ON THE WELL-POSEDNESS OF THE SPATIALLY
HOMOGENEOUS BOLTZMANN EQUATION WITH A
MODERATE ANGULAR SINGULARITY

NICOLAS FOURNIER!, CLEMENT MOUHOT?

ABSTRACT. We prove an inequality on the Kantorovich-Rubinstein distance —
which can be seen as a particular case of a Wasserstein metric— between two
solutions of the spatially homogeneous Boltzmann equation without angular cutoff,
but with a moderate angular singularity. Our method is in the spirit of [7]. We
deduce some well-posedness and stability results in the physically relevant cases
of hard and moderately soft potentials.

In the case of hard potentials, we relax the regularity assumption of [6], but we
need stronger assumptions on the tail of the distribution (namely some exponential
decay). We thus obtain the first uniqueness result for measure initial data.

In the case of moderately soft potentials, we prove existence and uniqueness assum-
ing only that the initial datum has finite energy and entropy (for very moderately
soft potentials), plus sometimes an additionnal moment condition. We thus im-
prove significantly on all previous results, where weighted Sobolev spaces were
involved.
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1. INTRODUCTION

1.1. The Boltzmann equation. We consider a spatially homogeneous gas in
dimension d > 2 modeled by the Boltzmann equation. Therefore the time-dependent
density f = f;(v) of particles with velocity v € R solves

(L) o) = [dv. [ doBllo =l L) = F) )]

where
, vtue v —w, , vtu, =,

g, * -
2 2 2 2

and 6 is the so-called deviation angle defined by cosf = (‘Z:z‘) .

The collision kernel B = B(|v — v.|,0) = B(|v' — v.|,0) is given by physics and is
related to the microscopic interaction between particles. In dimension d = 3 it is
related to the probabilistic cross-section B of the distribution of possible outgoing
velocities v" and v) arising from a collision with two particles with velocities v and
v,, by the formula B = |v — v,| B. We refer to the review papers of Desvillettes [5]
and Villani [I8] for more details.

Conservation of mass, momentum and kinetic energy hold at least formally for
solutions to ([T]), that is for all ¢ > 0,

filv)p)dv = | fo(v)p(v)dv, o =1u|vf
R R4
and we classically may assume without loss of generality that fRd fo(v)dv = 1.

1.2. Assumptions on the collision kernel. We shall assume that the collision
kernel takes the form

(A1) B(jv —v,],0) sin®20 = &(|v — v,|) 5(dh)
for some function ® : R, +— R, and some nonnegative measure /3 on (0, 7].

In the case of an interaction potential V' (s) = 1/r® in dimension d = 3, with s €
(2,00), one has

$—9 2
VvV =

(1.3) P(2) =cst2?, B() ~cstd 17", with v = P 1

On classically names hard potentials the case when v € (0,1) (i.e., s > 5 in dimension
d = 3), Mazwellian molecules the case when v =0 (i.e., s = 5 in dimension d = 3),
and soft potentials the case when v € (—d,0) (i.e., s € (2,5) in dimension d = 3).
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Let us emphasize that fo N B(df) = +oo, which expresses the affluence of grazing
collisions, but in any case,

(1.4) /Oﬂ 0% 3(df) < +oo.

In this paper we shall deal with a moderate angular singularity, that is we shall
assume that the collision kernel satisfies

(A2) K = /;96(039) < +o0,

which corresponds to s € (3,00) in (I3)).

We will also assume that ® behaves as a power function, namely that for some
v € (—d, 1], there exists some constant C' such that for all z,Z € R,

(A3(7)) B(z) < O [B(z) - B(2)| < |27 - 2],

Sometimes, we will need a lowerbound: there exists ¢ > 0 such that for all z € R,

(A4(7)) () > e,

In the case of hard potentials, we will also sometimes use an additionnal technical
assumption in order to obtain the propagation of some exponential moments:

(A5)  B(df) = b(cos ) df, where b is nondecreasing, convex and C' on [—1,1).

In the case of moderately soft potentials, we will sometimes use

(A6(v)) B(d6) = B(0) dO with B(6) ~p_o cst O

for some positive constant.
In practise, all these assumptions are met when one deals with interaction potential
V(s) = 1/r® in dimension d = 3, with s € (3, 00).

1.3. Goals, existing results and difficulties. We study in this paper the well-
posedness of the spatially homogeneous Boltzmann equation for singular collision
kernel as introduced above. In particular we focus on the questions of uniqueness
and stability with respect to the initial condition which were open, for collision
kernel with angular cutoff, until the two recent papers [7, 6] (except in the special
case of Maxwell molecules, see below).

In the case of a collision kernel with angular cutoff, that is when fow B(do) < +o0,
there are some optimal existence and uniqueness results: Mischler-Wennberg [13]
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in the space of L! non-negative functions with finite non-increasing kinetic energy
(for counter-examples of spurious solutions with increasing kinetic energy, see [20]
in the hard spheres case, and [I1] in the case of hard potentials with or without
angular cutoff), Lu-Mouhot [T0] in the space of non-negative measures with finite
non-increasing kinetic energy.

However, the case of collision kernels without cutoff is much more difficult. At the
same time it is crucial from the physical viewpoint since it corresponds to the funda-
mental class of the interactions deriving from inverse power-law between particles.
This difficulty is not surprising, since there is a difference of nature in the collision
process between the two cases: on each compact time interval, each particle collides
with infinitely (resp. finitely) many others in the case without (resp. with) cutoff.

Until recently, the only uniqueness result obtained for non cutoff collision kernel was
concerning Maxwellian molecules; studied successively by Tanaka [T5], Horowitz-
Karandikar [9], Toscani-Villani [TI6]: it was proved in [16] that uniqueness holds for
the Boltzmann equation as soon as ® is constant and (L4 is met, for any initial
(measure) datum with finite mass and energy, that is [p.(1 4 [v]?) fo(dv) < 4-o0.

