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Abstract. The time-evolution of a moderately dense gas in a vacuum is de-
scribed in classical mechanics by a particle density function obtained from
the Boltzmann—-Enskog equation. Based on a McKean—Vlasov equation
with jumps, the associated stochastic process was recently constructed
by modified Picard iterations with the mean-field interactions, and more
generally, by a system of interacting particles. By the introduction of a
shifted distance that exactly compensates for the free transport term that
accrues in the spatially inhomogeneous setting, we prove in this work an
inequality on the Wasserstein distance for any two measure-valued solu-
tions to the Boltzmann—Enskog equation. As a particular consequence, we
find sufficient conditions for the uniqueness and continuous-dependence
on initial data for solutions to the Boltzmann—Enskog equation applicable
to hard and soft potentials without angular cut-off.
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1. Introduction

1.1. The Boltzmann—Enskog model

In the classical description of a moderately dense gas in a vacuum, each particle
is completely described by its position » € R? and its velocity v € R?, where
d > 3. Moreover, the particles are assumed to be indistinguishable and with
equal mass. Any particle (r,v) moves with constant speed v until it performs
a collision with another particle (¢, u). Denote by v*,u* the resulting veloc-
ities after collision. We suppose that collisions are elastic, as a consequence
conservation of momentum and kinetic energy hold, i.e.
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u4+v=u"+0"
ul? + [v]* = [u*]* + [o*]?.

A commonly used parameterization of the deflected velocities v*, u* is given
by the unit vector n = ﬁ via

{v* :v+(u_v’n)n,n65d*1, (1)
uw =u—(u—v,n)n

where (-, -) denotes the euclidean product in R%. Note that, for fixed n € S91,
the change of variables (v, u) — (v*,u*) is an involutive transformation with
Jacobian equal to 1.

Let fo(r,v) > 0 be the particle density function of the gas at initial time
t = 0. The time evolution f; = fi(r,v) is then obtained from the Boltzmann—
Enskog equation

% + - (v'rft) = Q(ft,ft), ft‘t:O = f07 t> 0. (12)

Here Q is a non-local, nonlinear collision integral operator given by

Q(fe, fo)(r,v) /de/d . (felr,v™) felg, u®) = fi(r,v) fi(q, u))
B(r — q¢)B(Jv — u|, n)dndudg, (1.3)

where dn denotes the Lebesgue surface measure on the sphere S?~! and
B(Jv — u|,n) > 0 the collision kernel so that B(Jv — u|,n)dn includes the
effect of velocity cross-section. The particular form of B(|v —u|,n) depends on
the particular microscopic model one has in mind, while 3(r —¢) > 0 describes
the rate at which a particle at position r performs a collision with another
particle at position ¢. For instance, 5(r — ¢) = do(r — ¢) describes the case of
local collisions governed by the classical Boltzmann equation, while the partic-
ular choice 3(r —q) = 6,(|r — q|) describes the case where particles behave like
billiard balls of radius p > 0 and was studied by Rezakhanlou [21]. Following
[1,16] we study in this work the case where  is a symmetric and smooth func-
tion. Applications, additional physical background and classical mathematical
results are collected in the books of Cercignani [10] and Cercignani, Illner,
Pulvirenti [11]. For recent review articles on this topic we refer to Villani [24]
and Alexandre [2].

1.2. Examples in dimension d = 3

Let us briefly comment on particular examples of collision kernels B(|v —
u|,n) in dimension d = 3. Boltzmann’s original model was first formulated for
(true) hard spheres, i.e. B(|v — u|,n) = (u — v,n). A transformation in polar
= (0,0,1) is parallel

to u — v, i.e. |u —vles = u — v leads to

B(jv — ul,n)dn = |(v — u,n)| = |v — u|sin <g) COb( >d0d¢, (1.4)
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FIGURE 1. Parameterization of collisions

where 6 € (0,7] is the angle between v — v and u* — v* and ¢ € (0,2n] is
the longitude angle, see Tanaka [22] or Horowitz and Karandikar [17]. This is
summarized in Fig. 1.

Note that Boltzmann’s original model (1.4) satisfies Grad’s angular cut-
off assumption, i.e.

/ B(Jv — u|,n)dn < .
S2

A mathematically more challenging class of models which does not satisfy
Grad’s angular cut-off assumption is provided by long-range interactions given
by
B(|v — ul,n)dn = |v — u|7b(0)dOdE, (1.5)
where b is at least locally bounded on (0, 7] and
b))~ 07177 9 — 0T, ve(0,2).
The parameters v and v are related by
s—5 2
= — = — 2. 1.
1= u= s> (16)
For long-range interactions one distinguishes between the following cases:
(i) Very soft potentials s € (2,3], v € (=3, —1] and v € [1,2).
(ii) Soft potentials s € (3,5), v € (—1,0) and v € (3,1).
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(iii) Maxwellian molecules s =5, v =0 and v = 3.
(iv) Hard potentials s > 5, v € (0,1) and v € (0, 3).

For additional details and comments we refer to [24] or [2]. Note that one has
/ b(0)d6 = 00 but / 62b(6)d0 < oo.
0 0

Hence Q is in this case a non-linear and singular integral operator with either
unbounded or singular coefficients. A rigorous analysis of the corresponding
Cauchy problem (1.2) is therefore a challenging mathematical task.

