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Abstract: We study the dynamics defined by the Boltzmann equation set in the Euclid-
ean space RP in the vicinity of global Maxwellians with finite mass. A global Maxwellian
is a special solution of the Boltzmann equation for which the collision integral vanishes
identically. In this setting, the dispersion due to the advection operator quenches the
dissipative effect of the Boltzmann collision integral. As a result, the large time limit
of solutions of the Boltzmann equation in this regime is given by noninteracting, freely
transported states and can be described with the tools of scattering theory.

1. Introduction

In kinetic theory, the state of a monatomic gas is described by its distribution function
F = F(v, x,t) > 0, that is, the number density at time ¢ of gas molecules with velocity
v € RP located at the position x € RP. The distribution function is governed by the
Boltzmann equation
F+v-\LF =B(F, F), (1.1)

where B(F, F) is aquadratic integral operator acting on the v variable only, known as the
Boltzmann collision integral. The collision integral has a rather complicated expression
whose details are not needed in this introduction. Suffice it to say that all the information
on molecular interaction needed for the kinetic description of a gas is encoded in the
collision kernel b(w, V'), a nonnegative function of the relative velocity V of colliding
particle pairs and of a unit vector @ that measures the deviation of relative velocity
before and after collision. The explicit formula of the Boltzmann collision integral and
its dependence on the collision kernel b will be given in Sect. 2.2 below.

The present paper investigates the long time behavior of solutions F = F(v, x, t)
of the Boltzmann equation (1.1) on RP x RP x R, satisfying some appropriate decay
conditions as |x| + |[v| — oo, implying in particular that

// 1+ x>+ v/ F (v, x, 1) dvdx < co foreacht > 0. (1.2)
RDPxRD


http://crossmark.crossref.org/dialog/?doi=10.1007/s00220-016-2687-7&domain=pdf

436 C. Bardos, I. M. Gamba, F. Golse, C. D. Levermore

The Boltzmann equation set in the spatial domain RP involves two very different
mechanisms, namely dispersion and relaxation to local equilibrium.

Dispersion is associated to the free transport equation, and one of its manifestations
is the following observation. Let f = f (v, x, f) be a solution of

o f +v-%f=0, fl_o=r"
and assume that " = £1%(v, x) satisfies a bound of the form
0< fi"(v,x) < p(x) forae. (v,x) e RPx RP,

where ¢ € LI(RD). Then, for each t > 0, the macroscopic density p associated to f
satisfies

1 1
0< pix, 1) :=/ f(v,x,t)dvf/ ¢(x—rv>dv=—D/ 6 dy = 9,
RD RD t RD t

for a.e. x € RP. In particular
p(x,t) > 0 ast — +ooforae.x € RP.

Relaxation to local equilibrium is associated to the collision integral and can be more
or less formulated as follows. Let g = g(v, t) be a solution of the space homogeneous
Boltzmann equation

dg=Bg.8). gl,_o=2g"

where gi" = ¢i"(v) satisfies the assumptions
¢"(v) >0 forae.veRP and / 2™ ()1 + [v]?) dv < +oo.
RD

In the limit as r — +o00, we expect that g(v, r) converges to a Maxwellian distribution,
i.e.,

00 _ 002
g(t,v) — M[p™, u™, 6%°](v) := p—DeXp (—w) ,
(270>°) 3 20

where

. 1 .
p=° ::/ g"(w)dv, u*:= —/ g"(v)dv,
RD P> JrD
1 .

6% = pTo/RD Lo = u™®Pg" (v) dv

if p>* > 0, while g(v, 1) = 0 for a.e. (v, 1) € RPx RP if p>*° = 0.

In general, dispersion and relaxation to local equilibrium are competing mechanisms,
because the effect of molecular collisions at the position x € RP obviously vanishes if
the macroscopic density p(x,t) — 0 as ¢t — +oo. For instance, dispersion is used in
[2,10,12] to control the nonlinear collision integral, and to establish the global existence
of solutions of the Boltzmann equation.

However, these two mechanisms cooperate to produce a remarkable class of explicit
solutions of the Boltzmann equation in the spatial domain RP, henceforth referred to as
global Maxwellians.
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Definition 1.1. A global Maxwellian is a distribution function M = M (v, x, t) satis-
fying both

oM+v-YM=0 and B(M, M) =0.