There has been recently two papers in the case where 3 is non cutoff and & is
not constant. The case where ® is bounded (together with additionnal regularity
assumptions) was treated in Fournier [7], for essentially any initial (measure) da-
tum such that [p,(1 + [v])fo(dv) < co. More realistic collision kernels have been
treated by Desvillettes-Mouhot [6] (including the physical important cases of hard
and moderately soft potentials without cutoff), for initial data in some weighted
WHl spaces.

In the present paper, we extend and improve the method of [7]:

e it can deal with the physical collision kernels corresponding to hard and
moderately soft potentials, as in [6]: in dimension d = 3 we obtain well-
posedeness for interaction potentials 1/r* with s € (3, c0),

e the proof is simplified as compared to [7]: it is shorter, allows measure initial
conditions (for technical reasons, we had to consider only functions in [7]),
and it does not refer anymore to probabilistic arguments.

Finally let us compare our results with those in [6], when applied to the case of an
interaction potential V(s) = 1/r° in dimension d = 3.

e Our result is much better in the case of moderately soft potentials (s € (3,5)).
Indeed, we assume only that the initial condition f; has finite mass, energy
and entropy (plus, if s € (3,3.48), a moment condition [y, [v]?fo(v)dv < oo
for ¢ large enough). All these conditions, together with f; € LP(R?) N
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WHHRY (1 4 |v])?dv) (for some p > 1 depending on the collision rate) were
assumed in [6].

e Our result is different in the case of hard potentials (s € (5,00)). We allow
any measure initial fo condition such that for some & > 0, [5q =Ml fo(dv) <
oo, where v = (s — 5)/(s — 1). In [f], the case where fy € WhH1(R?, (1 +
|v])2dv) was treated. We thus assume much less regularity, but much more
localization.

Let us remark that our result is quasi-optimal when s € (3.48,5), since the finiteness
of entropy and energy is physically very reasonnable. It might be possible to relax
the entropy condition, but it is not clear: one reasonnably has to assume a few
regularity on fp to get the uniqueness, since the collision rate involves |v — v,|” with
v < 0, and we remark that |v — v.|” fo(dv) fo(dv,) is infinite when f; contains, e.g.,
Dirac measures.

Let us emphasize that, as in [0, [7], we are only able to prove well-posedness in the
case of a moderate angular singularity (assumption (A2)).

To our knowledge, there is no uniqueness result under the general assumption ([C2),
except for Maxwellian molecules (see [16]).

1.4. Notation. Let us denote by Lip(R?) the set of globally Lipschitz functions
¢ :RY— R, and by Lip,(R?) the set of functions ¢ € Lip(R?) such that

o) = e )] _

i dy = Su —
||90||L1p(R ) U;,&I{? ‘U _ U|

Let also LP(RY) denote the Lebesgue space of measurable functions f such that

1/p
||f||Lp(Rd) = (/d fp d’U) < +00.
R

Let P(R?) be the set of probability measures on R¢, and
PiRY) = {f e PRY), mi(f) <oo} with my(f):= C|lfu\ f(dv).
R

We denote by L>*([0,T], P1(R?)) the set of measurable families (f;)sejo,7) of proba-
bility measures on R? such that

sup my(f;) < +oo,
[0,T]
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and by L ([0, T, P;(R%))NL ([0, T], LP(R?)) the set of measurable families ( f;)iejo7)
of probability measures on R? such that

T
[sup} my(fi) < +oo, / | fell Lo ray dt < 4-00.
0,7 0

For v,v, € R?, and o € S, we write

v+, v — v
O-’
2 2

v =1'(v,0,,0) =
and we write
o = (cosf,sinf&)  with &€ € ST2, 0 € [0, 7],
in some orthonormal basis of R? with first vector (v — v.)/|v — v,|.

Finally we denote A y = min{z,y} and x; = max{x,0}, and for some set E we
write 1 the usual indicator function of .

2. MAIN RESULTS

Let us define the notion of weak (measure) solutions we shall use.

Definition 2.1. Let B be a collision kernel which satisfies (A1-A2). A family
[ = (fo)epp.r € L=([0,T], P1(RY)) is a weak solution to (L) if

(2.1) /0 dt Rdft(dv) /Rdft(dv*) O(|v — vy]) J[v — vi| < F00,
and if for any ¢ € Lip(R?), and any t € [0, T],
(2. i [ o siao) = [ i) [ i) Al 0.),

aRd

where
28) Al = oo —ul) [ 5@ [ i)~ o) de

Note that for any o € S,
1 —cosf
2

so that thanks to assumption (A2), (1) ensures that all the terms in (Z2) are
well-defined.

0
(2.4) [V — | = v — v, gi\v—vq,
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Let us now introduce the distance on P;(RY) we shall use. For g, € P;(R?), let
H(g,g) be the set of probability measures on R? x R¢ with first marginal g and
second marginal g. We then set

di(g,9) = inf{ lv — 0| G(dv, dv), GEH(Q,Q)}

R4 x R4

= min{ lv — | G(dv, dv), GeH(g,g)}

(2.5) = sup {/fo(v) [9(dv) = g(dv)], ¢ € Lipl(Rd)} :

This distance is the Kantorovitch-Rubinstein distance, and can be viewed as a par-
ticular Wasserstein distance. We refer to Villani [I9, Section 7] for more details on
this distance, and for proofs that the equalities in (ZZ3) hold.

Our main result is the following inequality, which will be applied in the sequel to
hard and soft potentials separately.

