4|?sinB. So applying (2.6) with m = 2 gives

/ B — vy, 0)|Agl||f' f — ffildodv.dv < oo (2.14)
RN xRN xSN-1
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and thus
/ O(f1A¢) (v)dv = / 0 (f1Ap)W)dv + f 0, (f1A0) ()dv 2.15)
RN RN RN

with 0*(-), 0,.(:) corresponding to B*(z, o) and By (z, o). Introduce further truncation
Bj.e (v — vy, 0):1{sin9>s}Bk(v_U*7 o), ¢>0

and let Q; .(-), L ¢[-] correspond to B; .(z, o). Then using (2.14) and dominated conver-
gence we have

/ 0.(flAp)(v)dv = lim f O (flAp)(v)dv. (2.16)
RN e—>0+ JRN
By Lemma 2.1 and B, < ﬁBA sin® we have

v — v*lzl{‘v,v*bﬂB(v — v,, 0)sin®6.

92 s
Byo(v — v, 0)|Ag] < 122
2¢e

Since |v — vy |7 1jjy_y, 0y < AZH7, it follows that
A*
/ B |Aglffidodv.dv < — 9@l Lo A*T | f13, < oc.
RN xRN xSN—1 2¢e

This allows us to use the standard derivation and obtain

f 0. (f1A9) (v)dv = —2 / Ly (A1 ffudv.do. 2.17)
RN RN xRN
Also by Lemma 2.1

[L:[A@](v, v, sup | Ly [A@](v, v,)]
e>0

b2
5/ B; (Jv — vy, cos6) sin¥ 26
0

/ A(pda)‘dG < A8 || Lo A>T
SN—Z(k)
Therefore using dominated convergence gives

lim Ly [A@] ff.dv.dv = / L[ Al ff.dv.dv.

e=>0+ JRN xRN RV xRN

This together with (2.15), (2.16) and (2.17) proves (2.12).

(II) Suppose —2 <y < 0. Consider B,(z, o) = 1sino=¢) B(z,0) and let Q,(-), L.[-] cor-
respond to B.(z,0). For any ¢ € Ci(RN) we have, by Lemma 2.2 (use (2.7) with m = 1)
and dominated convergence, that

/ Q(fIAw)(v)dv=lim/ Q. (flAp)(v)dv. (2.18)
RN e—>0+ JpN

As shown above using B, < 1 Bsin6 and |[v — v,[**” < (v)?(v,)? we have
/ B.|Ag|ff.dodv,dv < o0
RN xRN xSN-1
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hence
[ otnapom=—2[  Lispwustdd. @9

Since 0 < B, < B and B, — B(¢ — 0) pointwise, it follows from (2.9) and dominated
convergence that

lim L.[A¢lffidvdv = / L[A¢]lffidv.dv.
¢=>0 JRN xRN RN xRN
This together with (2.18) and (2.19) proves (2.13). O

3 Construction of Weak Solutions, and the Equivalence of Two Definitions of Weak
Solutions

In this section we prove Propositions 1.1 (equivalence) and 1.2 (existence).

Proof of Proposition 1.1 First, “(a) = (b)” is a consequence of CZ(RN ) C 7 and part (II)
of Lemma 2.3. To prove “(b) = (a)”, we consider approximation. Let x € C®(RY) satisfy

0<x<lonR", x=1, V<l x)=0, Vv|>2. (3.1)
Given any ¢ € 7. Let ¢, (v) = ¢(v) x (v/n), n > 1. It is easily seen that {¢,} C CZ(RN) and

sup sup () 21g, ()] + (v) 99, V)] + 1070, (V)]) < oe.

n=1yeRN

Since |g, (v)| < |¢(v)| and @, (v) = @(v), Vv € RV it follows that

f o) f (v, v = / o) folw)dv — * Tim f dr / O(f1Ag) (v, T)dv, 1> 0.
RN RN 4""00 0 RN

Assume —4 <y < —2. Since

Ag, = Ap  (n— 00), ¥ (v,v,,0) eRY x RY x V!

and sup,.; [A@,| < Cylv— v, |2 sin#, it follows from part (III) of Lemma 2.2 and dominated

convergence that

n—00

lim dr/ Q(f|A(p,,)(v,t)dv=/ d'r/ O(flAg)(v, T)dv.
0 RN 0 RN

Next assume —2 < y < 0. By part (II) of Lemma 2.3 we have

—/ d‘c/ Q(f|A(pn)(v,1')dv=2/ dr/ L[A@,]ffidv.dv.
0 RN 0 RN xRN

Since lim,, .o, L[A@,](v, v,) = L[A¢](v, v,) and

ILLAQ)w. vl sup LIAG, ), v)| < Colv 7T < Cy () (0,) P
it follows from dominated convergence that
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t t
— lim d‘L’/ Q(f|A<p,,)dv=2/ dr/ L[A@]ffidv.dv.
0 RN 0 RN xRN

n—> 00

Therefore f is a weak solution.
Now we are going to prove “(b) <= (c)”. “(b) <= (c¢)” is trivial. To prove “(b) = (c)”
we denote for notation convenience that

Q(f1Ap(s, ) (v, 1) = Q(f (D) Ag())(v), /g(t)dv=/ g, n)dv.
RN RN

Given any ¢ € C}(RY x [0, 00)) N L>®([0, 00); C#(RY)). By Lemmas 2.1 and 2.2 there is
m € {1, 2} such that

[Ap (D', VLU, U, 1) < Cylv—v,[|"sind, 3.2)
123 [5)

/ ds/ Blv—v*l’"sinelf’f*’—ff*ldadv*dvgcf/ VD(f(s))ds (3.3)
1 RN xRN xSN-1 1

forall 0 <t <, < 00, where Cy, = 2sup,.( |9 @ (-, )|, Cr = ~/4A*sup,, ||f(t)||L;.
Applying (1.11) to the test function v — ¢ (v, t,) we obtain

1 [~
/ §0(tz)f(tz)dv=/ §0(t2)f(t1)dv—4—1/ dt/ Q(f (D)|Ap(tr))dv.
RN RN 1 RN
This gives
/ (ﬂ(tz)f(tz)dv—/ @) f(r)dv
RN RN

1o
_ /R (o) — o) fldv— / dr /R QU IBpE)d

which implies by (3.2) and (3.3) that ¢ fRN (1) f (t)dv is continuous on [0, co). Choose
ty =s,tp =5+ h,0 < h < 1. Taking integration with respect to s € [0, ] and changing
variables we compute

1 t+h 1 h
E/ / @(s) f(s)dvds — Z/ / o(s) f(s)dvds
t RN 0 JRN

! 1 1
2/ dS/ Z(w(erh)—so(S))f(S)dv—Zl(t,h),
0 RN
1 t
1(t,h) ::/ dtf ds/ O(f (s + th)|Ag(s + h))dv
0 0 RN

1 41
=/ dT/ dS/ Lih<s<tremy Q(f ($)A@(s + (1 — T)h))dv.
0 0 RV
Since
Lithes<iren AV, Vv, v, s + (1 — T)h) = Ljp<y<n AV, VL0, vy, 5) (B — 0)

for almost every (v, v,,0,s,7) € RV x R¥ x S¥=! x [0, + 1] x [0, 1], it follows from
(3.2), (3.3) and dominated convergence that

@ Springer



On Strong Convergence to Equilibrium for the Boltzmann Equation 699

I(t,h)—)/ta’s/ O(f(s)|Ap(s))dv (h—0).
0 RN

Therefore
[ owrwav= [ o na
RN RN
t 1 t
= [as [ @wonroo—g [as [ ooiapsnd
0 RN 0 RN
for all ¢ € (0, 00). Hence, f satisfies (1.13). O

Proof of Proposition 1.2 As usual, we shall use approximate solutions. For every n € N, let
B, =min{B, n} andlet Q,(:), D, (-) and L,[-] correspond to the kernel B,. It is well-known
that for every n there is a unique strong (or mild) solution f" (v, t) of (B) with the kernel B,
and the initial datum f"|,_o = fo. And f"(v, t) conserves the mass, momentum, and energy
and satisfies the entropy inequality

H () + / D(f" (@) de < H(fy), 120, (3.4)
0

These imply sup,..; ;~o fRN F (v, H()2 + |log f" (v, H)|)dv < 0.
Since f" are also weak solutions, they satisfy (1.11) which together with (2.7) and (3.4)
imply that for all ¢ € CZ(RY) and all |t; — 12| < 1

sup < Cll9* ¢l |t — 1], (3.5)

n>1

/ QD(U)fn(U, tl)dv - f (p(v)fn(va IZ)dv
RV RV

Here C depends only on A*, || f0||L5 and H ( fy). From this we have for any ¥ € L*(R")

sup sup -0 aséd—>0+4.

[t1—12]<8 n>1

V) f" . 1)dv — / V)" (0, 1)dv
RN

RN

By a standard argument, there exist a subsequence of {f"} (still denoted by {f"}), and a
(v, 1)-measurable function 0 < f € L>([0, 00); L N L' log L(RY)) such that

V>0, f"(,t)— f(,t) weaklyin L'(RY). (3.6)
Hence, by convexity and Fatou’s Lemma, we conclude from (3.4) that f satisfies the entropy

inequality (1.10). (The details of such an argument may be found in [14].) Thus, to prove
that f is a weak solution, it only needs to show that for any ¢ € C#(R"), 1 € [0, 00),

lim/ dl'/ Qn(f"IAgo)dv:/ dt/ O(flAp)dv. (3.7)
=% Jo RN 0 RN

To do this, we use the following property (which is a consequence of weak convergence
(3.6) and sup,.| ;- Il /" (t)llL; < 00): If for some o < 2, ®(v, v,) and P, (v, v,) satisfy

[P (v, v, sup [P, (v, v)| < C{)* (vs)?,
n>1

®,(v,v,) > P(v,v,) (m—>00) ae. (v,v,)eRY xRV

@ Springer



700 E.A. Carlen et al.

then

t t
lim dr/ @nf”ffdv*dv:/ drf Off.dv.dv. 3.8)
0 RN xRN 0 RN xRN

n—0oQo

Suppose —2 <y < 0. Then

IL[IAQ]I(v, v, sup | L,[A@](v, )] < Cy(v)* T (0,)*17,

n>1

so applying the relation (2.13) in Lemma 2.3, we see that the convergence (3.7) follows from
(3.8) with @ (v, v,) = L[A¢](v, v,) and D, (v, v,) = L,[Ap](v, vy).