An example of global Maxwellian is
M, x,1) = et

A complete description of global Maxwellians with finite mass can be found in [15].
More precisely, the main result in [15] is the following variational characterization.

Given F" ¢ L1(RP x RP, (1+|x|?+|v|?)dxdv) such that F'* > 0 a.e. on RP x RP,
there exists a unique global Maxwellian M fin such that!

1 1
v
|U| |v]? _
// X —tv M pin(v, x, t) dvdx = // x F™(v, x) dvdx
RDxRD tv|2 RDxRD |x|2
(x —tv)-v X-v
XAV XAV

for all + € R. Notice that the left hand side of the equality above is independent of
t. Indeed, any global Maxwellian M satisfies M (v, x, 1) = M (v, x — tv,0) for all
(v,x,t) e RPx RPx R.

Moreover, foreacht € R, the function (v, x) > M gin (v, x, t) satisfies the following
variational property:

H[f]:= // fIn f(v,x)dvdx > H[Mpgin(2)] = H[Mpin(0)]
RDPxRD

for all a.e. nonnegative f € L' (RP x RP, (1 + |x|? + |v|?>)dxdv) such that

1 l
|U| |U|2 ,
//]RD . X —tv2 f (v, x)dvdx _//]RD . x2 F™(v, x) dvdx,
x 1] x x|
(x—tv) v xX-v
XAV XAV

with equality if and only if f(v,x) = Mg (v, x, ) for ae. (v,x) € RP x RP. (See
section 1.5 in [15] for more details.)

The purpose of the present work is to study the dynamics defined by the Boltzmann
equation near global Maxwellians in the Euclidean space RP. In particular, we establish
the existence and uniqueness of solutions in that regime and analyze in detail the large

1 Fora, b € RP, the notation a A b designates the skew-symmetric tensora ® b — b ® a.
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time behavior of these solutions. More precisely, solutions F' of the Boltzmann equation
(1.1) over RP x RP x R, such that F ’ 0= F'" satisfy the global conservation laws

1 1

|U| |U| )
// x—tv F(v, x, t)dvdx—// X F™ (v, x) dvdx
RDxRDP tv|2 RDPxRD |x|2

(x—tv) v X-v
XAV XAV

for all + > 0, under some appropriate decay condition on F that implies (1.2). (See
Theorem B below for a precise statement.) On the other hand, under a decay condition
more stringent than (1.2), Boltzmann’s H Theorem (see below) asserts that the function

t > H[F ()]

is nonincreasing for each solution F of the Boltzmann equation (1.1).
Together with the variational characterization of global Maxwellians recalled above,
this raises the following question, which is at the core of the present paper.

Problem. Let F be a solution of the Cauchy problem for the Boltzmann equation (1.1)
with initial data F'™ satisfying appropriate decay conditions at infinity, implying in
particular (1.2). In the limit as # — +00, does F () converge (in some sense) to the state
of maximal entropy (or minimal H -function) compatible with the global conservation
laws satisfied by F'? In particular, does H[F (¢)] converge to H[Mpin] as t — +00?

The main result in the present work is that this question is answered in the negative.

2. Main Results

2.1. Background on global Maxwellians. We first recall the complete description of
global Maxwellians from [15].

Theorem A. The family of all global Maxwellians over the spatial domain RP and
belonging to L™ (R,; L' (RP x RP)) is of the form

M(U,x,t) Vdet(Q)exp( Q(U_UO’ -x()rt))?

(2w )D
with

qv,x,t) = %(c|v|2 +alx — tv|2 +2b(x —tv) -v+v- B(x — tv))
and Q = (ac — bz)I + Bz,

wherem,a,c > 0,b € R, xo,vo € RP and B is a skew-symmetric D x D matrix with
real entries such that the symmetric matrix Q is definite positive.
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Henceforth we denote by 2 the set
Q:={(a,b,c,B)eRxRP*P st.a,¢c>0, B=—B", and (ac—b*)I + B> > 0}.
With the notation

2
_lv—ul
P 26

Mlp,u,0](v) = 5e ,
2ro)2

elementary computations show that
M, x,1) = Mlp(x, 1), u(x, 1), 0(1)](v),

with

p(x, 1) = m@(t)%,/det(%) exp(—30()x" Ox), u(x,t) = 0(t)(axt — bx — Bx),
(2.1)
and
1