Theorem 2.2. Let B be a collision kernel which satisfies (A1-A2). Let us consider
two weak solutions f, f to (1) lying in L>([0,T], P1(RY)), and satisfying

T ~ ~
26) [t [ [0 2o + ) )] (5 o) bl — ) < o
0 RexR4
For s € [0,T), let Ry € H(fs, fs) be such that
dl(fsv.fs) :/ |U_6|R5(dvadﬁ)
RIxR4
Then for all t € [0,T7,

) . S92 [t ) )
(s 7)< dv(for Jo) + /0 ds /R . di) /R Ru(dv,, d)

2 xRd

X [8 (®(Jo — v.]) A D5 — ) |0 — 1]
+(@(l = wa]) = B~ 1)) , |~ ]
(2.7) +(®()5 — ) —@(v—v*))+|'z7—'z7*\].

The meaning of this inequality can be understood by means of probabilistic argu-
ments, see [{] for details. Consider however two infinite particle systems, whose
velocity distributions are f and f respectively. The main ideas are that the first
term on the right hand side expresses an increase of the optimal coupling due to
simultaneous collisions (in both systems), whose rate is (optimally) the minimum
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between the two rates. Next, the second and third terms explain that the optimal
coupling also increases due to a difference between the rates of collision in the two
systems. Note that these two last terms equal zero in case of Maxwellian molecules.

We now give the application of our inequality to the study of hard potentials.

Corollary 2.3. Let B be a collision kernel which satisfies (A1-A2), and (A3)(7)
for some v € (0,1].
(i) Let € > 0 be fized. There exists a constant K. > 0 such that for any pair of

weak solutions (fi)icior), (f)icpor) to {@D), lying in L=([0,T], Py(RY)) and
satisfying

(2.8) C(T, f+7, 6) = sup /eal”lw [ft + ft] (dv) < +o0,
R

(0,T] /R4
there holds for all t € [0,T]:

dl(fta.ft) Sdl(f07g0)+KEC(T7f+fN7€) /0 dl(fsafNS)(1+}logdl(fsaf;)})ds‘

(ii) As a consequence for any fo € P1(R?), there exists at most one weak solution
f € L=([0,T],P1(RY)) to [ID) starting from fo and such that C(T, f,e) <
+00.

(i) Let us now give an existence and uniqueness result, assuming (here only)
additionnally (A4)(y) and (A5). Consider fo € P1(RY) such that, for some
go >0, K >0, we have

(2.9) / el fo(dv) < K < +o0.

Then there exists a unique weak solution (f;)icio00) € Lio.([0,00), Pi(RY))
starting from fy. Furthermore, there exist 1 > 0 and K > 0, depending only
on €y, K, B, such that for all T >0, O(T, f,e,) < K.

(iv) Finally let us give a result on the dependence according to the initial datum.
Consider a family (f™)n>1, [ of weak solutions to (L) such that, for some
e>0,T >0, we have

sup C(T, f* + f7,£) < +oc.

n>1
Then

lim di(ff, f°)=0 = lim up di(f¢', f7°) = 0.
n—00 n—o0 o T

Let us recall that this result applies in particular to hard potentials in dimension
d = 3 (that is inverse power-law potentials with s > 5). In [6], under very similar
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conditions on the collision kernel, a well-posedness and stability result was obtained
in the space L>=([0, T], WYHR?, (1+ |v|?) dv)). We thus relax the regularity assump-
tion, but we require more moments.

We finally apply our inequality to the study of soft potentials.
Corollary 2.4. Let B be a collision kernel which satisfies (A1-A2), and (A3)(7y)
for some v € (—d,0).
(i) Let p € (d/(d+ ), 0] be fizred. There exists a constant K, > 0 such that
for any pair of weak solutions ( f;)icjo.r], (ﬁ)te[oﬂ to (L) on [0,T], lying in
L>=([0,T], P1(RY)) N LA([0, T, LP(RY)), there holds

Vi € [Oa T]a dl(fta ft) S dl(f07 gO) er [C(Lf,p)JrC(t,f,p)th] )

where
vte 0.7,  C(tf.p) / Vol o ds.

Uniqueness and stability thus hold in L*°([0, T], Py (R%)) N L*([0, T], LP(RY)).
(i) Letp € (d/(d+y),00]. For any initial condztwn fo € P1(RY) N LP(RY), local
existence and uniqueness hold, that is there exists

T, =T, (I foll o (ray, B) >0

such that there exists a unique weak solution (fi)icp ) to (L) which fur-
thermore belongs to

([0, 72), Py (RY) N LP(RY)).

(iii) Assume now furthermore that v € (—1,0), (A4)(y), and (A6)(v) for some
€ (=v,1). Consider an initial datum fo € Py(R?) with finite energy and
entropy, that is

(2.10) / Jo(0)(ol? + | Tog fow) ) < oo

Assume also that for some ¢ > v*/(v +7), fo € L*(R%, |v|?%v). Then there
exists a unique weak solution (f;)icjo,00) to (L), which furthermore belongs
to

Lig ([0, 00), PL(RY) N LY(RY, (Jv] + [v]*) dv)) M Lig ([0, 00), LP(R))
for some (explicit) p € (d/(d+7),d/(d —v)).

Let us recall that point (iii) applies, in dimension d = 3, to the case of moderately
soft potentials, that is inverse power-law potentials with s € (3,5). In such a case,
one has v = (s —5)/(s — 1) and v = 2/(s — 1) € (—v,1). We observe that for
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s € (80,5), with s9 = 2¢/5 — 1 ~ 3.472, the choice ¢ = 2 is possible, so that our
conditions reduce to the finiteness of entropy and energy.

On the contrary, for s > 3 close to 3, q has to be chosen very large, e.g., for s = 3.01,
we have to take ¢ ~ 200.