Next, for —4 <y < —2, we truncate: For any A > 0, let B, , = Ljjy—y, >y Bn, By =
1{y—v,>2B andlet Q, (), L, s[-1and Q;(-), L,[-] correspond to B, ; and B, respectively.
Then

/ dr / 0, (f"|Ap)dv - / dr / 0(f1Ap)dy
0 RN 0 RN
- / dx / 0. (f" | Ag)du — f dr / 0 (F"1AQ)dY
0 RN 0 RN
+ / dr / 0 (f"1A@)dy — / dr / 0, (f1Agp)dv
0 RN 0 RN

+/dr/ Qx(flAw)dv—/dr/ 0(f1Ap)dv
0 RN 0 RN
=L () + T () + L(2).

Using part (I) of Lemma 2.2 we have

t
[ ()] < wa df/ Bl yjy_y,j<ylv — v P sin6| £ f1' — f" flldodv.dv
0 RN xRN xSN—1

: 12, 12
<c, ( / dr / 1{|v,u*|9}|v—v*r‘”f"f:dv*dv) ( / Dn(f"(f))df>
0 RN xRN 0

t 1/2
< C‘ﬂ (/ d‘[/ 1(‘,)_,]*‘5Mf”f*”dv*dv> .
0 RN xRN

By sup,~ >0 fRN f" (v, v)|log f" (v, T)|dv < oo we obtain forall 0 <A <1< R

sup f"(v, 1) (/ f"(z, v*)dv*>dv§C<R)\N+;> Il follz1-
N [v—vs| <A

n>1,1>0 JR log R

This implies that sup,,.; [, 4(t)] = 0 as A — 0. Similarly 7,(¢) — 0 (A — 0). To estimate
Ju(t) we use (2.12) in Lemma 2.3 to get

t t
|Jn.x(1)|=2‘ f dr f LualA@]f" fdv,dv — f dx f L1Ag]ff.dv.dv
0 RN xRN 0 RN xRN

Since L, ,[A¢](v, v,) = Li[A@](v, v,) (n — oo) forall (v, v,) € RY x RY and

|Li[AQ](v, v, sup | L, 1 [A@](v, v)] < Coljjy—p, =iy |v — 0P < Cy

n>1
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it follows from (3.8) that J,, , (#) = 0 (n — oo0) VA > 0. These imply (3.7) for -4 <y < —2.
Therefore, f is a weak solution. O

4 Moment Estimates for Weak Solutions

In this section we prove the first part of Theorem 1; i.e., the moment estimates. We need
two lemmas that provide estimates of Ag for ¢(v) = (v)*. These are so-called Povzner
type estimates, but including averaging that allows them to be applied in our weak solution

setting.
For any v, v, € RV leth = ﬁ forv+v,#0andh=e; =(1,0,...,0) forv+v, =0;
k= |5?3i| for v — v, # 0 and k = e, for v — v, = 0. Then using representation (2.2) we have

with w € SY2(k)

2 2 —
W= J;'”*' + '”“*!” | ((h,k)cos@—i-\/l—(h,k)zsine(j,w)),

2 2 _
WP = v J;'”*' - '”“*!” o] ((h,k)cos@—i—x/l—(h,k)zsinO(j,a)))

where j = % for |(h,Kk)| < 1 and j =e, for |(h,Kk)| = 1.

To prove the moment estimates we need the following lemmas:

Lemma 4.1 Forall s >?2 and v, v, € RY

1
r W)+ @) = () = (0,)) do
ISV=2] Jev-2q )
<55 =2) (07 + )" ot P — w2 [(1 = (h k)7 =272 sin? 0
where s = min{s — 2, 2}.

Proof Let
_ vt udlv — v
()7 + (v.)?
X=rhk), Y=r/I—(hKk?2
Then from the representation of [v'|?, [v/|* we have
W)Y =p(+ XcosO+Ysind(j, ), (2 =p(+X),
(v;)2 =p (1 —Xcosh —Ysind(j, w)), ()2 =p(l = X)

and so

W (v, v, 0) := p*"/ () + )
SN’Z(k)

:/ ! > (1+iXcos6 +iY sin0(j, )" — Y A+ix)* tde
CARSON Fiarp i=1,—1

4.1)
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where k = 5/2 > 1. To estimate the integrand {-- -} we shall use the following inequality:
Foralla e [—1,1]and r € [—1, 1]

A4+a)+1A—a)—(Q+a) -1 —a)+ —2a’(1 -1 <0. (42

k(k—1) 2
2

This inequality is easily proven by checking that the left hand side is a convex function in

t € [—1, 1]. Applying (4.2) to a = X we have

Z (14iXcosO)f — Z A+iX)fF<-— k(k2 1) sin® 6 4.3)

i=1,—1 i=1,—1

from which we see that if ¥ =0 then the lemma holds true. Suppose Y #0. Then |(h, k)| <1.

By the Cauchy-Schwarz inequality and r = % < 1, we have that for all 7 € [0, 1],

1
1—(IX|cosf+1]Y|sin6) > 1—\/(h, k)® +12(1 — (h,k)?) > S A= K)HUA=1). (44)
Applying Taylor’s formula to the function
t> Y (I+iXcosd+1iYsinf(j,w)) — > (1+iX)*, rel0,1],
i=1,—1 i=1,—1
Wecompute
)= Y (I+iXcost) = > (1+ix)
i=1,—1 i=1,—1
+k Y (14iXcos0) ™ i¥ sin6(j, w)
i=1,—-1
+k(k—1)(Ysm9(]a)) / (1—1) Z 14+iXcosf+1tiYsinb(j, w )) 2dt.
i=1,—-1

Since fSN,z(k)(j, w)dw =0, it follows from (4.1) and (4.3) that

k k 1
W, v, 0) < — ( )|SN‘2|X2 sin?@ 4+ k(k — )Y? sin29/ Zi(@ydw  (4.5)
SN—Z(]()

where
Zi(w) = f(l—t) 3 (1+iXcos +1iY sing (j, w)) dr.
i=1,—1

By considering 1 < k < 2 (for which we use (4.4)) and k > 2 respectively, we compute for
all k > 1

Y2Zi () < 25712(1 — (h, k)2, Vo eSV2(k) (4.6)

where k = min{k — 1, 1}. Since —X2 < r2((1 — (h, k)2)* — 1), it follows from (4.5) and (4.6)
that
W, v.,0) £ —— ( D gy, 25in? 0 {24 (1 — (b, k)H)F — 1),

This proves the lemma. a

@ Springer



On Strong Convergence to Equilibrium for the Boltzmann Equation 703

Lemma 4.2 Let B(v — vy, 0) satisfy (1.6) and (1.7) with the constants A*, A,. Let
LIA(-)*1(v, vy) be defined in (1.9) for ¢ (v) = (v)°. Then for any s > 2 we have

D If -2 <y <0, then for any ¢ > 0
LIA(¢) (v, vs)
< —¢; (U + )) + £Cs (V)7 (02)7 + (02) 7 (V)2) + Cy e (V) (04)
D) If —4 <y < =2, then forany > > 1
1{|v—v*|>A}L[A<'>S](vs U*)
< —c (07 + W)7) + CAZ ()7 (07 + (1) (1)) + Coa (V) (v,)°

Here the constants 0 < ¢y, Cy < 00 depend only on N, A*, A, and s, while 0 <
Cs.e, Cs5 < 00 depend also on € and ) respectively.

Proof By symmetry L[A(-)*](v, vs) = L[A{-)*](vy, v), we may assume that |v| > |v,|. We
note also that

7 =~ ()P + (u)T7) if Jv] > |vi|and s +y > 0. 4.7

N —

By Lemma 4.1 and A(-)* = (v')" + (v)’ — (v)* — (v.)*, we have
LIA() (v, vs)

<s(s —2) ((0)? + (v)?) 2

v+ v P v — v, [(1 = (h, k)?)*/? —279/277]

X f B(v —v,, 0)sin’*0 do.
SN—I

Let Ry = 26+4+/2/5 "and consider L[A(-)*]1(v, v,) = L (v, vy) + L2 (v, v,) where
Li(v,v,) := LIA() T, v) Lo <ry sy »
Ly(v,v,) := LIA() T, v) L) Ry oy ) -

By assumption (1.6) we have

(s—4)/2

L, (U, U*) =< Cs (<U>2 + <U*>2) |U + U*|2|v - v*|2+y1[|u|§R&\v*\}' (48)

To estimate L;(v, v), observing that

4o fv,? 4
Rs * S 1-— h,k2<— —,
[v] > Ry|vy| (h, k)" < OB+ [0 < %2

we have by the choice of R, that
(= ()2 =277 2) 1y gy < =271 ry -

Thus, using the assumption (1.7), we obtain

(=42

Ly(v,v,) < —¢ ((0)* + (v,)?) [0 4 v v — v P (14 [0 = 0 Lpmroonyy. (429)
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(I) Assume —2 < y < 0. Using |v £ v,| < 21/2((v)? 4 (v,)?)!/? and recalling s > 2 and
|v] > |v«|, we have by (4.8) that

Li(v,v,) < Cou) ™ Lyery oy < Cs ()72 (v,)2
Applying the elementary inequality
a7 <ed' b + (1+e % PMa’p?, a,b>1,keR' >0, (4.10)
we get for any € > 0
Li(v,v,) < eCy(0)7 (0.)7 + Coe (0)*{02)

To estimate L, (v, v,), we observe by R; > 2 and y < O that
1
[v]| > Rslvi| and |v]|>1 = |vEuvl= Z(v) and (1 +|v—v,))" =47 (v)".

By (4.9) (considering s <4 and s > 4 respectively) we have

Ly(v,v,) < Lo(v, v) =1y < — ¢ (0) 7 Lo gyon Lo 1y

= ¢ (V) (=1 + Ljops Ry Lot <ty + Lol <ryfualy)-
Since (V)" 11> &, jv.y Lijvi<1) < Cs, and by (4.8) for any ¢ > 0,
O iz < Co ()7 72 (0,)> < eC () (0,)7 + Coe (V) (1)),
it follows that
Ly(v,v,) < =, ()7 + £Co(0) 7 (0,)? + Coe (v)*(0,) 7
Therefore,
LIACY 1, v) = Li(v, v.) + Lo (v, 0.) < =, (0)* 7 4+ 6Co(0) 77 (0,) 4+ Cy o (v) (02)*.

This together with (4.7) (because s + y > 0) gives the inequality in part (I) of the lemma.

