Well-posedness and large time behaviour for the
non-cutoff Kac equation with a Gaussian thermostat
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Abstract

We consider here a Kac equation with a Gaussian thermostat in the case of a
non-cutoff cross section. Under the sole assumptions of finite mass and finite
energy for the initial data, we prove the existence of a global in time solution for
which mass and energy are preserved. Then, via Fourier transform techniques,
we show that this solution is smooth, unique and converges to the corresponding
stationary state.

1 Introduction

We consider here an integro-differential equation referred to as the non-cutoff Kac equation with
a Gaussian thermostat. This equation is obtained as the limit when N — 400 of a system of
N particles that undergo binary elastic collisions and that is subjected to a force field E. The
positions of the particles are neglected and their velocities are assumed to be one-dimensional. If
we only assumed that the particles were accelerated by a force field, the system would no more
be conservative. Therefore, as it has been done in many fields of statistical physics and molecular
dynamics (see e.g. [23, 19, 29, 30] and the references therein), heat is removed in order to achieve a
stationary state. This is done by introducing a damping term whose aim is to model the interaction
of the system with a ideal heat bath. This additional term is based on Gauss’ principle of least
constraint [18] and amounts to projecting the force field onto the tangent plane to the energy
surface. Thereby, the kinetic energy remains constant. This construction is known as a Gaussian
isokinetic thermostat. The influence of such thermostats has been widely analyzed for the Lorentz
gas, as well from the microscopic point of view [8, 9, 4] as from the kinetic one [28, 3, 5] where only
at most linear collision operators have been considered. We are interested here in the consequence
of such a friction term on a kinetic equation with a nonlinear collision operator with a singular
cross section. With the above assumption the distribution function f of the limit-system satisfies
(see [35])

Ohf + E 0,((1 = (p(t)v)f) = Qf, /), (1)
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where (¢(t) = [pvf(t,v)dv and

QU )t v) = /R / (P F(E0) — F(t0)f(E0.)) b(6) 6 do,

with
v/ =wvcosh — v, sinb, v;:vsinH—i—v*cos@.

Fort > 0 and v € R, f(t,v) > 0 represents the density of particles with velocity v at time ¢. When
no confusion can occur, we use the notation ¢ instead of (¢. In (1), the left-hand side comes from
the construction of the themostated force field which was described above and the right-hand side
corresponds to the Kac collision operator (see [24]). In the original model, the scattering angle 6
was chosen uniformly in [—7, 7), which implied that the cross section b was given by b(0) = 1/(2m).
We consider here a generalization and assume that b satisfies

bO) =077,  be(-mm), ac(0,2). 2)

Such a cross section has already been introduced by Desvillettes [11] for the Kac equation with no
force field. Equation (1) is supplemented with the initial condition

f(0) = fin, (3)

where

fin € L*(R), fin >0, /Rfm(v) dv=1= /sz‘n(v) v? dv. (4)

Our purpose is to study the well-posedness of (1), (3) and the large time behaviour of its solutions.
We first observe that (1) was obtained as the limit when N — +oo of a N-particles system whose
energy was constant and taken equal to one. This explains why we consider here initial conditions
whose energy is one. On the other hand, we note that it is not restrictive to assume that the initial
condition has mass one. Indeed, consider ¢ > 0 and g;,, satisfying (4) except that the mass of g;,
is 0. Then, the function f;, defined by

fin(v) = 07 2gi, (\/g) , v ER,

satisfies (4). If we denote by f a solution to (1), (3) where E is replaced with £/,/o, then the
function ¢ defined by

g(t,v) = 0*?f(ot,\Jov),  (t,v) € (0,400) x R,

is a solution to (1) with initial condition g;,.
As for the Kac equation with no force field, the usual a priori estimates are available here, that
is mass and energy are formally preserved. For every ¢ > 0,

/Rf(t,v)dv:/Rfm(v)dv:1:/Rfm(v)Ude:/Rf(t,v)Ude. (5)

However, it is not clear whether there exists an entropy for (1).



For the non-cutoff Kac equation with no force field, the mathematical theory is well-developed.
The problem of existence, smoothness, uniqueness and positivity of solutions to this equation, as
well as the convergence to the equilibrium have already been investigated (see [11, 21, 12, 32, 20]).
The main difficulty in the analysis is the non-integrable singularity of the cross section b. Concerning
the thermostated Kac equation with b(f) = 1/(2), the existence of solutions to both the stationary
and the evolution problem has been proved and the large time behaviour has been studied (see
[34, 35]). To our knowledge, the only works on the non-cutoff thermostated Kac equation concern
the existence and uniqueness of stationary solutions [2] and numerical simulations for the evolution
problem [31]. Therefore, our purpose is to investigate the existence, smoothness and uniqueness of a
solution to (1), (3) and the convergence towards the associated stationary solution when time tends
to +o00. We first introduce some notations. We set L3(R) = L*(R, (14v?) dv) and ||g|l, = |9l 1o (r)
for any p € {1,00} and g € LP(R). Furthermore, we denote by C([0,+00);w — L*(R)) the space
of weakly continuous function in L!(R), that is the space of continuous function from [0, +-00) in
L'(R) endowed with its weak topology. We now define the notion of weak solutions we consider
here and state our main results.

Definition 1 Consider f;, satisfying (4) and assume that b is given by (2). A nonnegative function

f € C([0,+00);w — L*(R)) N L>®([0, +00); LI(R)) is said to be a weak solution to (1), (3) if, for
any ¥ € CZ(R) and t > 0, it satisfies

[ = [ f@uo@ars [ [0 se.000 s

+ /t K¥(v,v.) f(s,0) f(5,0,) dv dv, ds, (6)
0 Jr2
where -
K¥(v,v,) = / (V") — (v) + v sin O’ (v)) b(H) db.
We note that, for ¢ € CZ(R), we have
(') —Pv) = (v(cosf —1) — v,sinh)y (v)
1
+ (v(cosf — 1) — v, sin 0)2/ (1 —u) " (v+u@ —v))du,
0

so that,

™

K (v,0.)

<201+ ||¢||Cg/ (1~ cos 0) b(0) 40 + 2 [ /W sin? 0 b(0) do.

—T —T

Consequently, the last integral in (6) is well-defined. Moreover, if & € (0, 1), then 6b(9) € L' (—x, )
and

V0,0 = [ (6(0) = 0(0) 0) b,
Theorem 1 Assume that b is given by (2) and consider fi, satisfying (4). For all field strengths
E > 0, there exists a weak solution f to (1), (8) such that (5) holds for every t > 0. Moreover, for
every 7 >0 and § € R,

f € Lis.([r, +00); H(R)). (7)



Section 2 is devoted to the proof of the existence part which is performed in two steps: we first
consider the case of an even nonnegative integrable cross section and the existence of a solution
in that case is obtained by a fixed point argument. At first sight, the damping term induced by
the thermostat seems to add nonlinearity in the equation and complicate the analysis. We thus
begin with removing this nonlinearity by showing that the momentum ( satisfies a differential
equation which can be solved explicitly. Next, the existence of a solution when b satisfies (2) is
obtained thanks to a truncation argument and weak compactness. Thanks to the de la Vallée
Poussin theorem, we only assume here that the initial condition satisfies natural bounds, that is
finite mass and energy.

For the Kac equation with no force field as for the Boltzmann equation, the non-cutoff collision
operator is known to have a smoothing effect [12, 1, 13]. Once we have proved the existence of
a solution to (1), (3), it is therefore natural to investigate the smoothness of this solution. For
the cutoff thermostated Kac equation, the stationary solution may be either continuous or have a
power-like singularity depending on the value of E [34] whereas for the non-cutoff thermostated
Kac equation, the stationary solution is smooth for any E > 0 [2]. Also for the evolution problem,
the solution is smooth whatever the value of E. The proof is reported in Section 3. It follows
the same lines as in [12] for the Kac equation with no force field. It consists in showing, by
induction, that the Fourier transform of the solution with respect to the velocity variable belongs
to L9 ([r, +00); LA(R, (1 + €2)8 d¢)) for any 7 > 0 and 3 € R.

loc

We then consider in Section 4 the question of uniqueness for solutions to (1), (3) and their large
time behaviour. We use a method based on the Fourier transform and introduced in [22, 6, 32].
This method has already been adapted to prove the convergence towards stationary solutions for
the thermostated Kac equation when b = 1/(27) in [35]. However, since we assume here that the
cross section b is not integrable, we can no more split the collision operator as the difference between
a loss term and a gain term, and thus we can not directly perform the same manipulations as in
[35]. Of course, we could consider solutions to truncated equations and then, by similar calculations
and by passing to the limit, we would obtain an analogous result for the non-cutoff equation. But
this result would only concern solutions that are obtained by truncation. Therefore, we work right
away with the non-cutoff equation and we pay a particular attention to the singularity. Thereby,
we prove some stability result stated in Proposition 9, from which we deduce both the uniqueness
for solutions to (1), (3) and the convergence towards the associated stationary state. These results
are presented below. For any function f : R — R, we define its Fourier transform f by the formula

for = [, ger
and for s > 0, we consider the Fourier-based metric dg given by

0u(f.g) = sup 4 €)= 90
o ek LE°

for any pair of probability measure f and g. For s=m+r, withmeNand 0 <r <1,if fand g
are two probability measures with the same moments up to order m and finite moments of order
s then ds(f, g) is finite [7]. In this paper, we only consider the case s = 2 and the case s = 1. We
show that, as for the Boltzmann equation and the Kac equation for Maxwell molecules [32], the
distance ds is nonexpansive along trajectories of the solutions to the thermostated Kac equation
but it may occur only for large time. More precisely, we prove the following theorem.