1.3. Literature on the Cauchy problem (1.2)

The analysis of the Cauchy problem (1.2) strongly depends on the particu-
lar choice of 3, that is, on the distance of colliding particles. The classical
Boltzmann equation formally corresponds to the particular choice f(z —y) =
do(Jz—y]|) (dirac distribution at zero) where colliding particles have to be at the
same position. Hence the collision integral (1.3) is local (but highly singular) in
the spatial variables. Classical results on the space-inhomogeneous Boltzmann
equation can be found in [2,24]. More recently, there has been some interest-
ing progress on global solutions close to equilibrium as studied in the works
of Alexandre, Morimoto, Ukai, Xu, Yang [3-6]. Note that in contrast to our
work, the solutions studied in these references are, in general, not probability
distributions on R??,

Letting #(x —y) = d,(|x — y|) provides the description of particles which
can only perform elastic collisions at a fixed radius p > 0. In this case the
collision integral (1.3) is less singular than in the classical Boltzmann equa-
tion. The corresponding Cauchy problem was studied e.g. by Toscani, Bellomo
[23], Arkeryd [7] and Arkeryd, Cercignani [8]. Based on an interacting parti-
cle system of binary collisions, the Boltzmann-Grad limit was established for
true hard spheres by Rezakhanlou [21]. Most of the results obtained in this
direction are mainly applicable under Grad’s angular cut-off assumption.

Finally, taking 0 < 8 € C}(R?) to be a symmetric function removes the
spatial singularity in the collision integral (1.3) which allows us to use stochas-
tic methods. This can be seen as a mollified version of either dy(|z — y|) or
d,(Jx —yl). The analysis of the corresponding Cauchy problem was initiated by
Povzner [20] while propagation of chaos was studied by Cercignani [9] perform-
ing the Boltzmann-Grad limit for the corresponding BBGKY-hierarchy. First
results applicable without cut-off (including the case of Maxwellian molecules)
have been recently obtained in [1,16], where the construction of the corre-
sponding stochastic process (the so-called Enskog process) was studied.

2. Statement of the result

2.1. Different parameterization of collisions

In order to study solutions to the Boltzmann—Enskog equation it is feasible to
find continuity properties of the deflected velocities v*, u* when the incoming
velocities v, u are varied. Having in mind the case of long-range interactions
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(1.5) it is also feasible to parameterize v*,u* in terms of the angle 6, i.e. n =
n(v,u, 0, @), and hence study continuity properties of (u—v,n)n in u, v for fixed
0, ¢. It was already pointed out by Tanaka that in d = 3, (u,v) — (u—v,n)n
cannot be smooth. To overcome this problem he introduced in [22] another
transformation of parameters which is bijective, has Jacobian 1 and hence can
be used on the right side of (1.1). Such ideas have been extended to arbitrary
dimension d > 3 and are briefly summarized in this section, see [15,18]. For
this purpose set S92 = {¢ € R~ | |¢| = 1} and define

S92y —v)={weR| Ju—v|=|w|, (u—mwv,w)=0}.
The following is due to [15,22], see also [16] for this formulation.

Lemma 2.1. Let u,v € R? with u # v and take n € S?~1. Then there exist
(0,¢€) € (0, 7] x S92 and a measurable bijective function T'(u—wv,-) : S92 —
S92 (4 — ), € — D(u—v,&) such that

0 — 0\ I'(u—
n=sin (%) LT 4 eos () Bz w8 @21)
2) |u—v| 2 lu — |
where § = 0(n) € (0,7] be the angle between v* — u* and v — u, i.e. it holds

that (v — u,v* — u*) = cos(f)|v — ul|v* —u*|.

The representation of the vector n in (2.1) corresponds to the blue lines
in Fig. 1. Inserting this into (1.1) gives after a short computation

{v* :v+a(v,u,9,§)7 22)
o =u—alv,u,b,f)
where

a(v,u,0,) = sin? (g) (u—v) + 81“2(9)% —0,6). (2.3)

Note that (2.2) remains true also for v = u, if we let a(v,v,6,&) = 0, i.e. set
I'(0,£) = 0 in (2.3). Using (2.3) one finds for all u,v € R% 6 € (0,7] and
¢ € S92 the identity

(v, u,0,€)| = [v— u| sin (Z) . (2.4)

From now on we work with the parameterization (2.2), where « is given by
(2.3).
2.2. Some notation
Here and below we let (v) := (1 + [v]|?)'/? and frequently use the elementary
inequalities

(v 4+ w) < V2((0) + (w)) and (v +w) < V2(0){w).
We denote by K,C > 0 generic constants which may vary from line to line.
Finally, for £ € N we use the following function spaces

e C¥(R2?) the space of all continuous functions on R?? which are k-times
continuously differentiable.
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o CF(R??) the space of all f € C*(R??) such that f and its first k& derivatives
are bounded.

e CF(R?d) the space of all f € C*(R??) such that f has compact support.

e Lip(R29) the space of all globally Lipschitz continuous functions.

Denote by P(R?) the space of probability measures and let
o) = [ olro)dutro)
R2d
be the pairing between u € P(R??) and an integrable function .

2.3. Weak formulation for measure-solutions of the Boltzmann-Enskog equa-
tion

In this work we take any dimension d > 3 and assume that the collision kernel

B is given by the velocity cross-section o > 0 and a measure @ such that

B(lv — ul,n)dn = o(jv — u))Q(dO)de, = /(0 Q) <o (25)

where d¢ is the Lebesgue surface measure on S9=2 (recall (2.1)). Moreover
suppose that 0 < 3 € CL(R?) is symmetric and, there exists v € (—d, 2] and
¢y > 1 such that

lo(|2]) = o(Jw])] < coll2]" = w]"], 2w e RA\{0}.
and
‘va v e (_d7 0]

awné%{ﬂ+pma 7€,

Without loss of generality we assume that 3 is bounded by 1.

Remark 2.2. These conditions are satisfied for o(z) = |z|7 and also o(|z|) =
(1 +2]?)? with v € (—d,2]. In particular, we cover the case of hard and soft
potentials, provided s > 3.

