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Cooling process for inelastic Boltzmann equations
for hard spheres, Part II: Self-similar solutions and

tail behavior
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Abstract

We consider the spatially homogeneous Boltzmann equation for inelastic
hard spheres, in the framework of so-called constant normal restitution coeffi-
cients. We prove the existence of self-similar solutions, and we give pointwise
estimates on their tail. We also give general estimates on the tail and the
regularity of generic solutions. In particular we prove Haff’s law on the rate
of decay of temperature, as well as the algebraic decay of singularities. The
proofs are based on the regularity study of a rescaled problem, with the help of
the regularity properties of the gain part of the Boltzmann collision integral,
well-known in the elastic case, and which are extended here in the context of
granular gases.
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Boltzmann equation [See also 82B40, 82C40, 82D05].
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1 Introduction and main results

1.1 The model

We consider the asymptotic behavior of inelastic hard spheres described by the
spatially homogeneous Boltzmann equation with a constant normal restitution co-
efficient (see [B]). More precisely, the gas is described by the probability density of
particles f(¢,v) > 0 with velocity v € RY (N > 2) at time ¢ > 0, which undergoes
the evolution equation

(1.1) %—{ = Q(f.f) in (0,+o00) x RY,
(1.2) f(0) = fun in RY.

The bilinear collision operator Q(f, f) models the interaction of particles by
means of inelastic binary collisions (preserving mass and momentum but dissipating
kinetic energy). Denoting by e € [0, 1] the (constant) normal restitution coefficient,



when e # 0 we define the collision operator in strong formulation as

(1.3) Q@J“W?i/

RN xSN-1

( g — fg*) lu| b(t - o) do dv,,

e2

where we use notations from [[J] (a dual formulation shall be given in ([.25) which
includes the case e = 0). Here u = v — v, denotes the relative velocity, @ stands
for u/|ul, and 'v, ‘v, denotes the possible pre-collisional velocities leading to post-
collisional velocities v, v,. They are defined by

, v4+v, 'u , v+ v,
(1.4) V=g +2, Ve =
with 'u = (1 — B)u+ flulo and = (e +1)/(2e) (G € [1,00) since e € (0,1]). The
elastic case corresponds to e = 1. The function b in (.3) is (up to a multiplicative
factor) the differential collisional cross-section while B = |u|b(u - o) represents the
rate of collision of particles with pre-collisional velocities v,v, € RY giving rise to
particles with post-collisional velocities v/, v, € RY defined by ([:26). In the sequel

we assume that there exists by, b; € (0, 00) such that

"u
-5

(15) Ve [—1, 1], b(] < b(ﬂf) < bl,
and that
(1.6) b is nondecreasing and convex on (—1,1).

Note that the “physical” cross-section for hard spheres is given by (see [[4, [9])

N-3

b(x)=cst(l—z)" 2 |

so that it fulfills hypothesis ([.7) and ([.) when N = 3. The Boltzmann equa-
tion ([.T) is complemented with an initial datum ([.3) which satisfies (for some
k> 2)

(1.7) 0 < fin € LL(RY), / findv =1, / finvdv=0.
RN RN

(see Subsection [[.4 for the notations of functional spaces). Notice that assuming
the two last moment conditions in ([[.7) is no loss of generality, since we may always
reduce to that case by a scaling and translation argument (see [[9, section 1.5] for
instance).

As explained in [P§], the operator ([33)) preserves mass and momentum:

(1.8) a f(i)dvza

ERN

while kinetic energy is dissipated

(1.9 SE(I()) = ~DUI (1)
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where the energy £ and the dissipation functional D are given by
&)= [ el D=7 [ P dvde,
RN RN xRN

1—e?
4

Here the inelasticity coefficient 7 is defined by 7 := my ( ) and the angular

momentum m, is defined by

my 1= / (#) b(t-o)do = |SV7? / b(cos 6) sin?0/2 sin™ 20 df
SN-1 0

(in order to get the second formula, we have set cosf = u - o).
The study of the Cauchy theory and the cooling process of ([.1))-([.3) was done

in [ (where more general models were considered). The equation is well-posed for
instance in L1: for 0 < fi, € L3, there is a unique solution in C(R; L) N LY (R ; L)
(see again Subsection [[.4 for the notations of functional spaces). This solution is
defined for all times. It preserves mass, momentum and has a decreasing kinetic
energy. The cooling process does not occur in finite time, but asymptotically in
large time, i.e., the kinetic energy is strictly positive for all times and the solution

satisfies

Et)—0 and f(t,-) — 0p—o in M'(RY)-weak * when ¢ — 4o0,

where M'(R”Y) denotes the space of probability measures on RY. We refer to [2g]
for the proofs of these results.

1.2 Introduction of rescaled variables

Let us introduce some rescaled variables, in order to study more precisely the asymp-
totic behavior of the solution. This usual rescaling can be found in [ and [Lf] for
instance. We search for a rescaled solution g of the form

(1.10) ft,0) = K(t) g(T(t), V(t)v),

where K, T,V are time scaling functions to be determined, such that K(0) = V(0) =
1 and 7'(0) = 0 (same initial datum). We choose the scaling functions K,V such
that they are compatible with self-similar solutions, that is when g does not depend
on time: there exists a profile function G such that

(1.11) f(t,0) = K(t) G(V(t)).

In this case, the conservation of mass

K
cst = RNf(t,v)dv:V(t)N /RNG(w)dw



implies K (t) = V(t)". The evolution equation ([[.1]) satisfied by f implies therefore
(1.12) V')V, - (vG) = Q(G, Q)

by using the following homogeneity property: for any function g such that the
collision operator is well-defined,

(1.13) VAER"  Qg(\), 9(M)(v) = A" Q(g, 9) (M)

(which is obtained by a homothetic change of variable). Equation ([.13) then implies
that V'(t) = cst =: ¢, > 0. When the rescaled solution g does depend on time, its
evolution equation is

(1.14) T'(t)V(t) 0g = Qg,9) — . Vu(v g).

We then choose T" such this equation is as simple as possible: T"(¢) V/(t) = 1. Hence
we deduce the natural choice of the scaling functions

(1L15)  K()=(1+et), T()= Cl n(l+et) V) =(1+et)

for some constant ¢, > 0. It is obvious that changing c, in the equation ([[.14)) only

amounts to the multiplication of g by a positive constant and the multiplication of

T’ by a positive constant. In the sequel we fix without restriction ¢, = 1.
Summarizing, thanks to the equation ([.I2) and to the rescaled * variables de-

fined by (L.11), ([.15), for any self-similar profile G solution to the stationary equa-

tion

(1.16) Q(G,G) =V, (vG) =0

we may associated a self-similar solution F to the original equation ([[.T) by setting
F(t,v) = 1+ t)NG((1+t)).
Moreover, GG is obviously a stationary solution to the rescaled evolution equation

(1.17) X Q9.9)~ V.- (vg).
which is the equation associated to ([[.1) making the change of variables ([.10), (.179)
(with ¢, = 1). Roughly speaking the re-scaling ([.10), (I.I9) adds an anti-drift to
the original equation ([L.1]).

More generally, for any solution g to the Boltzmann equation in self-similar
variables ([.17), we associate a solution f to the evolution problem ([[.1), defining
f by the relation

(1.18) ft,v) =1+ gIn(1 +1), (1 +t)v).

Reciprocally, for any solution f to the Boltzmann equation ([[.1)), we associate a
solution g to the evolution problem ([[.17), defining g by the relation

(1.19) g(t,v) =e M flel —1,e7).
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Given an initial datum fi, = ¢, € L, we know from [§] that there exists a
unique solution of (1)) in C(R,, L) N L (R, L1). Therefore, thanks to the changes
of variables ([.1§), ([.19), we deduce that there exists a unique solution g to ([.17)
in C(R,, L) N LL (R, L}). Moreover we have the following relations between the
moments of f and ¢:

gt ) [ [Fllpr = ¥ 1 (ef = 1) [« ¥l

(1.20)  V¢>0, {
LFE) [ Pl = @+ )7 [lg(n( + ), ) |- ]|z

1.3 Motivation

The use of Boltzmann inelastic hard spheres-like models to describe dilute, rapid
flows of granular media started with the seminal physics paper [4], and a huge
physics litterature has developed in the last twenty years. The study of granular
systems in such regime is motivated by their unexpected physical behavior (with the
phenomena of collapse —or “cooling effect’— at the kinetic level and clustering at the
hydrodynamical level), their use to derive hydrodynamical equations for granular
fluids, and their applications. Granular gases are composed of macroscopic grains,
and not microscopic molecules like in rarefied gas dynamics. The grains have only
contact interactions, which motivates physical modelization by hard spheres with
inelastic dissipative features built in the collision mechanism. The model of inelas-
ticity with a constant normal restitution coefficient studied in the present paper is
one of the simplest such model (for a more elaborated model, see for instance the
so-called visco-elastic hard spheres model in [T}, as well as [B]).

From the physical and mathematical viewpoint, works on the inelastic Boltzmann
models have been first restricted to the so-called inelastic Maxwell molecules model,
which can be interpreted as an approximation where the collision rate is replaced
by a mean value independent on the relative velocity. FExistence, uniqueness of
solutions and the rate of decay of the kinetic energy were obtained in [ff] for the
inelastic Mazwell molecules model with constant normal restitution coefficient. The
Mazwell molecules model is important because of its analytic simplifications (with
regards to the hard spheres model) allowing to use powerful Fourier transform tools.
Polynomial tail behaviors of the self-similar profiles have been formally computed
in [[7]. Convergence to self-similarity has been established in [], §. In the all,
the inelastic Mazwell model is well understood now. Similar results have also been
obtained for some simplified non-linear friction models in [, PJ].