A similar result was obtained in [6, Theorem 1.3], assuming that fo € LP(R?) N
LYRY, |v|? dv) N WHHRE (1 + [v|?) dv), with p > d/(d+ ) and ¢ > v*/(v + 7). We
thus relax a large part of these conditions.

The rest of the paper is dedicated to the proof of these results: we establish Theorem
in Section Bl Applications to hard and soft potentials are studied in Sections Hl
and [l respectively.

3. THE GENERAL INEQUALITY

As a preliminary step, we shall parameterize precisely the post-collisional velocities.
We follow here the approach of [§], which was strongly inspired by Tanaka [T5], and
we extend it to any dimension d > 2.

The first step is to define a parameterization of the sphere orthogonal to some given
vector X € R? This parameterization shall not be smooth of course. We identify
in the sequel §° = {1, +1}.

For X € R4\{0}, we set Sx to be the symmetry with respect to the hyperplane

X 1
= (ed‘m)

(where e = (0,...,0,1)) if e # X/|X]|, and Sx = Id else. We set
Cx ={UeR?; |U|=|X|and (U X)=0}.
Then we parameterize Cx by S92 as follows: we set
VE= (&, &) €572 TIE) = (&, €a1,0) € ST C R
and
[(X,€) = |X| Sx(II(€)).
It is easy to check that for a given X, the map £ € S92 — TI'(X,¢) is a bijection
onto Cx and is a unitary parameterization. Therefore, for ¢ € S¥2, § € [0, 7], and
X,v,v, € R one may write

cosé’—l( )+sin9
— (v — v,
2 2

v =10 (v,0,,0,8) =v NGRS
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and for all ¢ € Lip(R%), recalling (Z3)

All(w0) = bllo =) [ 5a0) [ de [/ 0,0.0,6) = ()]

A problem of this parameterization is its lack of smoothness. To overcome this
difficulty, we shall prove the following fine version of a Lemma due to Tanaka [T5],
whose proof may be found in [8, Lemma 2.6] in dimension 3.

Lemma 3.1. There exists a measurable map & : R? x R? x S¥2 +— S=2 such that
for any X, Y € R4\ {0}, the map & — (X, Y, €) is a bijection with jacobian 1 from
S¥=2 into itself (when d > 3), and
(31) vfegde’ }F(X7€>_F(Y7§O(X7Y7€>)’ Sg‘X_Y‘
This implies that for all v,v,, 0,0, € R, all € [0, 7], all € € ST2, we have
’U/(Ua Vs 0, g) - U/(f}, f)*a ‘9, gO(U — Uy, v— 77*7 5)}
(3.2) <|v=20]+20 (Jv—3| + |v. — 0.]).
Proof of Lemma 31l The case d = 2 is trivial, therefore we assume d > 3.

Let us consider X,Y € R4\ {0}. If X/|X| = Y/|Y|, it is enough to choose
&(X, Y, &) = £, Indeed in this case Sx = Sy so that

Now assume that X/|X| # Y/|Y|. Then let us define Rxy to be the axial rotation

of R¢ transforming X/|X| into Y/|Y| around a line perpendicular to the plane
determined by X and Y. Let us then define &, by the identity

Y
LY. &(X,Y.6) = g R (C(X.) € O
For any X,Y € R%\ {0}, the application & — & (X,Y, &) is the restriction to S¢2
of the following orthogonal linear transformation on R%~!

VZeR¥™, Oxy(Z)=T"'oSyoRxyoSxoll(Z).
Therefore it has unit jacobian. Finally let us check the control (BI):

}F(X7€> - F(Ya gO(Xa Yaf))’ = ’F(X7£> - %RX,Y F(Xa f)’
VYL IM _
<[reeo (1- 15|+ (5] Mo - ReyTxe)

Y X
<|X-Y Y| |l— - —| <3|X-Y]|
<X =1+ = g <20 -7
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Since the transformaction &y(X, Y, -) has unit jacobian, one may finally rewrite (Z3)),
for all ¢ € Lip(R%), all X,Y € R? (which may depend on v, v,, ), as

33) Algl(wv) = 8(o—v) [ 500) [ e [o( (000 60(X.Y.60)) =lo)].

We may finally give the
Proof of Theorem [ZZ4. We denote

e = [ oto) (fi= F)(a)
R
for ¢ € Lip,(R%), t € [0, T]. We also set k; = dy(f;, f;), and we recall that

he= [ |v—0|R(dv,dv) = sup h{.

Rd x R4 ¢ € Lip, (R9)

Step 1. Let us thus consider ¢ € Lip,(R%). Using @), that R, € H(f,, f;) and
B3), we immediately obtain, using the map &y built in Lemma BT,

Gt = [ () ftde) Algl(wo) = [ Fa) fldn) Alel(6.5.)
_ Adﬁjdv,d@) /Rdf%ﬂgd(dv*,dﬁ*) (Alel(w. ) - Algl(.2.))
- /R Ruldv, do) /R Rildo., do.) /0 " 3(d6) /S o
(3.4) (@l = va)) [0/ (0,0, 6.)) = o(0)

— (|5 — 0,) [0 (v (5, 5., 0, €0 (v — 02, B — 0., €) ) — gp(@)}).
We now use the shortened notation
V' =v'(v,0,,0,8) and ¥ =0 (0,04,0, & (v — i, 0 — 04, €)).