Theorem 2 Consider E > 0 and a cross section b satisfying (2). Let fin and gin be two functions
satisfying (4) and

/ fin(v)vdv = / gin(v) v dv. (8)
R R
Denote by f and g two weak solutions to (1) with initial conditions respectively fi, and gi,. Then,

there exists a function J € C*([0,+00)) depending on E, [ fin(v)vdv and [T _b(0)(1 — cosf) db
satisfying limy_, 4o J(t) = +00, and such that, for every t >0,

dQ(f(tv ')7 g(t7 )) < eiJ(t) d2(fim gin)'

In the above theorem, J(t) might be negative for small values of ¢, depending on the initial data.
Then the probability metric do would not be nonexpansive for small values of t. Nevertheless, if f
and g are two weak solutions to (1) with the same initial condition, the previous theorem implies,
by [15, Theorem 9.5.1], that, for every ¢ > 0, the measure with density f(¢,.) is equal to the one
with density g(t,.).

Concerning the large time behaviour, we first recall that the associated stationary problem

d

B 2-((1=C)f) = QUL ). ©

has already been considered in [2] where the following theorem has been established.

Theorem 3 Assume that b satisfies (2). For all field strengths E > 0, there exists a unique weak
solution fsiar to (9) such that

/ fstat(v) dv=1= / fstat(v) 1)2 dv.
R R

and moments of any order of fsar are finite. Moreover, fsqr € C°(R).

Whereas the exponential convergence towards equilibrium for the Kac or Boltzmann equation
for Maxwell molecules has been proved in distance do 5 [22], we obtain here exponential convergence
in distance d; thanks to the thermostat.

Theorem 4 Consider E > 0 and a cross section b satisfying (2). Denote by f a weak solution to
(1), (3), in the sense of Definition 1. Then, there exists a constant C' > 0 such that

di(f(t,.), fstat) < C e (VEPHIES-K)t/2 +Ce K2+4E2, t>0,
where K = ["_b(0)(1 — cosf) db.

This ensures, by [15, Theorem 9.8.2], that the measure with density f(¢,.) converges weakly-*
to the measure with density fsiqr when ¢ — +o00.



2 Existence

2.1 Cutoff case

We consider here equations (1), (3) when b : [—7, 7] — R is an even nonnegative integrable function
and prove the following theorem.

Theorem 5 Consider fi, satisfying (4), and two nonnegative convex functions ®1, ®s € C*(]0, +0o0))
such that ®;(0) =0, ®.(0) =0, ® is concave, lim,_, 1 ®;(r)/r = +o0 fori € {1,2},

/ fin(v) ®1(v?) dv < o0 and / Dy (fin(v)) dv < 0. (10)
R R

Let b : [—m, 7] = R be an even nonnegative and integrable function. For all field strengths E > 0,
there exists a weak solution f to (1), (3) such that (5) holds and both [ f(.,v) ®1(v?)dv and
Jg @2(f(.,v)) dv belong to L72 (0, 400).

loc

We first notice that, if f is such a solution then ( satisfies the following Cauchy problem

() = E(Q-¢(1)?*)-KCt), t=0, (11)
(O = Gu= [ fulv)vde, (12
where K = [7_b(6)(1—cos ) df. This differential equation may be solved explicitly and the solution

is given by

c Co(Co = Gin) 4 C (G — €4 ) VEPFAERE

T e L "
where 5 .
Cy = —K 4+ \/22 +4F ' (14)

The existence of a solution to (1), (3) when b : [—7, 7] — R is an even nonnegative and integrable
function is obtained by a fixed point argument. Let M; > 4 ®4(1),

1 | - ME:K3

L )
V2rmin{l — 2, 1- 2} ~ (min{1 =7, 1—-(2})?

n’

My > @,

and T be four positive real numbers, the values of which will be specified later. We denote by H
the set of nonnegative functions h € C([0, T]; w — L'(R)) such that, for every s,t € [0,T] and every

¥ € Cy(R),

= = v 'UQ v v)vav =
/Rh(t,v)dv—l—/Rh(t, )02 do, /Rh(t, Vodv = C(b), (15)

/ h(t, v) B (v2) dv < My, / Bo(h(t, v)) dv < M, (16)
R R

and
S Lt = s[19lle:- (17)

/Rh(t,v)”l/}(’l)) dv—/h(s,v)z/}(v) dv

R




The function
1
CO et =0

=) >

belongs to H. Consequently, H is non-empty. For h € H, we consider the following equation

Of +E(1—((H)0)duf + (|61 — EC(t) f = Q+(h, h), (18)
where

Q. (hy h)(t,v) = /R / " h(t ') h(t, L) b(6) dB do.. (19)

The existence of a solution to (18), (19) is obtained by the method of characteristics. We have the
following proposition.

Proposition 6 Consider f;, satisfying (4) and two nonnegative convex functions ®1, @3 € C1([0, +00))
such that ®;(0) =0, ®,(0) =0, ® is concave for i € {1,2} and (10) holds.
Let h € C([0, T);w — LY(R)). Setting

t
f@ﬂ0==ﬁn0“0ﬁﬂ0ﬁ‘w1”EZ@-F/‘éﬁb““$+Ew“*z“”Q+UuhX&VT&tde& (20)
0

where
t t
Z(t) = / ¢(u) du and V(s;t,v) = vel (Z1)—2(s)) _ E/ eE (2(0)=Z(s)) do, (21)
0 S

then f is the unique weak solution to (18) with initial condition fi,.
Moreover, there exists constants My, Mo, L and T depending only on E, b, fi,, ®1 and ®o such
that for every h € H, the function f given by (20) also belongs to H.

Proof. The first assertion of Proposition 6 is classical. We next compute the first moments of f
when h € H. Let t € [0,7]. The change of variables v, = V (s;t,v) is a C!-diffeomorphism for every
(s,t) € [0, T] and we have v = V(¢; s, v,) with

AV (t; 5,v,) = e FZM=2(5)),

Consequently, for any measurable function A : R — [0,400) or for any measurable function A :
R — R such that f(¢,.)A € L1(R), we get

/ ft,v)A(v)dv = e_b”lt/ fin(v) A(V (t;0,v)) dv
R R
t
+ / e Iblla(t=s) / Q4 (h,h)(s,0) A(V (t; 5,0)) dv ds. (22)
0 R
Moreover, it is easily checked that, for every s € [0, 7],

/@mmmmmzmmz/@mwwm#w, (23)
R R



and

/ Q. (h, 1) (s,0) v dv = C(s) / b(9) cos(6) do. (24)
R —m
Taking A = 1, A(v) = v and A(v) = v? in (22), we deduce from (23) and (24) that
t
/ ft,v)do = e bt 4 HbH1/ e Iblh(t=s) gg — 1, (25)
R 0
t
/ ftv)vdy = (e It=E20) 4 Ee—llblllt/ e~ E(Z(t)=2(s)) 44
R 0

T t
+ / b(0) cos(0) d@/ e Iblh(t=5)=B(Z(O=2())¢ () ds
0

—T

t t
+ Bl / o lbll1 (=) / e~EZWO-2() gy gs. (26)
0 s

t
/ Fo)tdy = e Iht=2EZ0) o pe, o= Ibht-EZ() / o~ E(Z(1)-2(5)) g
R 0

™ t t
4 9E / b(0) cos(0) b / o Ibll (4= B (Z()~ Z(s)) / e~ EZ0-Z2) 45 E(s) ds
0

—Tr S

t 2 t
L E2e bt (/ eE(Z(t)Z(s))ds) + Hblh/ o Ibll1(t=5)—2E (Z(t)~2(s)) 4
0 0

t t 2
+ Bl / eIt (t=s) ( / ¢~ (2(0)-2(0) da) ds. (27)
0 s

Integrating by parts the last term in (26), we get

™

t
/ ft,v)vdo = Gy e IPIE=EZ0) +/ e~ bl (t=s)=E(Z(1)=Z(s)) <E +((s)
R

b(0) cos(6) d9> ds.
0

—T

Besides, ( satisfies (11), which implies that

d (e||b||1s+EZ(s)z(s>> — clibllis+E Z(s) <E+C(s)/

ds -

™

b(0) cos(0) d9> , (28)
and thus,
/R F(tv)vdo = (1), (29)

Then, integrating by parts the last two terms of (27), we obtain

/R f(t,v)v? dv

t t
14 2E ¢, e Itht-EZ0) / o E(Z0-2(5) gg _ oF / e~ bl (t=5)-2E (Z()-Z(NE () ds
0 0

t t
Y / oIl (=)~ (Z() - 2(s)) / o E(Z()-2(0)) g, <E+c(s) /
0 s

—T

™

b(0) cos(6) dQ) ds.