For the inelastic hard spheres model (with constant normal restitution coeffi-
cient), one easily sees from the discussion in Subsection that the kinetic energy
of self-similar solutions to equation ([L.1) (assuming their existence) behaves like

C
€0~z
It is natural to expect a similar behavior for the rate of decay of the temperature
for the generic solutions to equation ([[]). This conjecture was made twenty years
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ago in the pioneering paper [R4], and this rate of decay for the temperature is
therefore known as Haff’s law. Such a law is a typical physical feature of inelastic
hard spheres which does not hold for inelastic Maxwell molecules model (for which
the temperature follows an exponential law). Let us emphasize that in [f] a pseudo-
Mazwell molecules model was considered (multiplying the collision operator by some
well-chosen scalar function of time), restoring Haff’s law and still preserving the nice
simplications of Maxwell molecules. However some important aspects of inelastic
hard spheres such as the tail behavior are not preserved by this model.

On the basis of the study of the particular case of Maxwell molecules, Ernst and
Brito [16] conjectured that self-similar solutions, when they exist, should attract any
solution, in the sense of convergence of the rescaled solution. They also conjectured
and formally computed some “over-populated” tail behaviors for the self-similar
profile (namely decreasing slower than the Maxwellian) depending on the collision
rate (see [[7 for instance).

Recently the works [[9, [ laid the first steps for a mathematical analysis of the
inelastic hard spheres model (with constant normal restitution coefficient). In [I9],
the authors proved the existence of steady states and gave estimates showing the
presence of over-populated tails for diffusively excited inelastic hard spheres, that is
when one provides an input of kinetic energy to the system preventing the collapse,
which is modelized by some A, f term added to equation ([.T). In [[] a prioriintegral
estimates on the tail of the steady state (assuming its existence) were established
for the spatially homogeneous inelastic Boltzmann equation with various additional
terms, such as a diffusion, or an anti-drift as in ([.17).

In the present paper, we prove, for spatially homogeneous inelastic hard spheres
with constant normal restitution coefficient, the existence of smooth self-similar
solutions, and we improve the estimates on their tails of [[J] into pontwise ones. We
also give a complete regularity study of the generic solutions in the rescaled variables,
as well as estimates on their tails. In particular, we give the first mathematical proof
of Haff’s law and we show the algebraic decay of singularities.

In a forthcoming work [R9], we shall prove the uniqueness and the local stability
of these self-similar solutions for a small inelasticity.

1.4 Notation

Throughout the paper we shall use the notation (-) = /1 +|-[2. We denote, for
any q € R, the Banach space

Ly = {f : RY — R measurable ; £l ::/ |f(0)] (v)?dv < —i—OO}-
RN

More generally we define the weighted Lebesgue space LE2(RY) (p € [1,+00],
q € R) by the norm

1/p
£l zoeyy = {AN |f(v)P <v)pqdv}
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when p < +00 and
/1 £gemny = supess,epn [ f(0)] (v)*
when p = +o00 (where supess denotes the essential supremum).

The weighted Sobolev space Wy?(RY) (p € [1,+0c], ¢ € R and k € N) is defined

by the norm
1/p

1 sy = | S 10°£11,

|s|<k

where 9° denotes the partial derivative associated with the multi-index s € NV. In
the particular case p = 2 we denote H, é‘“ = Wf’? Moreover this definition can be
extended to H; for any s > 0 by using the Fourier transform.

We also denote by Ll .(Q) the space of locally integrable functions on a given
set 1 C R¥Y, that is the space of measurable functions on {2 which are integrable on
every compact subset of Q. Finally, for h € RY, we define the translation operator
T by

Vo € RY, 7.f(v) = f(v—h),

and we shall denote by “C” various constants which do not depend on the collision
kernel B.

1.5 Main results

In this subsection we consider a normal restitution coefficient e € (0,1) (except in
dimension N = 3 where the case e = 0 can be included, see the discussions in the
proofs).

First we state a result of existence of self-similar solutions.

Theorem 1.1 For any mass p > 0, there exists a self-similar profile G with mass
p and momentum 0:

0<GelLl, QGG =V, WQ), /G(i)dv=<g)7

which moreover can be built in such a way that G is radially symmetric, G € C*
and
VoeRN, aqe @l < Gv) < Aje A2l

for some explicit constants a1, as, Ay, As > 0.

Second we establish that Haff’s law holds.

Theorem 1.2 For any p € (1,+00), p > 0, and some initial datum fi, such that

0< fun€LinI?, / fi (1)dv=(p),
RN v 0



the associated solution of the Boltzmann equation (L.4[1.3) in C(Ry; LH)NLY (R ; L})
satisfies Haff’s law in the sense:

m <E(t) < M

(1.21) V20 g S E0 S

for some explicit constants m, M > 0 depending on the collision kernel and the mass,
kinetic energy and LP norm of fi,.

Third we give a more precise and general result on the regularity and asymptotic
behavior of the solutions g to the rescaled equation ([[.1I7) (note that the first point
of Theorem [[.3 implies in particular the preceding theorem).

Theorem 1.3 For any p € (1,00), p > 0, and some initial datum gy, such that

0<gwm€LyNLP, / gin(l)dv:(p),
]RN v O

the unique solution g in C(Ry; L) N LL (Ry; LY) of (L17) with initial datum g,
satisfies:

(i) It remains bounded in LP for all times, with uniform bound ast goes to infinity.
Swmilarly for any q > 0, if g € L¥, then the solution remains bounded in L}
for all times with uniform bound as t goes to infinity. As for the Sobolev

norms, for any s,q > 0, there is w > 0 such that if gi, € H;,,, then the
solution remains bounded in H; for all times, with uniform bound as t goes to

infinity.

(i1) For any arbitrarily large s,q > 0, there exists X\ > 0 and some decomposition
g = g° + g% of the solution g such that gs > 0 and

supl|g7l, < +oor  [lofy =0 (7).

(i1i) Concerning the tail behavior, we have the following lower and upper bounds:
there are some explicit constants ay,as > 0 such that

Vv e RY, lim inf g(t,v) > a; eazlvl

—00

and, for any T > 0 and s € [0,1/2), there are some explicit constants Ay, Ay >
0 such that (appearance of exponential moments)

Vit >, / g(t,v) e~ M gy < A,
]RN

Moreover similar integral upper bounds with s € [1/2,1] are uniformly propa-
gated in time if they are satisfied for the initial datum.

9



All the constants in this theorem can be computed in terms of the mass, kinetic
energy and the different norms assumed on gi,, and the parameters.

Remark 1.4 Note that point (ii) of Theorem [[.3 implies, by coming back to the
original variables, that for an initial datum 0 < fi, € LI N LP, p € (1,00), the
unique associated solution of in C(Ry; LY) N LY(Ry; LY) satisfies a similar
decomposition as above, but where the remaining part decreases with polynomial and
not exponential rate. Hence we have shown that the amplitude of the singularities
decreases algebraically in the original variables.

More precisely it is likely that, in the original variables, singularities far from 0
decrease in fact exponentially fast, whereas those close to 0 cannot decrease faster
than polynomially (due to the fact that the damping effect of the loss part of the
collision operator degenerates at this point).

1.6 Method of proof

The main tool in this paper is the regularity theory of the collision operator: we
show that its gain part satisfies similar regularity properties as in the elastic case
26, BY, [L0, 7, BY|. Following the study in the elastic case in B, we deduce uniform
propagation of Lebesgue norms for the solutions in the rescaled variables ([L.17).

A first consequence is that the temperature in the rescaled variables is uniformly
bounded from below by some positive number as soon as the initial datum satisfies
some LP bound. Translating this estimate in the original variables, it proves Haff’s
law.

A second consequence is the existence of self-similar profiles (or steady states)
for the rescaled equation ([.LI7), which provides existence of self-similar solutions
for the original equation ([J]). This existence result is proved by the use of a
consequence of Tykhonov’s fixed point Theorem (see Theorem [.1)), which is an
infinite dimensional (rough) version of Poincaré-Bendixon Theorem on dynamical
systems, see for instance [, Théoreme 7.4] or [[9, []. It states that a semi-group
on a Banach space ) with suitable continuity properties, and which stabilizes a
nonempty convex weakly compact subset, has a steady state inside this subset. We
apply it to the evolution semi-group of ([L17) in the Banach space Y = Li. The
existence and continuity properties of the semi-group were proved in ] and the
nonempty convex weakly compact subset of nonnegative functions with fixed mass
and momentum and bounded moments and L” norm, p € (1,+00) (for some bound
big enough) is stable along the flow thanks to the above uniform L” bounds in the
rescaled variables.

Still following the study in the elastic case in [BJ], we also deduce from the
regularity properties of the collision operator the uniform propagation of Sobolev
norms as well as the exponential decay of (the amplitude of) the singularities for
the solutions in the rescaled variables ([LI7). That straightforwardly implies the
smoothness of self-similar profiles as well as the algebraic decay of (the amplitude

10



of ) singularities for solutions to the Cauchy problem in the original variables ([L.1)-

(L2).