Noting that for all z,y € R, x = x Ay + (x — y)4, we easily deduce from (B2]) that

d ™
ht = /Rt(dv,dfz?)/ Rt(dv*,dﬁ*)/ ﬁ(d@)/ d¢
R4 x R4 Rd x R4 0 Sd-2

([2(0 = v.h A@(17 = 3.D] x [o(v)) = ol@) = 9(0) + #(5)]
+
[0 = 1)) - (lv — v
5 I+ I + I (1),
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where the last equality stands for a definition. Using that ¢ € Lip,(R%), (Z4), and
(A2), we get

[5(t) + I(t) < k=

i
Ri(dv, dv) / R(dv,, dv.)
R

2 R xR4 dx R4
([0l = val) = (15 = B.])], Jo - .
+ [l — 7)) = v —v.])], [ - 5.1).

Next, using again that ¢ € Lip,(R%), we get that for all € € (0, 7),

IFit) < /Rt(dv,dﬁ)/ Ry (dv,, dv,) / B(d / d§
R x R4 R xR4 Sd-2

[@(Jv — v]) A®(|0 — 0.])] x [[v" —v| + [¢' — D]

+4d$d(dv,dv) /Rdﬁgcgdv*,dv*)/ 3(dp) /S g
(@ (v — wl) A B[ — .])] x [|v/ — | — o — o]
)
)] x

—1—/ Rt(dv,dv)/ Ri(dv,,d */ (d@)/ d¢
Ré xR R xR4 Sd—2

[lv = 2] = (p(v) = ()]

[@(Jv — v.]) A D(]T — T,
= J7(t,e) + J5(t,e) + J5(t,¢),

where the last equality stands for a definition. First for J5 (¢,¢), using (B2) and
(A2), we immediately get, by symmetry, that

J3 (1)

IN

2 (/jeﬁ(de)> |S42| Rt(dv,dﬁ)/R Ry(dv,, dv,)

R4 x R4 dxRd
[@(lo —v.l) A @[5 — 3.)] [Jo— 8] + Jo. — ]
< 45872 | Ry(dv,dd) / Ry(dv,, dv,)
Rd xRd Rd x R4
[@(Jv = v.]) A®(|0 — 0.])] v — 9.
Next, setting

o =152 [ 0p(ap)
0
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it is not hard to obtain, using (22, the fact that R, € H(f, f;) and a symmetry
argument, that

J{"(t,s)g%/Rt(dv,dﬁ)/ Ry(dv,, d?,)
R R

dyRd dwRd

X [@(Jv—v]) A0 = T.])] (o] + 0] + Jvu| + |04])
ﬁmj/ﬁdm (v — v.]) o] + a. (@)Rﬁu@mw@_mpm
<Ot 1, f)a,

where the constant C(t, f, f) belongs to L' ([0, T]) due to (0.

Finally for J{(t,¢) we notice that the integrand is nonnegative (since € Lip, (R?))
and does not depend on #, . Hence, denoting

5.1= 157 [ pld9) <+
we have, for any A > 0,

Ji(t,e) < K{(t,e,A) + K7 (t, e, A),

where

K?(t,e,A) = AS. / Ry(dv, dv) / Ry(dv.,d?,)
R R

dywRd dwRd

[lo— 0] = (o(v) — ¢(0))]
Kf(t,e,A) = se/ Rt(dv,dﬁ)/ R, (dv., dv,)

dyRd dwRd

[q’(|’0 —v:|) A O(Jo - "7*\)] L{@(jo—v. )rd(5-.))>A} [V — D]
Using that R, € H(fi, ft), and that it achieves the Wasserstein distance, we get
Kf(t,e, A) = AS. [d(fi fo) - b ].

Next, we obtain
Ki(t,e A) < ﬁdv/ﬁdmrwﬂw—mbmmvvpa

Rdft(dﬁ) Fi(d,) 8] @5 — 0.]) Lia(o—s.py>a

R4

S SECA(tafaf)'
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Due to (Z8), we observe that
T

lim [ Ca(t, f, f)dt=0.

A—oo 0

Step 2. Gathering all the previous estimates, we observe that for any ¢ € Lip, (R?),
te0,T],e >0, A>0, we have

d

(3.5) Ehf < Hy+T.a(t) + AS: [hy — b,
where . .

Loa(t) = C(t, f, [) + S Calt, f. ),
and

Hy = iy Rdﬁgcgdv,dﬁ)/Rdi%ﬂgd(dv*,dﬁ*)(S[@(\v—M)/\@(@—'&*)} v — 9]
(@ (v — wl) = (5 — )], Jo — v + [B(|5 - 8.]) - Bv —w.)] , |2 —@*|).

Recall that h; = sup hy, and that our aim is to prove that

peLip, (r?)
(3.6) h < ho +/t H. ds.
We immediately deduce from (B3) that 0
hf ettt < hf + /t "% [Hy+ T a(s)] ds + AS. /t hs %% ds.
0 0

Then we take the supremum over ¢ € Lip, (R?) and we use the generalized Gronwall
Lemma which states that

t
utggt+a/ Ug ds
0

implies that

t
dg,
w< e+ [ Legy
0 S

which yields
t
hy et < hoetSet 4 eASEt/ [H, + T a(s)] ds,
0

so that for all ¢ € [0, T,

t T
hy < h0+/ H, ds+/ I a(t)dt.
0 0
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This inequality holding for any ¢ > 0, A > 0, we easily conclude that ([B8) holds,
since

T T
lim Toa(t)dt = a. / C(t, f, f)dt
A—o0 0 0
with
T ~.
/C(t,f,f)dt<+oo
0
and .
o= 82| [ 00(d8) —0
0 e
due to (A2). O

4. APPLICATION TO HARD POTENTIALS

4.1. Propagation of exponential moments. We first prove a lemma on the
propagation (and appearance) of exponential moment, which is a variant of results
first obtained in [2, 3] (and also developed in [T4} [12]).