Below we describe the weak formulation of the Boltzmann—Enskog equa-
tion for measures, see [1,16] for additional details. Set = = (0, 7] x S%~2 and,
for ¢ € C}(R2%), let

(AY)(r,v30,0) = v - (Vo) () + o ([0 — u)B(r — @) (L) (r,v3 ),
<£wvwno:/mev+awmﬁ@»—me»me@. (2.6)

By (2.4) we obtain |a(v,u,0,&)| < 0lv — u| and

[ (r, 0+ a(v,u,0,€)) = p(r,v)| < 0lv—ul Vep(r, O (2.7)

max
[<I<2(fv]+]ul)

In particular, (£)(r,v;u) is well-defined for all r,v,u and all ¢ € C(R??).
Moreover, if 1) € CL(R??), then we obtain

AW (r, 03 ¢, 0)| < ([Vetlloo o] + [Votbllolv — ulo(jo — u) ]S 2|, (2.8)
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Definition 2.3. Let 1o € P(R?Y) and fix T > 0. A weak solution to the
Boltzmann-Enskog equation is a family (u)ejo,r) C P(R??) such that

o Jsa [0 = u " i (dr, do) g (dg, du)dt < oo, for 4 € (—d,0) (2.9)
Jo Sz 107 e (dr, dv)dt < oo, for v € [0, 2] '
and, for any ¢ € C}(R??), we have
t
(W, ) = (¥, po) +/ (AY, s @ ps)ds, te[0,T). (2.10)
0

Analogously we define a global weak solution to the Boltzmann—Enskog equa-
tion.

Note that one has A1 = 0 where 1 denotes the constant function equal
to one. Hence total mass is conserved and we may restrict our study of the
Boltzmann—Enskog equation without loss of generality to the case of proba-
bility distributions. A construction of such solutions was recently studied in
[1,16].

2.4. Stability estimates for the Boltzmann—Enskog equation
In this work we prove stability estimates for weak solutions to the Boltzmann—
Enskog equation in the Wasserstein distance. In contrast to the space-
homogeneous case studied in [15] the additional free transport term v - V,
prevents us from directly applying their methods. In order to take this trans-
port of particles into account we introduce the shifted Wasserstein distance
Wi(p,v) := Wi (S(=t)*u, S(—t)*v), t e R,
where S(t) is a one-parameter group of transformations defined by
St)p(r,v) = ¢(r +tv,v),  (r,v) €R*, teR,

S(t)* denotes the adjoint operator to S(t) acting on measures 1 € P(R??) and
1 € Cp(R??) via

(SO, p) = (¥, 5St)"'n),  teR (2.11)
and W7 denotes the classical Wasserstein distance, i.e.

Wi, v) = sup (h,p—v),
1 llLip <1
where Lip(R??) = {¢ | ||¢||Lip < oo} is the space of all globally Lipschitz
continuous functions and
Y (r,v) — ¥(q, u)
[¥llLip = sup -
(ryv)#(q,u) |7’ - Q| + |U - u|

In the case of hard potentials we obtain the following.

Theorem 2.4. Suppose that v € [0,2], fix T > 0 and 6 > 0. Then there exists
a constant K > 0 such that for two given weak solutions (pit)icio, 1), (Vt)te(o,1]
to the Boltzmann—Enskog equation satisfying

Cy(T,u+v,0):= sup / (e‘slv\“w + \7’|1+6) (e + v)(dr,dv) < oo (2.12)
t€[0,T] JR24
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we have, fort € [0,T],
Wlt(utv Vt) S Wl(,u07 VO)

t
+ KCy (T, i+ 1,6) / W (s, vs) (14 | og(W (s, 1)) ds.
0

For soft potentials we obtain the following.

Theorem 2.5. Suppose that v € (—d,0) and fix T > 0.

(a) Ify € (—d,—1], then there exists a constant K > 0 such that for two given
weak solutions (ji¢)icio, 1), (Vt)tefo,r] to the Boltzmann-Enskog equation
satisfying

A(py + v4) :== sup / [v —u|” (e + v1)(dr, dv) < oo (2.13)
u€eRd JRR2d
and (2.12) we have, for t € 0,7,

Wi (e, ve) < Wi (o, vo) exp (K /Ot(l + A(ps + Vs))d8> .

(b) If v € (=1,0). Then for each 6 > 0 there exists a constant K > 0 such
that for two given weak solutions (pt)icio, 1), (Ve)tejo,r) to the Boltzmann—
Enskog equation satisfying (2.12) and (2.13) we have, fort € [0,T],

Wi (e, ve) < Wi (po, vo) + KCy(T, i+ v, 0)

t
sup A(us + VS)/ Wi (ps, vs) (1 + [log (W7 (ps, vs))]) ds.
s€[0,T] 0

Condition (2.13) stems from the necessity to compensate the singularity
of o(|Jv — u|) at zero appearing in the case of soft potentials, see (1.5).
Remark 2.6. Suppose that v € (—d,0) and let u:(dr,dv) = fi(r,v)drdv,
vi(dr,dv) = gi(r,v)drdv. Then for each p > —<- there exists a constant

d+y
C(p,~) > 0 such that

sty <2 o ([ ) )

' (/R (/R gt(r,v)dry’dv)l/p}

Above estimates are sufficient to imply uniqueness and stability (with
respect to initial data) of weak solutions to the Boltzmann—Enskog equation.
Indeed, by using a generalization of the Gronwall inequality as stated in the
“Appendix” (see e.g. [12, Lemma 5.2.1, p. 89]) we obtain the following.

Theorem 2.7. Fiz T > 0.