Let us now turn to the study of the tail behavior. On the one hand, we prove
lower pointwise estimates on the self-similar profiles by the mean of some elemen-
tary maximum principles arguments inspired from [[J]. On the other hand, we
prove explicit lower pointwise estimates on generic solutions in self-similar variables
using the spreading effect of the evolution semi-group associated to ([.I7) (in the
spirit of [[3, B3, BY]). Finally, upper pointwise estimates on the self-similar pro-
files are obtained using moments estimates established in [g] and elementary o.d.e.
arguments.

1.7 Weak and strong forms of the collision operator

Under our assumptions on b, the function o +— b(@ - o) is integrable on the sphere
S¥—1 and we can set without restriction

/ b(t - o) do =[SV / b(cos ) sinV20df = 1.
SN-1 0

Thus we can write the classical splitting Q = QT — @~ between gain part and loss
part. The loss part Q™ is

12 @ n@= ([ sel-el) 50 =gy

where ® denotes ®(z) = |z|. For any distribution g satifying the moment conditions
Jan gdv=1, [oy gvdv =0, we have (see for instance [P, Lemma 2.2])

(1.23) (g% P) > |v].

The gain part Q% is defined by

(1.24) = [ L

RN x§N-1 e?

lu| b(w - o) do dv,.

In the sequel, we shall need two other representations. On the one hand from

4], there holds: for any ¢ € L°, f,g € L3

1) [ Q@ pwv@d= [ fa bl o) vl dodv.do,

where v' denotes the post-collisional velocity defined by

v4+ov, o 1—e 1+e
1.2 ': L _
(1.26) v 5 5 U 5 ut— lu| o

On the other hand, we shall establish a Carleman type representation for granular
gases:

11



Proposition 1.5 Let E;,, be the hyperplan orthogonal to the vector v — "v and
passing through the point Q(v,'v), defined by

Q,v) =v+1-=FHw-"v)=2-v+ (" =1) v

Then we have the following representation of the gain term

02 QN = s [ ] LB B )

Recall that 8= (1+e)/(2e) and B := B(u,0) = |u|b(u- o).

Remark 1.6 Let us emphasize that in dimension N = 3 the expression ([I.27) of
the gain term QT makes sense even when e = 0 (since (e3)* converges to 1/4 and
Qv, 'v) = 2v —"v for e = 0), while the formula defining Q* in ([I.3) seems to be
singular when e — 0. Hence this Carleman representation allows to define a strong
formulation of Q for e =0, at least in the physical case of the dimension N = 3.

Proof of Proposition [[.J. We start from the basic identity

1 1
1.2 — F — — _ Q. 2 F
128) 5 [ Pl = do = =y [ d2aeut jof) F@)d,

which can be verified easily by completing the square in the Dirac function, taking
the spherical coordinate  + v = r o and performing the change of variable r? = s.
We have the following relations from ([.4)

(1.29) { v =0+ (5/2) (|uo —u)
e = v — (8/2) (Julo —u)

and thus starting from the strong form of Q we get
Qo =c? [ Bi(v+(3/2) (ulr = ) )g (0.~ (3/2) (lulo ~w) ) do do
RN xSN-1
Applying (L.:2§) yields
@ on) =26 [ P Baa o) fo (3/2)gl0.— (3/2)0) do. .
RN xRN
We do the change of variable z — 'v = v + (3/2)z (with jacobian (3/2)"). Then,

keeping v fixed, we make the change of variable v, — v, (with jacobian 1 since
'v, = v+ v, —'v). This gives

2N+1

ﬁN62

Q0.0 = o [ PN BoCr st laf) S (o) d'v '
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Finally, keeping 'v fixed, we decompose orthogonally the variable ‘v, as v+ V) n+ V5
with Vi = ("v, —v) - n, n = ('v — v)/|'v — v| and V5 orthogonal to (v —v). Let us
compute the Dirac function in the new coordinates. Since z = (2/5) (‘v — v) and
u=(v—1,),

20 ut ot = (4/8) (‘v =) v—v.)+ (@/8)v - of
= (/8) (57 =Dl — v+ (v =0v) (=)

From the momentum conservation (‘v —v,) = (v — 'v,) and the orthogonal decom-
position above:

22wt [af2 = (4/8) (87 = 1) | = o = Vi|'v = v]).

Hence we obtain the following representation:

2N+1
Q+(g’f) - ﬁN€2 /RXRN—lxRN |U|2_NB
5 (w [(5*1 ) —o] — VlD F(0)g(v+ Vin+ Vo) dVi dVad v,

It remains to remove the Dirac mass: we use the obvious identity

Lo (o - vre= o= ) Foayavi = 12 P = o)

to finally obtain representation ([[.27)). O

The parametrization by the Carleman representation means that for v and ’v
fixed, the point ‘v, describes the hyperplan orthogonal to ("v—v) and passing through
the point Q(v, 'v) on the line determined by v and 'v. Note that in the elastic case,
Q(v, 'v) = v, whereas here Q(v, 'v) is outside the segment [v, 'v], which reflects
the fact that for the pre-collisional velocities, the modulus of the relative velocity is
bigger than |v — v,|. In the limit case e = 0, Q(v, 'v) = 2v —"v.

The geometrical picture (in a plane section) is summerized in Figure [[.

From this proposition we immediately deduce the following representation, which
is closer to the classical Carleman representation for the elastic Boltzmann collision
operator. From ([[.:29) we deduce

! —ﬂu\/ —(u-o
|U—U|—\/§|| 1= (i o).

Hence we get

Q*(f,9)(v) :CE/RNW {/e /g*l;(fb-cr)d/v*} d'v,

3N-—-5
2 ~

- 32N—1¢2

with
Ce
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Figure 1: Carleman representation for granular gases

2 Regularity properties of the collision operator

In this section the final goal is to estimate quantities such as

QU f) fr " dv
]RN

for p > 1, i.e., the action of the collision operator on the evolution of the LP norm
(to the power p) of the solution along the flow. We shall use minoration estimates on
@~ deduced from ([.22)-([.23), together with convolution and regularity estimates
on QT. The latters seem to be new in the inelastic framework but they are an
extension of similar estimates in the elastic case e = 1.

The estimates on Q™ can be splitted into tree groups. First the convolution-like
estimates, which originated (in the elastic case) in the works of Gustafsson [P, P]
(see also [B2, [, BY]) and were first extended to the inelastic case in [[9. Second
the regularization estimates in Sobolev spaces which originated in the elastic case
in the works of Lions [2f], Bouchut and Desvillettes [[(], Lu [B7] (see also [BF] for
some extensions). Third the non-concentration estimates in L!, which originated in
the elastic case in the work of Mischler and Wennberg [B(], and were extended by
Abrahamsson [[l. Let us also mention that regularity properties of @t are reminis-
cent of the work of Grad on the linearized collision operator [23]. The main tool
to extend the second group of estimates to the inelastic case shall be the Carleman
representation for granular gases of Proposition [.J (the third group of estimates
can be extended with this tool as well, see [R9]). Before turning to the regularity
study of Q, we recall convolution-like estimates.

14



2.1 Convolution-like estimates

In the elastic case e = 1, convolution-like estimates for the gain part of the collision
operator were first proved in 1, PJ]. This proof was simplified by a duality argu-
ment in [BY], where also a more precise statement was given. These estimates were
extended to the inelastic case, for a constant normal restitution coefficient e € [0, 1],
in [[9] (in a form slightly less precise than in [B9]). Also a result weaker in one
aspect (less precise for the treatment of the algebraic weight) but more general in
another (valid in any Orlicz spaces, and valid for more general collision kernels) was
proved in [2§]. Here we only state the precise result we shall need, whose proof is
straightforward from the arguments in [[[9, Proof of Lemma 4.1] and [B3, Proof of
Theorem 2.1].

We make the following assumption on the cross-section: no frontal collision
should occur, i.e., b(cos #) should vanish for @ close to m:

(2.1) 36, > 0; supportb(cost) C{0/ 0<0<m—06}.

To exchange the roles of f and g, we introduce the symmetric assumption that no
grazing collision should occur, i.e.,

(2.2) 36, > 0; supportb(cost) C {0/ 6, <6 <m}.
Then we have (from the proofs of [[9, Lemma 4.1 and Proposition 4.2):

Theorem 2.1 Let k,n € R, p € [1,4+00], and let B = ®b be a collision kernel with
b satisfying the assumption (2.1). Then for any e € [0,1] the associated gain term
satisfies the estimates

1@ (9, N)llsy < CrnnB) sy, Iz,

[k+n|+|n]
with .
Clnp(B) = C (sin(6,/2))™™ 02" ]y oxry ],

If on the other hand assumption (B.1) is replaced by assumption (2.3), then the same
estimates hold with Q% (g, f) replaced by Q*(f, g).

2.2 Lions Theorem for Q"

In this subsection we assume that the collision kernel B = ® b satisfies
(2.3) ® € CP(RY\ {0}), beC(—1,1).

Then we have the

Theorem 2.2 Let B be a collision kernel satisfying (2.3). Then for any e € (0,1],
the associated gain term QT satisfies for all s € R, and n € Ry

Q™ (g, Pl e+ v-1r2 < C(s, B) llgll 1./ 1y,

for some explicit constants C(s, B) > 0 depending only on s and the collision kernel.
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Remark 2.3 In dimension N = 3 this theorem extends to the case e = 0, with
uniform bound C(s, B) for e € [0,1]. The only obstacle to the treatment of the case
e = 0 indeed is the constant 2N~ ==Y e=2 in front of the Carleman representa-
tion, which may blow up as e — 0.