Lemma 4.1. Let B be a collision kernel satisfying assumptions (A1-A2-A5) and
(A3)-(A4)(v) for some v € (0,1]. Let fy € Pi(R?).

(i) Assume that for some g9 > 0, some s € (0,2),

/d ecolvl® fo(dv) < Cyy s < +00.
R

Then there exists €1 > 0 and a constant C' > 0, depending only on s, gy,
Ceo,s, such that for any T > 0, any weak solution (fi)icjor) to [LI) satisfies

sup/ e £ (dv) < C < +o0.
0,7] Jrd

(ii) Assume now only that eq = [p.|v|*fo(dv) < oo. For any s € (0,7/2),
any 7 > 0, there exists € > 0 and C > 0, depending only on s, T, and
an upperbound of ey such that for any T > 0, any weak solution (f;)icjo,r]

to (L) satisfies

sup / e fi(dv) < C < 4o0.
R4

te[r,T]

Proof of Lemma[f1. We first recall that for any ¢ € [0, T,

(@) L 1Pt = [ o fu(an) = o
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and we observe that for all v € R?, all ¢ > 0, since v € (0, 1] and since f; € P;(R?),

(42) [ o=l ftdv) 2 1ol = [ o fido) = o - ey
R4 Rd

Let us fix 0 < s < 2. We define for any p € R,

mp(t) = [ 10l fldo).

Step 1. The evolution equation (Z2) yields

dm
(4.9 2= [ (o= ) Ko w) fldo) filde),
Rd xRd
where, using (A5) and a symmetry argument,
1 s
Ky(v,v.) == 5 / / (J0']°P + [l |*P = [v]*P = |0.|*P) b(cos 0) db dE.
2 0 Sd—2

Let us split b = b¢ + b}, for some 7 € (0, 7) with
b (cos 0) = b(cos 0) gy + [b(cosn) + ' (cosn) (cos§ — cosn)] Lo<o<y

for & € (0,7]. Due to (A5), we know that b; < b, so that b; > 0. We can split
correspondingly K, = K" + K. We also easily check that for each n € (0, ),
by, is convex, non-decreasing, and bounded on [—1,1). We are thus in a position to
apply [B, Corollary 1], which yields that for p > 2/s,

c sp/2 s s
(4.4) Ke(v,0.) < ay(n) (Jo]? + o)™ = K () (Jo] + [0.])
where (a,(n)), is strictly decreasing and satifies
C(n)
sp+1

for some constant C'(n) depending on an upper bound of by, and some constant K (1)
depending on a lower bound of the mass of 3. Therefore K can be made uniform
according to n as n — 0.

For the other part of the collision kernel we use for instance |6, Lemma 2.1] and
assumption (A2) to deduce that (as soon as sp > 2)

(4.6) K7 (0,0,) < 6(n) (Jo*? + |v.]*P)
with

(4.5) Vp>2/s, 0<a,<

d(n) < cst / 0 b, (cos0)df — 0
0

as n — 0, due to (A2).
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Combining (AFLHFH) and fixing carefully n we thus find for all p > 2/s
Ky(v,0.) < ap ([0 + [0.?) ™ = K (o] + |o.]?)

for some constant K > 0 and where (@,), is strictly decreasing and satisfies, for
some constant C' > 0,

Vp>2/s, 0<a,<

sp+1°
We of course deduce that for p large enough, say p > pg > 2/s,

(A7) Kp(v,0) < dp ([0 + [0uf2) 7 = o] = 0. ?] = K (jol” + o),

changing if necessary the value of K > 0.
We now insert () in ([3). Using (A4)(v) and [Z), we get, for p > po,

dm,,
dt

for some new constant K’ > 0 and with

Quim [ [+ 10)™ = o} = o] @(10 = vu]) i) flds).

(4.8) < 0y Qp — K’ (Mpyys — 63/2mp)

Step 2. Using (A3)(~) and following line by line the proof of [I4, Lemma 4.7] from
[T4, eq. (4.13)] which is the same as (L)) here to [I4, eq. (4.19)] (this proof is itself
essentially based on [3]), we obtain the following conclusion. Set k, = [sp/4 + 1/2]
(here [-] stands for the integer part). Set also, with the usual Gamma function,

my
= = d = _ _ .
Zp F(p I 1/2) an D kg?ﬁ;p {Z(2k+’y)/s Zp—2k/ss 22k/s Fp 2k/s+’y/s}

Then for some constants A" > 0, A” > 0, A” > 0, for all p > po,

@z
dt

Step 3. Next, point (i) can be checked following the ideas of [T2, Proposition 3.2]
(for 7 = 1) and using that classically, for any p > 0, SUD;e[0,00) Mp < Cp, for some
constant depending only on B and m,(0), see e.g., [I8, Theorem 1-(ii)] and [6,
Lemma 2.1].

1+X
(49) S A’pW/S—l/Q Zp _ A”p’Y/s % P4 A///Zp.

Step 4. Finally, point (ii) can be proved following line by line the proof of [T4.
Lemma 4.7].
0



WELL-POSEDNESS OF SOME SINGULAR BOLTZMANN EQUATIONS 19

4.2. Proof of Corollary We first recall the following variant of a classical
lemma used by Yudovitch [21] in his Cauchy theorem for bidimensional incompress-
ible non-viscious flow. See [, Lemme 5.2.1, p. 89| for a proof.

