SIAM J. MATH. ANAL. (© 2010 Society for Industrial and Applied Mathematics
Vol. 42, No. 6, pp. 2499-2538

FREE COOLING AND HIGH-ENERGY TAILS OF GRANULAR
GASES WITH VARIABLE RESTITUTION COEFFICIENT*
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Abstract. We prove the so-called generalized Haff’s law yielding the optimal algebraic cooling
rate of the temperature of a granular gas described by the homogeneous Boltzmann equation for
inelastic interactions with nonconstant restitution coefficient. Our analysis is carried through a careful
study of the infinite system of moments of the solution to the Boltzmann equation for granular gases
and precise LP estimates in the self-similar variables. In the process, we generalize several results on
the Boltzmann collision operator obtained recently for homogeneous granular gases with constant
restitution coefficient to a broader class of physical restitution coefficients that depend on the collision
impact velocity. This generalization leads to the so-called L!-exponential tails theorem for this model.
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1. Introduction.

1.1. General setting. Rapid granular flows can be successfully described by
the Boltzmann equation conveniently modified to account for the energy dissipation
due to the inelasticity of collisions. For such a description, one usually considers
the collective dynamics of inelastic hard spheres interacting through binary collisions
[12, 27, 30]. The loss of mechanical energy due to collisions is characterized by the
so-called normal restitution coefficient which quantifies the loss of relative normal
velocity of a pair of colliding particles after the collision with respect to the impact
velocity. Namely, if v and v, denote the velocities of two particles before they collide,
their respective velocities v’ and v} after collisions are such that

(1.1) (u'-n)=—(u-n)e,

where the restitution coefficient e is such that 0 < e < 1 and n € S? determines
the impact direction; i.e., 1 stands for the unit vector that points from the v-particle
center to the v,-particle center at the instant of impact. Hereafter

i / /
U=V — Uy, u =v —v,,

denote, respectively, the relative velocity before and after collision. The major part of
the investigation, at the physical as well as the mathematical levels, has been devoted
to the particular case of a constant normal restitution. However, as described in the
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2500 RICARDO J. ALONSO AND BERTRAND LODS

monograph [12], it appears that a more relevant description of granular gases should
deal with a variable restitution coefficient e(-) depending on the impact velocity; i.e.,

The most common model is the one corresponding to viscoelastic hard spheres for
which the restitution coefficient has been derived by Schwager and Pdschel in [27]. For
this peculiar model, e(-) admits the following representation as an infinite expansion
series:

(1.2) e(u-nl) =14+ (-DFaplu-n*?  weR? nes?
k=1

where aj, > 0 for any k € N. We refer the reader to [12, 27] for the physical consider-
ations leading to the above expression (see also Appendix A for several properties of
e(+) in the case of viscoelastic hard spheres). This is the principal example we have in
mind for most of the results in the paper, though, as we shall see, our approach will
cover more general cases including the one of constant restitution coefficient.

In a kinetic framework, behavior of the granular flows is described, in the spatially
homogeneous situation we shall consider here, by the so-called velocity distribution
f(v,t) which represents the probability density of particles with velocity v € R3 at
time ¢ > 0. The time-evolution of the one-particle distribution function f(¢,v), v € R3,
t > 0, satisfies the following:

(1'3) atf(tﬂv): Qe(faf)(tvv)v f(tZO,U):fO(’U),

where Q.(f, f) is the inelastic Boltzmann collision operator, expressing the effect of
binary collisions of particles. The collision operator Q. shares a common structure
with the classical Boltzmann operator for elastic collision [16, 29] but is conveniently
modified in order to take into account the inelastic character of the collision mecha-
nism. In particular, Q. depends in a very strong and explicit way on the restitution
coefficient e. Of course, for e = 1, one recovers the classical Boltzmann operator. We
postpone to section 2.1 the precise expression of Q.. Due to the dissipation of kinetic
energy during collisions, in the absence of external forces, the granular temperature

Et) = /Rs f(t,v)|v]? dv

is continuously decreasing and is expected to go to zero as time goes to infinity,
expressing the cooling of the granular gases.

Determining the precise rate of decay to zero for the granular temperature is the
main goal of the present work. The asymptotic behavior for the granular temperature
was first explained in [18] by Haff at the beginning of the '80s for the case of constant
restitution coefficient; thus, it has become standard to refer to this behavior simply
as Haff’s law.

The mathematical study of Boltzmann models for granular flows was first
restricted to the so-called inelastic Maxwell molecules where the collision rate is in-
dependent of the relative velocity [5, 6, 9, 10, 13, 15]. Later, the mathematical inves-
tigation of hard-sphere interactions was initiated in [17] for diffusively heated gases
and continued in a series of papers [22, 23] where the first rigorous proof of Haff’s
law was presented in the case of constant restitution coefficient. Additional relevant
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HAFF’S LAW FOR VISCOELASTIC HARD SPHERES 2501

work in the existence and stability of the homogeneous cooling state can be found
n [24, 25]. We refer to [30] for a mathematical overview of the relevant questions
addressed by the kinetic theory of granular gases and a complete bibliography on the
topic.

From the mathematical viewpoint the literature on granular gases with wvari-
able restitution coefficient is rather limited. However, the Cauchy problem for the
homogeneous inelastic Boltzmann equation has been studied in great detail and full
generality in [22], including the class of restitution coefficients that we are dealing with
in this paper. For the inhomogeneous inelastic Boltzmann equation the literature is
more scarce; in this respect we mention the work by one of the authors [1] that treats
the Cauchy problem in the case of near-vacuum data. It is worthwhile mentioning
that the scarcity of results regarding existence of solutions for the inhomogeneous
case is explained by the lack of entropy estimates for the inelastic Boltzmann equa-
tion; thus, well-known theories like the DiPerna—Lions renormalized solutions are no
longer available. More complex behaviors that involve boundaries, for instance, clus-
ters and Maxwell demons, are well beyond of the present techniques. Notice, however,
that staying somehow at a formal level and resorting to hydrodynamic closures at the
Euler or Navier—Stokes accuracy, it is possible to recover an algebraic decay rate of
the granular temperature for variable restitution coefficient in some peculiar quasi-
elastic regime in spatially inhomogeneous situations [28, 7] (we also refer to [14] for
a macroscopic description of granular gases with constant resitution coefficient and a
justification of Haff’s law in this case).

1.2. Main results and methodology. Physical considerations and careful di-
mensional analysis led Haff [18] to predict that, for constant restitution coefficient, the
temperature £(t) of a granular gas should cool down at a quadratic rate as follows:

E)=0(t7?) ast — oo.

Similar considerations led Schwager and Péschel [27] to conclude that, for the resti-
tution coefficient associated with the viscoelastic hard spheres (1.2), the decay should
be slower than the one predicted by Haff, namely, at an algebraic rate proportional to
t=5/3_ These considerations are precisely described in the main result of this paper,
where the key intuitive fact is that the decay rate of £(t) is completely determined by
the behavior of the restitution coefficient e(|u - 7i|) for small impact velocity (see As-
sumption 3.1(1)). Precisely, our result is valid for restitution coeflicient such that there
exist some constants o > 0 and y > 0 such that

e(Jlu-n|) ~1—alu-n|" for |u-n| =0,

and it reads as follows.

THEOREM 1.1. For any initial distribution velocity fo > 0 satisfying the condi-
tions given by (2.8) with fo € LP°(R3) for some 1 < pg < oo, the solution f(t,v) to the
associated Boltzmann equation (2.7) satisfies the generalized Haff’s law for variable
restitution coefficient e(-) fulfilling Assumptions 3.1 and 4.10,

(1.4) (141 T <ER) KCA+H) T,  t>0,

where E(t) = [gs f(t,v)[v]* dv and ¢ and C' are positive constants.

We recover with Theorem 1.1 the optimal decay for constant restitution coefficient
(v = 0) given in [24] and the one predicted for viscoelastic hard spheres (v = 1/5)
in [27]. The method of the proof has similarities to that of the constant restitution
coefficient [24] but is technically more challenging.
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The main tools to prove Theorem 1.1 are the following:

Let

The study of the moments of solutions to the Boltzmann equation uses a
generalization of Povzner’s lemma developed in [8, 11].

Precise L? estimates, in the same spirit of [24], of the solution to the Boltz-
mann equation for p > 1 are used.

For the previous item, the analysis is understood in the easiest way using
rescaled solutions to (1.3) of the form

flt,v) = V()g(r(), V (t)v),

where 7(-) and V(-) are fixed time-scaling functions to be crafted depend-
ing upon the restitution coefficient. In the self-similar variables (T,w) the
function g(7,w) is a solution of an evolution problem of the type

(1.5) O7g(7, w) + &(T) Vi - (wg(T, w)) = Qé(r)(9,9)

for some £(7) depending on the time scale 7. The collision operator Qz(+)(g, 9)
is associated with a time-dependent restitution coefficient €(7) (see section 2.3
for details). In this respect we note that one notable difference with respect
to the case of a constant restitution coefficient treated in [23] is that the
rescaled collision operator depends on the (rescaled) time 7, leading to a
nonautonomous problem for g. This is the main reason why the construction
of self-similar profile g independent of 7 obtained in [23] (homogeneous cooling
state) is not valid for nonconstant restitution coefficient.

us explain in more details our method of proof.

. We start proving in sections 2 and 3 an upper bound for the decay of the en-

ergy. This shows that, for restitution coefficients satisfying 3.1, the cooling of
the temperature is at least algebraic. More precisely, under suitable assump-
tions on the restitution coefficient e(-), we exhibit a convex and increasing
mapping ¥, such that

d
Eé’(t) < =T (E(F)) vt > 0,
which leads to an upper bound for £(¢) of the type

EB)KC+t) T V=0

for some positive constant C' > 0.

. The lower bound for the free cooling is much more difficult to establish and

consists in proving that the cooling rate found above is optimal; i.e., there
exists ¢ > 0 such that

(1.6) E() = c(l+1) T V>0,

A careful study of the moments of the solution to (1.3) shows that it suffices
to prove a similar algebraic lower bound with some arbitrary rate; i.e., (1.6)
will hold if there exists A > 0 and ¢ > 0 such that

Et)y=c(1+t)"  Vt=0.

These two points are proved in the last part of section 3.
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3. To prove that the lower bound with some unprescribed rate A holds, we use,
as in [23], precise LP estimates (p > 1) for solutions to (1.3) in self-similar
variables. We craft correct time-scaling functions 7(¢) and V'(¢) such that (1.6)
is equivalent to ©(7(t)) > ¢ (here ©(:) denotes the second moment of g).
Once this scale is fixed, the function g(7, w) satisfies the rescaled Boltzmann
equation (1.5) with £(7) — 0 as 7 — oo. This is a major difference from the
constant restitution coeflicient case where £(7) = 1. This technical difficulty is
overcome by proving that the LP-norm of g(7) behaves at most polynomially
with respect to 7. The details can be found in section 5.