Proof of Proposition .3 We follow closely the proof of [B9], inspired from the works
of Lions [2@] and Wennberg [B5]. Indeed the Carleman representation proved above
in Proposition [[.J allows essentially to reduce to the study of the elastic case.

We assume first that 7 = 0. We denote

B(|v — v,], cos )
e e

B(|"v = "vl, | v —v]) =

which belongs to C5°((Ry \ {0})?) under assumption (2.3). We define the following
(Radon transform type) functional: for g smooth enough, T'g is defined by

Tg(y)=/+ lB(z,y)g(Z)dZ

with g = (2 — 87'). Let us relate this functionnal with the Carleman representa-
tion ([L.27): we have

UV — Uy =NBly —o7H Ld'v,
| | g
've€FE

-/ B("u. — "ul, o — "w]) "g.d"v,
v € Q(v, ")+ (v— Tv)+

_ / B(lzl, lv — 0]) 7 ng(2)dz,
z2€Q(v, 'v)— "v+(v— "v)+

v, "v) = v=(2-87")(v-"0),

and since

we deduce

/ lv — v, >N Bv—v|™" 'g.dv,
/v EEE

-/ Bllzl o= "vl) 7—ng(z) dz
(v 7o)+ (v— o)t

= (twoT o1 1) (9)(v).

Hence the representation ([.27) writes

Q' (g, )v) ﬁN 162/ f('v) (tr,oT ot 1) (g)(v)d"v.
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Thus if one has a bound on T of the form

(2.4) ITg]

a2 < Crllgllgs, Cr >0,

then by using Fubini’s and Jensen’s theorems one gets

1Q* (g, Allzpesiv-nse < Cllfll /RN FUO) (e 0 T o7 1) (9) [ gescv-nyja d'v

IA

< Cliflle /RN F(0) T 07— 1) (9) 5o+ v-ns2 A"
< CCr HfHLI/ F(0) I gl d'v
RN

fl / fv)d's < CCr (gl £,
RN

which concludes the proof. Thus it remains to prove (2.4). But, up to an homothetic
factor, T is exactly the operator which was studied in detail in [BJ] and [B3]. More
precisely,

< CCr gl

2
Hs

2
Hs

Tg(y) = Tg(py)
where T is the Radon transform

Tgly) = /+ B(z,y) g(2) dz,

which was introduced in the elastic case in [BJ], associated with a kernel B related
to our collision kernel by

B(z,y) = Bz, pn ' y).
It was proved in [B2, Proof of Theorem 3.1] that

1T g o+ v-12 < C|g]

HS

for an explicit bound C' depending on some weighted Sobolev norms on B. Coming
back to T', we obtain (2.4). This ends the proof when 1 = 0. The extension to n > 0
is straightforward (and exactly similar to [B3, Proof of Theorem 3.1]). O

As a Corollary we deduce from Theorem P.3 the following estimate in Lebesgue
spaces by Sobolev embeddings (the proof is exactly similar to [Bg, Proof of Corol-
lary 3.2]).

Corollary 2.4 Let B be a collision kernel satisfying (2-3). Then, for all p €
(1,400), n € R, we have

Q% (g, Dl 1 < Com. B) llgll g £l

2|n|

where the constant C(p,n, B) > 0 only depends on the collision kernel, p and n, and
q < p is given by

(2N— 1)p '
(2.5) = N+ (N—1)p if p € (1,2N]
% if p € [2N, +o0).
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2.3 Bouchut-Desvillettes-Lu Theorem on Q*

Now we turn to a slightly different regularity estimate on (Q*, which is a straightfor-
ward extension of the works [0, P7] in the elastic case e = 1. This class of estimate
is weaker than Lions’s Theorem .9 since the Sobolev norm of QT is controlled by
the square of the Sobolev norm of the solution with smaller order, which does not
allow to take advantage of the L' theory. Nevertheless, it is more convenient in
other aspects since it deals directly with the physical collision kernel.

Theorem 2.5 Under the assumptions made on B in Subsection [, for any e €
[0, 1] the associated gain term Q% satisfies, for all s € Ry and n € Ry,

Q™ (g, /)l

for some explicit constant C(s, B) > 0 depending only on s and B.

-z < C(s,B) [Igllm ol . + oy 0Ly,

n+2

Proof of Theorem P.J. We follow closely the method in [[[0]. We write it for n = 0
but the general case is strictly similar.

Let us denote F'(v,v,) = f(v) g(vs) [v—v,|. The same arguments as in [[LJ] easily
lead to

FQ©) = [ P e)nE 0)do
V-

where FQ* denotes the Fourier transform of Q" according to v, F denotes the
Fourier transform of F' according to v, v,, and

3—e 1+e _1—|—e

¢t = St e & 1

1+e
4

3 €lo

Thus

FQUOR < bl ([ PP a0).

Let us consider frequencies ¢ such that [£] > 1. As

€ e

_ /SN_I/MTOO_% ﬁ<3;e§+1zera,1zef—lzera)2d0d7“
tol L 3~ 1 1 1
< C/SN_1A F( e+ Zera, Zeg— Zera) x
'(vg—vl)ﬁ<3;6§+1167«0,11%—iem) do dr
~ (3 1 1 1
= C/|<|25F<34e§+ j‘:eg’ Zeg_ Zeg)‘x
)(VQ—V1)13<3;€§+11_(3{,1165—11_(3@) md]gl’
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where we have made the spherical change of variable ( = ro, we deduce

[ 1R @ e Y ag

~(3—e€ l1+e 1+e 1+e
< bl | 'F( gp it e, g)'x
G i< 4 4 4 4
~(3—e l1+e 1+e 1+e |25 (N-1)
Ve, — V) F — dé dC.
Finally we make the change of variable
3—e 1+e 1+e 1+e
X: Y: —
e e-

(whose Jacobian is uniformly bounded from above and below for e € [0, 1]) to obtain

[ FQr@re g < Clbluny [ [FOGY)| %
‘5‘21 RN xRN

](V2 _VOEX,Y)] (X% (V) dX dY
C|[bll72x-1) 1 Fllzzs [ (v = v) F
C 11172 n-1y g llagl] £ IV

< Hs
<

Then small frequencies are controlled thanks to the L' norms of f and ¢, which
concludes the proof. O

2.4 Estimates on the global collision operator in Lebesgue
spaces

We consider a collision kernel B = ®b with ®(u) = |u| and b integrable. We shall
make a splitting of QT as in [B3, Section 3.1]. We denote by 1 the usual indicator
function of the set F.

Let © : R — Ry be an even C* function such that support© C (—1,1), and
Jp©dx = 1. Let O : RY — R, be a radial C* function such that support ©® C

B(0,1) and fRN O dx = 1. Introduce the regularizing sequences

Om(z) =mO(mz), xe€R,

On(z)n¥O(nz), zeRY.
We use these mollifiers to split the collision kernel into a smooth and a non-smooth
part. As a convention, we shall use subscripts S for “smooth” and R for “remainder”.
First, we set

(I)S,n = @n * ((ID ]—An) ) (I)R,n =& — (I)S,na
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where A,, stands for the annulus A,, = {:c e RV ; % <lz| < n} Similarly, we set

bSJ”«(’Z) = @m * (b 1Im) (Z)u bR,m =b— bS,m7

where Z,,, stands for the interval Z,, = {z € R; =14+ 2 < |z] <1— 2} (bis un-
derstood as a function defined on R with compact support in [—1,1]). Finally, we
set

QT =0t +Qf,
where

Qtlg,f) = / ([0 — .]) b (cos8) g f do dv,

RN xSN-1
and
Qp = Qrs + Qsp + Qkg

with the obvious notation

.
QJ}%S<97 f) —e? / (I)R,n bS,m Ig* If dv, do
RN xSN-1
Qirlg. f)=e7" / Ps bpm 9. f dvs do
RN xSN-1
Qrrlg f)=¢€7? / Prnbrm g fdv.do.
\ RN xSN-1

Now we follow the proof as in B2, Section 4.1] since we have the same functional
inequalities in Sobolev and Lebesgue spaces, using also some ideas from [[5, B§ to
simplify it.

Proposition 2.6 Let us consider e € (0,1] and the associated gain term Q. For
any € > 0, there exists 0 € (0,1), only depending on N and p, and a constant
C. > 0, only depending on N, p, B and € (and blowing up as € — 0), such that

L@ s < I Il 11

Remark 2.7 For general dimension N > 2, the estimates in this section are valid
only for e € (0,1] (the constants may blow up as e — 0). However when N = 3
they are uniform on e € (0,1] and then extends to the limit case e = 0 (see also

Remark [1.4).