Lemma 4.2. Consider a nonnegative bounded function p on [0,T], a real number
a € [0,00), and a strictly positive, continuous and non-decreasing function p = p(z)
on (0,00). Assume furthermore that

/ld_x_m
o H(x) ’

p(t) <a+ / lp(s)) ds.

and that for all t € 0,77,

Then
(i) if a =0, then p(t) =0 for allt € [0,T7;
(ii) if a > 0, then
Vte [0,T], m(a) —m(p(t)) <t

1
d
m(z) = / v
. 1Y)
We may now give the

Proof of Corollary[ZZ3. We thus consider v € (0, 1], and we assume (A1)-(A2)-
(A3)(). We also consider some ¢ > 0 fixed.

where

Step 1. Let us first prove point (i). Let us consider two weak solutions (f;):co,r):
(f)eepor) to (), lying in L°([0, T, P (R?)) and satisfying ([Z8). We are in position
to apply Theorem B since (A3)(y) and (£8) clearly guarantee that (28) holds. We
thus know that () holds. Using (A3)(), simple computations show that

(@(Jv = val) A ®(|5 = 8.])) [0 = 8] < C[Jo] + [0."] Jo = 3],
while
[@(Jv = v.]) = @(|0 — .])], [v — .
< Cl(lo =" = [0 =) [lo= vl Al =0 +](Jv = v| = [0 = )]
<Oy (Jo = v Ao =) |(Jv = ve| = [0 = &) | (v = ve| A0 = 04])
+C[Jv —v|"+ [0 — 0] [[v — 0] + |v. — 0]
<O+ ][] + o] + 8] + |8.]"] [Jv = 0] + v — 04]].
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We hence obtain by inserting these inequalities in (7)) and using symmetry prop-
erties, that for some constant D > 0,

(o F) < di(fo fo) + D /0 ds /R ol di) /R Ry(dv.. di.)

dwRd
X (o] + |ve|" + 5] + 0] Jv = o]

Recall now that R, €~H( fs, fs) achieves the Wasserstein distance. It is thus clear

(recall that C(T, f + f,e) was defined in ([Z8)) that

sup/ Rs(dv,, dv,) [|’U*|W + |’INJ*|W} <AC(T, f+ fa €)
[0,T] JRIxRd

for some constant A.. We thus get

0(fo ) < du(for fo) + DAC(T. f + [ e) /0 d(fo ) ds

t
+D / ds/ R (dv, do) [|v]” + [0]"] |v — 9.
0 R xR4
Next, for any s € [0,7] and a > 0, we have

AZ%Ww%)WP+WPMw—MS2me;ﬁ>

dwRd

+4fﬁ®d@hﬁ+@ﬂUw+mﬂhmm+ﬂwwﬁ

dyRd

<2a” dl(fsa fs) + L. / Rs(dv, df)) [e‘éa“//2 eclvl” + /2 ee\f)h]

R xR4

< 2a” dy(fs, fs) + L.e /2 C(T, f+ f, 6),
for some constant L. such that
[lol” + 18] [lol + B[] [e/% 4 %12] < L [eT" 4 €7,
Choosing a such that
a” = |2 logdi(fs, fs)/e],
we finally get
[ Rl (1o + 7] o =51 < 2 s ) oz (1 )

dyRd
_'_Ls C(Taf =+ f~78) dl(fmfs)'
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We finally obtain, setting K. = D (A. + L. + 4/¢), that

di(fi, fi) < di(fo, fo) + K-C(T, f + f.¢) /0 di(fs, f5) (14| log di(fs, f)]) ds.

Step 2. Points (ii) and (iv) are immediate consequences of point (i) and Lemma 2
applied with p(z) =z (1+ |logz|).

Step 3. Finally, we check point (iii). We thus assume (A1)-(A2)-(A3)(v)-(A4)(v)-
(A5), and consider an initial condition f, € P;(R?) satisfying () for some gy > 0.
Then we know from Lemma EZH(i) that any weak solution starting from f, satisfies
) for some £; > 0. We thus deduce the uniqueness part from point (ii).

Next, we approximate f; by a sequence of initial conditions f;' with finite entropy
satisfying (20) uniformly (in n), and such that d;(fy, fi') tends to 0. Then, using
for example the existence result of Villani [I7, Theorem 1], we know that for each n,
there exists a weak solution (f]");>o to (L) starting from f'. Due to Lemma ETH(i),
we deduce that there exists €; > 0 such that for all 7" > 0, sup,, C(T, f{*,e1) < 0.
It is then not hard to deduce from point (i) and Lemma EZ2 that there exists (fi)i>o
such that for all T > 0, C(T), f,e1) < oo and lim, supy 7 di(f{, ft) = 0. An easy
consequence is that (fi):>o is a weak solution to ([LT]) starting from fo. O

5. APPLICATION TO SOFT POTENTIALS

The application to soft potentials is easier, since we shall apply the standard Gron-
wall Lemma instead of that of Yudovitch.

Proof of Corollary[Z4. We consider v € (—d,0), and assume that (A1)-(A2)-
(A3)(7)-

We observe at once that for o € (—d,0), and for ¢ € (d/(d + «), 00|, there exists a
constant C, , such that for any g € P;(R?) N LY(R?), any v € RY,

/g(v*) v — v, |%dv, < / g(vy) v — v, |* du, —I—/ g(vy) du,
R [vs—v|<1

d |ve—v|>1

(5-1) < Coz,q HQHLQ(Rd) + 1.

Step 1. We first prove point (i). Let thus p € (d/(d + 7v),00]. We consider two
solutions f, f as in the statement. In order to apply Theorem 22 we have to check
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that (Z6) holds. But using (), since p > d/(d + ), we get for t € [0, T
o) [ fldv) 1+ o fo = 0.
R4 R4

< | [t aiob| s [ o) lo-op

veRE JRA
S[/ﬁ@@ﬂ+Wﬂ(@MMMWQ+U-
Rd

The same estimate holds for f, and therefore we conclude that the estimate (28)
holds using that f and f belong to L*=([0, T], P;(R%)) N L1([0, T], LP(RY)).