(a) Let (ut)ieio, 1), (V)iefo,m) be two weak solutions to the Boltzmann—Enskog
equation. Suppose one of the following conditions is satisfied:
e v €(0,2] and there exists § > 0 with

Cy(T,u+v,0) < oo.
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e v € (—1,0) and there exists 6 > 0 with
Co(T,u+v,0)+ sup A+ 1) < oo.

te[0,7]
o ye (—d,—1],
sup {A(,ut + 1) +/ [o|? (pe (dr, dv) + vy (dr, dv))} < 00.
t€[0,T) R2d

If po = vy, then uy = vy for all t €0, T).
(b) Let (ugn))te[o’ﬂ and (pt)ieo, 1) be weak solutions to the Boltzmann—Enskog
equation. Suppose one of the following conditions is satisfied:
e v € [0,2] and there exists § > 0 with

supCW(T,,u(") + p, §) < oo.
neN

e v € (—1,0) and there exists 6 > 0 with

sup {CW(T, 1 4, 8) + sup A(u§”) + ,ut)} < 0.
neN te[0,T]

o ve(—d,—1] and

Sup sup {A<u£">+m>+ / |v2<u§"><dr,dv>+ut<dr,dv>>} < oo,
neNte[0,T] R2d

If Wl(,u(()"),,uo) — 0 as n — oo, then

lim sup Wf(ugn),ut) =0.

n=% (0,71

Our proofs are partially inspired by the work of Fournier and Mouhot
[15] where similar estimates for solutions to the space-homogeneous Boltz-
mann equation have been established. Other uniqueness results for the space-
homogeneous Boltzmann equation are based on additional regularity assump-
tions for the solution, see e.g. [13,26]. However, since we work in the space-
inhomogeneous setting we have to replace the classical Wasserstein distance
W1 to by a shifted distance W{ which compensates the free transport opera-
tor v - V, appearing in the definition of A, see (2.6). For hard-potentials the
authors have used in [15] Povzner inequalities to prove creation of exponential
moments for solutions to the (space-homogeneous) Boltzmann equation, see
also [19] and the references therein. Their proofs implicitly use the fact that
any two particles may perform a collision. In contrast to that, in the space-
inhomogeneous setting studied here g is compactly supported and hence only
particles being close enough may perform a collision. This prevents us from
proving similar results on the creation of moments for the Boltzmann—Enskog
equation with hard potentials.

While this is one of the few results where uniqueness and stability esti-
mates are obtained for the space-inhomogeneous setting, future research may
be devoted to the study of suitable moment estimates in the spirit of Povzner
or to the regularity of solutions to the Enskog equation. Any progress in this
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regard would also help to find a closed space of probability measures on which
the Enskog equation is well-posed.

3. Mild formulation for the Boltzmann—Enskog equation

In order to prove the desired stability estimates for the shifted distance W7,
it is reasonable to use another formulation of the Boltzmann—Enskog equation
which involves the semigroup S(t). This is precisely the content of this section.
Define for (r,v), (q,u) € R?>? and v € Lip(R??)

(BY)(r; v; g, u) = o(jv — ul)B(r — q)(LY)(r, v; w).
Then there exists a constant C' > 0 such that for each ¢ € Lip(R??) one has

|(BY)(r,v;¢,u)| < Clo —ulo (v — ul)][¢]|Lip- (3.1)

The next result is crucial for estimating weak solutions to the Boltzmann—
Enskog equation.

Proposition 3.1. Fiz T > 0 and let (f1¢)¢ecjo,r) C P(R2) satisfy

sup / v e (dr, dv) < 0. (3.2)
tefo,1] Jr24

If (pt)iepo, 1) s @ weak solution to the Boltzmann-Enskog equation, then

(W, i) = (S, po) + / (BS(t — s) s ® p)ds, £ € 0,T].  (3.3)

holds for each v € Lip(R??).

Proof. Fix ¢ € CZ(R??) and ¢ € (0,7). Let us show that the function [0,¢] >
s +— (S(t — 8)1, us) is absolutely continuous and for a.a. s € [0,¢) it holds
that

%<S(t - SW’ Ms> = <BS(t - 5)% Hs @ /fbs>' (34)
In such a case, using (3.2) and (3.1), we may integrate (3.4) over [0,¢] which
would readily yield (3.3) for ¢ € CZ(R?). If ¢ € Lip(R??) then we may find
a sequence of functions 1, € CZ(R??) such that sup,cy [|¢n]lLip < oo and
1, — 1 pointwise. Hence passing to the limit n — oo proves that (3.3) also
holds for 1 € Lip(R?%).

Arguing in this way, it remains to prove (3.4) for each ¢ € C? (R29) and
fixed ¢ > 0. Take s € [0,t) and let h € R with |h| < (t —s) A 1. Write

(St = (s +h)Y, psgn) = (S(t = 8), ps)
h
_ <S(t —(s+ h))hlb - 50— S)w7u5+h> n (5@t — 8)1/J7us+h>h* (St =), ps)
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Since (put)e>o satisfies the Boltzmann-Enskog equation and S(t—s)y € CF(R??)
we conclude that
(St = s)¢, us+h>h— (St —s)p,ps) |

(AS(t — 8)Y, s @ ps), h —0
(3.5)

for a.a. s € [0,¢). Next we will prove that

<S(t —(s+ h))h¢ - S(t— 5)¢,us+h> L /Rw v (VoS(t — 8)0)(r, ) s (dr, dv)
(3.6)

as h — 0. Combining then (3.5), (3.6) and using the definition of A and B
proves (3.4). In order to prove (3.6) we let
fh(ra U) = S(t - (8 + h))l/J(Ta U) = Q/J(T + (t —S5— h)’U,’U)

and denote the corresponding pointwise derivative with respect to h at h =0
by

folr,v) = —v- (Vo) (r + (t = s)v,v).

For R > 0 take a smooth function ¢ on R? such that 1jg g)(Jv]) < pr(v) <
Ljo,2r)(|v]). Then

<S(t—(s+h))¢—5’(t—s)¢ >
h s Ms+h

_ <fh — fo
- h
_ <fh *fO / > / ! /
= N — Jos thstn ) F (foPRs sthn — ts) + (fo(1 — ©R), tspn — bs) + (fo, 1s)

=Ji+Jo+ J3+ Js.