(IT) Assume —4 <y < —2. Given any A > 1. By (4.8) and 2 + y < 0 we have
Ljym, oy L1 (v, 0) < CoA 7 <oy (V)72 < CoAZ7 (0) 7 (v,)2 (4.11)

Note that if s <4, then s + 7 < 2 so that (v)**” < (v)? and (v)**”, (v,)*"” < (v)*(v,)? and
thus by (4.8) and neglecting the non-positive term 1yj,_,, -2 L2 (v, v,) We get

1(\v—v*\>K}L[A<'>S](Ua U*) =< Cs)\z-H/ (U)2<U*>2 =< _(<U>H—y + (U*>S+V) + CS,A<U>2<U*>27

which is a special case of the inequality in part (IT) of the lemma. Next, assume s > 4. To
estimate 1{,_,,|>1L2(v, v,) we see from R, > 2 and A > 1 that

[v—ve>XA and |v]| > Ry|vy|

1 1
= lEvlzgl. T<fp—vf=2pf, and [v]z ().
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This implies by (4.9) and y < O that
Lj—v, 1= L2V, 1) < =€ Lo, =21 Ljul= Ry oy (0) 7
= ¢ (=1 + Li<ry el + Lo Lt o) (00577

Since Ry > 2 and |v| < R|v.| imply (v) < R (v,), it follows from the inequality (4.10) that
for any ¢ > 0,

Loy, (0)°7 < 8C(0)F (1,) + Cy e (0)7 (v) .
Also, we see that |v — v,| < A and |v| > R;|vs| = |v| < 2A. Thus,

Lova i< Lol R ua) ()7 < Cy i < G (0) 2 (04) 2.

Let us now choose & = A**”. Then
Ljo—u =0 La(v, 0) < —c; (V)T + CA T () (0,)% + Cy 1 () (v,) 2. (4.12)
Summarizing (4.11) and (4.12) gives
o, >2 LIA ) 10, v < =€5 )7 + G (0) 7 (0, + Coa (0)(0:)°

which together with s + y > 0 and (4.7) gives the inequality in part (II) of the lemma. [

Proof of Theorem 1 (Moment estimates) We use a short notation

1l =111

Let f(v,1) be a weak solution of (B) with f|,—o = fo € L{, o, N Ly N L'log L(R") and
s > 2. Recall that f conserves the mass and energy: | f()llo=1, | f@®)].=1+ N.
Step 1. We shall prove that f € L ([0, c0), LI (RM)), i.e.

loc

sup || f(0)]ly <oo, VT <oo. (4.13)
t€l0,T]

For any A > 1, we split B = B, + B* as in (2.11) and let L;,[-], Q*(-) correspond to
B, (z,0), B*(z, o) respectively. Let x € CfO(RN ) be the function used above (see (3.1)).
Forany k >2,n > 1, let

o) =), @) =@ ) x(/n).
Then ¢, € C;(RY) and so for =2 <y <0

1 t
/ wk,n(v)f(v,t)dv=/ wk,n(v)fo(v)varEf dr/ L[A@ ) f fedvidv
RN RN 0 RN xRN

4.14)
andfor -4 <y < -2
/ () f (0. D)
RN
1 t
- / P10 ) o — | / dx / 0" (f |Agen)dv
RN 0 RN
4l / dr f Ly [Age 1 ff.dv.dy (.15)
2 0 RN xRN
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where we used (2.12). Moreover
0<@rn(v) <@ (v), nlirgo k() = @i (v),
lim Ag, (v, v, v, v,) = Age(V', v, v, v,),
nli)rgc LIA@ »]1(v, vi) = LIA@](v, vy), '11111;1o L [Agr (v, vi) = Ly[Ag] (v, vy),

1820 (v)], sup |82y, (V)| < Cr(v)* 2,

n>1
and by introducing
Wio (v, 0,) i= (14 o + [0, 2 v — v,

and using Lemma 2.1, and (1.9), we have

[A@il, sup |Age | < CeWi2(v, vy) sinb, (4.16)
n>1
/ Agrdw|, sup f Ay pdw| < Cr¥y (v, v,) sin? 6, 4.17)
SN-2(k) n>1 | JSN=2(k)
IL[A@](v, vi)l, sup [L[A@ ]V, )| < CrWi 24y (v, vy). (4.13)
n>1

The constants C; depend only on k, N, y, A*. In the following we assume 2 <k <'s.
Suppose —2 <y < 0. In (4.14) letting n — oo we obtain by Fatou’s Lemma and (4.18)
that

t
1@y <1l + G [ de [ o, prdvd.
0 RN xRN
Since —2 < y < 0 implies

Wy oty (0, 0,) < Cr (V)7 () + ()7 (0)?)

it follows form the conservation of mass and energy that

If Ol = ||f0||s+ck/(; If (O llerydr, 1=0.

Now take k = k,, = min{s,2 +m|y|},m=1,2,.... By y <0 and induction on m we then
obtain

NfOlk, <Cr,L+0)", >0, m=1,2,....

This proves (4.13) for —2 < y < 0. Next suppose —4 <y < —2. Observing that |v — v,| <
A= 1+ [v]® + |v.|> <41 (v){v,) and |v — v, [*T" < A*tY we have

Ljpvn )<y [ Wi 2 (v, 0P| — 0,7 < CARTHY ()2 (v, )52,

[t )P = ol ffdvdy < G 1O
RY¥ xR
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Therefore using (4.16) and Lemma 2.2 we obtain

fdr/ O (f|Agx)dv
0 RN

Next, by 2+ y <0 and A > 1 we have

SCM("“”W/O ILf (k-2 D(f (D)) d7. (4.19)

Lo =2y Whosy (0, 05) < Cr ((0)72 4 (v,)572)

which gives by (4.18) and L, [-] = 1{jy—v,|>1 L[] that

1 t t
5 / dt / Li[Ageul ffrdv,dv < Cy / I £ () llk-2dT. (4.20)
0 RN xRN 0

In the equation (4.15), letting A = 1 and n — oo, we obtain from (4.19), (4.20) and Fatou’s
Lemma that

If @Ol <1 folly + Ce fo 1/ @l (1+ VDT @D ) dr.

Now we choose k = k,, = min{s, 2m}. Then by induction on m it is easy to show that there
are constants 0 < Cy,, < 0o such that

I fOllx, <Cr,(1+D"", >0, m=1,2,....

This proves (4.13) for —4 <y < —2.
Step 2. We shall prove the following inequality

Ilf(t)llﬁrcx/0 If (O lls+ydr <C(A+1), =0 4.21)

which implies (1.16) because y < 0. Here and below the constants 0 < ¢;, C; < oo depend
onlyon N, y, A,, A*, s and ||f0||L}.’ and in case —4 < y < —2, they depend also on H (fp).

From the pointwise bounds (4.16)—(4.18) and integrability shown in Step 1 we see that
the dominated convergence theorem can be used and we get from (4.14) and (4.15) with
k=sthatfor -2 <y <0

1 t
LFOL = 1ol + 5 / dr / LIAG,1ff.dv.dv, 422)
0 RN xRN

and for -4 <y < -2

1 [t 1 !
Ol = 1 folls — ~ / dr f 0" (f | Ag)dv + + / dr / LiAg,)ffudv.do.
4 Jo RN 2 Jo RN xRN 423)

To prove (4.21), we first consider —2 < y < 0. By Lemma 4.2 (recalling ¢, (v) = (v)*) and
the conservation of mass and energy we have from (4.22) that for any € > 0

1FOl < 1 folls — (s — £Cy) / 1 (Ollssydr + Coute 120,
0

Therefore choosing ¢ =

2"& leads to (4.21) (with different constants).
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Next assume —4 < y < —2. Using inequality (4.19) for k = s and letting n — oo we

have
’ /0 dr /R QN 1Ay = Gt /0 £l 2D,
By the Cauchy-Schwarz inequality and using s —4 < s + y,
1f @ lls—2 < VIFOUNTF @ ls—a < VIO T @ sy

Therefore, for any ¢ > 0

1 1
AT £ () ||y—a/ D(f (7)) < FEIF@llssy + y”““ I £ () D(f (7)),

and so

Hf dr/ 0" (| Agy)dv
0 RN

Also, using Lemma 4.2 we have as shown above that

<eC, / 1 () lssydT + C / £ (I D(f ().
0 0

1 t t
! / dr / LA f fudvadv < — (¢, — C22*7) / 1f @ lsaydt + Cont.
2 Jo RN xRV 0

Choose ¢ = A**?. Then from (4.23) and the above estimates we obtain

IFOlls < 1l folly = (e5 — Csk”y)/ If (D lls4ydT + CM/ If (@ D(f(D)dT + Cy st
0 0

We can assume that C; > ¢;. By 2 + y < 0 we can choose

¢ 1/2+y)
r=[= 1).
<2CS> 1

Then with different constants we obtain

”f(z)”s_l'Cs/ ||f(f)||s+ydf5C5(1+t)+Cs/ If (@ D(f(D)dz, 1=0.
0 0

By Gronwall’s Lemma, this gives
t t
lf s +Cs/ I f @) lls+ydT < Cs(1 +t)eXp<Cs/ D(f(f))df), t=0
0 0

which implies (4.21) because fooo D(f(1))dt < Cn sy < 00. O

5 Convergence to Equilibrium in Broad Generality

In this section we give a unified treatment of strong convergence to equilibrium which in-
cludes all cases (soft potentials, hard potentials, etc., with and without cutoff). In the follow-
ing theorem, the functions f(v, t) are not even assumed to be solutions of the Boltzmann
equation: Their only connection to the Boltzmann equation is the requirement (5.3) below
in the integrated entropy dissipation.
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Theorem 4 Let B(z, o) be a collision kernel satisfying B(z,0) > 0a.e. (z,0) € RN x SVN~1,
and let 0 < f € L>([0, 00); L) (RY)) satisfy

fG. €Ly, RY), Vi=0; sup [ fu,)®(f(v,1))dv <oco, (5.1)

t>0 JRN
|1H§le . eW)(f, 1) — f(v,1))dv=0, VY¢eC R"Y), (5.2)
—th|—> RN
/Oo D(f(2))dt < oo, (5.3)
0
If @y, = /RN(U)Z\II(u)f(v,t)dv <00, Vit>1t (5.4)

for some ty > 0, where ®(r) > 0, V(v) > 1 satisfy lim,_,o ®(r) = oo, limpy|-.c0c ¥(V) =
oo, and D(f) is defined in (1.8) with the present B(z,0). Then for the Maxwellian M €
Lél,o’l)(RN) given by (1.14) we have

W I
1 T
sup— | I£Ol1 di <oo, (5.5)
TZE) T Jy / Loy
then
1 T
Jim 2 [ 170 =1,y =0, (5.6)
an i
lim (£ — F@)l =0, supllf®)ll, < oo 57)
It =12]—0 >t 2+
then
lim || f(t) — M|l;1 =0. (5.8)
—00 2

Proof Firstof all, we use || f(¢) — M||L£ <Cn/If(@)— M| 1 (see (1.15)). Hence, to prove

the theorem, it suffices to prove the apparently weaker result in which

| f@®) — M||L£ is replaced by || f(#) — M| ;1. Also, if we let Dyin(f) correspond to

Bnin(z,0) := min{B(z,0), 1}, then Dy, (f(¢)) < D(f(¢)), so that by replacing B(z,0)

with B (z, o), we can assume for notational convenience that B is bounded: B(z,0) < 1.
From (5.1) we have

sup | f(u, 1) ((v)>+ @(f(v,1))dv < 00 (5.9)

t>0 JRN

which implies that { f (-, #)};>0 is weakly compact in L'(R"). Here and below “compact
in L' always means “relatively compact in L'”. We now split Q(f) as usual as

(N, =0 (Hw, 1) = 0™ (v, 0 (5.10)
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where

0" (Hw,1) 2/ B(v — v, 0) f' fidodv,, (5.11)

RN xSN-1

O (fHw, 1) :/ B(v —v,,0)ffidodv, = f(v,t)L(f)(v,1), (5.12)

RN xSN-1
L0 = [ 1BG s/ =204z (513
R
Then using the special identity Ot (M) (v) = M (v) L(M)(v) we have

(f =MLM)=—-0(f/)+ 0" (f) = 0" (M) — fL(f — M). (5.14)

As shown in the proof of Lemma 2.2, applying the inequality (2.10) and the Cauchy-
Schwarz inequality, we have

10l < / B — v, )| £ — Ffldodv,dy

RN xRN xSN—1

< \/4 / F, L), dvy/D(f (1) < VASVIYD(f(1). (5.15)
RN
Let us write for any 0 < R < 00

f=M=1<r (f —M)L(M) + 15 (f — M).