Proof of Proposition .8 Let us fix £ > 0. We split Q1 as Q¢ + QLs + Qin + QLr
and we estimate each term separately. Remember that the truncation parameters n
(for the kinetic part) and m (for the angular part) are implicit in the decomposition

of Q.
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By Corollary P.4, there exists a constant C'(m,n) > 0, blowing up as m or n goes
to infinity, such that

QS (f, Dl < Clmyn) | fllall fllze.
for some ¢ < p defined in (£.3). Hence by Holder’s inequality,

p—1 1

[orasunas | [ pal " [ @pral

< AN NQE (f, All o < Clmn) [ flzall flla 11T

Next we fix a weight 7 > —1 and we estimate the L? norm of Q¢x(f, f) and
QEr(f, f). We use that [|bgm|/ri1sy-1) goes to 0 as m goes to infinity (since b is
integrable on the sphere), and we obtain, using Theorem R.1 with k¥ = 1 and splitting
the angular integration between a part @-o < 0 with no grazing collision and a part
4 - o > 0 with no frontal collision,

1Qsr(f. ), Qrr(f Pllzy < elm) [ £l

[1+n|+In]

11z

+n’

for some €(m) going to 0 as m goes to infinity. Since 1 4+ 7 > 0, we can write
|1+ n|+|n| =1+ 2n,, where n, = max(n,0). Hence by Holder’s inequality,

+ +
L7 (@t + Qs ) o= [ (ot st i g,

RN <U>?

p—1

< |:/RN(f<v>1/P)p dv:| P |:/RN ((Q§R+Q;R> <’U>_1/p/)p d’U:| P
< HfH’;g/lp(HQER(f, Dz, +1QE(f Nller, ) < elm) /1l 171

It remains to estimate the term corresponding to QLs. We have the trivial
estimate
Cpa < Cn' (o +]ouf?)

from which we deduce that

I= [ ks
RN

< Cn / bsm f Fo (FV" (10 + |02]2) dv dv. do = T, + L.

RN xRN xSN
Now we treat separately the two terms of the right-hand side:
I, = / bs.m (f [0]?) fu (f)P dvdv, do
RN xRN xSN
<cf bsum L2+ (£)] (F10P) dodv. doi= T3+ T1z

RN xRN xSN
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using Young’s inequality xy?~! < (1/p) 2P + ((p — 1)/p) y* on the product f,(f")P~*
The control of I, is immediate by integrating separately the angular variable:

Ly SOl 1f]]ze-

For I, 5, as in the proof [[J, Proposition 4.3] and using the notations of 2§, Lemma
4.4], we make the change of variable v, — v = ¢*(v.) = ¢¢, ,(v.) keeping v,0
fixed, which is a C*°-diffeomorphism from O = {v, € R" i -0 # 1} onto its image.
Thanks to 8, Lemma 4.4] and because bg,, has compact support in (—1,1), its
Jacobian J* = det(D¢*) satisfies

(2.6) C(m)™' < J*(v,) < C(m) Vo, € RY 4.0 € support bg,,,

for some constant C'(m) € (0,00) which blows up when m goes to co. Hence we
straightforwardly deduce

(f/)p 2 7./
2. I[io = b _— 7‘ dv dvdo < f 1 7‘ p.
(27) L C/RNXSN/¢*(O) S o 1 (V) [vl" dv' dvdo < Clm) | ||L2 1Al

The term I, is treated in a similar way: it is splitted as above using Young’s in-
equality on the product f(f’)P~!. The term I5; involving f? is directly estimated as
for the term I; ;. For the term I, involving (f')? we proceed as for the term I ».
We make now the change of variable v — v = ¢.,,(v) keeping v,, o fixed, where
we use again the notations and results of [B§, Lemma 4.4]. Since its Jacobian .J
also satisfies the bound (B.G), we get the estimate (B.4) for the term I5,. We finally
deduce
( )

1<

1z 1A o

Gathering the previous estimates we deduce

e Nde < Clman) e | £l Iz

C(m
o P

where ¢ is defined by (2.9), e(m) goes to 0 as m goes to infinity, and C'(m,n), C'(m) >
0. Hence for any given ¢ > 0, by first fixing m big enough, then n big enough, we
get

/RN PR ) do < Cellflea Il NI + €l £y 11

for some explicit constant C. > 0. Combining this with elementary interpolation,
we deduce that there exists 6 € (0, 1), only depending on N and p, and a constant
C. > 0, only depending on N, p, B and ¢, such that

/RNf“QWf,f) v <A AL A + e Iy 111G,

0 (1-9)
< Ce I I + el f oy Iz, -

This concludes the proof. O
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3 Regularity study in the rescaled variables

In this section we show the uniform propagation of Lebesgue and Sobolev norms
and the exponential decay of singularities for the solutions of ([.17).

3.1 Uniform propagation of moments - Povzner Lemma

Let us prove that the kinetic energy of ¢ remains uniformly bounded from above as

t goes to infinity. Using ([.17) and (L.9), we get

d
— glv|*dv < —7'/ g gx |u|3dv*dv+2/ g v do.
dt RN RN xRN RN

On the one hand, from Jensen’s inequality (see for instance [, Lemma 2.2]), there
holds

/R geluP du.> plof

On the other hand, Holder’s inequality yields

1/3 2/3
/ glv)?dv < (/ gdv) </ g|v|3dv) ,
RN RN RN

which implies that
3/2
[ atpazp ([ ghpar)
RN RN

pr g dv < —1 p*/? </ g\v|2dv> +2 (/ g|v\2dv)
RN RN RN
1/2
3/2 2 2 2 /
<7p gvl” dv gv|”dv :
RN Tp*/? RN

and by maximum principle we deduce

4
(3.1) sup/ glv]*dv < Cp max{< ) ,/ Jin |v|2dv} .
t>0 JRN p? T2 RN

The same argument, together with sharp versions of Povzner inequalities from [f,
f], vields uniform bounds and appearance on every moments of the solution, as well
as appearance of some exponential moments (this last point was first noticed in [2g]),
in a similar way as in [2§, Proof of Proposition 3.2]. Indeed we prove the

Thus

Proposition 3.1 Let g be a solution in C(Ry; L) N Li (Ry; L) to the rescaled

Boltzman equation with e € [0, 1), with initial datum g,. Then it satisfies the
following additional moment properties:
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(i) For any s > 2, there is an explicit constant Cs > 0, depending only on B, e,
and gi,, such that

sup |[g(¢, )|z < max {{|ginllz2, Cs}-
te[0,00)

(ii) If g """ € LYRYN) forr > 0 andn € (0, 1], there exists Cy, 7' > 0, depending
only on B, e, and gy, such that

sup / g(t,v)e” " dv < O
RN

te[0,00)

(111) For any n € (0,1/2) and T > 0, there exists a,, C, € (0,00), depending only
on B, e, 7 and gin, such that

sup / g(t,v) e " dv < C,.
RN

te[r,00)

Let us emphasize that the constant Cs, a,, C, may depend on gy, only through its
mass p and its kinetic energy E,.

Proof of Proposition B.].  The proof is just a copy with minor modifications of
classical proofs. For the proof of (i) we refer for intance to [B0, B4, [[9) and the
references therein. The proofs of (ii) and (iii) are variants of the proof of [B§,
Proposition 3.2], which itself follows closely the proof of [f], Theorem 3] extended to
the inelastic case in [§]. The starting point is the following differential equation on
the moments

d
il / Q(g,9) [v|*dv+pm, with m, = / g |v|* dv.
RN RN

Using the same notation as in [B§, Proof of Proposition 3.2], we introduce the new
rescaled moment function
myp

=, Lp = B B
“ C(ap+1/2) p k:rnL?_}fkp{Zk+1/2 Zp—ky 2k Zp k+1/2}>

for some fixed a > 2, and we obtain the differential inequality

2
dt

for any p = 3/2,2,... and for some constants A’, A” > 0. Note that (B.3) is nothing
but [R§, equation (3.18)], with an additional term pz, due to the additional term
-V, - (vg) in equation (L.I7).

On the one hand, we remark, by an induction argument, that taking py =
po(a, A, A”) and x¢ = x¢(a, A’, A”) large enough, the sequence of functions z, := a?

(3.2) < A pHPR gz AT pel? Z;+1/zp tpz
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is a sequence of supersolution of (B.9) for any x > xy and p > py. Let us emphasize
here that we have to take a > 2 (i.e., n < 1 in [B§, Proof of Proposition 3.2]) because
of the additional term pz,. On the other hand, choosing z; large enough, which
may depend on py, we have from (i) that the sequence of functions z, := 2 is a
sequence of supersolution of (B.2) for any x > x; and for p € {0,1/2,....,po}. As a
consequence, we have proved that there exists xo := max(zg, x1) such that the set

1
(3.3) C, = {z =(2p); 2z, <aP Vpe §N}

is invariant under the flow generated by the Boltzmann equation for any x > xy: if
g(t1) € C, then g(ty) € C, for any ty > t;. The end of the proof is exactly similar to
that of 28, Proof of Proposition 3.2]. O

The integral upper bound in point (iii) of Theorem follows from point (iii)
of Proposition B.1].
3.2 Stability in L!
The stability result [B§, Proposition 3.3] translates for ([.17) into:
lg = hllzs + €7 g = W)lolllzr < e [llgin = Ainlls + 11 (gm = hin)lol*l21]

for any solutions g and h in C(R,, L)NL>®(R,, L}) with initial datum 0 < gi,, hiy €
L. This shows that, in the Banach space L}, the evolution semi-group S; of ([.17)
satisfies: for any ¢ > 0, S; is (strongly) continuous in any L} bounded subset of
Li. However we shall prove a more precise stability result, working directly on the

rescaled equation ([[.I7).
Proposition 3.2 Let 0 < gy, hiy € L1 and let g and h be the two solutions of (I.17)
(in C(Ry, L) N L®(R,, L)) with e € [0,1]. Then there is Cyap, > 0 depending only
on B and sup,sq ||lg + k|l s such that

Vt>0, lge— hlly < llgin — hinll g € stab.
Proof of Proposition B.2. 'We multiply the equation satisfied by (g —h) by ¢(¢,v) =

sgn(g(t,v) —h(t,v)) (1+|v]|*). We use on the one hand the same arguments as in [P,
Proposition 3.4] to treat