- f(l)vus+h> + <f(l)7ﬂs+h>

Using the estimate

frnlr,v) — fo(r,v h
e 0| R
we obtain
Al 2
|1l < S llYllez sup 0| s 1 (dr, dv).
|| <(t—s)A1 JR2d

Similarly, using [fj(r,v)| < |v||¢[lc; gives fopr € Cy(R??) and hence we
obtain

%iI%ngQ VR > 0ands > 0,
since Ry 3 s — (fl@r, us) is continuous which essentially follows from (2.8)

combined with (2.10), and a standard approximation of C}(R??) functions by
Cy(R?®) functions. For J3 we use 1 — pg(v) < 1(g,0)(|v]) so that

] < 6l /| ) s i )
V>
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2
SM sup / |01 psn (dr, dv).
R jni<-s)n1 Jrea

Combining these estimates yields (3.6) as h — 0 and letting R — oo thus
completes the proof of Proposition 3.1. O

4. The coupling inequality

Below we first provide another representation for the metric W{(u,v) in terms
of optimal couplings. Additional details on the classical Wasserstein distance
and optimal transport are given in [25]. Let p,v € P(R?4). A coupling H of
(u,v) is a probability measure on R*® such that its marginals are given by
u and v, respectively. Let H(u,v) the space of all such couplings. Define a
one-parameter family of norms on R?¢ via

[(r,v) — (7, 0)]s :=|(r —vt) — (F=0t)|+ |v—"0], t>0.
Related to this family we define the Lipschitz norms

7/) rv)— ’l,[} 7:/7 v
[l = sup  LEDZVED] s
()£ [(rv) = (7,0)]
Note that these Lipschitz norms are all equivalent. We will use the following
simple observation.

Lemma 4.1. Let p, v be probability measures with finite first moments and take
t > 0. Then there exists Hy € H(u,v) such that

Wi, v) = sup (S(—t),p—v)
[[¥llo<1

= swp Wop-v)= [ 10v0) - EDLdH 6T (41)
lllle<1 Rd

Proof. The first equality in (4.1) follows by definition of W{ combined with
(2.11). For the second equality in (4.1) observe that, for any ¢ with [|¢]|p < 1,
we get ||S(—t)y|: < 1. Conversely any 1) satisfying ||¢||: < 1 can be written
as 1 = S(—t)¢ where ¢ := S(t)1 satisfies ||¢|lo < 1. The last equality in (4.1)
is a particular case of the Kantorovich duality for Wasserstein distances (see
e.g. [25, Theorem 5.10]). O

The following is an extension of [15, Theorem 2.2] to the space-
inhomogeneous case.

Proposition 4.2. Take T' > 0 and let (ut)icjo, 1), (Vt)tejo,r) be two weak solu-
tions to the Boltzmann—FEnskog equation satisfying

sup / |v\2(ut(dr, dv) + v(dr, dv)) < o0,
te[0,T] JR2d

and

T
/L/um+w+w+mwm—m>
0 JRrad
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(e (dq, du)pe (dr, dv) + v (dq, du)ve(dr, dv)) dt < co.  (4.2)
Fort € [0,T] let H, € H(u,vi) be such that

Wi, ve) = /R‘ld |(r,v) — (7, 0) |t dH(r, v; 7, D). (4.3)

Then for all t € [0,T]

W (ie 1) < Wi (0 v0) + 261+ T) / / WAH, (g, 3, 8)dH, (r, v; 7, 7)ds
R8d

where
U= (v —ul + [0 —al) |o(jv = u)B(r — q) — o(|v —u)BF - g
+ (lv = vl + [u — u|) min{o(jv — u|)B(r — q),o(Jv — al)3(r — q)}.

In order to prove this result we need continuity properties for the collision
integral, i.e. to compare (2.3) for different values of u, v. It was already pointed
out by Tanaka that (u,v) — a(v,u,0,§) cannot be smooth for any choice of
(0,€). Using the parameterization (2.2) Tanaka [22, Lemma 3.1] has shown
that if we allow to shift the angles £ in a suitable way, then a weaker form

of continuity holds. The latter estimate is sufficient for this work. Below we
recall Tanaka’s result for arbitrary dimension d > 3 which is due to [15].

Lemma 4.3. [15, Lemma 3.1] There ezists a measurable map & : R? x R% x
S4=2 — §9=2 sych that for any X,Y € RAN{0}, the map & — & (X, Y, €) is
a bijection with Jacobian 1 from S%=2 onto itself, and

ID(X,€) —T(Y,&(X, Y, )| <3IX —Y|,  ¢£es?
With this parameterization we obtain from Lemma 4.3, for all u,v,u,v €
R?, all 6 € [0, 7] and all £ € S92, we have the inequality
la(v,u,0,8) — a(v,u,0,& (v —u, v —u,&))| <20 (lv—0|+|u—al). (44)
We are now prepared to prove our main coupling inequality of this section.

Proof of Proposition 4.2. Take 1) € Lip(R??) with |[4||o < 1. By Proposition
3.1 (pt)eejo,r) and (vt)epo,r) also satisfy (3.3). To shorten notation we let
a = a,u,0,8), 0 = o(lv—ul), B = B(r — q) and likewise &,&,3 with
(r,v), (¢,u) replaced by (7,v), (¢, u). Moreover, let dH? = dH, (q,u q,u) and
dH! = dH(r,v;7,0). Using (3. 3) H, € H(us,l/s) the definition of B and
finally c = x Ay + (v — y)4, for x,y > 0 with z := max{z, 0}, we obtain

<S(_t 7/17/% - Vi> - <¢7/u‘0 - VO)

:/t{< S(= w’ﬂs®'us>_<BS(_S)¢7V3®VS>}d5
/‘/de

— (BS(=s)y¥)(r,v;q,u )}dH (g, u, q,w)dHs(r,v;7,0)ds.

s)
{BS ) (r,v;q,u)



25 Page 14 of 25 Friesen, Riidiger, and Sundar NoDEA

/ /R { (v +a) = S(=s)v(r,v) o
(=s)9(r, v+ a) = S(=s)¥(7, v))aﬂ}dedeodH ds

/ /]R&z = Uﬁ/\aﬁ S(— ){w(r,v+a)_¢(;ﬁ+&)
—(r,v) + (7, 5)}de§ngdH§ds
* /ot /WXE ("5 - 55>+ (S(=s)v(r, v+ a) = S(=s)¥(r,v)) dQdedH dH  ds

-/ t [ (55-08) (S=s)0(05+ ) — S(-s)u(r.) dQacambartas
RSd X=
= Ji+ J2o+ J3.