The derivation of precise L estimates for the solution g(7,w) to (1.5) requires
a careful study of the collision operator Q. and its regularity properties. We present
in section 4 a full discussion of the regularity and integrability properties of the
gain part of the collision operator QB6 associated to a general collision kernel
B(u,0) = ®(Ju|)b(u - o) satisfying Grad’s cut-off assumption (see section 2 for the
definition). This section is divided in four subsections starting with the Carleman
representation of the gain operator QJr It is well known [19, 20, 21, 26, 31, 23] that
such a representatlon is essential for the study of regularizing properties of the gain
operator Q}, , when smooth assumptions are imposed on the kernel B(u, ). Our con-
tribution in sections 4.3 and 4.4 is to extend the existing theory to the inelastic case
with variable restitution coefficient. Since the estimates of section 4 will be applied
for solutions written in self-similar variables, we make sure that such estimates are
independent of the restitution coefficient. This allows us to overcome the technical
problem of the time dependence of the gain operator in the self-similar variables.
Additional convolution-like inequalities [3, 26] are derived in subsection 4.2 assuming
minimal regularity of the angular kernel b(-).

The final part of this work is devoted to the proof of propagation of exponential
L'-tails where the full power of Povzner’s lemma is exploited. Much of the argument,
with a minor adaptation, is taken from [11]. This important result is presented in the
final section for convenience and not because the machinery of sections 4 and 5 is
needed to prove it.

THEOREM 1.2 (L'-exponential tails theorem). Let B(u,o) = |ulb(i - o) be the
collision kernel with b(-) satisfying (2.6) and b(-) € L4(S?) for some q¢ > 1. Assume
that the variable restitution coefficient e(-) satisfies Assumption 3.1. Furthermore,
assume that fo satisfies (2.8), and that there exists ro > 0 such that

/R3 fo(v) exp (rolv]) dv < .

Then there exists some r < rg such that

(1.7) sup [ f(t,v)exp (rV(¢)|v]) dw < 0.
>0 JRr3

The function V (t) is the appropriate scaling, depending solely on the restitution coef-
ficient, given in (3.17).

1.3. Notations. Let us introduce the notations we shall use in the following.
Throughout the paper we shall use the notation (-) = /1 + | - |2. We denote, for any
n € R, the Banach space

L}7 = {f : R? — R measurable; HfHL}7 = /}R3 [f(v)| (v)"dv < —|—oo}.
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More generally, we define the weighted Lebesgue space Lg(RB) (p € [1,+00),
n € R) by the norm

1/p
Il = | [ 1@ wmas] L 1<p<o

while |l (e2) = Sup,cgs (1£(0)|(0)7) for p = oo.
For any k € N, we denote by H* = H*(R?) the usual Sobolev space defined by
the norm

1/p

IFllee = | 0 1000 |

l7l<k

where 97 denotes the partial derivative associated with the multi-index j € NV,
Moreover, this definition can be extended to H?® for any s > 0 by using the Fourier
transform F. The binomial coefficients for noninteger p > 0 and k € N are defined as

<p):p(p—1)-~-(p—k+1) I (p>:1.

k k! ’ 0
2. Preliminaries.

2.1. The kinetic model. We assume the granular particles to be perfectly
smooth hard spheres of mass m = 1 performing inelastic collisions. Recall that, as
explained in the introduction, the inelasticity of the collision mechanism is character-
ized by a single parameter, namely, the coefficient of normal restitution 0 < e < 1
which we assume to be nonconstant. More precisely, let (v,v,) denote the velocities
of two particles before they collide. Their respective velocities after collisions v' and
v} are given, by virtue of (1.1) and the conservation of momentum, by

1+e , 1+e

(2.1) v =v— 5 (u-n)n, v, = Uy +

(u-n)7,

where the symbol u stands for the relative velocity u = v — v, and 7 is the impact
direction. From the physical viewpoint, a common approximation consists in choosing
e as a suitable function of the impact velocity; i.e., e := e(|u-n|). The main assumptions
on the function e(-) are listed in the following (see [1]).

Assumption 2.1. Assume the following hold.

(1) The mapping r € Ry — e(r) € (0,1] is absolutely continuous.

(2) The mapping r € Ry — 9(r) := r e(r) is strictly increasing.

Further assumptions on the function e(-) shall be needed later on. Given assump-
tion (2), the Jacobian of the transformation (2.1) can be computed as

o(v',v))
O(v,vy)

de _ﬂ

J;:‘ = e(fu )+ o B (A = (- 7) > 0.

In practical situations, the restitution coefficient e(-) is usually chosen among the
following three examples.

Ezample 2.2 (constant restitution coefficient). The most documented example in
the literature is the one in which

e(r) =ep € (0,1] for any r > 0.
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0.95

0.85 \

0.8 ~—__

0.75

F1G. 1. Restitution coefficient for viscoelastic hard spheres given by (2.3) with a = 0.12

Ezample 2.3 (monotone decreasing). A second example of interest is the one in
which the restitution coefficient e(-) is a monotone decreasing function:

(2.2) e(r) L

14 arm
where a > 0 and 1 > 0 are two given constants.

Ezample 2.4 (viscoelastic hard spheres). This is the most physically relevant
model treated in this work. For such a model, the properties of the restitution coeffi-
cient have been derived in [12, 27] where representation (1.2) is given. It also accepts
the implicit representation

Vr >0,

(2.3) e(r) +ar'/Pe(r)3/® =1,

where a > 0 is a suitable positive constant depending on the material viscosity (see
Figure 1).

In the following, it shall be more convenient to use the following equivalent
parametrization of the postcollisional velocities. For distinct velocities v and vy, let
u= ﬁ be the relative velocity unit vector. The change of variables,

o=u-2(u-n)neS?
provides an alternative parametrization of the unit sphere S? for which the impact
velocity reads

1—u-o

)

Ny

lu-] = [ul [u- 7] = |u|

Then the postcollisional velocities (v/,v)) given in (2.1) are transformed to

~—

u— |ulo
2 )

u— |ulo

'U;(:U*‘F/B 2 B

(2.4) v =v-p
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2506 RICARDO J. ALONSO AND BERTRAND LODS

where

5=y =52) - < (),

In this representation, the weak formulation of the Boltzmann collision operator Qp
given a collision kernel B(u, o) reads

@5 [ Qneltpdr =5 [ o) Ap lul(v.0) do.do

for any suitable test function 1) = ¢ (v). Here

Apli0) = [ (0004600 = 00) = v(0n) ) Blu o) o,

with v/, v} defined in (2.4). We assume that the collision kernel B(u, o) takes the form
B(u,0) = ®(|ul)b(u - 0),

where ®(-) is a suitable nonnegative function known as potential, while the angular
kernel b(-) is usually assumed to belong to L'(—1,1). For any fixed vector u, the
angular kernel defines a measure on the sphere through the mapping ¢ € S?
b(u-o) € [0,00] that we assume to satisfy the renormalized Grad’s cut-off hypothesis:

(2.6) Hb||L1(S2) = 27T||b||L1(—1,1) =1

The most relevant model in our case is hard spheres that correspond to ®(|ul|) = |u|
and b(u-0) = ﬁ. We shall also consider the generalized hard-sphere collision kernel for
which ®(Ju|) = |u| and the angular kernel is satisfying (2.6) without being necessarily
constant. For the particular model of hard-sphere interactions, we simply denote the
collision operator Qp . by Q..

2.2. On the Cauchy problem. We consider the following homogeneous Boltz-
mann equation:

(2.7) {@f(tv“) =Qp.(f. f)t,v), t>0, veR?

f0,v) = fo(v), v € R3,

where the initial datum fy is a nonnegative velocity function such that

(2.8) fo(v)dv =1, fo(v)vdv =0, and / fo(w)v]? dv < oco.
R3 R3 R3

There is no loss of generality in assuming the two conditions in (2.8) due to scaling
and translational arguments. We say that a nonnegative f = f(¢,v) is a solution to
(2.7) if f € C([0,00), L3(R?)) and

/ " / (f(t,matw(t,v) +Op.(f, f)(t,vw,v)) Q= [ fo()p(0,v)dv
0 R3 R3

holds for any compactly supported ¢ € C!([0,00) x R3). Under Assumption
2.1, Assumptions H1 and H2 of [22] are fulfilled. (With the terminology of [22],
we are dealing with a noncoupled collision rate and, more precisely, with the
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so-called generalized viscoelastic model; see [22, p. 661].) In particular, [22, Theo-
rem 1.2] applies directly and allows us to state the following.

THEOREM 2.5 (Mischler, Mouhot, and Rodriguez Ricard [22]). For any nonneg-
ative velocity function fo satisfying (2.8), there is a unique solution f = f(t,v) to
(2.7). Moreover,

(2.9) ft,v)dv =1, ft,v)vdv =0 vt > 0.
RS R3

2.3. Self-similar variables. Let us discuss precisely the rescaling using self-
similar variables. Let f(¢,v) be the solution to (2.7) associated to some initial datum
fo satisfying (2.8) and collision kernel

B(u,o0) = ®(|u|)b(u - o),
with b(-) satisfying (2.6). The rescaled solution g = g(7,w) is defined such that
(2.10) f(t,v) = V()g(r(), V (t)v),

where 7(+) and V (+) are time-scaling functions to be determined solely on the behavior
of the restitution coefficient in the low-impact velocity region. Since these are scaling
functions they are increasing and satisfy 7(0) = 0 and V' (0) = 1. One has

1= flt,v)dv = / g(7(t),w)dw vt > 0,
R3 R3

and ¢(0,w) = fo(w). Furthermore, some elementary calculations show that the func-
tion g(7,w) satisfies

(211) V() 2Qe(f, ))(t,v) = )V (1)Drg(r,w) + V(1) Vi - (wy(T, w)) -
w=V(t)v

r=r(t)

where the overdot symbol denotes the derivative with respect to t. Moreover, the
expression of the collision operator in the self-similar variables is

v

V(t)72QB,e(f7 f) (tv m

) — Qp 2 (9.9)((1).v),

where the rescaled collision kernel B is given by

Bry(u,0) :=V(t)® <%> b(u-o).

The rescaled restitution coefficient €, has been defined by

r

) for r=0, t=0.
V(t)) or r

e (nt)— erp(r) =e (
Since the mapping ¢t € RT — 7(¢) € RT is injective with inverse ¢, one can rewrite

(2.11) in terms of 7 only. Thus, g(7,w) is a solution to the following rescaled Boltz-
mann equation:

(2.12) AMT)0rg(T,w) + &£(T)Vy - (wg(T,w)) = Op. & (g9,9)(T,w) V1 > 0,
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with

and model parameters

|l

(2.13) BT(u,a):V(C(T))q)(V(C(T)))b(a-cr) and a(r):e(m)

Notice that, for generalized hard-sphere interactions (i.e., whenever ®(|u|) = |u|), one
has B, = B. For true hard-sphere interaction (i.e., b(-) = £ ), one simply denotes
the rescaled collision operator by Qg . In addition, observe that the rescaled operator
depends on time, and therefore, g is a solution to a nonautonomous problem.