0(t) = ————.
®) at? —2bt +¢

(2.2)
Given any global Maxwellian M on RP x RP x R, we consider the Banach spaces
Xpp = ML®RP x RPx R), with norm || F|pq 1= | F/ M| oo RDx RPxR) »

and

Ym) = MO L®RP x RP),  with norm | f| g0y = [ f/M(O) ]| oo @Dy RD)-

2.2. Assumptions on the collision kernel. Henceforth, we assume that the collision ker-
nel has separated form, i.e.

b(z, w) = |z|fb(w-n) withn = z/z],

and satisfies the weak cutoff condition

b :=/ B(w -n)dw < oo.
Sp-1

Such a collision kernel will be said to correspond to a “hard” potential for the molecular
interaction if B € (0, 1], and to a “soft” potential if 8 € (—D, 0). The case B = 0
corresponds to an assumption made by Maxwell in [17], and is referred to as the case
of “Maxwell molecules”. The case where b(z, ) = |z - w| is the case of hard sphere
collisions. The case B € (1, 2] is referred to as “super-hard”; it does not arise from any
radial, inverse power law potential and is therefore of limited physical interest.

The collision integral is defined in terms of the collision kernel as follows. For each
measurable F = F (v, x, t) defined a.e. on RP x RP x I where I is an interval of R and
satisfying

|F(v,x,1)| < M(v,x,1) forae. (v,x,1) € RPx RP x 1 (2.3)
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for some global Maxwellian M, one has
B(F, F)(v,x,t)

= // (F(', x, ) F(vl, x,1) — F(v, x, 1) F (vs, x, 1))D(v — vy, w)dwdvy.
SD*IXRD

The velocities v" and v, are defined in terms of v, v, and w by the formulas
V=v— (=) 0o, V,=v+ =) 0o.
These formulas give the general solution (v, v}) € RP x RP of the system of equations
Vv = vt VPP = P+ el
where v and v, are given vectors in RP. Henceforth we use the notation
F=F(,x,t), Fy=F(x,t), F=FQ, x,t), F,=FQ,x,1),

which is customary in the literature on the Boltzmann equation.

Since we are dealing with cutoff kernels throughout the present work, the Boltzmann

collision integral can be decomposed into gain and loss terms, denoted respectively
B.(F, F) and B_(F, F), and defined as follows

Bi(F, F)(v,x,t) = // FQ',x, ) F (v}, x,)b(v — vs, w)dwdu,,
SD-1xRD

B_(F, F)(v,x,t) = // F(v, x,t)F(vs, x, H)b(v — vy, w)dwdv,.
SD-1xRD

The loss term can be recast as
B_(F, F)(v,x,t) := F(v, x, ) A(F)(v, x, 1),

with
A(F)(v, x,1) := // F (s, x, Hb(v — vy, w)dwdvy.
SP-1xRD
Integrating first in the w variable, the term A(F') takes the form
AWX&L0=5/‘FW*LﬂW—wWM*
RD

In particular, if F is a global Maxwellian as in Theorem A, one has

p(x, 1)0(1) 22 (LM)
’ P\ 0

— D+ v—u(x,t)
mb,/det(%)@(t) 2 exp(—%@(t)xTQx)aﬁ (W) , 24

AM) (v, x, 1)

with the notation

ag(w) = /RD lw — we P M1, 0, 1](ws)dws. 2.5)
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In the sequel, we shall use repeatedly the following elementary estimate: for all
F, G € Xpq, one has

IB_(F,G)(v, x, )] < [FIMmIGImB-(M, M) = [[FI| mIIGIMANMIM, (2.6)
and

IB+(F, G)(v, x, )| < | FImIGImBr(M, M)
= IFIMmIGImB- (M, M) = [F| mIGImMANMOM,  (2.7)

where the penultimate equality follows from the identity B(M, M) = 0.

2.3. Mild solutions of the Boltzmann equation and their fundamental properties. We
shall henceforth use the notation A to designate the advection operator, i.e. Ap = v - ; ¢,
which is the infinitesimal generator of the one-parameter group ¢'? defined by the for-
mula

e’Aqb(x, v) =¢(x +1v,v).

Throughout the present paper, we shall use the following notion of solution of the
Boltzmann equation.