It then follows from the Fubini theorem and (28) that

/R Flto) v dv = 1. (30)

We now consider (22) with A(v) = ®1(v?). By (21), we have

t 2
Vit 5,0)2 < 202e2E(Z(0-Z() | 9p?2 (/ o E(2(t)~2(0)) da) ‘

Consequently, the monotonicity of ®1, the convexity of ®; and Lemma 10 lead to

1 t 2
D1 (V(t;s,0)?) < %(I)l <4v26_2E(Z(t)_Z(S))> + 5 P <4E2 (/ e E(Z(H)—2(2)) da> )

< ay(s,t) ®1(v?) + az(s,t),

where

1 ! !
ai(s,t) = % + 8e 4B (Z()=2(9)) as(s,t) = 5 ®1(4F%) (1 + (/ e~ E(2(t)=2(9)) da) > .

Therefore,

/ flt,0) @1 (v dv < e llhtgy(0,1) / fin(0) @1 (%) dv 4 e ity (0, ¢)
R R

t
+ / e~ Pl (=) (al(s,t) / D1 (v%) Q4 (h, h)(s,) dv+||b\|1a2(s,t)> ds.
0 R
A change of variables leads to
/@1( 2)Q+(h, h)(s,v dv—/ / 0) &1 (v"?) h(s,v) h(s,vy) db dv dv,.

But
v? < 2v%cos? 0 + 20v2sin? 6 < 207 + 202,

which implies, with the monotonicity of ®1, the convexity of ®; and Lemma 10, that
1 1
®1(v?) < 3 ®y (4v?) + 3 Dy (4v2) < 8Py (v?) + 8Py (v2).

Consequently,
/ B1(v) Qs (h, 1) (5,v) dv < 16 ] / &1 (v?)h(s,v) dv.
R R

By (16), we obtain, after integrations by parts, that

/f -[; ’U (pl dv S 67||b||1t <; 4 864EZ(t)) / fln(v) @1(1}2) dv + 8M1 (1 o e*”bnlt)
R

t
+ 1981, (1_eb|1t4EZ<t)_4E / e||b1(ts>4E<Z<t>Z(s))g(s)ds>
0

t t 3
) <;+2 / o bl (t—5)~E (Z()~2(s)) < / o~ B (Z(H)=2(0)) da) d5>‘
0 s

9



It then follows from the bounds

e P <1 and[¢(s)] < max{|Gnl, [C+]} < 1, (31)

for every s € [0, ] that,

/Rf@, v)®1(v?)dv < (; + 8e4ET> /Rfm(v) ®1(v?) dv + 8M; (1 - e*llblllT)

t
+ 1280, (1—eb||1T4ET C4E / AB(—9) ds)
0

1 t t 3
+ O(4E%) 3 +2/ eEt=9) </ ePt=o) do) ds | .
0 s

We finally obtain
/Rf(t,v)®1(v2) dv < < + 864ET) / fin( v?) dv + = <I>1(4E2) (1 + % (T — 1)>
+ 8M; (1 - e*”b“lT> + 1280, (1 - e*”b”lT*‘*ET + BT 1) . (32)
We now consider the integral involving ®,. First, the convexity of ®2 and (20) imply that
@y (2 fm(V(O;t,v))e‘”b||lt+EZ(t)>

Dy <2 /0 eI t=s)+E(ZMO=2())Q  (h, h)(s, V (s;t,v)) ds )

(I’Q(f(t7 U)) S

_l’_

N~ N

We then deduce from the Jensen inequality and Lemma 10 that

ma {1, 40202520 ) @ (£, (V(0:1,0)))

maX{1’4”b||%t2e—2Hb||1(t—s)+2E (Z(t)—Z(s))} By <Q+(h, h)ﬁZiyV(s;t’v))> ds (33)
1

N |

(1)2(f(t7 U)) S

+1/
2 Jo

Due to the change of variables w = V (s;¢,v), we have

Besides, it follows from the Jensen inequality that

[ (S e [ty

Ar = {—n,—?’”] o200 [37%] and Ay = [—3” —”} U [”3”] (35)

<~

Setting



we now split the integral in two parts

/R% (CW) dw < /R/A By </Rh(s,v’) h(s,v;)dv*> b(0) chﬁldv

do
// P, (/ h(s,v") h(s,vi)duk) b(#) —— dv.
R J A R 1611
Changing variables leads to

[ () < [ (e )
i /R/AQ(I)2 </]Rh(s )h< U_sleHOSG) |si?e\> |yb||61w dv.
e

Consequently, by the Jensen inequality, we have
0) do

Q+(h, h)(s,w) v—usmﬁ
(I)Q (I>2
R [16]]1 A cos ¢ 10089! Hle
—ucosf b(0) db
+ Py (A (s h(s,u)du dv.
/R/A/R ( (o) o) o 0
We now infer from the successive use of the Fubini Theorem, Lemma 10 and a change of variables
that
0 b(0) do
/<I>2<Q+(h’h)(8’w)>dw / Su/ /<I>2<h< — usin ))dv() du
R 1611 A, €os® 0 cos 16|11
b(6) de
+/hsu/ /<I>2<h< vz ucos@))dv() du
A, Sin 9 sin 6 1611
h(s,u / /@g(h(s,w dw df du
fortoen [, v . )

b(6)
+ /hs,u/ ,/CDQ h(s,w))dw df du.
R M IETUN S
Thus,

Qb h)(s, w) w s,u) du ") s,w)) dw
foon (B2 < V2 [t [ o [ s ho < 3608 (30

Gathering (33), (34) and (36), we finally obtain
1
/R a(f(0)dv < 5 max {1,4¢ 2N ZELO L =B 20 / By fin(v)) dv

/maX 1 4||b|2¢2e 210l (1=5)+2B (2(0)~ (s))} EB(Z(t)-2(s) 95
V2 t

h(s dv

IN

IN

It then follows from (31) that

/Qg(f(t,v))dv < %max{1,4e2ET} GET/(I)Q(fm(U))dU
R

-1

p

V2

11



We next turn to the Lipschitz property (17). Consider ¢ € CL(R) and ¢,0 € [0, 7). Since f is a
weak solution to (18), we have

[ sesean- [ seov@a=g [ |02 000 s

t t ™
—th/ /Rf(s,v)w(v)dvds—i—/ /RQ h(s,v) h(s,v*)/ b(0) ¥ (v') df dv dv, ds.
Consequently,

/R £t ) (v) do — /R £(0,v) (v) dv

Finally, we put

IN

t —
E¢llcy / (L+1C()]) ds|+2[1bll1 ¥y |t — o
2(E+ [[bll2) [1olley 1t = o. (38)

IN

M1 = maXx 4(191 20(1)1(4E 36/fzn (I)l( )dv},

M, —= { (132 fm )) dv, (I)/2 (\/QWmln{l : m’ C-2-}> }7

4F+ K
L = max{2(E+|b]h) * (m in{lECQ’l)_@})Q}’

1 1 385 1
T = min<l1 —1 In (=== In(1+ E*
mm{ 'E “<2th)’ [blly + 4 n<384> PR )}

It then readily follows from (25), (29), (30), (32), (37) and (38) that f belongs to H. O

w‘m

Proof of Theorem 5. Let My, My, L and T be the constants given by Proposition 6. We consider
the map 7 : H — H defined by T (h) = f where f is given by (20). Let us check that 7T is continuous
for the topology of C([0,T];w — L*(R)) and that H is a compact subset of C([0,T];w — L' (R)).

SEQUENTIAL CONTINUITY OF T
Let (hi)ken be a sequence in H that converges to h in C([0,T];w — L*(R)). Tt is clear that h
belongs to H. We set f = T(h) and fr = T (hg). Let ¢ € L>(R). Then, the change of variables
ve = V(s;t,v) leads to

/ (f = i)t ) o) do = / ¢l =) / (@ (s ) — Q4 (i 1) (5,0) (V' (1 5, 0)) v ds,
R 0 R

for any ¢ € [0,7]. Changing again variables, we then obtain

L= ) ey ao
:/Ote—“bllﬂt—S) /R /_Zb(@)(p(V(t;s,v'))(h(s,v) h(s,02) — hi(s,0) he(s, v2)) dO dv, dv ds.
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Let us denote by (¢;)en a sequence in D(R) such that
o1 — ¢ ae inR and lotlloo < l||loo- (39)

For R > 0, we deduce from (15) that

: t
(f_fk)(t,v)cp(v)dv < /6—||b||1(t—s) Gk’l’R(t,S)dS _|_/ €—||bH1(t—s)Ii,R(t’s)d8
R 0 °
t kIR 4
N /€||b||1(ts>12~ (t,5) ds + =5 [¢loo, (40)
0
where
R (R
GRUR(t,s) = / / / b(8) @1V (t: 5,0)) (A, 0) h(s,v.) = hi(s,0) hi(s, 0:)) df d.. dv,
RJ-R
R (R
1) = [ [ b0l - 0V i) b)) dB oo
RJ-R

IR g — / / / )1 = @) (V (5,0 hu(s,0) hy(s, v.) B do, do.