2.4. Povzner-type inequalities. We extend in this section the results of [11]
and [24] to the case of variable restitution coefficient satisfying 2.1. We consider a
collision kernel of the form

B(u,0) = ®(|ul)b(u - o),

with angular kernel b(-) satisfying the renormalized Grad’s cut-off assumption (2.6).
Let f be a nonnegative function satisfying (2.9) and ¥(v) = ¥(|v|?) be a given test
function with ¥ nondecreasing and convex. Then (2.5) leads to

1

Qu (£ @) do =5 [ ) (0 Amll(v.0.) do do,
R3 R3 xR3

with
Ap c[0)(v,0.) = ©(ul) (45, ), v.) = A7 [9)(v,0.)) .

where

Ap (W) o) = [ (WP + U0l ) b 0) do
SQ

Using (2.6) we also have
Ap [V](v,04) = /S2 (¥(v) + 2 (va)) b - o) do = (U([v]*) + T(|vs]?)) .

Following [11], we define the velocity of the center of mass U = £ so that

v':U—l—%w, vizU—'%'w, with  w=(1- B)u+ SBo.

Recall that for any vector z € R3, we set T = % When e, or equivalently g, is
constant, the strategy of [11] consists, roughly speaking, of performing a suitable
change of unknown o — @ to carefully estimate Ag)e[@/}]. For variable (3, such strategy
does not apply directly. Instead, observe that |w| < 1 and, since ¥ is increasing, one
has

2 ~ 2 ~
U([v']?) + W([v,?) < @ <|U|2 + % + |u||U|U-w) + 0 (|U|2 + % — ul[UU - w)

:@<E71+52U'w> +\I/<E71_§2U'w>,
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where we have set E := |v|> + |v,|? = 2|U|? + % and £ = 2&13‘1”. Since ¥(-) is convex
the mapping

V(x4 ty) + ¥(x — ty)

Uy (t)
t > 0 and z,y € R (see [11]). Therefore, using that

is even and nondecreasing for
& < 1 one gets

In the case that U - o > 0 it follows that
’ﬁw‘ = ‘(1—6)[7-17—!—6[7-0‘ < (l—ﬁ)—kﬁﬁ-a;

thus, using the fact that Wo(¢) is even and nondecreasing for ¢ > 0, we conclude from
(2.14) that

T2+ T(Jul]?) < ¥ <E%> LU <Eﬁ—ﬁ#> .

When U - o < 0, a similar argument shows that

T2 + T ?) <@ (E%) Ly (Eﬂ-kﬂ#> '

Hence, setting b(s) = b(s) 4+ b(—s) and using these last two estimates with the change

of variables 0 — —o, we get
N, <EM> + U (EW> b(@-o)do

A+G\IJ v, Uy g/
R < [ g 4

(2.15) g/ U Ew + U Ew
{U-0>0} 4 4

where the second inequality can be shown by writing

2—/3+ﬂl7-0:1+(1_é(1_(7.0)> and

b(@ - o) do,

2 2 " \2 2
B-pU-0 1 (1 B .
— _5—(5—5(1—U~a)>.

The term in parentheses is maximized when 8 = 1/2; thus, the monotonicity of ¥g
implies the result.

Next, we particularize the previous estimates to the important case ¥(x) = aP.
This choice will lead to the study of the moments of solutions.

LEMMA 2.6. Let ¢ > 1 be such that b € Li(S?). Then, for any restitution co-
efficient e(-) satisfying Assumption 2.1 and any real p > 1, there exists an explicit
constant kp > 0 such that

(2.16)  @(Jul) " Ap.ell - [P)(v,0:) < —(1 = rp) (|07 + [ou*7)

i [ (102 + o) = [0 = Jou ]
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2510 RICARDO J. ALONSO AND BERTRAND LODS

This constant £, has the following properties.

(1) K1 < 1.

(2) For p > 1 the map p — Ky is strictly decreasing. In particular, k, < 1 for
p> 1.

(3) &y = O(1/p"7) for large p, where 1/q+1/¢ = 1.

(4) For g =1, one still has £, \, 0 as p — 0.

Proof. Let ¥p,(x) = 2P. From (2.15), one sees that

AJBr’,e[\IJp](UvU*) < Kp EP,

where we recall that E = |v|? + |v,|?, and we set

3—1—17-0 1-U-0o

It is clear that the above inequality yields (2.16). Let us prove that x, satisfies the
aforementioned conditions. First, we use the Holder inequality to obtain

’ l/q’
1 q
3+s 1-—s 1677Hb||Lq(S2)
Kp AT |[bl| o g2 </_1 {\Pp (—4 ) + v, (—4 )] ds) < p+ DV

This proves that x, is finite and also yields item (3) for ¢ > 1. For items (1) and
(2) observe that the integral in the right-hand side (2.15) is continuous in the vectors
U , 4 € S?. This can be shown by changing the integral to polar coordinates. Thus,
the supremum in these arguments is achieved. Therefore, there exist Uy, Uy € S?
(depending on the angular kernel b) such that

3+ 0o - 1-Uo- o\~
Kp = /A v, <¥> +v, (#)] b(tp - o) do.
{Uo-020}

A simple computation with this estimate shows that x1 = [[b[[;1(s2) = 1. Moreover,
the integrand is almost everywhere strictly decreasing as p increases, and this proves
(2). Finally, let p — oo in this expression and use dominated convergence to conclude
(4) for the case ¢ = 1. O

The above lemma is analogous to [11, Corollary 1] for variable restitution coeffi-
cient e(+), and it proves that the subsequent results of [11] extend readily to variable
restitution coefficient. In particular, [11, Lemma 3] reads! as follows.

PROPOSITION 2.7. Let f be a nonnegative function satisfying (2.9). For anyp > 1,
we set

(2.17) np::suij b(@ - o) do

my= [ @l do
R3
Assume that the collision kernel B(u,o) = |ulb(u - o) is such that b(-) satisfies (2.6)

with b(-) € L4(S?) for some q > 1. For any restitution coefficient e(-) satisfying
Assumption 2.1 and any real p > 1, one has

(2.18) /11%3 Qpe(f, (@) |v[*P dv < —(1 - Fip)Mp+1/2 + Kp Sp,

INotice that, though stated for hard-sphere interactions only, [11, Lemma 3] applies to our
situation thanks to Lemma 2.6 above and [11, Lemma 1].
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where
[p+1/2]

Sp = Z ( z ) (Mps1/2 Mp—k + Mk Myp_jii1/2)
k=1

with [%] denoting the integer part of pTH and k;, being the constant of Lemma 2.6.

Inequality (2.18) was introduced in [11] because the term S, involves only mo-
ments of order p — 1/2. Thus, the above estimate has important consequences on the
propagation of moments for the solution to (2.7) (see section 3 for more discussion).

3. Free cooling of granular gases: Generalized Haff’s law. We investigate
in this section the so-called generalized Haff’s law for granular gases with variable
restitution coefficient. More precisely, we aim to derive the exact rate of decay of the
temperature £(t) of the solution to (2.7). In this section, we exclusively study the
generalized hard-sphere collision kernel,

B(u,0) = |ulb(u - o),

where b(-) satisfies (2.6), but generalization to the so-called variable hard-sphere in-
teractions (i.e., ®(Ju|) = |u|® for s > 0) is easy to handle. Let fy be a nonnegative
velocity distribution satisfying (2.8), and let f(¢,v) be the associated solution to the
Cauchy problem (2.7). We denote its temperature by £(¢):

Et) = /}R3 f(t,v)|v]? do.

The conditions (2.8) imply that sup,>,&(t) < oo. Indeed, the evolution of £(t) is
governed by

G0 = [ Qne ol a =5 [ o)

3%
></ <|1/|2+|vi|2—|v|2—|v*|2)b(a~cr)dcr dv, do,
S2

where we applied (2.5) with 1(v) = |v]?. One checks readily that

1-4-0o l1-u-0o
N (1 e (wu/T))

so that

d 1
e = / S0l dvde,

2
L (e (1) s

We compute this last integral over S? (for fixed v and v,) using polar coordinates to
get the following:

1—7- 1—a-
|u|3/ #<1—62 <|u| #»b(aﬁ)da
w8 2

1
= 2nfuf’ / (1= (uly)) b1 — 257)5 dy = Lo ((u]?),
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2512 RICARDO J. ALONSO AND BERTRAND LODS

where we have defined

WV
o

1
(3.1) U, (r) := 2173/? / (1—e(vrz)?)b(1—22%) 2% dz Vr
0
In other words, the evolution of the temperature £(t) is given by
d
—E&(t) = —/ Ft,0) f(t,v) ¥ (Jul?) dvdo, <0, t>0.
dt R3 xR3

In addition to Assumption 2.1, we assume in the rest of the paper that the restitution
coefficient e(-) satisfies the following.

Assumption 3.1. Assume that the mapping r — e(r) € (0, 1] satisfies Assumption
2.1 and that

(1) there exist & > 0 and > 0 such that

e(r)~1—ar?” for r~0,

(2) liminf, . e(r) =eg < 1,

(3) b(-) € L(S?) for some q > 1, and

(4) the function r > 0 — W, (r) defined in (3.1) is strictly increasing and convex
over (0, +00).

Remark 3.2. For hard-sphere interactions, b(u - o) = ﬁ; thus, ¥, reduces to

JF
W (r)= 2%/?/0 (1- e(y)2) v dy, r > 0.

We prove in Appendix A that Assumption 3.1 is satisfied for the viscoelastic hard
spheres of Example 2.4 with v = 1/5. More generally, in the case of hard-sphere in-
teractions, Assumption 3.1(4) is fulfilled if e(-) is continuously decreasing (see Lemma
A.1in Appendix A). For constant restitution coefficient e(r) = eq, these assumptions
are trivially satisfied.

3.1. Upper bound for £(t). We first prove the first half of Haff’s law; namely,
the temperature £(¢) has at least algebraic decay.

PROPOSITION 3.3. Let fo be a nonnegative velocity distribution satisfying (2.8),
and let f(t,v) be the associated solution to the Cauchy problem (2.7) where the variable
restitution coefficient satisfies Assumption 3.1. Then

e < —w.(ew) vt > 0.

Moreover, there exists C' > 0 such that
(3.2) () < C(1+1t) T vt > 0.
Proof. Recall that the evolution of the temperature is given by

(3.3) %E(t) = _/Rs » Ft,0) f(tv) ¥ (Jul?) dv do,, t>0,

where u = v — v,. Since W, (| - |?) is convex according to Assumption 3.1(4) and
f(t,v,) dv, is a probability measure over R3, Jensen’s inequality implies

2
/]R3 f(t,v*)\Ile(|u|2) dv, > P, < ) = ‘I’e(lv|2)v

U—/ Uy f(t, v ) dvse
]R3
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where we used (2.9). Applying Jensen’s inequality again, we obtain
/ftv <(Jv]?) (/ftv|v|2dv>

Lo < wEW)  vizo

Note that ¥.(+) is strictly increasing with lim,_,o ¥.(z) = 0; this ensures that

and therefore,

lim £(t) =0

t—o00

Moreover, according to Assumption 3.1(1), it is clear from (3.1) that
W, (r) ~ CC,a:HTW for x~0,

where the constant can be taken as C, = 27« fl y3Hh(1 — 29%)dy < oo. Since

E(t) — 0, there exists to > 0 such that . (£(t)) > +C,E(t )3er vV t > to which implies
that

d C 344
— < =0 2 > .
—E() < —LE) Vit > to

This proves (3.2) and, hence, Proposition 3.3. O
Ezample 3.4. In the case of constant restitution coefficient e(r) = eg € (0, 1) for
any r > 0, for hard-sphere interactions, one has

2
¥, (z) =~
8
Thus, one recovers from (3.2) the decay of the temperature established from physical
considerations (dimension analysis) in [18] and proved in [23]; namely, £(t) < C(1 +
t)~2 for large t.