1= [ 1Q(s.9) - Q1) 6(t.0) v

which gives

r<c (/RN(g+h)(1+|v|3)dv) (/RN g—h (1+|v|2)dv).
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On the other hand we use that
- [ Vetwlo-meterds = =N [ lg— b+ o)
RN RN

+/ 9 — h| V- (v + vfv]?) dv
RN

= 2/ lg — h| |v]? dv.
RN

This concludes the proof with Cgap = C' sup,sq [|g + hHL;, + 2. O

3.3 Uniform propagation of Lebesgue norms

Let us take a normal restitution coefficient e € (0,1) (the case e = 0 can be included
in dimension N = 3) and 1 < p < 400, and let us consider some initial datum
gin € LN LP. We compute the time derivative of the L norm of the solution g to

equation ([[.17):

1d _
—— | gdv=[ Q(9,9) 9" 1dv—/
p dt RN RN RN

We use the control ([.23), and

_ 1
/ V.- (vg)¢° 1dv:N(1——) lallss-
RN p

Gathering all these estimates, we deduce

1 d 1

- — gpdvg/ Q' (g,9) " *dv —min{ 1, N (1 — = / g* (1 + |v]) dv.
pdt Jgn RN p RN

Concerning the gain term, Theorem .9 yields, for any & > 0,

— 1+-pb 1-0
/N Q7 (9,9) " dv < C. gl lgllZo ™" + gl g1+ [o])[17,-
R

9" L(9) dv—/ 9"~ Vo(vg) dv.

RN

Hence, using the bound C'g on the kinetic energy, if we fix € such that

1 1
P « Zmind 1. N(1-=
B € 2mln , ’ ,

d 1—6
EHQHZ <Cy|lgllsS" - K HgHig’/p

for some explicit constants C'y, K_ > 0. By maximum principle, it shows that the
LP norm of ¢ is uniformly bounded by

C.\ %
sup lgull < max S ()" Ngnlloe
t>0 _

The proof for weighted LP norms is exactly similar. This shows the part concerned
with Lebesgue norms in point (i) of Theorem [[-3.

we obtain
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3.4 Non-concentration in the rescaled variables and Haff’s
law

In this subsection we give a short proof of Haff’s law, even if a stronger pontwise
estimate from below on the tail in rescaled variables will be proved in the next
section. Let us take a normal restitution coefficient e € (0,1) (the case e = 0 can
be included in dimension N = 3). Let fi, = gix be an initial datum in LI N LP (with
1 < p < +0o0). Hence according to the previous subsection, the rescaled solution g
to ([.I7) with initial datum g;, satisfies

sup [[ge|» < Gy
>0
for some explicit constant C}, > 0 depending on the collision kernel and the mass,

kinetic energy and LP norm of f;,. By using Cauchy-Schwarz inequality, this non-
concentration estimate implies that for any » > 0

Vit >0, / g(t,v)dv < cr'e N,
fol<r

Thus there is ry > 0 such that

[\l

Vit >0, / g(t,v)dv <
lv|<ro
and thus

(3.4)  Vt>0, / g(t,v) |vPdv > / g(t,v) [v]*dv
RN [v[=T0

> 7y / g(t,v) dv
[v[=7o

2
> 7y (1—/ g(t,v) dv) > PTo.
jol<ro 2

As a conclusion, gathering (B.I)) and (B.4), we have proved that for some constants
Cy, Cy € (0, 00) there holds

Co < E(y(t,-)) < Cy,
and Haff’s law ([L.21)) follows thanks to ([.20), which proves Theorem [.2.

Remark 3.3 The inequality E(f(t,-)) < M (1 +t)"% (or equivalently E(g(t,-)) <
C1) was already known: see for instance [}, equations (2.5)-(2.6)] where it is proved
for a quasi-elastic one-dimensional model with the same evolution equation ([I.9) on
the kinetic energy, by comparison to a differential equation. Indeed the harder part
in Haff’s law is the first inequality, which means that the solution does not cool down
faster than the self-similar profile. As emphasized by the proof above, this is related
to the impossiblity of asymptotic concentration in the rescaled equation ([17).
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3.5 Uniform propagation of Sobolev norms

Let us take a normal restitution coefficient e € (0, 1) (the case e = 0 can be included
in dimension N = 3). The study of propagation of regularity and exponential
decay of singularities is based on a Duhamel representation of the solution we shall
introduce. Let us denote

L(tv) = (/RN ) v — v dv*) |

t
Sig = g(e ") exp [—Nt - / L(s, e~ 9y) ds]
0

the evolution semi-group associated to

and

rg=— ([ ot lo= wlan)g(0) - 9, (09).
R
Then the solution of ([.TI7) represents as

gt:Stgin+/ Si—sQ* (gs, 95) ds

We give a proposition similar to [Bd, Proposition 5.2]:

Proposition 3.4 There are some constants o > 0, § > 0, K > 0 and k > 0 such
that for any s,n > 0, we have

1Seginl rrg+e < Coun e [lginllzrs+a sup [lg(E, )17

n+é 0<t<t n+é

St Q7 (95, 95) ds < Coun sup [lg(Z,)]I35" -
H;‘Fa 0<t<t

Proof of Proposition [3.4. The proof is exactly similar to [B3, Proof of Proposi-
tion 5.2]. Indeed the semi-group in [BZ, Proof of Proposition 5.2] is

Sig = g(v) exp {— /Ot L(s,v) dS}

and thus the estimates on the Sobolev norm in v can only improve for S; according to
S;. The main tool of [B2, Proof of Proposition 5.2], i.e., the Bouchut-Desvillettes-Lu
regularity result on @, has been proved in our case in Theorem B.3. O

Now results follow as in [B2:
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Theorem 3.5 Let 0 < g, € L be an initial datum and let g be the unique solution
of (I17) in C(Ry, L) N LYR,, L)) associated with gi,. Then for all s > 0 and
n > 1, there exists w(s) > 0 (explicitly w(s) = d§[s/a|, where «a is defined in
Proposition 5.4) such that

Jin c H?

nw — Sup ”g(tv )”Hﬁ < 400
>0

with uniform bounds.

Proof of Theorem B.. Let n € N be such that na > s (n = [s/a]). Let w(s) =
d[s/a]. The proof is made by an induction comprising n steps, proving successively
that ¢ is uniformly bounded in H;i”——iw fori=0,1,...,n.

Let us write the induction. The initialisation for i = 0, i.e., g uniformly bounded
in L% 1w 18 proved by the previous study of uniform propagation of weighted L? norms
in Subsection B.d. Now let 0 < i < n and suppose the induction assumption to be
satisfied for all 0 < j < i. Then proposition B.4 implies

ISigiallire ., < Cowne ™ gl sup llglto, M0 .
n+ 2t n+Ertwts 0<to<t n+twts
and .
| 50" (g0 ds < Coun sup [lglte, )5
0 Hie . 0<to<t n+ 0 twts

TR

Moreover as ¢ > 1,

—(-1

n—1 n
n+—w+3 <+ ——w.
n n
Thus, using the induction assumption for i — 1, ¢ is uniformly bounded in H:]‘jr neiy )

which concludes the proof. O

3.6 Exponential decay of singularities

Let us take a normal restitution coefficient e € (0,1) (the case e = 0 can be included
in dimension N = 3). In this part we shall follow a similar strategy as in BJ] in
order to show that singularities decrease exponentially fast along the flow in rescaled
variables. Namely we prove the

Theorem 3.6 Let 0 < g;, € LN LP, p € (1,00), and let g be the unique solution
of (17) in C(Ry, L) N LL (R, L)) associated with gi,. Let s > 0, ¢ > 0 be

loc
arbitrarily large. Then g can be written ¢° + ¢ in such a way that

Sp |07 | gz < Hoor 97 20
N> 0 |gf |y = O (7).

All the constants in this theorem can be computed in terms of the collision kernel,
the mass and kinetic energy and L? norm of gi,.
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Proof of Theorem B.8. Assume first that 0 < g;, € LINLP, p € [2,00). Then g, € L?
and the proof of Theorem B.q is exactly similar to [B3, Proof of Theorem 5.5] since
the only tools of the proof are the stability result, the estimate on the Duhamel
representation and the uniform propagation of Sobolev norms, which have been
proved respectively in Proposition B.9, Proposition .4 and Proposition B.5. The
propagation and appearance of moments in L' (used in this proof) were proved in
Proposition B.]. Moreover as was already pointed out in [B9, Section 7, Remark 3],
it is possible with the same arguments to relax the assumptions on the initial datum
to 0 < gin € LA N LP for any p € (1,2] by using the gain of integrability of the gain
part of the collision operator. O
Point (i) of Theorem [[.3 is deduced from this theorem.

Remark 3.7 We do not know how to carry the argument in [33, Theorem 7.2] in
order to reduce the assumptions to only 0 < gy, € LY. The estimates of Abrahams-
son on the iterated gain term can be easily extended to the inelastic framework, but
the decomposition of Abrahamsson (quoted in the elastic case in [33, Lemma 7.1])
between a part with finite LP norm for some p € (1,3) and a part which decreases
exponentially fast requires a lower bound on the energy. Here for the rescaled inelas-
tic problem we deduce this lower bound from the propagation of LP bounds, which
therefore seem compulsory in our method.