1
"L
Then using (5.14), (5.15) we have

1 2N
If (&) — Ml < L_R<CN\/D(f(t)) + E(I)) + = 12 0 (5.16)
where L = minp,<g L(M)(v) >0 and

EM=10"(H® ="Ml + 1 fOgDl, g,0)=L(f —M)(v,1).

Here the positivity Lk > 0 is obvious because the function v — L(M)(v) is continuous on
R" and, by the assumption on B, || B(z, -)|I 1gv-1, > 0 a.e. z € RV,
We next prove that for any sequence {t,},>1 C [t, 00) satisfying #, — oo (n — 00) and

sup [[f @)Ly, < oo, (5.17)
n>1 +

there exists a subsequence, still denoted by {z,},>1, and a sequence {f,},>; satisfying 0 <
t, —t, = 0 (n — 00), such that

lim E(t,) = lim E(,) =0, lim D(f(#,)) =0. (5.18)

n—00

To do this we use the fact that

o0 1 1 ty+0n
8y 1= / D(f@ydi+~ =+ D(f(t)dt <3,
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so that there exist 7, € [, t, +8,] such that D(f(,)) < 8, — 0 (n — 00) by the assumption
(5.3). By L'-weak compactness of {f(-, )}i=0 there e)&ists a subsequence of {(t,,%,)}n>1,
still denoted by {(t,,,)},=1, and functions 0 < fo, foo € L'(RY) such that f(-,,) —

foor f(i1n) = foo (n — 00) weakly in L'(RY). Since 0 < 7, — 1, <8, — 0, it follows
from (5.2) that f,, = fo a.e. on RY. On the other hand, by f(-,t,) € L(llqoﬁl)(RN) (Yn)
and (5.17) we see that fo, € L{; o ,(R"). And by convexity and nonnegativity of (x, y) —
(x — y)log(x/y) and Fatou’s Lemma, we obtain

D(fw) < lim D(f (i) =0.

Since B(z,0) > 0 for a.e. (z,0) € RY x S~ it follows from the well-known result
that foo(v) = ae~?"="0” ae. on RY for some constants @ > 0,6 > 0 and uy € RV.
Since foo, M € L{; 1, (R"), this implies f., = M a.e. on RY. We therefore conclude that
FfC.t) =M, f(-,t,) = M (n — oo) weakly in L' (R").

Next, since B(z,o0) is bounded and f (v, t) satisfies (5.9), it follows from Lions’ com-
pactness result ([17], see also e.g. [3, 19, 28, 29]) that the set {QF(f) (-, 1)};>0 is strongly
compact in L' (R"). For convenience of the reader, we give here a short proof. By the cri-
terion of L'-strong compactness and the Li-bound sup,so |l o (), t)||L£ < Cy we need
only to show that

sup [0 (NG +h,0) = O (DIt =0 ash— 0. (5.19)

t>0
To do this, we use truncation
I <R<oo, fr(,t):=f@, )j<rinif@.n<R)-

Then v —~ Q% (fr)(v, t) is bounded and compactly supported uniformly in ¢:

0" (fr)(v. 1) < Rz/ Ly i<ringui=ridodve < Crly, - /3 gy (5:20)

RN xSN-1

From e.g. [19] there is a strictly positive measurable function Wg(&) constructed from
B(z, o) satisfying Wg(§) — oo (|| — 00) such that

/RN WsE)IF QT (fr) ) (E)PdE

< CN/ i@, D) fre, A + v — v, HNdvdv, < Cp. (5.21)
RN xRN
Here and below Cg < oo depends only on N and R, and F(g)(&) is the Fourier transform:
FO© = [ swetan
RN
From (5.20) we have

O (fOw +h, 1) — QF (fo) W, 1) = (QH (f) W+, 1) — OF (fR) W, D) Ly crsiny

for all v, h € RY with |h| < 1. Therefore by Cauchy-Schwarz inequality, Parseval identity,
and (5.21) (considering |£| < |h|~"/? and |€| > |h|~'/?) we obtain
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10 (R4 hat) = O () Dl
12
< Cr ( / 11— PO (fr) (- z))@ﬁd&)
RN

1/2
§CR(|h|+ sup ) = CrA(h), YO <|h|<1.

tg1= -2 W (§)

On the other hand, there is Ry > 0 such that for all R > R, we have ®(R) > 0 and

10 (fR) (1) — O (/)1 < Ciy / (v, D)dv

{f (v.0)>R}Uf|v[>R}

1 1
<Cy|—+—=).
= (<I><R) " RZ)

Combining these we obtain for all 0 < [#| <1 and all R > R,

+ — 0t () L L
supl| Q" () +h.1) = 0 (f)(,z>||L1scRA(h)+cN(¢(R)+R2>

which implies (5.19) by first letting 7 — 0 and then letting R — oo.
For any ¥ € L>°(R"), the function

U(v, vy) :=/ B — v, 0)y (V)do
SN—1
belongs to L*(RY x RY). By f(-,t,) — M — 0 weakly in L' (R") and (5.9) we have

/];N v(QT (N, 1) — 0T (M) (v))dv

:/ U, v)(f (v, 1) f Vs, 1) = MM (v,))dv,dv — 0 (n — 00).
RN xRN

This implies lim,_« [|QT(f)(%) — QT (M)||1 = 0 because {QF(f)(t,)}n>1 is strongly
compact in L' (R"). Also by weak convergence and | B(z, )|l .1gv-1) < [SV~"| we have

g (v, 1) = /R B = v M (£ ) = M), 0 (2 00)

forall v € RV Since |g(v, ,,)| < |SV71], it follows from (5.9) that lim,,_, o || f (t,)g(t) I 1 =
0. Thus lim, ., E(¢,) = 0. The same argument also applies to f(v,7,) and gives
lim,_, o E(t,) =0.

Having proven (5.18) (under the condition (5.17)), we can now prove the timed averaging
convergence (5.6) and the strong convergence (5.8) for L'-norm || £ (t) — M|| ;1. Suppose the
assumptions in part (I) are satisfied. By the assumption (5.3) we have

T / T
%/ VD(f@)dt < %/ D(f@®)dt -0 (T — 00).
0 0

Thus, from (5.16) we see that to prove (5.6) we need only to prove that

T
%/ E(t)ydt =0 (T — 00). (5.22)
0
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We consider the following strategy: For any given ¢ > 0, choose a sequence of 7, =T, . €
[(2 + 19)?, o) satisfying T, — oo (n — 00) such that

. I o1
llmsup?/ (E(t)—8||f(t)||L£+)dt:n1Ln;om/ (E(t)—e||f(t)||Lé+)dt (5.23)
1 n

T—o00 In

where I, = [«/T,, T,] and we have used the boundedness

1 T
sup E(t) < 4|SV71, Ce=sup— [ |If )l dt <oo.

>0 T>tg T 1o

For every n € N there exists f, € I,, such that

1
o7 ) (B =els@y )dr < Ea) —elfal,y - (5.24)

Since T, > (2 + 1), this gives an L}, -bound (5.17):

1 2 (T 4 N
IIf(tn)IIL;+ < EE(tn) + T Ilf(t)llL;+dt <-IS"T[+2C.
o

n &

Therefore there is a subsequence, still denote it as {#,},>1, such that E(¢,) — 0 as n — oo.
By (5.23), (5.24) we thus obtain

1 (7 1 (7
limsupT/t; E(t)dtflimsup;/% (E(l)—£||f(t)||L£+>dt+8C§£C.

T—o00 T—o00

Letting ¢ — 0 leads to (5.22).
Finally suppose the assumptions in part (II) are satisfied. Choose a sequence {#,},>1 C
[ty, 00) satistying f, — oo such that

limsup || f() = Ml|,1 = lim [|f () — M][.1.

—>00

By the assumption in (5.7), sup,., | f()|l;1 < o0o. So there exist a subsequence, still
y p pn_l . L2+ q

denote it as {t,},>1, and a sequence {f,},>1 satisfying 0 <7, — 1, — 0(n — 00), such
that (5.18) holds true. Therefore by assumption (5.7) and applying (5.16) we have
limn%oo ”f(tn) - f(fn)”Ll =0and

1im || f () = Mllx <limsup | £ () = Ml

n—00
1 = _ 2N 2N
<—|Cy lim vD(f(#,))+ lim E(t,) |+ — = —.
LR n—00 n—00 R2 R2
VO<R <00

This proves lim,,_, || f(t,) — M||;1 = 0 by letting R — oo. O

Proof of Theorem 1 (Time averaged convergence) This is a consequence of part (I) of The-
orem 4 because the weak solution f in Theorem 1 satisfies all conditions (5.1)—(5.5) with
®(f) =|log f] and W(v) = (v)**t7~2, where the uniform continuity (5.2) is indeed satisfied
for any weak solution (see the proof of (3.5)). O
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6 Lower Bounds on the Convergence Rate

We first consider in the following two special cases (a) and (b) which motivate our work for
general cases on the lower bounds of convergence rate.

Case (a). fli=o=fo € L{, 0, (RY)and f € L®([0, 00); Ly(R")) is a mild solution of (B)
with B(z, o) satisfying

IB(z, )l 1sv-1, < KA+ 2P, —oo <y <O.

Case (b). fli=o= fo € L(ll,(),l) N L'log L(R") is an isotropic function and f is an isotropic
weak solution of (B) with B(z, o) satisfying

Bz, ILisv-1y = Klzl", —4=<y, 1-N<y<O0.