Note that, by (2.4), we have [(0,a)|s < (1 + s)|a| < (14 T)0|v — u| where 0
denotes the zero vector in R?. Analogously we obtain |(0,&)|s < (1+T)8[0—ul.
Hence using [|S(—s)9||s < 1 we get

t
vdas [ [ (0.0 +10.8).) l08 - FHldQueanlirds
0 JrsdJz
t
<h(1+T) / / (jv—u| + 5 — @) [0 — GA|dH dH ds.
0 R8d
For ¢ € (0,7) let =, = [e,7] x S92 and Z¢ = (0,¢) x S972. Setting qg :=
a(v,u, (v — u,v — u,§)) observe that, by Lemma 4.3 the function £ ——

éo(v — u, v — 1, &) has Jacobian equal to 1 so that we are allowed to insert it
into the integral. This gives

t ~
J1=// . (Uﬁ/\&ﬁ)S(—s){w(r,v+a)—¢(ﬁ5+a0)
0 JExRSd
~ 0lr) + VD) piQdsabatds
t
T 53 aol) dQdedH dH d

+/0t /waas (am&B) {|(7“,v+0é) — (7,0 + o)l

—|(r,v) = (7, 5)s}de§dH2dH;ds

e (e8078) {160 = @9,

— S(=s) (W(r,v) — (r,v)) }de{ngstlds

= JM 4P 1P,
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Using |(0,a) — (0,a)|s < (14 T')|ow — &l and then (4.4) gives
¢
2 / / (08 7 55) 10, 0) — (0,80)|sdQdcdH A ds
0 JRsdxE
¢
<(1+7) / / (05 A 55) lov — Gio|ldQdedHOdH ! ds
0 JRSIxE

§2n(1+T)/t/ (8 A 5B) (jo— 5 + u — ) dHLdH ds.
0 JRrsd

Setting c. := [=. 0dQ(0)dE, we obtain from the basic estimate |a(u,v,0,§)] <
Olu —v| and H?, H} € H(us,vs)

JY < (14 T)e. /t /de B A aﬁ) (Jv —u| + o — @|) dHdHds
(1+T7)e / / B(|v| + |u|)dHdHds
+(1+ T)cs/ / G3(|8| + [a|)dHLdH . ds
—(1+T)e / / B.(1o] + Jul) (dus (g, w)dpaa(r,v) + dve(g, w)dvs(r, v)) ds
For Jl(?’) we break up the integrand into two parts, namely when o3 < N and
o3 > N where N > 1. With . := Q([e, 7))|S~2| we obtain

s < [ {00 = 9 = $(-9) Gr0) — 0050 Jartala

oo [ [t (o8 258) {10 = 00

= 8(=5) (b{r0) ~ WD) fdmbartids
t
SNHE/O W3 (s, vs)d HEN/ ), s — va)ds

¢
+ 255/ / LiopsnyoB|(r,v) — (7,0)|dH)dH} ds
0 JR8d -
where we have used the fact that ||.S(—s)v||s < 1, equation (4.3) and H?, H} €

H(ps, vs). For the last term we apply |(r, v)—(7,0)|s < (1+T) (Ir| + |v] + [F] + [0])
and then H?, H! € H(ps,vs) to obtain

Jl(?’) < HEN/ Wi (s, vs)ds — maN/ $), s — vs)ds + kegn (t)

where

t
on() =2047) [ [ 081 (o) (7] + ol) (a0, 0)dias (1, 0) + (g ) (7, 0) s
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Collecting all inequalities gives

t
(S(=t), jte — 1) < Wi (p10, v) + 26(1 + T) / / WAH dH ds
0 R

8d

t t
+ / (kegn(s) + coh(s))ds + N / W (1, ) ds
0 0

- REN/O (S(=8)¢, s — vs)ds.

This yields

(St = )N < Walpao, ) + 261+ 7) |

e“HVS/ WdHOdHds
Jo JR8d

t t
+ / erelNs (kegn (s) + ceh(s))ds + Nke / e'“ENSWf(us, vg)ds.
0 0

Taking the supremum over ¢ € Lip(R??) with ||¢||o < 1, using (4.1) and, then
applying the generalized Gronwall inequality gives

¢
Wf(,ut,llt)SWl(uo,Vo)+2/£(1+T)// VdHdH!ds
0o Jr

8d

+f (kegn (s) + coh(s)) ds.

Taking first N — oo and then € — 0 proves the assertion. O

5. Proof of Theorem 2.4

Assume that v € [0,2] and let ¢ be given by (2.12). Let us first show that under
the conditions of Theorem 2.4, also (4.2) is satisfied. Indeed, using o(|Jv —u|) <
C(v)?(u)? this follows from
(lol + lul + [r] + lal)o (jv = ul) < C(Jv] + [ul){v)? (w)? + C(Ir| + |gl)(v)* (u)?
< C()*(u)® + Cr) ) (v) (u)
< O +C (N0 4+ @23 (@) + w?t3),
where we have used Jensen’s inequality

() 0)? < s () )

Thus we can apply the coupling inequality. In order to estimate ¥ as defined
in Proposition 4.2, we need the following lemma.