Ezample 3.5. For the restitution coefficient e(-) associated to viscoelastic hard
spheres (see Example 2.4), one has v = 1/5; thus, the above estimate (3.2) leads to
a decay of the temperature faster than (1 + ¢)~°/% which is the one obtained in [27]
(see also [12]) from physical considerations and dimensional analysis.

Notice that, since £(t) — 0 as t — o0, it is possible to resume the arguments of
[22, Proposition 5.1] to prove that the solution f(¢,v) to (2.7) converges to a Dirac
mass as t goes to infinity; namely,

ft,v) = Sy—o weakly *in M (R?),

where M1 (R?) denotes the space of normalized probability measures on R?. We shall
not investigate further on the question of longtime asymptotic behavior of the distri-
bution f(¢,v) but rather try to capture the very precise rate of convergence of the
temperature to zero.

Using the Povzner-like estimate of section 2.4, it is possible, from the decay in
E(t), to deduce the decay of any moments of f. Indeed, for any ¢ > 0 and any p > 1,
we define the p-moment of f as

(3.4) my(t) == /R3 f(t,v)|v|*? dv.
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2514 RICARDO J. ALONSO AND BERTRAND LODS

COROLLARY 3.6. Let fy be a nonnegative velocity distribution satisfying (2.8), and
let f(t,v) be the associated solution to the Cauchy problem (2.7) where the variable
restitution coefficient satisfies Assumption 3.1. For any p > 1, there exists K, > 0
such that

(3.5) my(t) < K, (1+)" ™ Vt>0.

Proof. Set u(t) = (1 +1t)~ 55 . We prove that, for any p > 1, there exists K, > 0
such that m(t) < KpuP(t) for any ¢ > 0. Observe that using classmal 1nterpolatlon
it suffices to prove this for any p such that 2p € N. We argue by induction. It is clear
from Proposition 3.3 that estimate (3.5) holds for p = 1. Let p > 1, with 2p € N, be
fixed, and assume that for any integer 1 < j < p — 1/2 there exists K; > 0 such that
m;(t) < K;ju/ (t) holds. According to Proposition 2.7,

d

(36)

mplt) = [ | @l PP o < ~(1 =y /a(t) + 5y S0,

where

(5]
— Z < Z ) (mk+1/2(t) mp—k(t) + mg(t) mp7k+1/2(t)) —
k=1

For p > 2, the above expression Sy (t) involves moments of order less than p — 1/2.
The case p = 3/2 is treated independently.
Step 1 (p = 3/2). In this case (3.6) reads

(B7)  maa(t) < —(L— Ry)ma(t) + maa(hmalt) +E50) V0.
Let K be a positive number to be chosen later, and define

Usja(t) := mao(t) — Ku(t)*?.
Using (3.7) one has

dU3/2
dt

From Holder’s inequality,

(38) m3/2 \/ \/ and ml/g(t) < E(t) Vit = 0,

hence,

du. 3K _
20 < (1= Rypa)—4 3/2 £ VEDmaya(t) + (1) + (1 +1)

Aty
1+~

Since £(t) < C(1+ t)fﬁ, there exist a,b, ¢ > 0 such that

dU3/2

(39 —

(t) < —am3 ()L + )5 +b(1+1¢) T

3 ~
"’C(l—|—l‘f)7ﬁ7ng/2(t)—|—m[((l—'—t)iitiW vt > 0.
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Inequality (3.9) implies the result for the case p = 3/2, provided K is large enough.
Indeed, choose K so that mj3/,(0) < Ku®/?(0) = K. Then, by time-continuity of the
moments, the result follows at least for some finite time. Assume that there exists a
time ¢, > 0 such that mg/s(t.) = Kus(t,) = K(1+ t*)fﬁ; then (3.9) implies

dU3/2

3 4
t) < | —aK?+b+cK+ —K|(1+t) ™5 <0
dt() <a +b+c +1+7>(+)

whenever K is large enough. Thus, (3.5) holds for p = 3/2 choosing K3,y := K.
Step 2 (p > 2). The induction hypothesis implies that there exists a constant
Cp > 0 such that

where C), can be taken as

(2]
Cp= Z ( Z > (Kiy1/2 Kp—i + Ki Kp_i11/2) -
k=1

Furthermore, according to Jensen’s inequality m,1/5(t) > m,l,H/ *P(t) for any t > 0.
Thus, from (3.6), we conclude that

%mp(t) < —(1 = kp)mb V2P (8) + 5, Cpu(t)P™/? V> 0.

Arguing as in Step 1 for some K > 0 to be chosen later, we define

U, (t) = my(t) — Ku(t)P.

In this way,
d £ 2pK p
S Un(®) < —(1=kp)my " (8) + 5y Cpu(t) + 13—70 +O)TE W0,

Then, if K is such that U,(0) < 0, the result holds at least for some finite time. For
any t, > 0 such that Up(t.) = 0, one notices then that

d 141 2pK _2p+1
EUp(t*) < <_(1 - KP)K +2p + Kp Cp + m) (1 + t*) 1+ < O7
provided K is large enough. This proves (3.5) for any p > 1. O

3.2. Lower bound for £(t): Preliminary considerations. The next goal is
to complete the proof of Haff’s law by showing that the cooling rate (3.2) is optimal
under Assumption 3.1. Thus, we have to show that there exists C' > 0 such that

E#)>C(1+t) T  Vt>0.

First, we prove the following result that simplifies our endeavor.
THEOREM 3.7. Assume a nonconstant (v > 0) restitution coefficient e(-) satisfy-
ing Assumption 3.1. If there exist Co > 0 and A > 0 such that

(3.10) ER)=Co(1+t)"*  Vt>0,
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2516 RICARDO J. ALONSO AND BERTRAND LODS

then there exists C}, > 0 such that

(3.11) my(t) < Cp EP(T) foranyt>0 and p>1.
As a consequence, there exists C > 0 such that

(3.12) E@)>C(l+t) T V>0

Proof. According to Assumption 3.1(1),

34

Y, (r) ~Cyz= for x~0.

In addition, Assumption 3.1(2) implies that there exists C, > 0 such that
U, (z) ~ Cyz/? for large ,

where the constant can be taken as Cj, = 2m(1 — €?) fol b(1 — 22%)23 dz. Thus, there
exists another constant C' > 0 such that

3+~

(3.13) W (z) < Cz > Y > 0.

Therefore, there exists C' > 0 such that, for any € > 0 and any p > HT”,
P

& 2

3+

U, (z) < Cr 2 <c(a’z’x

(S5

3+

Then from (3.3) one deduces that for any ¢ > 0 and p > =52,

— if;(t) <C (a’z’ / F(t,0) f(t, v)|ul® do du,
de R3 <R3

1
b [ f(t,v)f(t,v*)lul%dvdv*)-
R3 xR3

eP—2

3+

5, there is some C' > 0 such that

In other words, for any € > 0 and any p >
d ¥ 1
— £ < Ol ezmya(t) + ——mmp(t)
eP™2

2

2 Cp _2p
<C €2m3/2(t)+ﬁ(1+t) I+ vVt > 0,
op—

where we have used Corollary 3.6 for the second inequality. In particular, using (3.10)
and the fact that £(t) is a nonincreasing function, one can choose p sufficiently large
so that

ey <c (s%mg/zos) T g@%)
dt gp_T

for some positive constant C'p. In other words, for any ¢ > 0 there exists Cs > 0 such
that

(3.14) —%E(t) < Omypa(t) + CsE)Y? vt 0.
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With this preliminary observation, the proof of (3.11) is a direct adaptation of that
of Corollary 3.6. Here again, by simple interpolation, it is enough to prove the result
for any p such that 2p € N and argue using induction. The result is clearly true for
p =1 with C; = 1. For p = 3/2, let K > 0 be a constant chosen later and define

g o(t) = maa(t) — KE(t)*/2
Thus, from (3.7)

Sy a(t) < (1= ry)malt) + ms(Bhmaya(t) + E7(0) — 3 KVEDE ),

Using (3.8), one deduces from (3.14) that for any § > 0, there exists Cs > 0 such that

m2 (¢
%um(t) < —(1—raya) ;/é)( )+(1 + gm> s () v/ ED) + (1 + gK05> £2(1).

Fix § = HTW and choose K > 0 such that ug/;(0) < 0. If £, > 0 is such that
=0, then the following holds:

<
W
~
[
—~
o~
*
~

d -
s a(t) < (—%I@ n (K Y14 gKC(;)) £(t,)? <0,

provided K is sufficiently large. This proves (3.11) for p = 3/2 with C5,5 := K. The
case p > 2 follows in the same lines as the proof of Corollary 3.6 interchanging the
roles of £(t) and u(t).

To conclude the proof, observe that according to (3.13) and (3.3), there exists
C > 0 such that

d

_ < . > 0.
G5B <Cmags (t) - vE=0

Then, applying (3.11) with p = ?""T'V, one deduces that there is C,, > 0 such that

d 34y
2

—EE(L‘) < CLE() vt > 0.
A simple integration of this inequality yields (3.12). O

Remark 3.8. For constant restitution coefficient e = e, since v = 0, (3.14) does
not hold anymore. However, for some C, > 0, we have

(3.15) —%5(75) < Comgpn(t)  VE>0,

Assuming that eg ~ 1 (quasi-elastic regime), the constant C. is small; thus, the
argument above can be reproduced to prove that the conclusion of Theorem 3.7 still
holds. Recall that for v = 0, the second part of Haff’s law (3.12) has been proved in [23,
Theorem 1.2] with the additional requirement that fo € LP(R3) for some 1 < p < cc.
It appears that, by (3.15), in the quasi-elastic regime ey ~ 1, Haff’s law holds true for
constant restitution coefficient under the sole assumption (2.8) on the initial datum.

In order to prove that (3.10) is satisfied for some A > 0, we will need precise LP
estimates, following the spirit of [23], for the rescaled function g given in section 2.3.
The idea to craft the correct time-scaling functions 7(-) and V() is choosing them
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such that the corresponding temperature of g is bounded away from zero. Indeed, for
any 7 > 0, define

O(r) = /}R3 g(1, w)|w|? dw.

Since

(3.16) EW) =V()2O(r(t))  Vt=0,
we choose

(3.17) V(t) =1+t  Vt>0.

In this way, (3.12) is equivalent to ®(7(t)) > C for any t > 0. Notice that (3.2)
immediately translates into

(3.18) stt;EG(T(t)) < 0.