Note that under the assumption in Case (a), the existence and uniqueness of mild solu-
tion f is well-known and f conserves the mass, momentum and energy. For Case (b), the
existence of isotopic weak solution f is also obvious.

Theorem 5 For each Cases (a) and (b) there are (explicit) constants 0 < Cy, Cy < 00 de-
pending only on N, K and y such that

IIf(t)—MIIL;zCI/ v fo(v)dv — Coexp(—1*/4), V1=0  (6.1)

|v|>r%
where o = 1/ min{|y|, 2} for Case (a) and @ = 1/|y| for Case (b).
Proof Our proof relies on pointwise inequalities for mild solutions of (B). Recall that a

nonnegative measurable function f(v, ) on RY x [0, c0) is called a mild solution of (B)
with initial datum f; if there is a null set Z C R" which is independent of ¢ such that

/ O (v, 1)dt <00, YveRV\Z Vi>0
0

and
t
f(v,t):fo(v)+/ Q(fH)w,r)dt, YveR¥\Z,Vi>0.
0
Here O (f) and Q™ (f) = fL(f) are defined in (5.10)—(5.13).
In the following, we use the letter Z to denote a null set of R which is independent
of +—the particular null set may change from line to line. Recall also that if f is a mild

solution and satisfies that for almost every v € R" the function 7 — L(f)(v,t) is locally
integrable on [0, 00), then by Duhamel’s formula:

F. 0= fo(w) exp(— /O L), r)dt)

+ f Q+<f>(v,r)exp<— f L(f)(v,fl)dn)dr
0

T
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for all + > 0 and all v € RV \ Z. This gives

f.1) > fov)exp (—/ L(f)(v,r)d‘r), Vt>0,YveRY\ Z. (6.2)
0

Case (a). By the assumption on B, we have

S 1)
L(f)(v,t)SK/RN At —opm ¥

Let 8 = min{|y|, 2}. Then for all v, v, € R,

1 Cq 2
—_— < — (1 7).
T o= = qup (1)

Hence, using conservation of mass and energy yields the bound

Crpllfolly e

L0 S — 15— =
Thus,
f(v,z)zfo(u)exp(—%), Vi>0YveR"\ Z,
and in particular,
fw,t)> fowe™, Vt=>0,YveRY\Z st |v]>" (6.3)

with « = 1/8. Consequently,

f |v|2f(v,t)dee_”/ W fo(w)dv, Yt>0.
|v|>1¥

|v|>1¥

Since M (v) = (27r)~N2e~1"7/2_it follows that (6.1) holds true:

17w - iy =

lv|>r*

WP f (v, D)dv — / WM )y

|v]>1*
> e—"/ [v]? fo(v)dv — Cy exp(—t>*/4), V1>0.
|v|>1¥

Case (b). We need to prove that under the assumptions in Case (b), f is also a mild solution
after a modification on a null set of RN x [0, 400). By —4 < y < 0 there is m € {1, 2} such
that 0 <m — |y|/2 < 1. We show that

/ WP 0 (f) (v, dv < Cll /ol Y120, (6.4)
RN 2

where C < oo depends only on K,y and N. In fact using [|[B(v — vy, -)|lp1gn-1y) <
K|v—v.]” and |v'|> < |v]® + |v.|> we have

2 2\m
/ |U|2in(f)(U,l)dU < K/ f(vat)f(v*vt)(h}' + |U*| ) dU*dU.
RN

RN xRN [v — v, |7
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Since f is isotropic, i.e., f(v,t) = f(|v|,?), and |y| < N — 1, it follows from Lemma 6.1
(see below) that

S e, (0] 4 Jvs )"
RV [v — v, |Vl

dv, < Cu, f F e (P + 02" 24,
RN

Since (|v|? 4+ |v )™ P12 < (1)2(v,)?, (6.4) follows from conservation of mass and energy.
By (6.4) we have

T
/ 0*(f)(v, )dt <00, YveR¥\ Z,VT €0, 00).
0
Take any ¢ € C>°(R") and let

|v|2 m
) = pW)¥(v), pw)Z(TIUP) .

Then using (6.4) we have
/N p@)Q* (M. Ddv = Cyll foll2y <00, Vi=0.
R
Therefore there is no integrability problem and we have with this ¢ (v) = ¥ (v)p (v)

] t t
3 [ [ ovispwna= [ 4 [ sworne.na.
0 RN 0 RN
Since f is a weak solution, this gives for all ¢ € C°(RY)
t
fN v ()p(v) {f(v, 1 — fov) — / (N, r)dr} dv=0, Vi>0.
R 0
By L'-integrability of p(v){- -} and the strict positivity of p(v) on v # 0, this implies
t
=+ [ e ndn VizoveeR" 2
0
where Z; are null sets that may depend on 7. Let

f,t):= . (v,1) eRY x [0, 00).

folv) + / 0(f)(v. 1)de
0

Then it is not difficult to prove that _f(v, t) is a mild solution of (B) and for any ¢ € [0, 00),
f(, )= f(v,t) ae. veRN. Thus we can replace f with f.
Now for all v € R \ {0} we compute using Lemma 6.1 below and || £ (¢)|| 1 = 1 that

f@un o _elf Ol _ e

vlv=v T T T ol

L) .1) < K/
R

Therefore (6.3) holds for « = 1/|y|. This gives
/ v f (v, t)dv > e*f/ lvl? fo(v)dv, Yt>0
lv|>t* lv|>t*

and thus, (as shown above) f satisfies the inequality (6.1). a
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Lemma 6.1 Let f(v) = f(|v|) be a nonnegative isotropic measurable function on RN with
N >2.Thenforall 0 <a,B <N — 1 and v e RV

fodv, f@dv,
———————— < Cnup 5 > 5
RY U+ v [V — v, ]# rY (V|2 + v, 2)@th)/

Cy sl S
“p SV II\N—-1—-a« N—-1-8)

where

Proof Forany v e RY, let v =pw, p >0, w € SV, Then

/ f(lv*DdU* — /‘Ooerlf(r) / do dr
RV Vvl v—ulf o sv-1 lpw +rollpo —ralf )

Since p2 +r>+2prt > %(,02 +7r2)(1 = 1?) for ¢ < 0, it follows that

/ do
sv-1 |pw +rol?|pw—ro|f

ISV 2| w2 [ 2\ (N—3-a)/2 s [ 2\ (N=3-$)/2
sm 2 O(I—t) dt+2 0(l—t) dt
1

<C SN ———5-
= Cnagl |(,02 T r2)erh)2

This implies the inequality in the lemma. ]

It is not clear whether the lower bound estimate (6.1) can be extended to all weak solu-
tions. Our proof for Theorem 2 is very different from the above argument.

Proof of Theorem 2 Part (I). By identity |a —b| = b—a+2(a—b)™ (with (y)* = max{y, 0})
and conservation of mass and energy we have, forall r >0, R > 0,

1@ =My =2 [ P w.ndo - Cye (6.5)

[v|>R

where we used the exponential decay of M (v) = (277)~V/2¢~1"*/2, We now prove that there
is finite constant C,, > 0 depending only on N, y, A*, A,, s, ||f0||L3 , H( fy) and K such that
forall R>3andallt >0 ’

2-12/s]
/ W2 (0, Ddv = / Wi fowydy — XD 6.6)
[v|>R

lv|>2R Rﬁ

where 8 = min{s, s — 2 + |y|}. To prove (6.6), we use truncation. Let x € C®(R") be the
function given in (3.1). For any R > 1, let Yz (v) = [v|>x (v/R). Then ¢ € T,

0P o2m) < YR() < 0P Lgoi-r), YU ERY, (6.7)
and supp_; |02kl L= < Cy. Also using [v']2 + |v.]? = |[v]? + |v.|* we have

AV, v, v,0) = AYr(V', v, v, v.) 225 R2) - (6.8)
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Suppose —4 < y < —2. Using (1.11) to ¢ = g we obtain from (6.7)

/ v f (v, D)dv > f Yr() f (v, t)dv
[v|>R RN

1 t
> f o fotwrdv — f dr / O(f | AYR) (v, T)dv.
lv|>2R 0 RN

Let Q'(-,-) and L [-] be the operators defined in Lemma 2.3 for A = 1 corresponding to the
kernels B'(z,0) = 1(jy—v,j<1yB(z, 0) and B,(z,0) = 1,13 B(z, o) respectively. Then by
Lemma 2.3 we have

f dr[ O/ | AYR) (v, T)dv
0 RN

_ / dr f 0'(f | AY) (v, T)dv — 2 / dr f LiAVR]S fudvedo.
0 RN 0 RN xRN

We compute as in the proof of Lemma 2.2 that

f dr/ 0'(f | A¥e) (v, )dv
0 RN

t 1/2
= C/ dt (/ [v— v*|4+y1(\v711*\§l}ff*dv*dv> D(f(z)
0 oI +vs 2= R?

' 12
<C (/ dT/ luu_v*‘sl}ff*dv*dv) .
0 [V +]vs 2= R?

By R > 3, we see that [v] > R/+/2 and |v — v,| < 1 imply |v,| > R/3 and so
t
/ dr/ L (jv—v, <1y ffredvidv
0 [0[2+|vg |22 R2

t 2
§2f dt </ f(v,r)dv)
0 [v|>R/3

C t _ C(l +[)3—2[2/5]
—2[2/s]
7> /(; 1+71) ldt < R

=

where we have used the moment estimates (for s > 2) and the conservation of mass and
energy (for s = 2). Thus

C(l + t)3/2—[2/,s]

<
= RS

'/ dr/ 0! (f | A¥re) (v, T)dv
0 RN

Also by 24+ y < 0 we have

f dr / Li[AYelffdv
0 RN

t
= C/ dff v — U*|2+y1{\v—v*\>l}ff*dv*dv
0 [+ |vs 2= R?
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d c [ ) C(1 4 1)>~ B/l
< c/ dr/ (v, T)dv < f/ (14 7)"24lgr < L
0 [vI=R/V2 R Jo Rs
Therefore
C, (1 +1)> 2/
/ ol (v, Ddv = / P fo(oydy — LD 6.9)
lv|>R [u|>2R RS
Next suppose —2 < y < 0. In this case we use (6.8) and moment estimates to get
t
[ac [, Lsvnstav.
0 RN xRN
t
SC/ dr/ [v — v |7 ffidvedv
0 [+ |vs |2 > R?
C t ) -~ (1 + t)2—[2/s]
- s/2 ~ 7
< [ [ QP vy < e iz,
Therefore using (1.12) with ¢ = ¥z we obtain
C (1 + t)27[2/x]
vl f (v, )dv > f P fo(wydv — —————. (6.10)
/\;)\>R [u|>2R 0 Rs—2+lyl