Lemma 5.1. There exists a constant C = C(v,0) > 0 such that the following
holds:

(a) For all v,u,v,u € RY
(v = uf + o =ul) lo(jv = u|) = o(Jo - ul)]

<C(lv—ul"+v—al") (v =7+ |u—"1ul).
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Note that for v = 0 the left-hand side is zero and hence the assertion is
trivially satisfied.
(b) For all v,u,v,u

(lo = ul + o —al) [o(lo = ul)B(r — q) — o(jo —u)) B(F — q)|
S C()" + W)+ (@) + @) (Jv =] + |u —ul)
+ O ()7 + @)+ @+ (@) ) (Ir =7+ g —al)
Proof. (a) We use, for x,y > 0 and a,b > 0, the elementary inequality
Caplz® — Y] < (2% + 492t — ¥ < Cuplz®tt — yot?|

with some constants ¢,p, Cop > 0 (see e.g. [14] for a similar application) to
obtain

(lv = ul + v —al) [o(jv — uf) — o(jo —al)|
<C(lv—ul+ v —aul)|lv—ul” —|v—u]|
<Ol =™ = —al < C(jo—ul” + [T —a) (lv - 3] + u—al).
(b) We estimate by (a)
lv—ullo(jv = ul)B(r —q) — o(jv —ul)B(r - g
< v —ul (B = g)lo(jv —ul) —o(fv —u))| + o(jv —u])[B(r —q) = BT = )])
<SC((0)"+ W) + @)+ @)") (Jo — 0| + Ju —ul)
+C () + (W)') (Ir =71+ lg = al) -
The second term can be estimated in the same way. 0
From this lemma we deduce the following estimate on the function V.
Lemma 5.2. There exists a constant C' = C(0,v,0) > 0 such that
<0 (87 4 ST (o - 5]+ Jr - 7))

LC (€5<v>1+” I 65@)1“) (lu—1a| + g —q|)

+C () + @) (Jo =] + |r = 71)

+C (W' + @) (ju—al + g - ql) -
Proof. Using the inequality

o(jv —ul) Ao(jo—al) (lv— o] + |u—ul)
SO + ()7 + @)+ (©)7) (Jo — 0] + [u—al)
we obtain from Lemma 5.1
U< C((w)”+ )7+ @)+ @)7) (Jv = v+ [u—ul)
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+C ()™ + @) (ju =l + g - ql) ,

where C' = C(v,0) > 0 is some constant. Estimating the polynomials by the
exponential function yields the assertion. O

The coupling inequality combined with Lemma 5.2 gives for some con-
stant K >0

t
W e 4) < W, 00) + KC (T +1,8) | Wi Gy
0

t
FRC(Ti+v,8) [ [ (@) @) (o =3l + Ir - 71) dH.ds,
0 ]RQd

where we have used [v — 0] + |r — 7 < (1 + T)|(r,v) — (¥,0)]s, (4.3) and
H, = H(dr,dv;dr,dv) € H(us,vs). The proof of Theorem 2.4 is complete
once we have shown the following Lemma.

Lemma 5.3. There exists a constant K > 0 such that for each s € [0,t] we
have

/R4d ((v Y @ )1"“’) |r — FldHs(r,v;7,0)
< KC (T, p+v,0) (1 + [In(W7 (ps, v5))|) Wi (s, vs) (5.1)
and
/1R4d ()" + @)7) [v — V|dH(r,v; T, D)
< KCy (Tt 1,8) (1 + (W (e ))) Wi (). (52

A similar estimate to (5.2) was shown in [15, p.820], while (5.1) did not
appear in the space-homogeneous setting studied there.

Proof. Here and below we denote by K > 0 some generic constant (indepen-
dent of (1¢)sefo,r) and (v¢)¢ejo,77) Which may vary from line to line. For b > 0,
we obtain

/ﬂW () + @) | — F|dH(r, v; 7, )
B /nw Liwy<e, @<v} ((0)'F7 + @) |r = FldH,(r, v;7,9)
+/ (1= Lywyzo, @eny) ()7 +@)) |r = FldH, (r, v;7,7)
R4d

<20 (1 4 TYWS (s, vs) + 21(D)
where we have used |r — 7| < (1 +T)|(r,v) — (¥,7)|s and

10 = [ @ @) e+ ) (Lo + Loon )
For K large enough satisfying for all v, € R?

(W) + @) (61%%@»”” 1t >1+”> < K(eﬁjém)”” _i_eﬁam””)
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we obtain
(@) 4 B H) Loy < Kem T80T (enfsd)7 o erisd @),

Estimating the second term in I(b) in the same way gives

1) < Ke- *b/ (ex5s202™  exts 8O (fp| 4 [F)dH, (r, ;7 )
R4d

S_dy
2b

< Ke w537 C (T, i+ v, 6),

where we have used Hy € H(us,vs) and

)

(emts 201 4 et 2O (1] 417

< O (xS oehi® ) RIS R

+ 1456
<K (e%<v>1M n e%ml“) + K (Jr]"F0 4 7))
This gives the estimate

/RM (( >1+7 + (v >1+7) |r — FldHg(r,v;7,0)

< W1+ YW (g, 1) + Ke™ 75537 C (T, 1 + 1, 6).
Letting b'™7 = 222 |In (W (s, vs))| yields (5.1). The inequality (5.2) can be
shown in the Same Way O

6. Proof of Theorem 2.5

In this section we assume that v € (—d, 0]. As before, we first check that (4.2)
is satisfied. Indeed we obtain

/2d/ <‘U| |u| ‘T| |q|) (|'U u|)/’l’( q’ U)Mt(dr de)
R R2d 0 t (i d
< K/ d/ (|U| |u‘ | | |Q|)‘1} — u| lu’ ( Pl u)llt((h" dv)
R R2d t dq d

< KA(m) / (ol Il (dr, o)

for some generic constant K > 0. Since an analogous inequality also holds
for vy, (4.2) is satisfied and we may apply the coupling inequality. Again, to
estimate the expression ¥ appearing in Proposition 4.2 we use the following
lemma.