Since (hg)ren converges to h in C([0, T); w— L'(R)), it follows by classical arguments that, for every
s € 10,7,
hi(s,v) hi(s,v:) — h(s,v) h(s,v,) weakly in L'((—R, R)?).

For every t,s € [0,T], the mapping (v,v.) — [7_b(6) ¢ (V (t;5,7")) df belongs to L=((—R, R)?).
Therefore, G¥'E converges pointwise to 0 as k — +oo. Since G¥“F is bounded by 2 |b]|1 ||¢]]co,
the Lebesgue dominated convergence theorem implies that for every t € [0, 77,

t
i 0 e M=) G (L, 5) ds = 0.

But, the equicontinuity of the mapping ¢t — fot e~ lIblla(t=s) Gk’l’R(t, s) ds enables us to conclude that
this convergence is uniform on [0,7]. For every [ € N and R > 0, we thus have

t
lim sup / —blla (=) GRLE (¢ s)ds = 0. (41)
k—4o00 tE[O T}

On the other hand, for T > 0,

R R T
1MR (1, 5) < 12 / ) / ) / b(6) (o — 1) (V (£ 5,0'))| dB dv. do + 4]l ]| l]oo /R Lntomyor hi(s, ) do.

Changing variables in the first integral and recalling that h satisfies (16), we obtain
2R

r
1Mt s) < 4RIIbII1T2/ (o — @) (V(t;s,0))| dv + 4Ma|[b]|1[| [l sSUP ——.
—2R r>T Do(r)

13



For s,t € [0,T] and v € [-2R,2R], we have |V (¢;s,v)| < (2R + ET)ef? =: S. Consequently,
changing again variables, we get

s
I77(t,5) < 4R|bll T%ePT / (= 1) ()| du + Mo bl plloe 5P == (42)
-s r>7 (I)Q(T)
Proceeding along the same lines for Ig ’I’R, we obtain
s
”
I3 (t, 5) < 4R|b1 25T / (o = n) (w)| dus + A0 b1 [ oo SUP £ (43)
_S r>1 Po(r)

Gathering (40), (41), (42) and (43), we deduce that

limsup sup

S
< SRY2FT / (= o)) du
k—+o0 t€[0,T)

/ (f = fi) (£, v) o(v) do
R

r 4
8 M- — 4+ = .
+ Ml sup s+ 2 1ol

We first let | — +o00 thanks to the Lebesgue dominated convergence theorem and then R — +o0,
T — +oo. We thus obtain that f), converges to f in C([0,7];w — L*(R)), which means that 7 is
sequentially continuous for the topology of C([0, T]; w — L'(R)).

COMPACTNESS OF H
Due to the Arzela-Ascoli theorem [33, Theorem 1.3.2], it suffices to check that

the family H is weakly equicontinuous, (44)
the set {h(t),h € H} is weakly relatively compact in L'(R) (45)

for every t € [0, T], to conclude that H is relatively compact in C([0, T];w — L'(R)). Let t € [0,T].
It follows readily from the definition of H that

sup sup {/ h(t,v) (1 +vz)dv+/¢>2(h(t,v))dv} < 00, (46)
het tefo,T] LR R

whence (45) by the Dunford-Pettis theorem. Let us now consider (44). Let ¢ € L*°(R). There
exists a sequence (¢;)ien in D(R) such that (39) holds. We fix k € (0,1). We then deduce from
(46) the existence of some real §(x) > 0 such that, for any measurable subset E of R satisfying
meas(F) < 6(k), we have
sup sup / h(t,v)dv < k. (47)
heH te[0,T]| JE
Moreover, the Egorov theorem and (39) ensure the existence of a measurable subset E,; of [-1/k, 1/k]
such that

meas(Ey) < §(k) and lim sup lor — | = 0.
P01/, 1/ K\ B

14



Consequently, for every t € (0,7), s € (—t,T —t) and R € [0,1/k], we have

/(h(t + s,v) — h(t,v)) p(v) dv /(h(t + s,v) — h(t,v)) pi(v) dv
R R

<

R
/ (Wt + 5,0) — h(t,v)) (9(v) — @u(v)) du

_.|_
—R
[l s0) = bt o) (6l0) = () do
[v|>R
< Llsllleilley +2  sup o —oif + 4kl olloo + =13
[~ R,R)\E.
by (15), (17), (39) and (47). Letting s — 0, we thus obtain that, for every ¢ € [0, 7],
41l 0o
imsup sup | [ (h(t-+5,0) = hit0) (o) o] <2 sup o =l + Al + LY.
s=0  her |JRr [—R,R)\ B R

We now pass to the successive limit [ — 400, K — 0 and R — 400 and deduce that (44) holds.

We are now in a position to complete the proof of Theorem 5. Indeed, following the same lines as
in [17, Theorem 8.12.4], we may prove that if F' C H is sequentially closed then F is closed. It then
follows that H is a non-empty compact convex subset of C([0,7];w — L'(R)) and 7T is a continuous
mapping from H to H. The Tykhonov fixed point theorem [16, Theorem V.10.5] thus ensures the
existence of a fixed point of T, that is of a solution f* € C([0,T];w — L*(R)) N L*((0,T); Li(R))
to (1), (3). Observing that T only depends on E and b, we may proceed as before with initial
condition f1(T,.) instead of fi,. Repeating this argument, it finally yields the existence of a
solution f € C([0,+00);w — LY(R)) N L>®((0,+00); L3(R)) to (1), (3) that satisfies the desired
properties. O

The next section is devoted to the non-cutoff case. We prove the existence of a weak solution
to (1), (3) when b is given by (2). To this aim, we use a truncation argument. The weak solution
to the non-cutoff equation is obtained as the limit as n — 400 of a subsequence of solutions to (1),
(3) with cross section b, := min{b,n}. We thus need uniform estimates, with respect to n € N,
which is the purpose of the following two lemmas.

Lemma 7 Let f € C([0, +00);w — LY (R)) N L>®((0, +00); L3(R)) denote the weak solution given by
Theorem 5. Then, for every t > 0, we have

68(E+8’y1)t -1

By

/ F(t0) By (v2) do < SE+ME / Fin(0) ®1(v2) dv + BV, (1)
R R

where y1 = [7_b(0) sin®§ df.

Proof. The proof is inspired by that of [27, Lemma 2.2]. Let ¢ € [0,400). Since f is a weak
solution to (1), (3), we have

/Rf(t,v)dn(vQ)dv = /Rfm(v)tﬁl(vz)dv—i-QE/o /R(l—C(s)v)f(s,v)v@'l(v2)dvds (49)
+ ;/0 - f(s,v) f(s,v4) (G(v,vi) — H(v,v4)) dv dvy ds, (50)
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where

Glu,v,) = /_ " b0) (@1@/2) (012 — D (Y (0)) — By (Y (7/2 — 9))) do,

Hiv,v,) — / b(6) (®1(0) + @1 (v2) — By (V(8)) — By (Y (/2 — 0))) do,

with Y (0) = v? cos? @ + v2sin? §. We first consider G and H. The convexity of ®; implies that

®1(Y(0))

cos? 0 @1 (v?) + sin’ 0 1 (v2),
O, (Y (r/2—0)) .

< 2
— *
< sin? 0 ®1(v?) + cos? 0 B (v?)

It thus follows that H (v, v,) > 0.
On the other hand, we infer from the convexity of ®; that

01(v"%) — B1(Y (0)) > B} (Y (0)) Z(6),

where Z(0) = —v v, sin(26). Since b is even, we then deduce that
/ b(0) (@1 (0/%) — ®1(Y(0))) dO > 0.

Similar calculations lead to
/ b(O) (B (0.2) — B (Y (/2 — 6))) dO > 0.

Consequently, we have G(v,v,) > 0.
Lemma 11 implies that

D1(Y(0) + Z(0))
Y(0)+ Z(0)

< v+ 2oy (B, UEOO_0T0) 4

®1(0%) = (Y(0)+2(6))

Due to the nonnegativity of ®1, we finally obtain
VAU
B0 - 2 0) < (1+ T} ) 20) 8V (6)),

Multiplying the previous inequality by b(f) and integrating with respect to 6 leads to

™

50 @10~ @ as < [ 0) e
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On the other hand, for 0 € [-37/4, —7 /4] U [r /4,37 /4], we get Y () > v2/2 and thus

< 802 sin? 0 cos? .

Therefore,

/ " b(60) (@1 (v'?) — D1 (Y(0))) dO < 8 / " b(6) sin2 0 cos2 0 (2 + v2) & (Y'(8)) do.