The inequality (6.6) follows from (6.9) and (6.10).
Combining (6.5) and (6.6) and using e R4 < % <
constant 0 < K < oo such that for all R > 3

2-(2/s] .
% we get with a larger

, t>0. (6.11)

R K (1 4 1)212/s)
1) = Ml = 2/M>2R P oo — KO

We can assume K > max{K,, 6° N} so that the solution R(¢) of (1.19) satisfies R(z) > 6 for
all # > 0. Therefore inserting R = %R(t) into (6.11) and using (1.19) gives (1.20).
Part (I). Recall the assumptions in the theorem. We have for all R > R,

Ffo(w)|v|>dv > c/ r~17%dr = CR™S. (6.12)

[v|>R R

Since 6 < B, fy satisfies (1.18). By Part (I) of Theorem 2, the solution f (v, t) satisfies (1.20)
with the function R(¢) defined through (1.19) for some constant K > N (R,)? which implies
that R(#) > R for all # > 0. By (1.19) and (6.12) with R = R(#) we have

K(1+1)? > CR@®) .
So R(t) < C(1 +1)¥#~% and hence using (6.12) with R = R(¢) again we obtain

/ fo)v*dv>CR@) ™ > C(1+1) /D 1 >0.
lv|>R(t)

This proves (1.22).
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Part (IIT). Let s = 2. By the assumption on fj, and recalling that A, (¢) = —%A(t) >0,
we have

o0
fo(v)|v|2deC/ Ai(r)Ydr =CA(R), YR=>R,. (6.13)
lv|>R R
On the other hand, by assumptions on A(t), there is a constant C > O such that A(R) >
CR~? for all R > Ry. Since § < B, this implies that f; satisfies (1.18) and thus from (1.19)
(with some constant K > N (R;)?) we get as shown above that R(f) > R, and

K(1+1)>CR@®)?, r>0.

SoR(t) <c(1+1)* witha =1/(B8 — §). Applying (6.13) with R = R(#), and recalling that
A(t) is non-increasing, we obtain

/ fo)|v]*dv> CA(c(1 +1)*), t>0.
lv|>R(?)

Finally by assumption (1.23) on A(t) it is easily proved that there are constants 0 < ¢y, C; <
oo such that A(c(1 +1)*) > C1A(c t*) for all £ > 0. This proves (1.25). |

7 Upper Bounds on the Convergence Rate for y > —1 and Grad Angular Cutoff

This section is devoted to the proof of Theorem 3. There are several somewhat long and
technical arguments, as well as some that are shorter and more plainly motivated. We begin
with one of the more technical lemmas which shall later in this section be used to bound the
entropic moments as explained in the introduction. It is through this lemma that the condition
y > —1 enters Theorem 3. Next, in Lemma 7.2, we prove the Gronwall type lemma that we
shall use to get power law convergence out of the entropy production estimate that we shall
eventually prove here, and then, with the crucial preliminaries behinds us, in Lemma 7.3,
we recall Villani’s entropy production bound for super hard potentials, and explain how we
shall use it here. On a first reading of this section, the reader may wish to turn to Lemma 7.3,
and start from there, though in our exposition we now turn to Lemma 7.1.

Instead of considering directly the growth of entropic moments defined in terms of (v)*,
we shall instead use a more symmetric function S:

S(v, vy, V', v),) = min{max{® (v), (v,)}, max{® ('), ®(v)}} (7.1)

where
®(v) = min{(v)*, R}, k>0,R>0. (7.2)

The idea is that the difference ® — S contributes a factor |v — v,| that kills the singularity
|v — v,|" of B(v — v,,0) and this is why we assume that —1 <y < 0, while the integral
involved S can be treated as an entropy dissipation. Also to overcome the problem of f,
having no pointwise lower bounds we consider a suitable convex combination of the solution
and the Maxwellian.

We need several lemmas.
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Lemma 7.1 Let b(-) > 0 satisfy (1.27),0 < B < 1, and let ®, S be introduced above with
k> 1.Thenforall0 < f € L}(ﬁL1 log LRY) we have (with cos§ = (v — v,)/|v — V.|, 7))

b(cos
/ M(S(u, v, 0, V) — d) " ff,log* fdodv.dv
RN xRN x§N-1 |U - v>i<|/3
<2kAo (I flog™ fllpt +11f 1) ”f“Li_,s’ (7.3)
b(cosd
f DO 1/ — S(v, vt/ ) ffulog” f' dodu,dy
RN xRN xSN-1 |U - v*|ﬁ

<4NAo (Il flog" Fllr + 1 flLr) Iy, (7.4)
where (y)™ = max{y, 0} and Ay is given in (1.27).
Note that the right hand side of the inequalities do not depend on R, so letting R — 0o
one sees that (7.3)—(7.4) hold also for @ (v) = (v)* by Fatou’s Lemma.
To prove the lemma we will use the following formula which are results of changing

variables: Let W (¢) > 0, f(v) > 0 be measurable on [—1, 1] and R" respectively. Then for
allveRY

/ W(cos8) f (v )dodv,
RN xSN-1

~{1av—2, [T W(cos®)sin" 6 )/
= <|S | Ry e fv)dv,, (7.5)

/ W (cos®) f (v,)dodv,
RN xSV

o N2 ”W(cos@)sinNﬂO /’
—<|S | A —COSN(O/Z) d9> - f(v)dv,. (7.6)

Proof of Lemma 7.1 We first prove the following inequalities:

(S, ey v, 1) — D)7 < 2k () P o — v, P, (1.7)
(@) = SO, v, v/, 1)) " < K2V + () ) v = v, P m(®), (7.8)
m) f. (log" f' +log" f)) <2f.logt fu +2Nf. + m©@)" (f'log* f'+ fllog* fl),
(7.9)
where

m(0) = min{sin(6/2), cos(6/2)}.

Given any (v, vy, 0) € R¥ x R¥ x S¥~!. Suppose ®(v) < S(v, vy, V', v.). In this case we
have by definition of S that S(v, v, v, v) < max{®(v), ®(v,)}. Consequently, (v) < (v,)
and so, [v — vy| < |v| 4 |vs| < 2(v,). Therefore,

0<S®,v,, 0, 0)) = D) < k() v —v.] <k2(v.) o — v,/
The other case to consider is slightly more involved. Suppose ®(v') > S(v, v,, V', v). Then,

S(v, vi, V', v),) = max{®(v), D(vy)}.
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Since |V — v| = |[v — vy sin(B/2), |V — vi| = |v — v,| cos(6/2), it follows that
0< @) =S, v, v, v)) =min{® ) — ®(v), (V') — P(vs)}
< K25 ()P + )Y o = P m(6).
Next, if f(v') < f(v,)(m(9))~", then
log* f(v) <log* f(v.) + N|logm(6)|
so that (using x|logx| <1for0 <x <1)

m(0) f (v.)log™ f(v)
<m(®) f(v)log" f(v.) + Nm(9)|logm(®)] f (v.)
< fw)log" f(v.) + Nf (v).

If f(v) > f(0)(m©) 7", then f(v,) < (m(0))" f (') so that
m(©) f (v.)log" f(v') < (@)Y £ () log" £ ().
Thus
m(0) f.log" f' < fulog™ fu + Nf.+ m©)" f'log" f'.
With the same argument one has
m() flog* f, < fulog" fut Nf+ m@)" fllog" f.

So the inequalities (7.7)—(7.9) hold.
We now prove (7.3). From (7.7)—(7.9) we get

/ PO (S, 10/ 1) — D) f1.log" fdodv.dy
R

N RN V-1 |V — v, |P
< ZkAo/ ()P fflogt fdv.dv =2kAo| flog" £l 1Al
RN xRN -5

Next, let /() denote the integral on the left side of (7.4). Then

b 0
1) ;=/ (cos6) (W) = SO, v, v/, v))) " ffilog" f dodv,dv
RN xRN xSN-1 |U_U*|ﬂ
< k2k/ b(cos8)m(0) ((v)k"3 + ()P ffilogt f' dodv.dv
RN xRN xSN-1

= kzk/ </ b(COSQ)m(G)f*(log+ f/+10g+ f}:)dO’dU*> <v>k—ﬂfdv
RN xSN-1

< k2* / ( / b(cos6) (2 f, log* f*—l—ZNf*)dadu*) W) £ dy
RN RN xSN-1
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+k2kf </ b(cos@)(m @)™ (f'log™ £’
RN RNst—l

+ fllog*™ f*/)dadv*>(v)k’ﬁfdv
=1+ I,.
Evidently,
L < k2" A (211 f log" flipr +2NIIf 1) (RATYae

To estimate I, we use the formulas (7.5)—(7.6) to compute the inner integral
f b(cos0)(m(@)" (f'log" f' + fllog" fHdodv,
RN xSN-1

vy [T . N2 (m@)HN (m@)N ) n
=S |/0 b(cosf)sin™ "6 (sinN(G/Z) + cos¥ (0/2) deé| flog™ fllp

T
< 2|SN‘2|/ b(cos8) sinV 1 0do || flog™ fll,1 =240 flog" fll 1.
0
Consequently,

L < 2A0k2"| flog* fl /

RN

()P f dv=2A0k2") flog* Flli fllny -
Combining the above estimates,

1(f) < k2 Ao (411 flog" fllps +2N1 ) 1/,

§2szAo(||f10g+f||u+||f||L1)||f||L;_ﬁ- O

Lemma 7.2 Let u(t) > 0 defined on [0, 00) be absolutely continuous on [0, T] for all 0 <
T < oo and satisfy for some constants C1 >0, C, >0, k>0,e >0, n <1,

i _ —n I+e k —t
dtu(t)g CiA+)"u®] ™+ Co(1+0)e™", ae.t=>0.

Then there is a constant 0 < C < oo depending only on Cy, C», k, &, n, and u(0), such that

u@®) <CA+1n=*, V>0
where o = I_T"
Proof Choose a constant C > max{u(0), 1} large enough such that

1
C®> C—(a + Co(1+ )™y, V>0,
1

Let
Ut)=CA+n7% t=>0.
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Then using @« + 1 =a(e + 1) +n and C > 1 we compute

dU (1)
dt

=1+ (C,C'"* = Ca) — Cr(1 +1)e™

+Ci(1+0)MUMN™ = Co(l +1)e™”

> (1+0)7*7'C(C1C* —a — Co(1 + 1) *He™) > 0.
By the absolute continuity of u(¢), and u(0) < U (0), we have for any ¢ > 0,

(@) —Um)"

—/t —u(t)——U(r) )1
= u(t U(t w(t)> dt
o I Iz {u(t)>U (1)}

! d
= / (— Ci(l+ ) "u(®)]'" + (1 +1)'e " — EU(t)>1{u(r)>U(r)}dT
0

d d
=< / <— Ci(l+ D) "U@I + Co(1 +1)fe™™ — EU(T))I{u(T)>U(T)]dr <0.
0
Sou(t) <U@)Vt=0. O

Lemma 7.3 (Villani’s inequality [28]) Let

Irs
f'F

1
Dz(f)ZZ/ (1+IU—U*IZ)(ff*—f/f£)10g<
RN xRN xSN-1

>dadvdv*
and let M € L(llyovl)(RN) be the Maxwellian (1.9). Then for all f € L(ll,O,l) N L'log L(RY),

ISV

san TN T TDHUIM) < Da(f)

where H(f|M) is the relative entropy:
HUM = [ Flog(f/mdu=H(p) ~ HM) =0
RN

and

eeSN-1

T} = max / (v, e)2 f(v)dv.
. e
Moreover for any H, € [0, +00)
inf (N—T7)>0 (7.10)
fero
where Ho={f € L{, o) N L' log LR")| H(f|M) < Ho}.