Lemma 6.1. There exists a constant C = C(vy,0) > 0 such that the following
holds:
(a) For all v,u,v,u € RY
(lv —ul +[o—al) [o(lv = u]) = o(jv — ul)]
<C(lv—ul"+v—al")(Jv—2]+|u—1ul). (6.1)
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(b) If v € (—1,0], then for all v,u,v,u € R?
(o —u[+[v—a]) |o(jv —u])B(r — q) — o(|v —u]) B(r — )|
<C (<U>1+'y + <u>1+'y + <5>1+'y + <a>1+’¥) (‘T _ ﬂ + |q _ Cﬂ)
+C(v—ul"+1v—a]") (Jv -0+ |u—17l).
(c) If v € (—d,—1], then for all v,u,v,u € RY
(o —ul+ v =) |o(jv = u])B(r — q) — o([v — u) B — q)|
< C(lo—ul™ + [0 —al"t) (|r =7+ g —al)
+C(lv—u|"+v—a]")(Jv =0+ |u—1]).
Proof. (a) Following [15, p. 821] we obtain
v —ul|o(jv—ul) —o(jv —al)]
<o (v —ulAfo—u| +[lv—ul = [v—al])[lv—ul” = [o—al"]
<Chyl (o —ul A =3l |lo—ul” =[5 = @[ o —u A7 Tl
FC (-l V[T flo -l — 5 — |
<CA+ ) (v —ul”+ v —al”)(jo=0]+ |u—ul]).
The other term can be estimated in the same way.

(b) By (a) it follows that

v = ullo(jv - ul)B(r — q) — o([5 — @)BE - 9|
< o~ ul (o (v — ul)|B(r — q) = BF — )| + BGF — Dlo (v — ul) - o([5 - a)])
< O () 4 ()Y (I — 7] 4 g — @) + O (o —ul” + 15— @) (o — ] + [u —2]).

The other term is estimated in the same way.
(c) In this case we obtain

v —ullo(jv —u)B(r —q) = o(jo —u))B(F - q)|
< v —ul(o(lv=u)|B(r —q) = B = )|+ B = Plo(lv —u|) — o(|v —ul)])
< Clo =™ (jr =7+ g =) + C (Jv = ul” + [0 = al") (Jo = 0] + [u — )
and similarly for the second term. O
From this we deduce the following estimates for .
Lemma 6.2. There exists a constant C' > 0 such that
(a) If v € (—d,—1], then
v<C (|v —ul't v - 17|1+7) (Ir=7l+1¢—ql)
+C(Jv—u|"+1v—a]")(jv -0+ |u—1l).
(b) If v € (—1,0), then
U< C () + () + @)+ @) (|~ 7]+ lg — 4l)
+C(lo—ul"+ v —=a]") (Jv—"0]+ |u—1ul])
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Proof. Lemma 6.2 is now a consequence of
o(lv —ul) Ao(jo—al) (Jo— v + [u —ul)
<C(o—u]” + o —al”) (jv = 0] + [u—ul)
and Lemma 6.1 from the “Appendix”. O
Below we treat the cases v € (—d, —1] and v € (—1,0) seperately.

6.1. Case v € (—d, —1]

We obtain from the general coupling inequality together with Lemma 6.2 and
H, € H(us,vs)

Wi (ue, ve) < Wi (po,vo)
t
K [ o=l 5 =) (= 31+ | @) dH (0,08, D (7, D)ds
0 R8d
ot p
+K// (|v—u\1+”+|5—ﬂ\1+7)(\r—ﬂ+|q—tﬂ)st(q,u;&,ﬂ)st(r,v;?,T))ds
0 R8d
t
< Wiuo ) + K [ [ s w9l (7 9)
0 R4d
t ~
+K// A(s, p,v)|r — F|dHs(r,v;7,0)
0 R4d
t ~
< Wiu0,10) + K [ (85, 100) + Ko 1)) Wi (s ),
0

where we have used |[v—0] < |(r,v) = (7,0)|s and [r—7] < (14+T1)|(r,v) —(7,0)|s
and

K(s, ) = sup / o — " d (s + v) ().
de

u€ER4

Since 1+~ < 0 we obtain |v — u|'*7 < 1+ [v — u|” and hence A(s,u,v) <
1+ A(s, u,v) gives

t
WGt 0) < Wi, 0) + K (1 A1) W o, ).,
0
The assertion follows from the classical Gronwall lemma.

6.2. Case v € (—1,0)

Proceeding as before we obtain from the coupling inequality and Lemma 6.2
Wi (pre,v¢) < Wi(po, vo)
+ K/t /Bd (lo=ul"+1v—2a]") (Jv = 0] + |u — u|) dHs(q, u; ¢, @)dHs(r, v; 7, 0)ds
0 R
4 K/t /RM (W)™ + (@) |r — FldHa (¢, u; G, B)dHa (r,v; 7, )ds
0
+ K/t /Sd ()7 + @) |r — FldH (r,v; 7, D)ds
0 R

t
< Wi, o) + K / (14 A5, 1, 2)) W (15, v)ds
0
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t
+ K/ / ()7 + @) | — FIdHa(r, v; 7, B)ds
0 ]Réld
t
S Wl(:UJ(% VO) + KC"/(THU‘ + v, 5)/ Wls(:u‘sv VS)(l + A(S“LL, l/) + ‘ ln(Wls(/uSv VS))|)d87
0

where in the last inequality we have used similar arguments as in the proof of
(5.1). This implies the assertion.
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Appendix A: Nonlinear Gronwall inequality

The following lemma is due to [12, Lemma 5.2.1, p. 89].

Lemma A.1. Let p be a nonnegative bounded function on [0,T], a € [0,00)
and g be a strictly positive and non-decreasing function on (0,00). Suppose

that fol % =00 and

o) <a+ [ alpls)ds. 1€ .7

Then
(a) If a =0, then p(t) =0 for all t € [0,T].
(b) Ifa >0, then G(a) — G(p(t)) < t where G(z) = fl Ay

z g(y)
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