—T —T

Owing to the concavity of @}, we have
r®i(r) < 2®q(r) for every r > 0, (51)

by [25, Lemma A.1]. Then, the monotonicity of ®), inequality (51), the convexity of ®; and
Lemma 10 entail that

(02 + 02) BV (6)) < (0% +02) B (v +02) < 401 (%) + 481 (02).

Therefore, we deduce that

™

/7r b(0) (D1(v"?) — ®1(Y(0))) db < 32 (D1 (v?) + c1>1(vf))/ b(6) sin® 6 db.

—T —Tr

Similar calculations lead to

™

/ " b(0) (1(0L2) — B1 (Y (/2 — 0))) dB < 32 (@1 (1) + D1 (2) / b(0) sin? 0 do.

—T —Tr

We finally conclude that, for every v, v, € R,
H(v,ve) >0 and 0 < G(v,vy) < 6471 (1(v?) + ®1(v?)), (52)

where y1 = [7_b(6) sin® 6 df.
Let us now consider the last integral of (49). The nonnegativity of ®}, the monotonicity of ®}
and (51) imply that, for every s € [0,¢],

/ f(s,v)v®) (02) dv
R

) 2. &/ (12
< /|v|§1 f(s,v) @ (v )dv—i—/ f(s,v) v &7 (v7) dv

[v]>1

IN

/ 2
(1) /|v§1 f(s,v) dv+2/v|21 f(s,v) ®1(v*) dv
< ®i(1) +2/ f(s,v) ®1(v?) dv. (53)
R
We then deduce from (51), (52), (53) and (31) that
/Rf(t, v) ®1(v?) dv < /Rfm(v) c1>1(v2)dv+2E<1>’1(1)t+8E/0 /Rf(s,v) ®1(v?) dv ds

+ 327 /t A f(5,0) f(s,vs) (®1(v?) + ®1(v2)) dv dv, ds.
0 2
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Hence,

t
/ f(t,v) @1(02) dv < / fin(v) @1(02) dv+2E® (1)t +8(E +871) / / f(s,v) <I>1(v2) dvds.
R R 0 JR
The Gronwall lemma then leads to the desired result. O

Lemma 8 Let f € C([0, +00);w — L (R)) N L>((0, +00); L3(R)) denote the weak solution given by
Theorem 5. Then, for every t > 0, we have

[ oatrtondo< et [ aa(finfo))do
R R
with
Yo =E+v2 [ (1—cosf)b0)dd+2 [ b0)do
Aq As
where Ay and Ay are defined by (35).

Proof. Since f is a solution to (1), it satisfies, for every ¢ > 0,
[eatswandn = [ eatana+ e [ ) [ 160060
- E/ /<I>2 S, v) dvds—i—/ /fo 5,0) ®5(f(s,v)) dvds. (54)

In order to justify (54), we use the following approximation arguments, in the spirit of [14]. Let
R > 0. On the first hand, we introduce

B By (v) if vel0,R],
®2.p(v) = { P4(R)(v —QR) +®2(R) if ve (R, +o0)

Then, @,  is a Lipschitz function that belongs to C1([0,+00)) and satisfies ®o g < ®5. On the
other hand, we consider

Fine (v / fm(w)ec(v—wydu  and  Qpe(tv) = / Q4 (2 )(t,u) 0e(v — ) du,
R

where o, = % Q(g), 0 € D4(R), £ > 0. Then, there exists a unique smooth solution f. to

atfa +E (1 - Z(t)v)avfe + (”le - EZ(t))fs = Qf,aa (55)

with initial condition fj, . and this solution f; is given by (20) where f;, and Q4 (h, h) are respec-
tively replaced with fi,, . and Q.. It then follows that f. converges to f in C([0,7]; L' (R)) for any
T > 0. Moreover, due to the smoothness of f-, we may now multiply (55) by @, p(f:(t,v)) and
integrate by parts. Thereby, we obtain that f. satisfies, for every ¢t > 0,

[ oentrondr = [ on(finow)do+ / (BG(s) = 1bl1) [ F.(s.0) @)l fe(s,0) o ds
- E/ ) [ @l v))dvds+/ [ sl By (e 0)) v s,
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We now pass to the successive limit ¢ — 0 and R — 400 and get that (54) holds.
Let us now show bounds for the second and the fourth integral in the right hand side of (54).
By (51), we have

/f(s,v) ®L(f(s,v))dv < 2/ Do(f(s,v))dv. (56)
R R

Next,

/Q £, £)(s,0) ®5(f(s,v) /R?/A (5,04) (P4 (f(5,0")) — BL(f(s,v))) dO dv dv,

b [ W) F(s0) £5,0) (@315 10)) = By(F(s.0))) dB o,
R2 J Ay

where A; and Az are given by (35). The convexity of ®9 entails that, for z,y > 0,
2(P5(y) — Po(2)) < y Py(y) — P2(y) + P2(x) — x Ph(z) < Y(y) — ¥(2),
where U(z) = x ®,(z) — Po(x). Therefore,

/Qﬁ (5,v) D4 f “;M<AQA F(5,0.) (T(f(,0)) — W(f(5,0))) dB dv do,
/R2 /A2 (5,04) (U(f(s,0))) — U(f(s,0)))dbdvdv,. (57)

Changing variables leads to

/Rz /,4 (5,0:) (U (f(5,0')) = W(f(s,v))) dO dv do

:Afqul A(ﬂwm@&ﬂMm—Aﬂmmﬁf@émmmmmwm*

Thus,
) — S,V VAV — S,V v 1_|COS0‘
L, 00 5.0 (W76 = (s 00 ddvde, = [ (s yan [ bo
(58)
Similarly,
! — S,V VAVy = S,V v 17|Sln9|
L, [ b0 s, (w6 00) — w5 o) dodvan, = [ wiss o [ ue) S "

It then readily follows from (54), (56), (57), (58) and (59) that

/Rq)g(f(t,v))dv < /<I>2(fm(v dv—i—E/t/(I)g (s,v))dvds

4+ f(/ ()(1—0089)d9+/A2 d0>// )) dvds.

By (51), we have ¥(y) < ®y(y) for every y > 0, which together with the Gronwall lemma lead to
the desired result. 0
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2.2 Non-cutoff case

We now consider (1), (3) when the cross section b satisfies (2) and prove the existence part of
Theorem 1. Since |v|? € LY(R, fin(v) dv) and f;;, € LY(R), a refined version of the de la Vallée
Poussin theorem [10, 26] ensures the existence of a function ®; and a function ®s fulfilling the
assumptions of Theorem 5. Let T' > 0. For n € N, we set b,, := min{b,n}. Let f,, € C(]0, +00);w —
LY(R)) N L*>®((0, +00); LA(R)) be the weak solution to (1), (3) with the cross section b, given by
Theorem 5. We deduce from (5) and Lemma 8 that,

sup sup}{/an(t,v)(1+v2)dv—|—/R¢>2(fn(t,v))dv} < .

neN ¢€[0,T

The Dunford-Pettis theorem then ensures that, for every ¢t € [0, T, (fn(t))nen is weakly relatively
compact in L!(R). Due to the Arzela-Ascoli theorem [33, Theorem 1.3.2], it only remains to check
that the family f, : [0,7] — L!(R) is weakly equicontinuous to conclude that the family (f,)nen
is relatively compact in C([0, T];w — L*(R)). Let ¢ € D(R). Since f, is a weak solution to (1), (3),
we have, for t € [0,7] and s € [—t,T —t],

t+s
/ (Fult + 5,0) — Fult,0) () dv = E / / (1= C()0) fulry0) ' (v) dv dr
R t R
t+s
+ / fu(T,0) fro(T,v4) K;f(v, vy ) dv dv, dr, (60)
t R2

where

K00 = [ " (@) — B(0) + va sin 0 (0)) ba(6) dB.

For (v,v,) € R,

KV(v,0.) = %Uz /_7; /_11(1—yr\)w"(vcos9+m*sin9) dr sin2 0 by (0) dO
- v/7r /01 Y (v+1v(cosf — 1)) dr (1 — cos ) b(6) db. (61)
Consequently,
‘K}f(v,v*) < ¥z (; v? /_:bn(e) sin? 0 df + |v)| _7; by (0) (1 — cos 6) d9>. (62)

Since by, < b, we infer from (5), (31) and (62) that (60) reads

[ate+ 5.0 = falto) wiyas| < sl ol (284 5 + ). (63)
where - -
T / b(6) sin® 6 df and K= [ b)(1—cosb)db. (64)
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Let ¢ € L*°(R). There exists a sequence (p;)en in D(R) such that (39) holds. Proceeding with
(fn) as we did with h to show the compactness of H in the proof of Theorem 5, we obtain, thanks
to (63), that

/R(fn(t +5,0) = fu(t,v)) @(v) dv

1 4
< Isllleillez <2E+271+K) +2[ S o — @il + 45l + ”;;2“’0,

where we kept the notations introduced in the proof of Theorem 5. Therefore, for every t € [0, T,