Remark 3.8 A suggested by this study, the self-similar variables are not only useful
for proving the existence of self-similar profiles, but it seems that they also provide the
good framework for studying precisely the reqularity of the solution. For instance,

coming back to the original variables, Theorem [3.q shows the algebraic decay of
singularities for the solutions of ([[1).

4 Self-similar solutions and tail behavior

In this section we achieve the proofs of Theorem [[.1] and Theorem by showing
the existence of self-similar solutions, and obtaining estimates on their tail and the
tail of generic solutions. We consider a normal restitution coefficient e € (0,1) (and
as before the case e = 0 can be included in dimension N = 3).

4.1 Existence of self-similar solutions

The starting point is the following result, see for instance [[J, Theorem 5.2] or [3, [§].

Theorem 4.1 Let Y be a Banach space and (S¢)i>0 be a continuous semi-group on
Y. Assume that there exists K a nonempty convex and weakly (sequentially) compact
subset of Y which is invariant under the action of S; (that is Syy € K for anyy € K
andt > 0), and such that S; is weakly (sequentially) continuous on IC for any t > 0.
Then there exists yo € K which is stationary under the action of Sy (that is Syyo = Yo
for anyt>0).
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Proof of Theorem [[.1 (existence part). The existence of self-similar solutions follows
from the application of this result to the evolution semi-group of ([.I7). The conti-
nuity properties of the semi-group are proved by the study of the Cauchy problem,
recalled in Section fJ. On the Banach space Y = L3, thanks to the uniform bounds
on the L and LP norms, the nonempty convex subset of )

e=fosren [ r(L)a=(0) mad 0la+istn <

is stable by the semi-group provided M is big enough. This set is weakly compact
in Y by Dunford-Pettis Theorem, and the continuity of S; for all t > 0 on K follows
from Proposition B.2. This shows that there exists a nonnegative stationary solution
to ([L.I7) in LN LP for any given mass, that is a self-similar solution for the original
problem ([L.1]).

Then one can apply Theorem B.6, which proves that the stationary solution
of (L.I7) obtained above belongs to C* (in fact it proves that it belongs to the
Schwartz space of C* functions decreasing faster than any polynomial at infinity).
Moreover, since the property of being radially symmetric is stable along the flow
of ([.17), this sationary solution can be shown to exist within the set of radially
symmetric functions by the same arguments. O

4.2 Tail of the self-similar profiles

In this subsection we prove pointwise bounds on the tail behavior of the self-similar
solutions. The starting point is the following result extracted from [f, Theorem 1];
notice that it is also a consequence of the construction of invariant sets C, for z,
with a = 2, as defined in (B.3).

Theorem 4.2 (Bobylev-Gamba-Panferov) Let G be a steady state of (I-17)
with finite moments of all orders. Then G has exponential tail of order 1, that
18

r* = sup {r >0, / G(v) exp(r|v]) dv < —l—oo}
RN
belongs to (0, +00).

Note that if one define more generally (for s > 0)

ri = sup {T >0, / G(v) exp(r|v|®) dv < +oo} :
RN

a simple consequence of this result is that r} = +o0o for any s < 1, and r} = 0 for
any s > 1.

First let us prove the pointwise bound from above on the steady state. Since the
evolution equation ([L.17) makes all the moments appear (see Proposition B.I), we
assume that G has finite moments of all orders. Moreover, as discussed above, we
can also assume that G is smooth and radially symmetric. We denote r = |v|. We
thus have the
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Proposition 4.3 Let G € C' be a radially symmetric nonnegative steady state
of (I-17) with finite moments of all order. Then there exists Ay, Ay > 0 such that

VoeRY, Gv) < Ay e 42l
Proof of Proposition .3. The differential equation satisfied by G = G(r) writes
QG,G)—NG—-rG =0.

Since G is smooth and integrable, it goes to 0 at infinity. By integrating this equation
between r = R and r = 400, we obtain

G(R):N/]:OO@dT— +00Mdr.

R T

One deduces the following upper bound

G’(R)SN/JFOO@(JZTHL +wwdr.
R r

R T

Since Q7 (G, G) = G (G * ®), we have
Q™ (G,G)(v) <C(1+|v])G.

Hence, taking R > 1 leads to

G(R)<C /RJFOO G(r)yrNtdr.

Finally, since we have by Theorem [.9
+o0o
/ G(r) exp(Ayr)rVtdr < Ay < +o0
0

for some constants Ag, As > 0, we deduce that

+oo
G(R)<C G(r)rV tdr < C Ap exp(—As R) = Ay exp(—A2 R).
R

This concludes the proof. O

For the pointwise lower bound, we give here a proof based on a maximum princi-
ple argument, inspired from the works [[9, PJ]. We shall in the next subsection give
a more general result for generic solutions of ([[.17), based on the spreading effect of
the gain term and the dispersion (or transport) effect of the evolution semi-group

of (T.17) (due to the anti-drift term) in the spirit of [[3, BJ.

Proposition 4.4 Let G € C' be a nonnegative steady state of ([L17) with finite
moments of orders 0 and 2 and which is not identically equal to 0. Then there exists
ai,as > 0 such that

Vo eRY, G(v) > aye 2l

32



We first start with a lemma.

Lemma 4.5 For any rg, ay, po, p1 > 0, there exists ay > 0 such that the function
h(v) := a; exp(—as |v|) satisfies

(4.1) Vo, |lv| >re, Q (g9,h)+V,-(vh) <0

for any function g such that

/ g(v) dv = py, / g(v) |v] dv = py.
RN ]RN

Proof of Lemma [L.J. On the one hand, it is straightforward that
Q@ (g,h) = (g* @) h < (p1+ pov]) h.
On the other hand, simple computations show that
V- (vh)= (N —ay|v]|)h.
Gathering these two inequalities there holds
Vo, [v[Zr0, Q7 (9,h) +Vy-(vh) < (pr+ N+ polv| —az|v[) h <0

for a, large enough. O

Proof of Proposition 4. Since G € C' and it is radially symmetric, there holds
G'(0) = 0. As a consequence, the equation satisfied by G reads in v =0

Q(G, G)(0) — N G(0) = 0

and then 0+(G.C)(0)
G0) = ——F————=>0
(0) = LG
since G is not zero everywhere. By continuity, G(v) > 2a; on B(0,ry) for some
ay,rg > 0.

Let us define

mi= [ G i [ G)lelde
RN RN

and ay > 0 associated to rg, a1, po, p1 by Lemma [I.J. On the one hand h(v) :=
a; exp(—as |v|) satisfies (I.1]) for g = G and, on the other hand, G satisfies

(4.2) voeRY, Q(G,G)+V,(vG)=Q"G,G)>0.
Introducing the auxiliary function W := G — h, we deduce from ([1]) and (E.9)
Vo, |v]| >rg, (Gx@)W +V,(vWW)>0

and W(rg) = G(ro) — h(rg) > G(r9)/2 > 0. By the Gronwall Lemma (using that all
the functions involved in this inequality are radially symmetric), we get W (v) > 0
for any v, |v| > rg, which concludes the proof. O
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4.3 Positivity of the rescaled solution
We start with three technical lemmas.

Lemma 4.6 Let gy satisfies for p € (1,00)

(4.3) / godv =1, / go |v|* dv < O, / ghdv < Ch.
RN RN RN

There exist R > r > 0 and n > 0 depending only on Cy,Cs, and (v;);=1
lvi| <R, i=1,...,4, and |v; —v;| > 3r for 1 <i# j <3, and

4 such that

-----

(4.4) / go(v)dv>mn for i=1,2 3,
B(Uivr)

(4.5) VYw; € B(v;,r), ES .. NS¢ is a sphere of radius larger than r,

w3, w4 w1, w2
where E,, stands for the plane defined in Proposition .3 and S, stands for the

sphere of all possibles post-collisional velocity v' defined by ([.24).

Proof of Theorem [.8. Let Cr denotes the hypercube [—R, R]" centered at v = 0
with length 2R > 0. Thanks to the mass condition and the energy bound in (£.3),
for R large enough, there holds

1
(4.6) / godv > —.
Cr 2

=1,..,

(with R/r € N), included in Cg and such that the union of K; is almost equal to
Cg. For any given A > 0 to be later fixed, we may find r > 0 such that

1/p
K;+B(0,Ar) K;+B(0,Ar)

for any ¢ = 1,...,I. Hence we can choose K;, such that the mass of gy in K, is
maximal for ¢ = iy. Because of ([L.]) there holds

(4.8) / godv>1/4(2R/r)~N.

io
Gathering (f.6) and (.7) we may find K, C Cg such that dist(Xj;,, Kj,) > Ar and
(E-8) also holds for i = jj.
Next, we fix A := 2003. We define v; (respectively vy) as the center of the
hypercube K, (respectively K,), and vs = (v; + v2)/2 and v4 = v5. Then we have

-1

Q(’Ug,’l]4) = + 7 (’UQ — ’Ul) c [’Ul,’UQ],
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which implies
~1 ~1

|Q— v = % |vg — vy| > 7()\7“) > 100 7.