This result is Theorem 2.1 in [28], except for the lower bound (7.10), which is an elab-
oration of the remark following Theorem 2.1 in [28]. There it is observed that for Tf* =N
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to hold, f would have to be concentrated on a line, which is inconsistent with the finite
entropy hypothesis. That a uniform bound of the type (7.10) holds was communicated to us
by Villani, along with a sketched proof, and so we list it here as part of his theorem, and
provide a detailed proof of his bound:

First of all, one has the relation

inf (N —T})= inf o 0= Ce,UN).
fle%(N ) fle%/RNM fdv, U= (v, vy)

Take ¢ > 0, R > 0, K > 1 and consider

/ 192 f (v)dv > &* f)dv =¢* (1 - f(v)dv) ,
RN

[D]=e |b]<e

and

Fo)dv < f

[dl<e,lvi|<R, f(V)<K

Fo)do + /

[vi|>R

f()dv +/ f()dv

fw)>K

|0]<e

N
< K2RQ2e)N '+ = +/ f)dv.
f(w)>K

To estimate the remaining integral, we use Young’s inequality in the form

ab <caloga + ceb/e!

valid foralla > 0,b > 0, ¢ > 0. (The ¢ = 1 case is standard. To generalize this to the present
case, replace b by b/c, and multiply through by c.) Taking a = f/M and b = 1,5(,)-x}, and
keeping c arbitrary for the moment, integrating this inequallity against M this leads to

/ f)dv < c/ (i>10g (i) M(v)dvdv+c/ VM=K~ M (v)dv
fw)>K RV \ M M R3

:cH(f|M)+£/ M(v)dv+cf VO M (v)dv

€ Jrw=k fW>K
€L wo-1._

SCHO+—+—€ ~—CC,K.H0 (711)
e K

where in the last line, we have used the condition H( f|M) < H,, the fact that M < 1, and
Chebychev’s inequality to estimate the Lebesgue measure of { f (v) > K}.
Thus

N
f(ydv<2VKReN ! 4 w2 T Cekotn: (7.12)
|0]<e

With suitable choice of ¢ > 0, K > 1, R > 1 and ¢ > 0, the right hand side of (7.12) is less
than 1/2. This gives (7.10).

Proof of Theorem 3 First of all, using inequality (1.15) and the Csiszar-Kullback inequality
If — Mll1 < ZH(FTM), we have

If =Ml < ChIH(FIMIYY, Y f € iy ML log LRY). (7.13)
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From (7.13), we see that to prove the theorem, it suffices to prove that there is a weak
solution f of (B) with f|,_o = fy such that for some constant 0 < C < 0o

H(fOIM)<CA+1)", Vt>0 (7.14)

where A is given in (1.29).

The proof consists of three steps.

Step 1. In the first two steps we assume in addition that B(z, o) is bounded: B(z,0) <
const. In this case it is well-known that (B) has a unique mild solution f € C'([0, 00);
LYRY)) N L*®([0, 00); L) N L'1log L(RY)) satisfying f|,—o = fo, and moreover, f con-
serves the mass, moment and energy, and satisfies the entropy identity (see e.g. [20]). Hence
by Proposition 1.1(b), the boundedness of B(z, o) implies that the mild solution f is also a
weak solution, and thus by Theorem 1, it satisfies the moment estimate:

LF @Ol < C+1), /0||f(r)||LLMdrSC(1+t), >0,

where the constant C is given in Theorem 1, in particular it does not depend on the L*
bound of B(z, o).

To overcome the trouble that f may not have a lower bound, we consider a suitable
convex combination of f and the Maxwellian M:

g, =0 —-e""Hfw, 0 +e " M®). (7.15)

It is obvious that the flow # — g(¢) has the same mass, momentum, and energy as f(¢) and
holds the following properties that will be proven in this step:

logt g <log" f, glogt g < flog™ f, (7.16)
log"(1/g(v, 1)) <C(1+1)(v)?, (7.17)
H(f®)|M) <H(g®)IM)+C+1)e, (7.18)
%H(g(t)lM) <-D@E®)+CU+ne" aer>0, (7.19)
llg(t)log* gl =C+ 0’ (k=s-2). (7.20)

Here and below all constants 0 < C < oo depend only N, K., Ao, ¥,s, |l foll Ll and
I folog foll -

Proof of (7.16)~(7.18): By M (v) = (27r)~N/2e~1"P/2 < 1 we have
gw,H>1 = g, n=ft) == 0=<logg,t) =<logf(v,1).
So (7.16) is true. (7.17) is obvious. To prove (7.18) we denote § = e~'~!. Then
H(g(t)) > / (1 = 8) flog((1 — 8) f)dv +/ SM log(SM)dv
RN RN

= (1—8)log(1 —8) + (1 — &)H(f (1)) + 8log8 + SH(M).
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So using (1 — 8)10g(ﬁ) <éand 0 < H(f(t)|M) < H(fy|M) we obtain (7.18):

1
H(f(O)IM) < H(g®)|M) + (1 —9) 10g(m) +8H(f(t)|M)+ §log(1/8)
< H(g®)|M) + [H(fo M) +2+1]e™" "
Now we are going to prove (7.19). Since f(v,t) is a mild solution and g(v,?) >
e "' M (v), the function t — g(v,t)log g (v, t) is also absolutely continuous on any finite
interval for almost every v € RY. So we have for almost every v € RY and for all t > 0
g, 1)logg(v, 1) = go(v)loggo(v)
t
+ [ A toggon(e ™ (0,0 - M)
0
+ (1= HoHw, v)dr. (7.21)

We need to show that there are no problems of integrability in v € R¥. In fact, it is easily
seen that the functions

g, n)llogg(v, 1)l 18o(v)[log go(v)l,

/0[(1 + [log g(v, DN (f (v, T) + M (v))dr,
/0[(1 +logt(1/g(v, VIO (), T) + 0~ (f)(v, T)ldr,
/0[ 0~ (HH(w, 1) log" g (v, T)dt
are all integrable on R", while from (7.21) we see that the rest term
/Ot(l — e HOH (), ) logh g (v, T)dT

is bounded by the summation of the above functions and thus it is also integrable on RV .
Since 1 — e~ "1 > 1/2, it follows that

/[ O (f)(v, t)log™ g(v, T)dvdt < 0.
0 JRN

Therefore there are no problems of integrability and we obtain for any 0 < ¢ € L®(R") and
forallt >0

f p)g(v,1)logg (v, 1)dv
RN

Z/RN ga(v)go(v)loggo(v)dv+/0 drt /1;1\/ o) (e (f (v, 1) — M(v))
+ (1 —e " Ho(Hw, )1 +logg(v, T)dv. (7.22)
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In particular taking ¢(v) = 1 we see that t — H(g(¢)) is absolutely continuous on every
finite intervals and using conservation of mass and energy we have

d
S HEOIM) =e'! / (f(v, 1) — M(v))log g(v, t)dv
t RN

+(1—e—’—1)/ O(f)(v,t)logg(v,t)dv ae.t>0. (7.23)
RN

Since sup,q || f (1) log f ()]l 1 < H(fo) + Cy, it follows that
/RN (f(v, 1) — M(v))logg(v, t)dv
:/ floggdv +/ Mlog(1/g)dv
RN RN

<If@®log" f®)+CA +r)/ (V)*M@)dv < C(1 +1).
RN

To estimate the second term in the right hand side of (7.23), we let

1 —t—1
GO0 = T— 800D = fQ.O+LOME). (=17  (124)
Then (recalling M'M, = MM,)
f' 1= ff—=(G'G,—GG)=t()(Mf+ M, — M f] — M) (7.25)
and
GG, -GG, =(1—e"")2(ge,—gg), (I—e " Hi@)y=e"" (7.26)
and so we compute
(1= [ 0w nioggwndy
RN
= '! / BMf.+ fM,— M f.— M. f")loggdodv.dv
RN xRN xSN-1
— (="' D(g)). (7.27)

Next using (7.17), (7.16) (for log*(1/g) and log™* g) we compute
/ BMf.+ fM,—M'f,— M, f")]oggdodv.dv
RV xRN xSN-1
= / Bf M, (log g + log g, +log(1/g') +1og(1/g})) dodv,dv
RN xRV xSN-1
1
< AO/ ——— M, (log" f+1log" fi + C(1 +1)((v)* + (v4)?)) dv,dv
RV xRN [V — v, |7

M,
:AO/ / ——dv, | flog" fdv
RV \JRV [0 — v, |I7]
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1
+A0/ / ——M,log" f.dv, | fdv
RV \JrV [V — v, |
M, ,
+C(+1) v ) ) fdv
rRY \JrV [V — v, |

2
FC+1) (/ Mdv*)fdv
RN R

N v — vl

SCA+D+Clf(D)logh fO)l <C(1+1).

Here we used the fact that (-)*M € L* N L'(RY) and log" f e L? N L'(R") for all 1 <
p < 00.

Summarizing the above estimates we obtain (7.19).

Proof of (7.20): This is the main estimate in this step. To do this we shall use the functions
D (v), Sk(v, Vi, V', v.) defined in (7.1)~(7.2) for ®g(v) = min{(v)¥, R} withk =5 — 2.

Let

Hi r(8(1) 2/ Pr(v)g(v,1)logg (v, 1)dv,
RN
Hp(g(1) = /RN Pr(v)g(v,1)log" g(v, dv,

H, r(g(1)) :/

Dr(v)g(v, 1) log" (1/g(v, 1))dv.
RN

To prove (7.20), it suffices to prove that
t
Hig(g(1) <C(141)° +C/ ¢ TH R (g(0)dT, V1=0 (7.28)
0
where and below all the constants C do not depend on R and ||B|/~. In fact if (7.28)

holds true, then using kaR(g(t)) = Hy r(g(t)) + H; r(g(?)) and the obvious estimate
H () = CA+nymax{ fOlr . 1Ml }=C+ 1)* we get

HXR(g(t))§C(1+t)2+C/ e TH R (g(r))dt, Vi=0.
0

So applying Gronwall’s Lemma gives

H % (g(1) < C(1+1)*exp (/ Ce”dt) <C(l+0n2
0

Then letting R — oo leads to (7.20) by Fatou’s Lemma.
For the sake of brevity, we shall abbreviate as follows:

Sk =Sr(v, v, V', v,), Pr=Cr(v), Pp=>TrW), (Pr),=Dr,), etc.