4
<2 sup o — ol +dn gl + Il

lim sup sup g 2

s—=0 n>1

/R(fn(t + 5,v) = fu(t,v)) @(v) dv

We now pass to the successive limit [ — +00, kK — 0 and R — +o00 and deduce that the family f, :
[0,T] — L'(R) is weakly equicontinuous. Consequently, there exist a nonnegative function f and
a subsequence of (f,)nen (not relabelled) such that (f,),en converges to f in C([0,T];w — L*(R)).
By Lemma 7, each f, satisfies (48) and, passing to the limit n — +oo, we obtain that f also
satisfies (48). It follows readily that (5) holds. It remains now to pass to the limit in (6). Consider
Y € CA(R), t € [0,T] and R > 0. It is straightforward that

/fn(t,v)w(v)dvﬁ/f(t,v)¢(v)dv,
R R

when n — 4-o00. Next,

<

[ [a=c)0 = Do avas
0 JR

[ [ 0= G- 90 0 dods
0 Jv[<R

+ /0 /|”|2R 11— C(s)v| (fu + f)(s,0) [¥'(v)| dv ds

By (5), we thus have

[ [a=c0) (= pis.o) o) duds
0 JR

2T(1+ R) ]

< =

+

/ / (1= C(5)v) (fn — £)(5,0) ' (v) dv ds (65)
0 JPv<R

The convergence of f,, towards f in C([0,T];w — L'(R)) implies that the integral in the right hand
side of (65) tends to 0 as n — +o00. Consequently,

271+ B)||¢llcp

< 2

lim sup
n—-+00

[ [a=c6r0 = Do)y avas
0 JR
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We may now let R — +00. Let us turn our attention to the last integral of (6). We thus consider

<

t
/ / (KY (0,05) — K¥(0,03)) fa(5,0) fals,vy) dv dv, ds
0 JR2

(=:J1)

t
b [ KO0 (s, fulis,00) = £(5,0) £(5,0) dvdv ds| - (= o)
0 JR2
It then follows from (61) that
n—1/(+a)
Ko,) — Ko ww) | < o o] | sin® 0b(6) df
0
n—1/(1+a)
+ o2 ||¢’||oo/ (1 = cos ) b(0) b,
0

which, together with (5) imply that J; tends to 0 as n — +o00. Next, we have

Jo <

/Ot / Z / Z K% (0,02) (Fal5,02) fuls,0) = f(s,.) f(s,0)) do. dv ds

t V(v v 5,V S,y Vs s, 0) (s, v:)) dv dvy ds
N /O/R/U|ZR|K ( ’ *)|(f”(7 )fn(a )+f(> )f(a ))d dv d

t Y(v. v S, V) nlS, Vs s, V) f (s, vy vy dv ds.
* /O/R/UQR’K(’*)(JC”(’ )fn(s,v4) + £(s,0)f(5,04)) dvs dv d

The convergence of (f,) towards f in C([0,T];w — L'(R)) entails that

fn(5,0) ful(s,vs) = f(s,0) f(s,v.) in C([0,T);w — L'((=R, R)?)).
Besides, since

1
5900 < Wl (502 + Kbl )

/t KY (0,0:) fu(s,0) fa(s,v.) dv dv, ds — /t K¥(v,0.) f(s,0) f(s,vy) dv dv, ds
0 JR2 0 JR2

(69)

where v; and K are defined by (64), we deduce that K% belongs to L>°((—R, R)?). Consequently,
(66) tends to 0 as n tends to +00. On the other hand, it follows from (5) and (69) that, for every

s €1[0,T7, 1
P n 1
/R/|v|2R|K (v, v4)] fr(5,0) fr(s,v4) dv dvy < ||¢||cg (2 +K> 5

(70)

A similar inequality holds if f;, is replaced with f. We now consider integral (68). Inequalities (69),

(5) and (48) ensure that

IN

L @l o) s e < ol (721 [ e dn s

C vl vl
su —_— ey
i |v*|§R‘1>1(vf) R? ]’

IN
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where C only depends on E, b, fin, 1 and T. We obtain the same bound if f, is replaced with f.
Gathering (70) and (71), we conclude that

: 1+ 2K v? 1
llmsu J <T 7+2CT su —_— + = .
msup J; < Tley Il (IU*gR St

We may now pass to the limit R — +oo and we finally obtain that f satisfies (6).

3 Smoothness

We now turn our attention to the smoothness part of Theorem 1. Let f denote the weak solution
to (1), (3) satisfying (5) obtained in Section 2.2. Let 7' > 0 and 7 € (0,7"). It follows readily from
(5) that, for § < —1, the Fourier transform f satisfies

sup [ 1067 (1+ €97 d < o, (72)
T<t<T JR

which means that f € L>([r, T; HPA(R)) for B < —1. Let us prove that (72) also holds for 8 > —1.
By (6), f satisfies

Of(t,€) +iE € f(t,€) + E(p(t) €0 f(t,€) = Q(f, (¢, €), (73)

where

™

O, )(t,€) = /

—T

b(0) (F(t,€cos0) F(t.€5in0) — F(t,€) +isinfCp(6) € f(1,€)) do.

The change of variables 6 — —60 leads to the following equivalent form for the Fourier transform of
the collision operator

QP06 = [ 06) (F(t.gcoso) (Ft.gsind) + f(t.~¢sn0)) ~27(2.6)) oo

Let n € C*°(R) be an even nonnegative function such that n(v) =1 if |v| <1, n(v) = 0 if |v| > 2,
0 < n(v) <1 for every v € R and 7 is nonincreasing on R;. For R > 0, we define a function ng

by nr(v) = n(v/R) for every v € R. Let 8 € R. We now multiply (73) by f(t, &) (1 + £2)% ng(¢)
and integrate with respect to the £ variable. Taking the real part of the obtained equation, we get,
thanks to the derivation under the integral sign theorem and an integration by parts that

jtA\f(t,£)|2(1+§2)ﬁn3(£)df = qu(t)/R\f(t,§)|2(1+g2)ﬁgng{(g)dg
+ E() /R (&) ((1 + €37 + 2867 (1+ €271 ) () dg

b9 /IR QU F)(1,€) F(1€) (1 + €3 np(€) de. (74)

We notice that the change of variable £ — —¢ in the last term of (74) enables to prove that this
integral is real. We now split this integral in the following way

2 /R QUF F)(1,€) F(1€) (1 + )P np(€) de = Ay + Ay + As, (75)
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where

A = / / F(€cost) + F(©)f(€cos)) (F(esind) + f(~&sind))

2 (17 >|2 +1F(gcos)) ) b(0) b (1 + €2)7 mi(€) de,

a =2 [ [T (1Fccostr? - FOF) b0 01+ nte)

as = 2 [ [ (Fecon) (figsing) + F(-gsin) ~29) F€) (L +€) ma(e) )b

and show bounds for each term. In the above formulas and in the following calculations, we omit
the dependence on the ¢ variable in order to simplify expressions. It follows from the inequality

F©F€cost) + F(©) f (€ cost)| < [F©F + |7 cos D)

that

a< - /”/4 7€) P+\f<§cose>|2) (2~ |Fesing) + F-csin0)]) o(6) a0 (1 + &) un(e) de
< / / P (2 [F(€sing) + f(~€sin0)|) b(0) 0 (1 + €)nn(€) de.

Now,

92— ‘f(gsme) ¥ f(—¢ sin@)‘ > 2/ F() (1 — | cos(evsin6)]) do,
R

which implies that

w/4
A < —Q/R/O |f(£)|2/Rf(v) (1 |cos(Evsin®)|) dvb(6) df (1 + €%)7 nr(€) dé.
The change of variable u = £vsin # then leads to
“lra dudv

|gvl/v2 u
A < 2/‘]"" ‘Q/f / (1 —]cosul|) arc&n(&)) \/ﬁ

Since /€202 — u? < |€v| and arcsin(x) < 2z for x € [0, 1], we deduce that

(1437 nr(€) de.

. |€v]/V/2
A <2 /R FOPR /R F(@)l] /O (1~ Jcosul) w™"" dudv€]*(1 + €2)° nr(€) d.

Consequently,

]' A
A <277 / (1= cosul)u™" " du / F@)fol® / 1F(€)17 €11+ €2)P nr(€) dE do.
0 R 1€1>v2/|v]
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Thus, we have
1 A
<2 [ eosul)u du( [ £l o [ IFOP 61+ € nae) de

_ 9a/2 v ¢ 2 2\p v
22 [ 10 /|«< BEICIIEYS nR@)ds)d

Let us recall at this point that f depends on ¢ and we need to bound fR f(t,v)|v|*dv from below
by a constant for ¢t € [0,7]. Let § > 0. Since f satisfies (5) and (48), there exists a constant Kp
depending only on ®1, f;,, a, F and T such that

/ fEolrde > 02 [ f(t o) v do
R

[v| <8

v)v v — Su UQ v ’112 v
(/ft o= s s )/|U|26f(t, ) >d>

> 52 — K7 sup w .
=5 ©1(u?)

Since lim,_, oo ®1(r)/r = +o00, we infer that there exists ¢ > 0 such that

v

02
1— Kg sup
ju>s P1(u?)