Moreover, for simplicity we pick 7(t) such that 7(¢)V (¢) = 1; therefore, for v > 0,

(3.19) (t) = /Ot VO}‘:) = PVTH ((1 + )T — 1) ,

which is an acceptable time-scaling function. Thus, the rescaled solution g(7,w) sat-
isfies (2.12) with A(7) = 1 with

B 1 ~ _ v =1/~
B20) =Ty e*”*(’“(”wf) )

If v = 0, the restitution coefficient is constant [23]; in particular, €, = e, and the
rescaling reads V(¢) =14t and 7(¢t) = In(1 + ¢). In such a case, {(7) = 1.

The next sections are devoted to the proof of the second part of Haff’s law. With
the choice of the scaling, it is equivalent to prove that

inf ©(7) > 0.

>0
However, it appears difficult to prove directly such a lower bound, and we shall instead
prove a lower bound of the type

o) =Ci(1+7) "™ V>0

for some positive constants C, k1 > 0 and use Theorem 3.7 to get the conclusion (see
Proposition 5.1 and Theorem 5.2 below). To do so, one has to perform a careful study
of the properties of the collision operator Q. in Sobolev or L? spaces p > 1.

4. Regularity properties of the collision operator. In this section the reg-
ularity properties studied originally for the elastic case in [19, 20, 21, 26, 31] and later
for the constant restitution coefficient in [23] are generalized to cover variable resti-
tution coefficients depending on the impact velocity. The path that we follow closely
follows [26].
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4.1. The Carleman representation. We establish here a technical represen-
tation of the gain term ng,)e which is reminiscent of the classical Carleman repre-
sentation in the elastic case. More precisely, let B(u,o) be a collision kernel of the
form

B(u,0) = ®(lul)b(@ - o),

where ®(-) > 0, and b(-) > 0 satisfies (2.6). For any ¢ = 9 (v), define the following
linear operators:

(4.1) Se()(w) = [ YWH)b@-o)do  YueR3,
S2
where the symbols v~ and u™ are defined by

1—a- _
u” :=ﬁ<|U|\/ ZUU> z 2|u|(7 and uti=u—u".

LEMMA 4.1. For any bounded and measurable functions ¥ and @,

/@(U)S—(W(U)‘I’(Wl)du:/ Y(@)lp(p)(z) de,
R3 R3

where the linear operator I'p is given by

(4.2) Tp(p)(z) = A B(z + a(r)w, a(r)e(a(r)w + 2) dr,,

r=7rw, >0, weS%.

Here d, is the Lebesque measure in the hyperplane w perpendicular to w, and o)
is the inverse of the mapping s — s3(s). Moreover,

__8%(al) L,y _ e 2R3
(43) B(z’g)_IZI(gﬁ(g))2b<l 2|z|2>1+z9'<g>’ 220, zeR,

with 9(-) defined in Assumption 2.1(2) and ¥'(-) denoting its derivative.
Proof. For simplicity assume that ® = 1. Define

= / o) S () (u) du = / o) du | )b - o) do.
R? R3 s2
For fixed u € R3, we perform the integration over S? using the formula

L (1) o= [ el — 2w o

valid for any given function F'. Then

|z

- 4/Rsst o)l 5(|2f? — o - u)p (xB(|2])b (1 _ 2W> dz du.

Now setting u = z + x, we get

— -1 . . . _ |ZI:|2 da
1_4/RMR3 oz + z)|z + 2|7 0(x - 2)p (z6(] I))b(l 2 )d de.

|z + 2]
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Keeping z fixed, we remove the Dirac mass using the identity

/ F(2)0(x-2)dz = = / F(z)dm,,
R3 |ZII| -t
which leads to

T+ 2z z|?
I= 4/ (xﬁ(|x|)) z | %b <1 - 2|a:|+|z|2> dm,.

We compute the z-integral using polar coordinates x = pw and the change of variables
r = 0B(0). Recall that «(r) is the inverse of such mapping; furthermore, notice that
dr = 1(1+9'(0)) do. This yields

I:8/OOOM w(rw)dw/ Mb(l—2%) dr..

1+ 9 (a(r)) Js wl |2+ alr)w] |z + a(r)

Turning back to Cartesian coordinates x = rw, we obtain the desired expression,

(@)l (p)(x) de,
R3

with I'p given by (4.2). O

The above result leads to a Carleman-like expression for Q

COROLLARY 4.2 (Carleman representation). Let e(-) be a restztutzon coefficient
satisfying Assumption 2.1, and let

B(u,0) = &(|ul)b(u - o)

be a collision kernel satisfying (2.6). Then, for any velocity distribution functions f
and g, one has

Q /f [(t,oTpot,)g](v)dz,

where [t,](x) = (v — x) for any v,z € R? and test function 1.
Proof. The proof readily follows from Lemma 4.1, and the identity,

@d) [ Qo =5 [ o= w@(u)S (o)) dvdy

is valid for any test function . O

4.2. Convolution-like estimates for QEE. General convolution-like esti-
mates are obtained in [3, Theorem 1] for nonconstant restitution coefficient. Such
estimates are given in L} with n > 0, and, for the applications we have in mind, we
need to extend some of them to n < 0. This can be done using the method developed
in [26] (see also [17]) together with the estimates of [3].2

THEOREM 4. 3 Assume that the collision kernel B(u,o) = ®(|u|)b(u - o) satisfies
(2.6) and ®(-) € L=, for some k € R. In addition, assume that e(-) fulfills Assumption
2.1. Then, for any 1 <p < oo andn €R, there exists Cyp 1 (B) > 0 such that

|95..5.9)|,, < Conr® 7z, .,. .., Noluz.,

2Notice that the constants (1, p,b) and (n,p,b) given by (4.6) and (4.8) are not finite for
arbitrary angular kernel b. It is implicitly assumed that the theorem applies to the range of parameters
leading to finite constants (see also Remark 4.4).
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where the constant C,, , i (B) is given by
(4.5) Chp.e(B) = comp 7(0,0,0) ||(I)||L°_°k )

with a constant cyy,p > 0 depending only on k,n, and p. Furthermore, the dependence
on the angular kernel is given by

347

(46) st = [ (153)_#«5)@,

—1

where 1/p+ 1/p' = 1, and n4 is the positive part of n: ny = max(n,0). Similarly,
there exists Cy, p 1 (B) > 0 such that

|eb.r0),, < Crwn®lglis,,, .\, 1712z,
where the constant C,, 1 (B) is given by
(47) CU,P,k(B) = Ek,n,p ;\y/(nvpa b) ||(I>||L3°k

for some constant ¢ np > 0 depending only on k,n, and p. The dependence on the
angular kernel is given by

_ 3+n4

a9 swen= [ (B ra-sr ) T s

where 1/p+1/p' =1 and By = B(0) = H%(O).
Proof. Fix 1 < p < oo and i € R, and use the convention 1/p’ + 1/p = 1. By
duality,

eb.r.0,, =swf| [ @b traeuea] ol <1}

Using (4.4),

/ Q% .(f, 9)(v)(v) dv = / F(0)g(o — u) T (t9) () dv du,
R3 R3 xR3
with

T (0)(u) = B(|ul)S_(¢)(w), and t,b(z) = Y(v — ),

with S_ defined in (4.1). With the notation of [3], one recognizes that S_(h) = P(h, 1),
thus, applying [3, Theorem 5] with ¢ = co and o = —n,

IS-()l < (0, Bl o
with (n, p,b) given by (4.6). Notice that, with respect to [3], we used the weight (v)"

instead of |v|"; this is the reason to introduce 74 in our definition of y(n,p,b). As a
consequence,

(4.9) IT= g < A2, 0)[[ @l |IAl] o -
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No

W,
‘/ b (f,9)wdv| <

[ rotae ([ oo T )0 @ au)

<lallg,, [ 1F@II T ot)l,

Using the inequality ||t Al < 215172 ()5l [All,, for any s € R and v,

<22 gl

TH—k

‘/Q (f, )0 dv

/|f o T ot du

<22y (0, p, b) | <, N9 o, / | (@)1 0) " [t v
< 2RI 2y (g, p D) |@][ < Nlgllze,, [ £ @) )T )] L do,
ntk Jr3 -n

which proves the first part of the theorem. To prove the second part, observe that
|, @b rowan= [ o= wg@T ¢ dodu
R3 xR3

where T4 (¢¥)(u) = ®(Ju])S+(¥)(u) and Sy is defined as in (4.1). Using the notation
of [3], we identify Si(h) = P(1,h). Thus, applying [3, Theorem 5] with p = oo and
o= =1,

IS- )l < (0. BIIR o

where ¥(n, p,b) is given by (4.8). One concludes as above, interchanging the roles of
fand g. d
Remark 4.4. The careful reader will notice that the constants given in the theorem
are independent of e(-) except for ¥(n,p,b) which depends only on the value €(0).
Clearly, the constants v(n,p,b) and 7(n, p, b) are not finite for arbitrary b(-) be-
cause of the possible singularity at s = 1. For instance, for hard-sphere interactions,
ie, b= 4 , one has

341y
1+ng

Y(n,p,b) <00 = F(n,p,b) <o = 1<

However, if one assumes, as in [23, Theorem 2.1], that the angular kernel b(-) vanishes
in the vicinity of s = 1, then ~(n,p,b) < oo for any 1 < p < oo and i € R. This is an
additional difficulty of the inelastic regime that is overcome in the elastic case using
symmetry, i.e., defining b in half the domain. In the inelastic regime such difficulty
can be handled when dealing with quadratic estimates (i.e., whenever f = ¢ in the
above). Precisely, one has the following corollary.

COROLLARY 4.5. Assume that the collision kernel B(u,o) = ®(|u|)b(u - o) sat-
isfies (2.6) and ®(-) € L, for some k € R. In addition, assume that e(-) fulfills
Assumption 2.1. Then, for any 1 < p < oo and n € R, there exists some positive
constant C'(k,n,p) > 0 (independent of B) such that

|ttt

< Ck,0,p) [l Lo, 10 Lr(s2) 1£1121 I1£llze

Lp [n+k[+[nl n+k
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1 P
for any f € L|n+k\+|n| NLy g

Proof. Recall that B(u,o) = ®(|u|)b(u - o). Thus, one can write
B(u,0) = Bo(u,0) + B1(u,0) = ®(|u|)bo(u - o) + D(|u|)b1 (T - 0),
where
bo(s) = b(s)x[—1,00 and b1(s) = b(s)x[0,1]-

Then, with the notations of Theorem 4.3, it is clear that

0 1—s 3::’+ 3+n4
st = [ (352) 7 a2 Pl <
—1
while
1 1 1 _3+77+
~ + s — S 2p”
i) = [ (550 5] T be)ds < el <o

for some explicit numerical constant ¢, , (depending on e(-) through §y). Then writing
Qf (f, ) = Qh, (f )+ QF, (£, f), we get from Theorem 4.3 that

|ob..r.0) £

< (Copi(Bo) + o (B1) Iy

P )
[n+kl+Inl n+k

which is the desired conclusion. 0

4.3. Sobolev regularity for smooth collision kernel. For this section we
assume ®(-) and b(-) are smooth and compactly supported as follows:

(4.10) ® e C(R*\ {0}), beCr(—1,1).

Denote by Qp.. the associated collision operator defined by (2.5).