This abbreviation scheme, with the primes especially, is standard in kinetic theory, and
should render our formulas easier to scan.

Now we begin to prove (7.28). It has been shown in the above that there are no problem of
integrability and the function t — H; g(g(¢)) is absolutely continuous on any finite intervals.

@ Springer



730 E.A. Carlen et al.

We compute using (7.22) with ¢ = @ that

d
77 Per(8(0) = 67'71/ Pr)(f (v, 1) — M(v))dv
t RN

+(1—67H)/ Pr()Q(f) (v, 1)dv

RN

+€7’71/ Qr()(f (v, 1) — M(v))logg(v, )dv
RN

+1 - 67’71)/ D) Q(f) (v, 1) logg (v, t)dv
RN
= L) + I + I + LG (0).
To estimate these terms we shall use the following inequality:

|®g(w) — Sk (v, Vi, V', V)| < k((0)? + () ED2 [y — g |7,
Vw e {v, v, v, v} (7.29)

Now we are going to estimate I,ff;e (i=1,2,3,4). Let us emphasize again that all constants

C are independent of R and || B|| poo g xsV-1y-
The first one is easy: By moment estimate we have

Lx@® =eNfOly =CA+ne.
For the second term we use the vanishing property
/ B — 10, 0)Sk(v, v, 0, U (f ) — ffododvdv=0  (130)
RN xRN xSN-1
which is due to the symmetry

Sr(W, vy, V', V) = Sp(vs, v, v, V) = Sp(V', v, v, v,),  etc.

Then using (7.29) we compute

I =(1—e" B(®g — Sp)(f'f. — ffdodv.dv
RN xRN xSN-1

< Clf Ol =CA+0.

For the third term / ,((3,)? (t) we use the control

1
f(v,f) = mg(vvt)

to see that

12) < e—f—I/ g f logt gdv +e—’—1/ dxMlogt(1/g)dvdt
’ RV RV

< e Hip(g) +CA+1)e™.
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The estimate of the last term / k(f‘}e (¢) is the key part of this section. One will see that in
this estimate the term kaR (g(1)) can not be avoided and this is why we introduce the decay
weight e~ rather than the equal weight 1/2.

Inserting the function G'G, — GG, = (1 — e"‘l)‘z(g’g; — gg,) (see (7.24), (7.26)) we
have

0 =1 —e" BOR(f'f. — ff)loggdodv,dv

RN xRN xSN-1

=0—-e'h Bok(f'fl— ff. — (G'G,—GG,))loggdodv.dv

RN xRN xSN—1

+ (1 —ehH! / B(®r — Sr)(g'g. — 88:) logg dodv.dv
RN xRN xSN-1
+(1—e T H! / BSr(g'g, — gg.)logg dodv.dv
RV xRN xSN-1
=10 O+ L O + LR 0.

Further estimate using (7.25) and (1 —e™ "Dz (t) = e~

180 < et f BOxMf,logt gdodv,.dv
’ RN xRN xSN-1
+e_’_1/ Bdi fM,log" gdodv,dv
RN xRN x§N-1
e / BOr(M' f.+ f'M)log*(1/g)dodv.dv
RN xRN xSN—1
=L O+ IO+ LRV o),
kpm
150 @) < AoefH/ / L10g+gdv frdv,
' rY \Jrv [V — v,

< Ce " fOI <C,

and (using f(v,1) < —L—g(v, 1))

— l—e

-l M.dv
100 < dop s [ ([ ) engtog' g
ek T = Ao o U To— ot ) Prglogrsdy

< Ceﬂ/N Drglogt gdv=Ce "H(g(1)).
R

For 1, ,ffkl’3)(t) we change variables and use inequality

D logt(1/g) + (Pr). logt(1/gL) < C(1 + 1) {v)(v,)f+2

recalling k +2 =5 to get
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I8P = e / B(®ylog™(1/g) + (@), log" (1/g)) M, fdodv,dv
RN xRN xSN-1

SCAO(l—H)e_‘_l/ (/ de) (v)* fdv
rY \JrV [v— v,

<CU+ne N f@ly <CA+1)’e™.
Thus
I (1) < Ce " H (g (1) + C.

Estimate of 1 ,((,4,‘32) (t): Neglecting negative parts we have

1521 = (1—e™H! / B(®', — Sg)gg.logg dodv,dv
' RN xRN x§N-1

+(1—ehH! / B(Sg — ®gr)gg.loggdodv,dv
RN xRN xSN-1

< 2[ B(®% — Sp)tgg.logt ¢' dodv.dv
RN xRN xSN-1

+ 2/ B(Sg — ®%) T gg.logt(1/g") dodv,dv
RN xRN xSN—1

+ 2/ B(Sg — @)t gg.logt gdodv,dv
RN xRN xSN-1

+2/ B(®r — Sp)tgg.logt(1/g) dodv,dv
RV xRN xSN—1

=IO+ I O+ 15 O + 15 o).

Using B(v — vy, 0) < b(cos8)|v — v,| ™! and Lemma 7.1 with 8 = |y| we have

L0+ I8 @0 < C(Iglog” gl + Iglun) gl < CA+0),

while using (7.29) and log*(1/g") < C(1 4 1)({(v)? + (v,)?) gives
70+ IR0 <ca+nlg@l,

Since [|g()||,1 o < f@Il | + C, it follows that
s—|y s—ly

|
LR O =Cca+ndfol,  +1.

(4.3)

The last term 1, " (¢) is negative which is due to the total symmetry of Sg(v, vy, v, vL):

Using classical derivation one has
IR0 == =e" ) Dy (g(1) =0

where

! !

1
DSR(g(tD:Zf

RV xRN xSN-1 *
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Summarizing the above we obtain

IR0 <CA+DAS Ol + D+ Ce Hip(g®).

And therefore collecting all estimates of Ik(,l; (1), I,ﬁ (1), Ik(i% ), Ik(f% (t) we obtain

d
TH () < CA+DUF Ol +D+Ce Hig(s(0) ae.120.

Since fot lf (@l ldr <C(1+1) and Hy z(g(0)) < | folog™ f0||L£, it follows that
s—ly

I
Hir(g() = C+C /0 A+ 0@l +Dde+C fo e Hl p(g(0))d

<cd +t)2+C/ e TH p(g(r))dr.
0

This proves (7.28) and finishes the Step 1.

Step 2. The method of proving (7.14) is to establish an inequality between H (g(¢)) and
D(g(t)) as has been done in the case of hard potentials, see e.g. [6, 8, 23]. [Note that g(v, 1)
is not a solution of (B), but it is better than a solution in the present sense ....] We shall
prove that

D(g(1) = c(1+ ) *[H(g(®)|M)]'"**, VYt=0 (7.31)
where
240yl 1 _
&= =) <2, k=s—2(>6+2|y|).

If (7.31) holds true, then by the differential inequality (7.19) we get

%H(g(tﬂM) <—c(1+D2[H@EOIM))*+CU+ne" ae.tel0,00).

Applying Lemma 7.2 we then obtain (with « = lzi >4))
HwIM) <CA+n*<Cl+n~*
and hence (7.14) follows from (7.18).
To prove (7.31), we consider

l ! 7
Di(g) = 1/ (14 v — v "2 (g'g, — gg+) log (g g*) dodvdv,
RN xRN xSN-1 88«

and make use of Villani’s inequality (see Lemma 7.3 and note that H(g(¢)|M) <
H(f(®)|M) < H(foIM)):

ChyH(g(1)|M) <D (g(1)) (7.32)

where

ISV
inf (N—-T7)>0, Hy=H(fo|M).

Cpp = —0
= 40N +1) rero
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By assumption K,(1 4 |z|>)""1/2 < B(z, o) and writing & = (1 + 2(|1L+‘5)) £ we have

KIF (1 + [2P) < [B(z, o)1 (1 + 12P)2) ™.
So by Holder's inequality

KDy ()™ < D)D), 120, (1.33)
Now we prove that

Di(8(1)) < C(1+1). (7.34)

By symmetry we have

1 2\k/2
Dk(g) = 5 /I;NXRN SN*l(l + |U - U*' ) / l{gg*zg’g;](gg* —8 g*)log<g g )dUdUdU*

*

Note that using (7.17) gives

1 2 2
log< / ,)scu+z>(<v> + (),
8 84

Soif gg. > g'gl then

1
) < 88« (10g(gg*) +10g< - ))
g, g'g,

(g8« —8'g.) log (
88«
< gg.log" g+ gg.log" g, + Cggu(1 + ) ((v)* + (v,)?).

Since (1 + v — v, |)¥? < 25T ((v)* + (v,)5), it follows from the main estimate (7.20),
g log* gl < IIf () log* fF(Dll < C, llg®l, 1 < C(1+1), and k +2 = that

De(g() < C f () + (0))g log* (9)gudvdv,

RN xRN

+C(1+1) ()2 + (v) ) gg.dvdv,
RN xRN

< C(llg(r)log* g(1) ey +llg () log™ g(®)ll 1118 (1) ey + T+ Dllg@) )
<C(+1n)?
This proves (7.34). Combining (7.32)~(7.34) we obtain
K.[Cr H(g(0)|M)]'H* < C(1+1)* D(g(1))

which gives (7.31).
Step 3. Let B(z, o) be given in the theorem. We shall use approximate solutions. Let

B,(z,0) =min{B(z,0), n}, n=>K,.

It is obvious that for all n > K,, B,(z,0) = K,(1 + |z|>)772. For each n > K,, let f" €
C'([0, 00); L'(RY)) N L>([0, 00); L3 N L' log L(R")) be the unique mild solution of (B)
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with the kernel B, and f"|,—o = fo and f" has all properties as listed in Steps 1 and 2. In
particular f" satisfies for alln > K, and all t > 0

H(f"() M) <CcA+1)~*

with the same constants A > 0 and 0 < C < oo (which is of course independent of n). As
argued in the proof of existence of weak solutions, there exists a subsequence { f"¢}22, of
{/"} and a weak solution f of (B) satisfying f|;—o = fo, such that

Yt>0, [f"(C,t)— f(,t) (k— o0o) weakly in L'RM).
Then by convexity and weak convergence, we obtain

H(f(H)|M) < likmian(f”k OIM)<CA+)™™, Vi>0.

This completes the proof. O
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