>

l\DM—l

Finally, there exist some constant D7 > 0 depending only on ®1, f;n, a, E, T and some constant
G > 0 depending only on « such that

A< DT/rf )2 €[(1 + €2)° np(e d£+G/|f 1+ )P np©)de.  (76)

We now consider As. The change of variable u = £ cos leads to
m/4 ) w2 \? u
4l < 2 [0 [0 (14 g ) e (o) e — [ (@R (146 nle)de | a9
2 \B
/ /|f |2< u2 > i (cotﬁ) (]cols.9| _1> du df
+ / /\f )2 (1—1— v >B—(1+u2)6 nR< )dud&
0s 6

cos? 6
+ / /\f 1 +u?) 5’771% <COZH>—WR(U)‘dUd9-

IN
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The Taylor formula gives

<1+UZ>6—(1+U2)B:25(1C%9)

cos2 6 cos 9

X /01u2 (1+ (0 — 1)C(0C80989— 1)) (1+u2 <1+ (o — 1)0(00;329— 1)>2>5_1da,

() -t = (1) [wre (o (1500 (1= 25))) 0

Therefore, there exists some constant Cz depending only on § and sup,cp |un'(u)| such that, for

every 0 € [0,7/4] and u € R, we have

<1+ v >B—(1+u2)ﬂ < Cﬁ( ! —1)(1+u2)/3,

cos2 6 cos 6

U 1
i <cos{9) —nr(y) < Cp <cos{9 B 1) Lr/va<iu<er

u? B
<1+ > < Cp (14 u?)P.

cos2 6

and

Moreover, since 7 is even and nonincreasing on R4, for every 6 € [0,7/4] and u € R,

() <t

>d9/] 2(1 + u®)P () du

We thus deduce that
/4
4] < 4oﬁ/ b(0) (
0

w/4
+ QCﬂ/O b(6) <cos9 )de/yf 2(1+ 4% 1 /e ujcan du.

Let us now turn our attention to As. By (5), we have
37r/4 .
sl < 4 [ [T (HEsm oI FO1+I7OF) L+ na@be) s

cos Fle)|2 2\8 .
voaf /%/4 7€ cosOIFE)] + 7)) (1 + €7 nale) b(8) do dg

Therefore,
1As] < //4 d@/\f (1+ &) np(€) de
3mr/4
2\8
+ / / (&sind)* (14 &%) nr(€) d b(6) df
N / / (€cost)? (1+ )7 nr(€) dE b(0) df
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The changes of variables u = £sinf and v = £ cos in the last two integrals lead to

A5 < 6 /7;b<9>de JIFOP 1+ €7 n(e) a
oo [ [ (1455 () o o) a

sin 0
oo [0 1R (1) e () o) i
3r/4 JR ! cos20) " \cost) [cosh| '

Finally, arguing as for (77) and (78), we deduce that

4] < (6+2v2C) [ ;b(e) a6 /R FOPR (1 +€)P a(e) de. (80)

We may now deduce from (74), (75), (76), (79) and (80) that there exists some constants
Fg,Hg > 0 depending only on «, 3, E, sup,cg |un'(u)| such that

d 5 .
i / [F(EOF (14 €7 nr(€) dé + Dr / F(E O €1 (1 + €%) nr(€) de
R R
< Fp / [F(EOP (1467 nr(€) dé + Hy / FEOP (L +E)7 1) e ig<on @ (81)
R R
Taking = —1 in (81), integrating and letting R — +o00, we infer, thanks to (5) that

T . _ 1+TF d€
2 ¢ 2y—1 B
| [liwerieaseytaga < 2 [

Consequently, there exists o € (0, 7) such that

/R!f(a,é)\Q 1€]%(1 4 €371 de < .
Since (1 + €2)717/2 < 29/2 (1 4 €2)71(1 + [¢|*), we deduce that
[V 1+ dg < o
R

Taking 8 = —1 + «/2 in (81), integrating and letting R — 400, we now obtain that, for every
s€(0,T),

[l P arey el < ) [ (oo (e ag
R R

T Fa(T=0)
| [iieoreraseytetica < o [P 0+ as

We may thus proceed as previously. By induction, we conclude that, for every 5 > —1, (72) holds,
which completes the proof of Theorem 1.
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4 Uniqueness and large time behaviour

This section is devoted to the proof of Theorem 2 and Theorem 4. To this aim, we consider two
solutions f and g to (1), (3) such that (5) holds. Let ¢ > 0. The Fourier transforms f and ¢ both
satisfy (73). As in [35], we set

A~

where ¢ denotes a smooth bounded odd function that satisfies

9 =¢ o<t md o9={ " 15,0

Such a function ¢ has been chosen so that u satisfies

u(t,0) =0, deu(t,0) =0 and |02 cu(t, €)| < 2(1+ sup [¢"]),
[_313}

for every £ € R, which implies that the map £ “‘(gé) is well-defined and bounded on R. Similar

manipulations had already been done in [6]. Then, by (11) and (73), we have

Bpu(t, &) +iB Eu(t,€) + B Cy(t) € deult,€) = (C(t) — (1)) (€ Ra(t,€) + Ra(t,€))
—iK (G () — Co(8) (&) + Q(F, F)(t.€) — Q4. 9)(t,€),

where

Ri(t€) = —F (0:5(t.€) +iCs(t) () +6(6))
Rat,€) = 1B ((rlt) + 1) (66/(6) — (6)).

We now prove the following proposition.

Proposition 9 Consider E > 0 and a cross section b satisfying (2). Denote by f and g two weak
solutions to (1) in the sense of Definition 1. There exists a constant C > 0, that only depends on
E, ¢ and f:r(sin2 0+ 1—cosf)b(f)do such that the function u defined by (82) satisfies, for every
t>0,¢eR,

e, )1 < 1622 (sup Oy 0 [ich0) - ¢l 25 as).
£eR |§’ 0

where Zy(t) = fg Cq(s) ds.
Proof. The proof is inspired on the one hand from [6, 35] and on the other hand from [32]. For

n € N, we set b, :== min{b,n}. We then have b = b, + (b—b,,), which enables us to split the collision
operator in two parts, one involving b,, where there is no more singularity in # and one involving
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b — by, which thus concerns small values of #, more precisely, |#] < n~1/(1+®) Then,

Opu(t, &) + (z‘E§ + bl + /7r (1 —cosB) (b(0) — by(0)) d9> u(t, &) + E (y(t) € Beult, &)
= /_7r (u(t,fcos 0) f(t,€sin6) + §(t, € cos B) u(t, & sin 0)) bn(6) df

+ /_ i F(t, € cosO) u(t, £sin0) (b(A) — by (6)) db
+ (Cf(t) - Cg(t)) (§ Rl(taé) + R2(t7§) + R3(t7§)) + Sl(tvg) + SQ(tvé) + 83(t7§)7

where
Ro(t.6) = =i [ (o(€cos0) (t.€sind) cosb0(©)) b, (6) b,
S8 = [ (@(t€sing) = 1 i€sin G, (0) (F(1 € cost) — (. cos)) (H0) — bu(6) 40
G0 = Gl0) [ Fe€sing) (€sind — 6(¢sin6) (66) — b, (6)) db.
Sa(t.6) = [ (6 c0s0) it cos) — cosB(F(1.€) = 3(4,))) (H6) — bul6) .
Su(t.€) = i) [ €5 (alt.€cos) — 9(6.) (0) b (0)) db

~

- i [ " £sind (f(t, € cos ) — F(£,€)) (b(8) — ba(0)) db.

We first show bounds for Ri, Ra, R3, S1, S2 and S3. The Taylor formula leads to
1
mie) = ~e( [ (Bef29) +i08 00+ 000) ).

Rat.§) = B (G0 +GE [ 2606 dn

Consequently, we obtain that

[Ri(t, )| S E(1+[[0"]loo + 1¢'lle0) (€] and  [Ro(t,6)] < E[|¢"[|oo [€]*. (83)
We now consider R3. It reads
R3(t,€) = —% /Tr d(€ cos0) (f(t,Esinb) + f(t,—Esin ) — 2) b, (0) db

- z/_ (p(€cosO) — cosBp(&)) bn(0)de.