LEMMA 4.6. Assume that e(-) satisfies Assumption 2.1 with e(-) € C™(0,00)
for some integer m € N. Then, for the collision kernel satisfying (4.10), for any
0 < s <'m, there exists C = C(s, B, e) such that

ICe(Hllgerr <C(s,Bye) |flg- Ve H,

where T'p is the operator defined in Lemma 4.1. The constant C(s, B,e) depends
only on s, on the collision kernel B, and on the restitution coefficient e(-). More
precisely, C(s, B,e) depends on e(-) through the L™ norm of the derivatives D¥e(-)
(k =1,...,m) over some compact interval bounded away from zero depending only
on B.

We postpone the proof of Lemma 4.6 and first prove its important consequence.

THEOREM 4.7. Let B(u, o) = ®(|u)b(w- o) be a collision kernel satisfying (4.10),
and let e(-) satisfy Assumption 2.1. In addition, assume that e(-) € C™(0, 00) for some
integer m € N. Then, for any 0 < s < m,

|b.(r.0)||, ., <Cl.B.e) gl £,

with constant C(s, B, e) given in Lemma 4.6.
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Proof. Let ]-"[ng,ﬁ(f, 9)](§) denote the Fourier transform of ng,e(f, g). According
to Corollary 4.2,

Fl05.1.9]© = [ F@F [t 0T ot) g€ du
To simplify notation, set G(v,€) = F [(t, o' oty) g] (§). Thus,
2 2
|os. 0, = [ |7 [@5.tr0] @ @
2
(4.11) = [ gpen de
R?)
<Ml [ F@IIGE P dedo,
R3 xR3

f)G(v, &) dv
]R3

Since G(v,&) = F [(ty o T'p o ty) g] (€),
. G(0,&)(€)*FV de = ||(ty o T'p o ty) gl Frerr < C(s, B, €) |lgll 7 -

For this inequality we used Lemma 4.6 and the fact that the translation operator
t, has norm one in any Sobolev space. Hence, estimate (4.11) yields the desired
estimate. d

Proof of Lemma 4.6. The proof of the regularity property of I'g can be obtained
following the lines of the corresponding one for the elastic Boltzmann operator [26].
Indeed, note that

Tp(f)(r,w) : =Tp(f) (@ (r),w) =Ta(f)(rB(r),w)

:/ B(z + rw,m)o(rw + z) dm,.

The condition (4.10) on the collision kernel implies that there exists 6 > 0 such that
b(z) =0 for |[x £ 1] < 6 and {|z|; z € Supp(®)} C (a, M) for some positive constants
0 < a < M. Then, by virtue of (4.3), B(z + rw,r) = 0 for any r > 0, w € S?, and
z € wh provided that |22 > 25272, For |2|? < 25272, one has |z +rw|? < 2r?/6; thus,
B(z 4+ rw,r) =0 if r < y/da?/2. Putting these together, we conclude that

(4.12) B(z+rw,r)=0 Vré¢l:= ( 5a2/2,M) , w€S? and any z lw.
In particular, l:;g(f)(r, w) =0 for any r ¢ I independently of f. Define

' o(|2)b (1 — 2.2
Bo(z,0) := Lﬁ(g)ﬁQ(g)B(z,g): ( El )

0 2|02

)

and denote 1:‘\6( f) the associated operator

fa(f)(r,w) = Bo(z 4+ rw,r)e(rw + z) dm.

w
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Then By does not depend on the restitution coefficient e(-), and fa is exactly of the
form of the operator T' studied in [26, Theorem 3.1]. Therefore, arguing as in [26], for
any s > 0, there is an explicit constant Cy = Cy(s, ®,b) such that

(4.13) [Ton)| ., < Cols.®.0) Ifll. ¥ em"
Setting
(4.14) Gelo) = i~ Yo >0,

(1+9(0)) B(0)

one observes that G, is a C™ function over I whose derivatives D*G, are bounded
over [ for any £ < m and

Ip(f)(r,w) = Ge(r)xa(r)Lo(f)(r, ).
Here y is the characteristic function of I = (1/da?/2, M) (see (4.12)). Therefore, for
any 0 < s < m, there exists some constant C' = Cy(s, b, e) such that
(4.15) [T, <Cols.B.e) Iflg.  vF e
where the constant Cy(s, B, e) can be chosen as

(416) 00(85 Ba 8) = 00(57 q)a b) k%ax ||DkGG||L°°(I)'

From estimate (4.15) we deduce Lemma 4.6 with the following argument. Assume
first s = k > 1 is an integer. Using polar coordinates

el = 3 [ Boetde [ 0iFa(iew) b

1<k 70
where, for any |j| < k, the function F}(g) can be written as
(4.17) Fi(0) = P;(0W(0), ..., 99 (0) (1 + M (0) ™.

Here Pj(y1,...,y;) is a suitable polynomial, n; € N, and 9P denotes the pth deriva-
tive of ¥(-). Since ¥ € C"™(0,00) and I is a compact interval away from zero, one has
sup,c; Fj(0) = Cr < oo for any |j| < k. Thus,

(4.18) IT5 ()l < CrllTa() e

where CY, is an explicit constant involving the L* norm of the first kth order deriva-
tives of () on I. This proves that the conclusion of Lemma 4.6 holds true for any
integer s < m, and we deduce the general case using interpolation. d

Remark 4.8. Tt is important, for our subsequent analysis, to obtain a precise ex-
pression for the constant C(s, B, e). For instance, in the case in which e(-) € C*(0, 00),
one obtains that

C(1,B,e) < Cy(1,B,e) sup Fi(o),
oel

where F} is of the form (4.17), with I defined in (4.12). Note that Cy(1, B,e) and
G.(p) are given by (4.16) and (4.14), respectively. In particular, under Assumption
2.1, Gc(p) < 4p for large g and G.(p) ~ o/2 for ¢ ~ 0.
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Arguing as in [26, Corollary 3.2], we translate the gain of regularity obtained in
Theorem 4.7 in gain of integrability.

COROLLARY 4.9. Let B(u,0) = ®(Ju|)b(u - o) be a collision kernel satisfying
(4.10), and let e(-) € C1(0,00) satisfy Assumption 2.1. Then, for any 1 < p < oo,

|25.(7.9)] , < C.B.&) Ugllee £+ llgllzr 1 £10).

where the constant C(p, B, e) depends on B and e through the constant C(1, B,e) of
Theorem 4.7. The exponent q < p is given by

5p

(419) . Epp if pe(1,6],
g if pe€[6,00).

4.4. Regularity and integrability for hard spheres. We consider in this
section the case of hard-sphere collision kernel

|ul
B(u,0) = P
Such a collision kernel does not enjoy the regularity properties assumed in the previous
section. This does not present a problem since the dependence of the constant on the
collision kernel B permits us to adapt the method developed in [26] for the elastic
case. We need some supplementary assumptions on the restitution coefficient e(-).

Assumption 4.10. In addition to Assumption 2.1, suppose that e(-) € C*(0,00)
and that there exists k£ € R such that

e(r)=0@")  when r — oo,

where €'(+) denotes the derivative of e(:).

The above assumption implies 9/(0) = O(o**1) for large o and ¥/(p) ~ 1 when
0 ~ 0. Recall that ¢(-) is the derivative of J(r) = re(r).

THEOREM 4.11. Assume that e(-) satisfies Assumption 4.10. For any 1 < p < oo,
there exist K > 0, 6 € (0,1), and a constant C. > 0 depending only on p and the
restitution coefficient e(-) such that, for any 6 > 0,

/R QEU D P o < NI AT + SNy 11y

Proof. We follow the same lines presented in [26] and subsequently used in [23, 24].
We present the argument for convenience. Fix p > 1, and let ® : R — RT be an
even C* function with compact support in (—1,1) and fil O(s)ds = 1. In the same
way, consider a radial C* function = : R3 — R with support in the ball B(0,1) and
Jzs E(v) dv = 1. Define the mollifications Z,,(v) := n*Z(nv) and O,,(s) := mO(ms)
for m,n > 1. Thus, ®s, = Zp*(|-[xa,) and bs,, = O * (g X(_142,1—2)) are smooth
mollifications of the collision kernel. Here we have defined the set

2
An:{v6R3;|v|€[ﬁ,n}}, n>1.

Consider the smooth collision kernel

Bs,, o (lul,w-0) = @5, (|ul) bs,, (u - 0),

m,mn
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and observe that

1 1 1
supp(@SH)g{—gMén—l—l} and supp (bg,,) C {—14——,1——].
n m m

Define naturally

-0) = @, ([u]) br,, (u - o),

-0) = ®g, (lu]) bs,, (- 0), and
-0) = P, (|u]) br,, (@ 0).

Here @, (|u]) = |u| — ®s, (Ju|) and bg,, (@ -0) = .= — b, (- o) are the remainder
parts. Thus, one splits @F in four parts using obvious notation as follows:

SRy ([ul;
RS ([l
(

BRRm o (Jul,

@) Q) ﬁ)

Q+ Q n € + QBSR n € + QBRSm € + QBRRm no€’

Since Bsg,, ,(|ul,u - o) fulfills (4.10), one deduces from Corollary 4.9 that there is a
constant C(m,n) such that

|2k 5] <Clmmlfiu s

for ¢ < p given by (4.19). A simple application of Holder’s inequality yields

(4.20) / QBsmn (f, £) P dv < C(myn) || Flloa | Flloe 1F15

Recall from Corollary 4.9 that C(m,n) depends on m and n through the constant
C(1,Bs,, . e) in Theorem 4.7. Moreover, according to Remark 4.8, one sees that

C(1,Bs,, ,.,e) < Co(1, ®g,, bs, )max |D*G. | Lo=(r) supFl( ),

where Cy(s, ®,b) is the constant appearing in (4.13), G.(-) is given by (4.14), and
F is of the form (4.17). The interval I = I, , is defined in (4.12), with 6 = 1/m,

M=n+1,and a =1/n,
1
I = —_— 1].
(\/ 2mn2’n+ )

That Co(1,Pg, ,bs,,) depends on m and n in a polynomial way follows as in [26].
Moreover, from the properties of G, given in Remark 4.8 and the fact that Fj(p) is a
rational function in ¥/ (o), one deduces from Assumption 4.10 and the above expression
of I that there exist a,b > 0 such that

(4.21) C(m,n) = O(m*n®) as m,n — cc.

Now, applying Corollary 4.5 with k =1 and n = —1/p/, we get

|9ber D]+ [ @l D, < mI Ay 1N,

where (m) < ¢[|bp||1(s2) for some positive constant ¢ > 0 (independent of n since
[®nll=, < [|®||re, for any n > 0). In particular, one can choose a regularizing
function © such that there exists some r > 0 such that

(4.22) g(m) =0(m™") as m — 0.
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Using the above estimate with n = —1/p’, we get

@23) [ (@ D)+ @ (D] 70 <y 111

It remains only to estimate

1= /}R Qe LD 7
One notes that
Pg, (Jv—v.) <On' (Jo? + v ) Vv, v, € R3

for some C > 0. Thus,

I<Cn! /R3 y F ) f(vs) (|v|2 + |v*|2) dv dv, /82 P (" )bs,, (1 - o) do.