Thus Ey, ,, N S°(v1,v2) is a (N — 2)-dimensional sphere of radius larger than 1007

(because B(f2,100r) is included in the convex hull of S¢(vq,v9)), and ({.3) follows
straightforwardly. O

Lemma 4.7 Let us fit R > r > 0 and n > 0. Then there exists 69 > 0, ng > 0,
& € (0,1) (depending on R > r > 0, n > 0 and B) such that, for any functions f, h,
0 satisfying ([{4)-{.3) for some velocities (v;)i=1...4 such that |v;| < R, i =1,...,4
and |v; —v;| > 3r, 1 <i# j <3, and for any £ € (&,1), there holds

Q+<f7 Q;(hﬁ g)) Z To 1B(U3,50)7
where we define here and below Q¢ (-,-)(v) = QT (-, -)(€v).
Proof of Theorem [.7. We first establish a convenient formula to handle represen-

tations of the iterated gain term. For any f, h and ¢ and any v € RY there holds
(setting 'v = w and v, = w,)

QH(f.QE (h,0))(v) = C} / f(w)

RN |V — W

ES w
From the following identity

Q0w = [ [ hwn) ua) QF 51 62) )

where §; stands for the Dirac measure at wj;, the term between brackets, that we
denote by A, write

Ay = [ o) ) {0 Bl o |

e—0 25 RN

where =, denotes the indicator function of the set {w, ; dist(w., E,.) < £}. Denot-
ing now by D. the integral just after the limit sign in the term between brackets,
and using the weak formulation ([[.25), there holds

-1
p. = & 01(2) 01(2) |2 — 22| b(o - 2) (67 ) dordz d,
2¢ RN xRN x§N—1
- /I ¢—1
_ |w1—w2|§le/ ﬂda,
SN-1 25

where in these integrales 2’ is defined from (z, z,, 0) and next from (wy, wsy, o) thanks
to formula ([.24). We define £, = (1+7/R)~! in such a way that [~ 2/ —2/| < r for
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any 2z’ € B(0,R) and & € (&, 1). Taking v € B(vs,r), w € B(vy,r), w1 € B(vy,r),
wy € B(vg,r), we have thanks to (3) and |wy — wy| > 7:

Do(v,w, wy, ws) = {11_1)1% D, >r&t CyOrh 2,

As a consequence, for any v € B(vs, 1),

Q+(fa QZ(h, E))(v) > Q+(f 1B(v4,r)a Q+(h 1B(Ul,7")> ¢ 1B(v27r)))(v)

= C{)/ / / fw) h(wq) €(w2) Do dw, dw, dw
B(v1,r)J B(va,r)J B(va,r) |U - w|

1 _ _
C{,’r]?’ﬁrfolchTN 2 =:MNo-

v

This concludes the proof. O
Lemma 4.8 For any v € RY and 6 > 0, there exists k = k(0) > 0 such that

(4.9) Q" (v) == Q" (1pw,s), 1pw,s) = Flpe

o

5)

Proof of Lemma [I.§. The homogeneity property ([LI3) of @t and the invariance
by translation allow to reduce the proof of ({.9) to the case v = 0 and 6 = 1. The
invariance by rotations implies that Q% is radially symmetric and the homogeneity
property again allows to conclude that the support of Q" is a ball B’. More precisely,
taking a C'*° radially symmetric function ¢ such that ¢ > 0 on B = B(0,1) and ¢ <
15 on RY, we have QT (¢, ¢) is continuous, Q@ > QT (¢, ¢) on RY and QT (¢4, ¢) > 0
on the ball B’. As a consequence, for any ball B” strictly included in B’, there exists
k > 0 such that Q% > k1ps. In order to conclude, we just need to estimate the
support of Q7.

Let us fix R € (0,1) and choose 'v,’v, € B(0,1) such that ‘v L v,, |"v| =
|’v.| = R. Then for any 0 € S¥!, o L 'v — 'v,, the function Q7 is positive at the
post-collisional associated velocity v defined by

w+'v, 1—e 1+e

_ / _ /!
L R B

|'v —"v,| 0.

Remarking that |'v + ‘v, = |"v — 0,2 = 2R?, (v —"v.) - ("v + "v,) = 0 and
("v+"v,) -0 = V2R, we easily compute

1+e)?
1
()

and the radius of B’ is strictly larger than v/5/2. O

lv]? = R? > - R%

4
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Theorem 4.9 Let g;, satisfy the hypothesis of Theorem[1.3 and let g be the solution
to the rescaled equation ([I.17) associated to the initial datum g;,. Then for any
t, >0, g(t,") >0 a.e. onRYN for anyt > t,, and there exists ay,ay, c > 0 such that

Vt>t, g(t,v)>a e 2l liyj<cet—t«  for a.e. v € RY.

Proof of Theorem [£.9. 'We split the proof into four steps.

Step 1. The starting point is the evolution equation satisfied by g written in the
form

09 +v-Vog + (N +[v]) g =Q"(9,9) + (lv| = L(9)) 9.
Let us introduce the semi-group S; associated to the operator v - V, + A(v), where
A(v) := N + |v|. Thanks to the Duhamel formula and ([[.23), we have

(4.10) g(t,) = S 9(0,-) + /Ot Si-sQ"(9(s,-), 9(s,-)) ds,

where the semi-group S; is defined by

(S, h)(v) = h(ve™) exp (— /O t Awe™) ds) .

(— /Ot Ave™) ds) > _(Jo] £ N ©).

Step 2. Let us fix ty > 0 and define go(t, ) := g(to +1t,-). Using twice the Duhamel
formula (E.10), we find

/ S,.Q" (go<s,->, / ss_s/czﬂgo(s',-),go(s',->>ds') ds
0 0

t S
(4.11) > / / 51 Q" (Suiior Soov Q" (Suiio: Svdo)) ds ds.
0 0

Notice that

i
v

gO(t7 )

We apply now Lemma [§ to go and set Ry := 2R. Since S; is continuous in L',
there exists 77 > 0, such that for any s € [0,T}], there holds

/ Su(G)(w)dv> /2 for i=1,2,3,
B(v;,r)

and e=7t > &,. For v € B(0, Ry) and t € [0,71] we may estimate S;h from below in
the following way

(Seh)(v) = 7 he-t(v)
for some constant v = g, . The bound from below (fI1]) then yields (using

Lemma f.71)

gO(ta )

v

72 / / Qes t 8907 s/ s(SS'.gOvSS’gO)) dS,dS

/72 / / Mo 1,es- teB(vs,r) ds' ds.
0 0
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We have then proved that there exists 77 > 0 and for any ¢, € (0,7} /2] there exists
n1 > 0 such that (for some v € B(0, R))

Vte[0,T1/2], Gi(t,-) == go(t +t1,-) = m 1pms,)-
Step 3. Using again the Duhamel formula (-I0) and the preceding step we have
t
369> [ 504 @) a5 ) ds
0

Thanks to Lemma .7, on the ball B(0, Ry), there holds

t
f]l (ta ) Z 77%/ St—SQ+(1B(17,51)7 13(5,51)) ds
0

v

t
'f]% K(01) e (oY) /O 1e—tveB(@,\/551/2) ds
> i k(0y) e N T 155,v196, /0
on [0, T] with Ty € (0,7;/2] small enough, and then
§2<t7 ) = gl(t + t27 ) Z T2 13(17,52) on [07 TQ/Q]

with dy := V/190,/4 and ty € (0,73/2] arbitrarily small, 7, > 0. Repeating the
argument we obtain

k
ge(t,") =g (t + Zti’ ) > e 1p@,s,) on [0,7;/2],  with & == (V 19/4)’“51
=0

with £ > 1 and some t; € [0,7;/2] arbitrarily small, n, > 0. As a consequence,
taking k large enough in such a way that 0, Ry, we get for some explicit constant
7« > 0 and some (arbitrarily small) time ¢, > 0

(4.12) Vig 20, g(te+to,) 2 n1pon)-

Step 4. Coming back to the Duhamel formula (J.I() where we only keep the first
term, we have, for any ¢ty > 0,

Vi>t,, g(to+1t,v) >0 ly<pe—rt exp(—|v] = N (t —t,)).

As a consequence, for any t > t,,

[0,t—t]

(413) g(t,U) > 1‘U‘SRet—t* ( sup 1\U\:Res exp(—\v| —NS))
s€

[0,t—t]

> Ljyj<pet-t- ( sup 1|v|Res>exp(—|v|—N1n+(|v|/R)),
sE

and we conclude gathering (.13) and (f.13). 0

It is straightforward that Theorem [£.9 implies the lower bound in point (iii) of
Theorem [3.
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5 Perspectives

As a conclusion, we discuss some possible perspectives arising from our study (partial
answers to them shall be studied in a forthcoming work [9]).

Let us denote
P = {G € C, @ radially symmetric,
day,a, Ay, Ay >0 | are 2l < G(v) < AlefAzlvl}.

Conjecture 1. For any mass p > 0, the self-similar profile G, with mass p and
momentum 0 is unique.

If Conjecture 1 is true, the natural conjecture is
Conjecture 2. (Strong version) For any initial datum with mass p and momen-
tum 0 (maybe with some regularity and/or moment assumptions), the associated
solution satisfies (in rescaled variables)

gt —“t—o0 Gp7

where G, is the steady state of ([.I7) with mass p and momentum 0.

A relaxed version can be
Conjecture 2. (Weak version) For any initial datum with mass p and momentum
0 the associated solution satisfies (in rescaled variables)

gt = gf + gf
with g7 € P and gF —; .o 0in L'

Note that the weak version of Conjecture 2 still makes sense when the self-similar
profile with mass p and momentum 0 is not unique and even if there is no convergence
towards some self-similar profile (which could be the case for instance if the solution
in rescaled variables “oscillates” asymptotically between several self-similar profiles).
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