By the Taylor formula, we have
1
F(LEsing) + f(t,—€sind) —2 = € sin? 9/ (1~ |\) 2 £(t, A€ sin ) dA,
- 1 1
P(Ecosh) —cosOp(€) = —€2 cos (1 — cos 0)/ )\/ " (N(1 4+ w(cos O — 1))) dw dA.
o Jo
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Consequently, we deduce that

™

1 //
Ralt. €)1 < 5 (ol + 1071) i ([

—Tr

(sin? 6 4 1 — cos ) by, (0) d9> : (84)
On the other hand, the Taylor formula ensures that
1
g(t,Esinf) — 1 +i€sin 0, (t) = &% sin? 0/0 (1= u) 8 g(t, u sin ) du,
1
£ sinf — p(Esinf) = ¢2sin?6 / (u — 1) ¢" (ué sin 6) du,
0

and thus

™

[S1(£, ) < (1+11¢"[lo) |€2/ sin” 0 (b(0) — bu(0)) db. (85)

—T

Setting j(t,€) = f(£,€) — §(t,€), we have j(t,0) = 0, [92j(1, )| < 2 and

1,1
j(t,Ecosf) — cosBj(t, &) = —€2 cos O (1 — cos 9)/ )\/ (‘)égj(t, A(1+ w(cos@ —1))) dwdA.
o Jo

Therefore, we obtain that

™

[52(t, )| < |£|2/ (1 —cos8) (b(6) — bn(6)) db. (86)

—Tr

It only remains to consider S3. We have

9(t,€ cos0) = §(1,€) < (1 —cosO) || and | f(t,€cos0) — F(.€)] < (1 cost) [¢],

which imply that

™

|53(t, )| < 2 |£|2/ (1 —cos8) (b(6) — bn(0)) db. (87)

—T

We now set Z,(t) = f(f (4(s)ds, and, for any two-variables function 1, we denote by n# the
function defined by n#(t,&) = n(t,e?%s®) ¢). We next put

w(t, &) = u#(t, €) etllbnliten) where &, = /W(1—cose) (b(0) — bp(0))dh.  (88)

With these notations, it is easily checked that w satisfies

dyw(t, &) + iBePZaWew(t, &) = ! F(t, € cos 0) w(t, & sin ) (b(6) — b,(0)) db

—T

+ /7r (w(t, EcosO) f7(t,Esinb) + §7 (¢, € cos ) w(t, Esin 9)) b (6) db

—T

1 etllolliten) (¢ (1) — ¢, (1)) (eEZg<t> ERY(t,€) + RY (t,6) + R (¢, 5))
+ etllbalhren) (s (2 6) + SE(t,€) + S (2, €)).
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Consequently, setting H (t,&) = exp (zEﬁ ft EZy(s) ds) , we obtain
wlt, (1,6 =000, + [ 16 [~ 75,6005 wls, Esind) (000) — 0,(0)) s
. _ 0 ) -7
—i—/ H(s,¢) / (w(s,ﬁcos 0) f7(s,&sin0) + §7 (s, € cosB) w(s, £ sin 0)) bn(0) dO ds
/ H(s s(llbrll14en) (Cf( s) — Cg(s)) <6EZg(5) gR#(s,g) + R#(Sag) + R?(S,f)) ds

/ H s(lbrll1+en) (S#( £)+S§é(576)—}—3§#(8,§))d$

It therefore follows that

wt, &) < [w(0,6)+ / / (s, £sin 0)] (b(8) — by (6)) dO ds
n // (Io(s. & cos )| + [w(s, Esin 6)]) b, (6) db ds

+ / llten) (¢ (s) = ¢yls)) (4 ¢ RE (s,€)] + R (,€)| + |RY (5,€)1) ds

0

t
4 / eoInlliten) (15 (s, )] + [SF (5,€)] + 5T (5,€)]) ds.
0

We now deduce from (83), (84), (85), (86) and (87) that

(0 0)|
|w|(§|2g —’w|£|25 //_ \ﬁssfn8191|12 |sin 6] (b(6) — b (6)) df ds

9)| Esind
//_W<‘wy§c§):;ys2 | co 9‘2+W\ n9!2> n(0) d ds
+C<1+/’r (sin? @ + 1 — cos ) bn(Q)d9>/(Cf(s)_cg(s))es(bn1+5n)+gEZg(s) s
- ;

™ t
+C </ (sin2 6 +1— cos 0) (b(@) _ bn(g)) d@) / eS(||bn||1+8n)+2EZg(S) ds,
- 0
where C denotes a constant that only depends on E and ¢. Setting
- / [sin 02 (b(6) — bu(6)) dO +/ ba(6) 6,

we thus have, for X >0 ,

w(t, &) w(0,6)] S ICRS)
TP T3P ”‘”/OZ‘;% R

™ t
+C <1 +/ (sin? 6 + 1 — cos 6) by, (0) d9> / (Cr(s) = Cy(s)) eslbnliten)+2EZ4(s) g
-7 0

T t
+C </ (sin?@ + 1 — cosh) (b() — b, (h)) dH) / eSbnlliten)+2E2Z4(s) g
. )
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The Gronwall lemma then ensures that

t 0
sup |w( 725) ‘ S eant sup |w( 725) |
g<x €] g<x €]

™ t
+C (1 + / (sin?@ + 1 — cosh) b, (6) d0> / (Cr(s) = Cq(9)) eon(t=5) os(llbnll1+en)+2EZ4(s) 44
0

—T

™ t
+C (/ (sin2 0 +1— cos 9) (b(e) o bn(Q)) d9> / ean(t—s) es(||bn||1+8n)+2EZg(8) ds.
—T 0

Recalling that w is defined by (88), we now obtain that

. lu(t, eEZe®¢)| < elan=lbali—en)t g, |u(0,€)]
gl<X 13K e<x  I€P

™ t
+C (1 + / (sin? 0 + 1 — cos ) by, (6) d9> / (Cr(s) = Cq4(9)) elon=lbnlli—en)(t=s) (2BZ4(s) g
0

-

™ t
+C </ (sin20 + 1 — cos8) (b(6) — bu(6)) d9> / elan—llbnlli—en)(t—s) 2EZ4(s) 44

. 0

But, limy, 4 o0 €, = 0 and lim,, 4 oo (ay, — ||b]|1) = 0. Hence, passing to the limit n — 400 leads to

Ju(t, eBZ%s(1)¢))| [u(0, )|
SUp ————5—— < sup 5
HES SN fex €]

+ C (1 + / ’ (sin? @ + 1 — cos §) b(h) d&) /O t(gf(s) — (y(s)) 2% gs.

—T

Consequently, for X > 0, we have

|u(t’ el (t)é-)‘ |’LL(O, 5)’ ‘ _ 2EZ4(s)
e b IR /0 (Ch(s) — Cols)) 2P0 s ||

where the constant C only depends on E, ¢ and [™ (sin?€+1—cos6) b(6) df. The right-hand side
of the previous inequality being independent of X, we obtain that the desired result holds for every
£ eR. O

Proof of Theorem 2. Let f;;, and g;, be two functions satisfying (4) and (8). Denote by f and g
two weak solutions to (1) with initial conditions respectively f;, and g;,. Then, (f = (4. We thus
deduce from Proposition 9 that

F(6,6) — 31, €)] < € 25 70t0) gup Win(&) = GinlE)]
£eR i
for every ¢ € R and ¢t > 0, which completes the proof of Theorem 2. 0
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Proof of Theorem 4. Taking g = fsq4 in Proposition 9 and recalling that u is defined by (82),
we get

F(8,6) = fsar(©)] < (e, )] +1¢5 (1) = Go(0)] |6(€)

2 _2EZ,(t) [u(0,8)] 2EZy(s) g
= e <56R B +C/ ()= lepe )
+ CE ¢ ) = G,

for every ¢t > 0 and £ € R. Besides, we have (; = (4, where (4 is given by (14) and we infer from
(13) that

1C(8) = C4| < CemsVEPHIER

for every s > 0. Consequently,

m@aﬂm@n<mw(ﬁgwpKﬁGM¢MMM+C/%l@@>+CGNWHW
[3 - 0 7

ceR  |€]?
for every t > 0 and £ € R. Thus, we have, for t > 0 and R > 0,

sup £ (t,€) \_'§|f8tat(£) < O Re-WETHEE-K)t | ¢ (~tV/KTHIE?,
IEI<R

On the other hand, since f and fgq: both have mass 1, we obtain that

sup ’f(t7§) B fsmt(&)‘ S
€|>R €]

CRS

Combining the two previous inequalities, we deduce that

d1(f(t,.), fstat) < C Re~ VEPHAE KOt | ¢ o~tVEPHIE? | %.
Then, taking

R 2
VO e~ (VETHAET-K)t’
completes the proof of Theorem 4. O

A Auxiliary results on convex functions
Let @ € C1([0, +o0)) be a nonnegative convex function such that ®(0) = 0, ®'(0) = 0, ®’ is concave.
Lemma 10 Forr € [0,400) and X € [0,400),

®(Mr) < max{1,\?} &(r).
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Proof. Let » > 0. If A € [0, 1] then the monotonicity of ® ensures that
d(\r) < ®(r) < max{1, \?} O(r).

Otherwise, we deduce from the concavity and the nonnegativity of ®" that

P'(s) =@ (A/\s - (1 — i) 0> > % ' (\s),

for s € [0,7]. Integrating this inequality over (0,7) then leads to
1
(I)(T) Z ﬁ @()\7“),

which completes the proof of Lemma 10. U

®(r)

= 1S concave.

Lemma 11 The mapping r —

Proof. Consider » >0, s >0 and A € [0,1]. Since @' is concave, we have

PAr+(1-XN)s) o
NP —Ns /0 O (z(Ar 4+ (1 = N)s))dz
1
> /0 (AP (21) + (1 — N\)®'(25)) dz
> A <I>£r) +(1-=X) (I)((:)

0
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