L ;:/ f(v)f(v*)|v|2dvdv*/ P (Wb, (W-o)do, and
R3 xR3 S2
I = / F(0) f(v2)]v.? dv d, / (Wb, (@ - ) do
R3 xR3 S2
Observe that I; can be written as
W= [ eh (B HE) .
R3xR3
where

F(v) = o fv), %)= (v) e LV (R?),

with the collision kernel B, (|u|,u - o) = bg,, (4 - o). Applying Theorem 4.3 with
n =k =0 gives

L <||Qf, [(ED| Wl
< Cop0(B) IFlla | llzollll o < Copo(Bo)l 711

where Cg p, 0(B,) is defined by (4.5). Now, with the same notation,

L= [ 0 (P dy
R3xR3
therefore, applying Theorem 4.3 with n = 0 and k£ = —2 yields

Iy < Cop,—2(Bm) | flly 1 Fllee, 191 Lo < Cop—2(Bm) 1 fll 2y 1F 1170
Combining the two estimates for I; and I,

C(m)

m
ey
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where C'(m) = Co p,0(Bm) + Co,p,—2(Bm). The support of bg,, (s) lies to a positive
distance, of order 1/m, from s = 1. Then we use the expression (4.5) to conclude that

(4.24) C(m) < m” % as m — oo.

Estimates (4.24), (4.20), and (4.23) give

/RS QL (£, ) f77" dv < Clmym) | fllae 11l I£117"

C(m)

e oy Iy + = = IFlloy IF11%,-

Using the polynomial bounds (4.21), (4.22), and (4.24), we get the result as in
[23]. d

Remark 4.12. Assumption 4.10 allows us to present the explicit dependence of
the constants with respect to § > 0. This dependence will be crucial in the proof of
Haff’s law in section 5. Note that the constant C,. in Theorem 4.11 depends on the
regularity of the restitution coefficient away from zero.

Remark 4.13. Notice also that the above estimates involving LP-norms for p < co
degenerate as p — oo and do not allow us to derive L*° estimates in some direct way.
We refer the reader to [4] for further considerations on pointwise estimates.

COROLLARY 4.14. Assume that e(-) satisfies Assumption 4.10. For any 1 <p <
oo, there exist k > 0, 0 € (0,1), and a constant C. > 0 depending only on p and the
restitution coefficient e(-) such that, for any 6 > 0,

WV

s Vn = 0.
loly, v

24n

— — 0 1-0
/R QH(g.9) " ()™ dv < Ced ™ gl gl Ty " 46 gy

The constant Cy is provided by Theorem 4.11.
Proof. Fix g > 0 and 1 > 0, and set f(v) = g(v)(v)". Note that (v/)7 < (v)7 (v,)"
for any v, v, € R?; then, using the weak formulation of QF,

/ Q(9,9)g"H(v)™ dv = / (0)7Q% (9.9) f7 1 dv < / QH(f. N dv.
R3 R3 s

Conclude the proof with Theorem 4.11. O

The following result applies to the rescaled solutions g(7,w). Its importance lies
in that the estimate is uniform in the rescaled time 7.

COROLLARY 4.15. Assume that e(-) satisfies Assumption 4.10. For any 7 > 0, let
€; be the restitution coefficient defined by (2.13), and let Qz_ (f, f) be the associated
collision operator. Assume that V ({(7)) is continuous and goes to infinity as T — oo.
For any 1 < p < oo, there exist K > 0, 0 € (0,1), and K > 0 all independent of T
such that, for any 6 > 0,

— — 0 1-0
/ O (9.9) 9" ()™ dw < K5 g| 57 Nlalify ™" +5 gl
R

24n

gl Vn > 0.
n+1/p

Proof. From Corollary 4.14, for any 7 > 0, there exists K (7) = Cs_ for which the
above inequality holds. It suffices to prove that K = sup,-, K(7) < oo. Recall that
K (1) depends on 7 through the restitution coefficient €, ; more precisely, Cz_ depends
on the L> norm of the derivatives D*€,(-), k = 0,1, over some compact interval of
(0, 00) bounded away from zero (independent of 7). Now, for any 7 > 0,

D¥e.(-) = w~*(r)(D*¢) (W) |

Copyright © by STAM. Unauthorized reproduction of this article is prohibited.



2530 RICARDO J. ALONSO AND BERTRAND LODS

with (1) = V({(7)). Since p~1(7) is continuous and goes to zero as T goes to oo, one
concludes that all the L> norms of D*€, () remain uniformly bounded with respect
to 7. The same holds for K (7). O

5. Generalized Haff’s law continued.

5.1. Proof of Haff’s law. In this section we prove the second part of Haff’s law
establishing the lower bound of the temperature (3.12). Recall that, from Theorem
3.7 it suffices to prove (3.10). As explained in section 3, this is done using suitable L?
estimates in the self-similar variables. In this section, the restitution coefficient fulfills
Assumptions 3.1 and 4.10, and the collision kernel is that of hard-sphere interactions.
Recall that the rescaled function g(7, w) is the solution to the Boltzmann equation in
rescaled variables (2.12):

(5.1) Frg(T,w) +&(T)V - (wg(r,w)) = Q& (9, 9)(r,w) 7 >0.

The restitution coefficient €, and the time-dependent mapping £(7) are given by
(3.20).

PROPOSITION 5.1. Assume that e(-) fulfills Assumption 3.1 with v > 0 and As-
sumption 4.10. Let fo satisfy (2.8) with fo € L3N LP(R3) for some 1 < p < oo. Let
g(7,-) be the solution to the rescaled equation (5.1) with initial datum g(0,w) = fo(w).
Then there exist Cy > 0 and kg > 0 such that

(5.2) lg(P)ll o < Co(l+7)%0  ¥r>0.

Consequently, there exist C1 > 0 and k1 > 0 such that
(5.3) O(r) = / g(r,w)|w*dw = Cy (1 + 1)~ V1 > 0.
R3

Proof. The proof relies on Corollary 4.15. Multiply (5.1) by ¢gP~! and integrate
over R? to obtain

1 dlo(r)l | ,
Gy Sl +3< 5)5(7)”9(7)”“

:/ Qgt(g,g)g”’ldw—/ Q (g,9)g" " dw.
R3 R3
From Jensen’s inequality, one has
(5.5) Q (9.9 vz [ Prwulde Vo
R3 R3

According to Corollary 4.15, there exist £ > 0, § € (0,1), and a constant K > 0 that
does not depend on 7 such that

/R 9 (9.9) " dw< K5 g oI+l (Dl oDl ¥6 > 0.

From conservation of mass, ||g(7)|[z1 = 1; furthermore, My := sup, 5, Hg(T)HL% < 00
from (3.18). Thus, using (5.4) and (5.5),

d ||g( )

17 . 0
(5.6) — LY < p RS g(m)|BS Y + pM25||g(7')||Z£§'/p - M(T)Hg(T)Hif/p,
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where p(7) = min (p,3(p — 1)§(7)). Since &(7) — 0 as 7 — oo for v > 0, there exists
70 > 0 such that

3(p—1)

w(t) =3(p—1)&(r) = PR

for any 7 > 79.

Choosing § = u(7)/(pM2) in (5.6), we get

dllg(ze

= p K (M) (r) " [lg(IIFS " < Clyr+1+9)"lg(mIEs ™" ¥r =7

for some positive constant C' > 0. Integrating the above estimate, we conclude the
existence of some constant Cy > 0 such that

K+1
6

lg(IE, < Co (v +1+7) e,

and (5.2) readily follows.
Regarding estimate (5.3), note that for any R > 0,

O(r) :/ g(T,w)|w|2 dw+/ g(T,w)|w|2 dw
lw|<R |lw|>R

> RQ/ g(r,w)dw > R* [ 1 — / g(m, w)|w| dw V1 = 0.
|w|>R lw|<R

From Hélder’s inequality,
4\ 11
/ g(1,w)|w|dw < <—7TR3) llg(1)l|z» with the convention — + — =1
|lw|<R 3 p P

Therefore, using (5.2), there exists a positive constant C' > 0 independent of R such
that

o(r) > R? (1 _CORMY (14 T)“O) YR>0, V¥r>0.

Pick R = R(7) > 0 such that C' R3/?' (1 + 7)%0 = 1/2; then

1, 1 1 P/3
O(1) > =R = ——— V7 >0,
02570 =5 (o)

which gives (5.3) with k1 = p’ko/3. 0

The generalized Haff’s law is a consequence of Theorem 3.7 and Proposition 5.1.

THEOREM 5.2. Let fo > 0 satisfy the conditions given by (2.8) with fo € LP°(R3)
for some 1 < pg < oo. In addition, assume that e(-) fulfills Assumptions 3.1 and
4.10. Then the solution f(t,v) to the associated Boltzmann equation (2.7) satisfies the
generalized Haff’s law,

(5.7) (141 T <ER) KCA+t) T,  t>0,

where ¢ and C' are positive constants independent of time t > 0.
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Proof. The upper bound in (5.7) has already been obtained in Proposition 3.3.
The proof of the lower bound is a straightforward consequence of Theorem 3.7 and
Proposition 5.1. Indeed, recall that for v > 0,

E(t) =V (H)O(r(t),

where V(t) = (1 + t)ﬁ and 7(t) is given by (3.19). Since O(-) decays at least
algebraically (5.3), one recognizes that there exists some constant a > 0 such that
EX) Za(l+t)™ ", with p = % and with 1 being the rate in (5.3). The result
follows from Theorem 3.7. The proof for v = 0 is identical. d

Remark 5.3. Recall that, in self-similar variables, (5.7) reads
c<O(T)<C V7 > 0.

In particular, as explained in Theorem 3.7, the algebraic lower bound in (5.3) improves
as

(5.8) Ounin == Tlr;f(’)@(r) > 0.

Remark 5.4. As we pointed out (see Remark 3.8), for constant restitution coef-
ficient eq, the proof of Haff’s law for the quasi-elastic regime ey ~ 1 follows without
the need of the LP requirement (p > 1); this suggests that such requirement might be
avoided in the general case. This, of course, would greatly simplify the technicalities
of the proof and, more importantly, would clearly separate the L' and LP theories
(p > 1) for the inelastic Boltzmann equation. The proper treatment of this issue
remains an open problem.

Ezxample 5.5. For constant restitution coefficient v = 0, we recover the classical
Haft’s law of [18] proved recently in [23]:

c(1+t)2<EM<CA+)72 t=0.

Ezample 5.6. For viscoelastic hard spheres given in Example 2.4, one has v = 1/5.
Thus, Theorem 5.2 provides the first rigorous justification of the following cooling rate
conjectured in [12, 27]:

1+ <E) <CA+1)7%3, t>0.

Remark 5.7. Theorem 5.2 shows that the decay of the temperature is governed
by the behavior of the restitution coefficient e(r) for small impact. The cooling of the
gases is slower for larger ~.

From the explicit rate of cooling of the temperature, one deduces the algebraic
decay of any moments of the solution to (2.7). Under the assumptions of the above
Theorem 5.2, the p-moment my(t) defined in (3.4) satisfies

(5.9)  cp(1+1) T < ER)P <my(t) < CLERP < Cp(1+1) 47,  t>0.