Hence we deduce that (1) holds. Simple computations using (A3)(y) show that
(®(v =) A (5 = 8.])) [o = 5] < Clo — v o - 31,

while
(®(0 —wu) = @(p =) [0 v

(|v—v*|/\|17—17*|—|— )<|v—v*| —|@—@*|)D

(o= vl = |5 = 8]) | (Jo = vl A o= 5.])

< (J)(|v N LT mn)

< Chl (lo = v Ao =)™

+C(Jo = vl VIg =50 | (o = vl = 5 = 3] |
<CO+ 1) (v=v.]" +]5 = .") (v —70] + v, — 0.]).

Inserting these inequalities in (7)) and using a symmetry argument, we obtain that
for some constant D > 0,

mmjbgmmwm+01}m4f§wdméfumM@g

dyRd
[|’U — T+ |6 — fam} v — .
Recall now that R, € H(fs, fs) and achieves the Wasserstein distance. Hence,
sup/ Ry (dv,., dv,) [\v — v "+ |0 — 6*\7]
v,0 JRIXRE

Swp(MMQW—M“Hw/ﬁMMW—@W
R4 0] R4

v

< Cop | filloay + Crp ||.ft||LP(Rd) +2
<Cip [HftHLP(]Rd) + ||ft||Lp(Rd)j| +2,
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where we used (BII). Since
/ Ry(dv,dv) v — 9| = di(fs, )
Rd xR

we obtain finally, choosing K, := D (C, , + 2),

dy(ft, ]Zt) < di( fo, fo) + K, [HftHLP(Rd) + ”ft”LP(]Rd) + 1] /0 dy(fs, f~s) ds

The Gronwall Lemma then allows us to conclude the proof.

Step 2. We now check point (ii). We only have to prove the existence of solutions,
since uniqueness follows from point (i). Using some results of Villani [I7, Theorems
1 and 3], we know that for v € (—d,0), for any f; € P;(R?) such that

/fo(v) (|’U\2 + | log fo('u)\) dv < 400,

there exists a weak solution f € L>([0,00), (1 + |[v|?) dv) to () starting from fo.
Then the existence result of point (ii) follows immediately from point (i) together
with the following a priori estimates, which guarantee that if fo € P;(R%) N LP(RY),
then this bound propagates locally (in time): first there exists C' = C'(B) such that
(see [6, Proposition 3.2] and its proof) for any p € (d/(d+ ), oc], any weak solution

to ([LT)) satisfies
d
Sl < C (41l 5o @)
so that for 0 < ¢ < T, := &(m/2 — arctan || fo||»), we have
(5.2) | fellr < tan (arctan || fol/zr + C't).
Next, we easily check, using (22), (4] and (A2) that
Sl

2

|U| fldv) < £

p ft (dv) /ft (dv,) |v — v, ",

If 1 4+~ > 0, we immediately conclude, since [v — v,|'™ < 1+ |v| + |v,], that

gd—2
/ [v| fe(dv) </€1| 5 | <1+2/Rd|v|ft(dv))’

so that for t > 0, we have

/Rd o] fuldv) < e S0 </Rd v fo(dv) + 1) .
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If 14+~ <0, we use (BI)) (with @« = 1 4« and ¢ = p, which is valid since p >
d/(d+~) > d/(d+ «)), and we deduce that

d S
a \/]Rd |’U‘ ft(d'U) < K 9 (ClJr»y,p ”ftHLp(Rd) + 1) = A HftHLP(Rd) + A/,

so that for 0 <t < T, we have, recalling (£2),
t
/ [v| fi(dv) < / [v| fo(dv) + A / tan (arctan || fo||» + C's) ds + A't.
R Rd 0

Step 3. We now assume additionnally that v € (—1,0), (A4)(v), and (A6)(v) for
some v € (—v,1). We consider an initial datum fy with finite energy and entropy
([ZI0), and such that for some ¢ > qo = v*/(v +7), fo € L'(R%, |v]9dv). Applying
the result of Villani [I7, Theorem 1], we know that there exists a weak solution

(ft)tefo,00) to ().

To conclude the proof, it suffices to apply point (i), and to check that for any weak
solution (f;)icpo,00) to (L)) starting from fy,

(a) f € Lig ([0, 00), LR, ([v]* + [v|")dv)),

loc

(b) there exists p > py := d/(d + ) such that f € L} ([0, 00), LP(R?)).

loc

Point (a) follows from a straightforward application of ([Z), using (A1)-(A2)-
(A3)(7) and that v € (—1,0), and concluding with the Gronwall Lemma.

To check point (b), we follow the line of [6, Proposition 3.3] (see (3.2), (3.3) and (3.4)
in [6] ), which was relying on exploiting the entropy production and its regularization
property obtained by Alexandre-Desvillettes-Villani-Wennberg [I].

Exactly as in [0, (3.2)], we get that for any a > 0,

T
(5.3) /0 (14 o))" fr(o)|| pasca—vy ey dt < C(L+T)

for any a > 0 any 7' > 0 and some constant C' > 0 (depending on «). Using point
(a), we also now that for all 7' > 0,

(5.4) Cr = s 1+ o) (0 e < o
0,7

By interpolation between estimates (B3) and (B4), we see that for all 7" > 0, for
another constant C'r depending on T,

T
(5.5) | U8l e < 1
0
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for any 1 < p < d/(d — v) as soon as, for instance

p—1
5.6 — .
(5:6) 0> a-n b
Since pg = d/(d+ ) < d/(d — v) (because 7 > —v) and since by assumption,
po—1 7

> = (— = ,
1= T G

we clearly have () when choosing with « > 0 small enough and p > py close

enough. This concludes the proof of point (b). O
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