The positive constants ¢p, Cp, and C'p depend on p, m,(0), £(0), and e(-). The lower
bound is a direct consequence of Jensen’s inequality and (1.4), while the upper bound
was established in Theorem 3.7.
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5.2. Application: Propagation of Lebesgue norms. We complement Propo-
sition 5.1 by proving the propagation of LP-norms for the solution g(7,w) satisfying
the rescaled equation (5.1). Thus, the method introduced in the elastic case [26] and
later used in [23] for constant restitution coefficient is extended to the case of a variable
restitution coefficient satisfying Assumptions 3.1 and 4.10.

LEMMA 5.8. Assume that the initial fo > 0 satisfies the conditions given by (2.8)
with fo € LP(R3) for some 1 < p < oo, and let g(1,-) be the solution to the rescaled
equation (5.1) with initial datum g(0,w) = fo(w). Then there exists a constant vy > 0
such that

Vo

/ g(7, wy)|w — wy| dw, = max {vy, |w|} > 7(11}) VweR?  7>0.
R3

In particular,
1 N o Vo
[oioeade=2 [ grw+ k) d="2 g0l
R3 2 R3 2 1/

Proof. The proof is a simple consequence of (5.8). Indeed, since fo € L3, the
propagation of p-moments in the rescaled variables implies sup,s [lg(7)]| Ly < oo
Then, for R > 0 large enough,

/ g(T,w)|w|2dw:/ g(T,w)|w|2dw—/ g(T,w)|w|2dw
{lw|<R} R3

{lw|>R}

min

WV

1
emin — 5 Sup Hg(T)HLé 2 > 0.

R >0y

We conclude that

1 Gmin
/ g(, w)|w| dw > —/ g(m,w)|w|? dw > =11 > 0.
R? {lwl<R} 2R

Using this observation and Jensen’s inequality, we obtain the result. ad
THEOREM 5.9. Assume the variable restitution coefficient e(-) satisfies Assump-

tions 3.1 and 4.10 for some positive v > 0. Assume that fo > 0 satisfies (2.8) with

fo € L%(l+n) N Lg(R3) for some 1 < p < 0o and n > 0. Then the rescaled solution

g(T,-) to (5.1) with initial datum g(0,w) = fo(w) satisfies
sup [lg(7)|[ L < oo.
720

In particular,

sup (V) 50 } = sup lg(r)] . < ox.

t>0

Recall that V(t) = (1 + t)ﬁ
Proof. Multiplying (5.1) by g?~!(7,w) (w)™ and integrating over R? yields

L dlglE, i
L s (1= e lally = [ 020 ) du

- [ e @ W dvtneln) [ gl )" du.
R3 R3
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Using Lemma 5.8, one has
— _ 140)
[0 o ) dw> Do)l
R3 n+1/p

Moreover, C;, = sup, Hg(T)HL%+ < 00 by virtue of the propagation of moments in

Yo

self-similar variables (5.9). Applyi?lg Corollary 4.15 with § = &,

1d P Yo P
(5.10) ~- eIz + F le@L:

_ 3
< Klanl ™ + &) (=3 ) lally v >0

for some uniform constant K. Since v > 0, the mapping £(7) decreases toward zero;
thus, (5.10) leads to the result. O
Remark 5.10. We refer to [23, Theorem 1.3] for a proof of the case v = 0.

6. High-energy tails for the self-similar solution. We finalize this work
studying the high-energy tails of f(¢,v) of the solution to (1.3). For models with
variable restitution coefficient, the high-energy tail is dynamic since gas changes its
behavior during the cooling process. This is noted by a dynamic rate in the tail. Here
again, we shall deal with the following generalized hard-sphere collision kernel:

B(u,0) = |u|b(u - o),

where b(+) satisfies (2.6). We argue in the self-similar variables; thus, it is convenient
to define the rescaled p-moments

my(r) = [ o(rw)fw? du >0

Notice that (5.9) readily translates into
(6.1) cp <my(1)<Cp for 72>0.

The following theorem generalizes [23, Proposition 3.1] to the case of a variable resti-
tution coefficient.

THEOREM 6.1 (L!-exponential tails theorem). Let B(u,c) = |ulb(u - o) satisfy
(2.6) with b € LI(S?) for some q > 1. Assume that e(-) and fo fulfill Assumption 3.1
and (2.8), respectively. Furthermore, assume that there exists ro > 0 such that

/RS fo(v)exp (rolv]) dv < co.

Let g(r,w) be the rescaled solution defined by (2.10). Then there exists some r < rg
such that

(6.2) sup/ g(1,w) exp (r|w]) dw < .
720 JR3

Consequently,

sup [ f(t,v)exp (rV(¢)|v]) dw < 0.
20 JRr3
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Proof. The method of proof is carefully documented in [2, 8, 11]. We sketch the
proof dividing the argument in five steps.
Step 1. Note that formally

ok
-

/3 g(1,w) exp (r|w|®) dw = Z EmSk/z(T)
R k=0

for any » > 0 and any s > 0. Hence, the summability of the integral is described

msk/Q(T)
k!

by the behavior of the functions . This motivates the introduction of the

renormalized moments

zp(T) = Pmp(T)

- ith a =2
b)) with «a /s,

where I'(:) denotes the gamma function. We shall prove that the series converges for
some r < 1o and with s = 1 (i.e., a = 2). To do so, it is enough to prove that, for
some b < 1 and @ > 0 large enough, one has z,(7) < QP for any p > 1 and any 7 > 0.

Step 2. Recall that, according to Lemma 2.6, the estimates of Proposition 2.7 are
independent of the restitution coefficient e(-). In particular, they hold for the time-
dependent collision operator Qz_, providing bounds which are uniform with respect
to 7. Specifically,

/ Qs (g, g)(r, w)|wf? dw < —(1 — )My jo(7) + iy Sp(r) V7 >0,
R3

where k), is the constant introduced in Lemma 2.6 and

(23]

Sy = 3 (1) (mesl) my i) + () s /2(7)

k=1

Step 3. An important simplification, first observed in [11], consists of noticing
that the term S, satisfies

Sp(t) < AT(ap+a/2+2b) Z,(1) fora>1, b >0,
where A = A(a,b) > 0 does not depend on p and

Zp(1) = 151&?]2 {Zk+1/2(7) 2p—k(7), 2k(7) Zp—k+1/2(7)} .
xhvxp

With such an estimate, the rather involved term S, is more tractable.
Step 4. Using the above steps and the evolution problem (5.1) satisfied by the
rescaled solution g, we check that
dm,,
dr

where we used the fact that

(1) + (1 = Kp)myq/9(7) < Kp T (ap + g + Zb) Z,(1) + 2p&(T)my(7),

[0V, - (wg(r,w) dw = ~2pmy (7).
R

Using the asymptotic formula
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the fact that £(7) < 1 and s, ~ 1/p'/7 for large p, one concludes that there are
constants ¢; > 0 (¢ =1,2) and py > 1 sufficiently large so that

dZ a a — 4
d—:(r) +eap /2211)“/2”(7) < ey p/2Ho=1/a Zp(T) +2p zp(7) Yr>0, p>po.

We also used that my,q/o(7) > m,l,H/Zp(T) for any 7 > 0 thanks to Jensen’s
inequality.

Final step. We claim that if we choose a« = 2 and 0 < b < 1/¢/, it is possible to
find @ > 0 large enough so that m,(7) < QP. Indeed, let py and @ < oo such that

1/ 1 16
cﬁpg 1/q <§7 and Q){ max supzk(T),Qo,—Q,l},
C1 1

1<k<po 730

where Qo is a constant such that z,(0) < QF. This constant exists by the exponential
integrability assumption on the initial datum. Moreover, since moments of g are uni-
formly propagated, the existence of such finite @ is guaranteed. Arguing by induction
and standard comparison of ODEs, one proves that y,(7) := QP satisfies for p > po

dy a a/24+b—1/q’
(M +ep Pyhtl2e(7) > e p®/ 2T 19 Z(7) + 2p (1), (0) > 2,(0);

therefore, y,(7) > z,(7) for any p > po. Since this is trivially true for p < po, we
obtain that

m,(7) <T(2p+b)Q" Vp=1,7>0.

From Step 1, this is enough to prove the theorem. d
Ezample 6.2. For viscoelastic hard spheres, V() = (1 + t)°/3. Therefore,

/ fo(w)exp (rolv]) dv < co =>sup [ f(t,v)exp (7‘(1 + t)5/3|v|) dv < o0
RS 20 JR3

for some r < rg. In particular, using the terminology of [11], f(¢,v) has a (dynamic)
exponential tail of order 1.

Appendix A: Viscoelastic hard spheres. In this appendix we prove that
Assumption 3.1 is met by the restitution coefficient e(-) associated to the so-called
viscoelastic hard spheres as derived in [27] (see also [12, Chapter 4]). In fact, we prove
a more general result for the following hard-sphere collision kernel:

B(u,a)z% VYu e R3, o € S2

Recall that ¥, was defined in (3.1) as

\/5
V. (z) = %/0 (1—e(2)?) 2% dz, x> 0.

LEMMA A.l. Assume that e(-) satisfies Assumption 2.1 and that the mapping
r =2 0 — e(r) is decreasing. Then the associated function ¥. defined in (3.1) is
strictly increasing and conver.
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Proof. Since e is decreasing, €'(r) < 0 for any r > 0. Here ¢/(-) denotes the
derivative of e(-). Define

1 x
O(z) := —/ (1—€3(2)) 2* dz, x> 0.
T Jo

Note that ¥, (-) is convex if and only if 2P, (x) — P, (z) > 0 for any = > 0, where O,
and @, denote the first and second derivatives of @, respectively. A simple calculation
shows that

3 T

20, (z) — By (x) = =223/ (x)e(z) + —2/ (1—e€*(2))2%dz Y > 0.

= Jo
Since €/(z) < 0 and e(-) € (0,1], one concludes that 2®,,(z) — ,(z) > 0 for any
x> 0.

Similarly, since €/(-) < 0, the mapping z > 0 ~ (1 — e%(2))z3 is nondecreasing;
thus, ®,(x) > 0 for any = > 0. This implies that ®¥.(-) is strictly increasing over
(0, +00). O

For the viscoelastic hard spheres, as derived in [27], the restitution coefficient e
is the solution of the equation

3

(A.1) e(r) + art/Pe(r)®® =1 Vr >0,

where a > 0 is a constant depending on the material viscosity. It was proved in
[1, p. 1006] that, on the basis of (A.1), Assumption 2.1 is met. From (A.1), one
deduces that

1/5

lim e(r) =1, and e(r)~1—ar for r ~0,

r—0+t
which means that Assumption 3.1(1) is met. Furthermore, (A.1) also implies that e
is continuously decreasing. According to Lemma A.1, e(-) satisfies Assumption 3.1.
Moreover, it is easy to deduce from (A.1) that Assumption 4.10 is satisfied.
Example A.2. For monotone decreasing restitution coefficient introduced in Ex-
ample 2.3, Assumption 3.1 is also met by virtue of the above lemma. In such a case,
according to (2.2), the cooling of the temperature £(t) is

Et)=0 ((1 +t)—%) as t — oo.
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