Definition 2.1. A mild solution of the Boltzmann equation is a function F = F (v, x, )
belonging to L! (RP x RP x I) where [ is an interval of R, such that B(F, F) belongs

loc
to L}, .(RPx RP x I) and

n
e?AF (v, x, 1) =e’1AF(v,x,t1)+/ eAB(F, F)(v, x, 5)ds

n

fora.e. (v, x) € RPx RPand#, 1, € I.In particular, F is a.e. equal to a unique element
of C(I; L} (RP x RP)), to which it will be henceforth identified.

loc

Mild solutions of the Boltzmann equations with appropriate decay conditions in the
limit as |x| + |v| — oo satisfy basic conservation properties, which are summarized in
the following statement.

Theorem B. Let F = F(v, x, t) be a measurable function defined a.e. on RP x RP x I
where I is an open interval of R and satisfying the bound (2.3). Then

(a) fora.e. (x,1t) € RP x 1

1

/ B(F, F)(v, x,t) v dv =0.
R 3l

Assume moreover that F is a mild solution of the Boltzmann equation in the sense
of distributions on RP x RP x I. Then
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(b) the function F satisfies the global conservation laws

d 2
—// x —tv F(v, x,t)dvdx =0
dt RDxRD l| .

2

in the sense of distributions on 1.

In addition, the Boltzmann equation satisfies a dissipation property, well known under
the name of “Boltzmann’s H theorem”, which is recalled below.

Boltzmann’s H Theorem. Let F = F (v, x,t) be a measurable function defined a.e.
on RP x RP x I where I is an open interval of R and satisfying the bound

0< F(v,x,t) < M(v,x,t), fora.e. (v,x,t)€ RPx RP x 1

where M is a global Maxwellian. Then
(a) fora.e. (x,t) € RP x 1

/ B(F,F)(v,x,t)In F(v, x,t)dv <0,
RD

(b) the inequality above is an equality if and only if B(F, F) = 0 a.e. on RP x RP x I
or, equivalently, if and only if F is a local Maxwellian, i.e. if and only if there exists
p=px,t)>0and0 =0(x,1) >0, and u = u(x, 1) € RP such that

F(v,x,t) = M[p(x,t),u(x,t),0(x,1)](v).

Assume moreover that F is a mild solution of the Boltzmann equation on RP x RP x I
satisfying the lower bound

F(v,x,t) > aM(v, x,t), forae. (v,x,t)€ RP x RP x I,
where « € (0, 1). Then

(¢) the Boltzmann H function associated to F defined as
H[F](t) .= // Fln F(v, x, t)dvdx
RPxRD

satisfies
dH[F]
dt

(t):// B(F, F)(v,x,t)In F(v, x,t)dvdx <0
RDxRD

in the sense of distributions on I.

Theorem B(a) and Boltzmann’s H Theorem (a)-(b) are classical properties of the
Boltzmann equation, and are discussed in most books on the Boltzmann equation, for
instance [4,6]. See also Corollary 3.2 and Proposition 3.3 in [8] for proofs based on
assumptions slightly more general than those used in the present paper. Proofs of The-
orem B(b) and of part (c) of the H Theorem are given in the appendix for the reader’s
convenience.
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2.4. Dispersion vs. dissipation. Let M be a global Maxwellian, of the form

Jdet Qe=4x1)

m
M, x,t) = 2m)P

where

T
I bl—B
q(v’x’t):%(x—vtv) (bIc+B al )(x—vtv)’ Q::(ac—b2)1+32

with (a, b, ¢, B) € Q.

Lemma 2.1. Assume that the collision kernel b has separated form with 8 € (=D, 0]
and let M be a global Maxwellian as in Theorem A. Then

A ()l o @oxzp) < mby/det(£)ag(0)0(0) ",
with
ag(0) =221 %L/ r(%) > 0.
Moreover, if B € (1 — D, 0] then

(M) = /R IAM) ()] oo oy ey dt < 00. (2.8)

The next lemma shows the effect of dispersion induced by the free transport operator
on the damping coefficient in the loss term of the Boltzmann collision integral. By
integrating first in the time variable before taking the sup norm in x and v, one gains
one extra power of the relative velocity in the collision kernel b. Therefore, this lemma
applies to all cutoff collision kernels corresponding to hard as well as soft potentials,
unlike Lemma 2.1. It extends the computation on pp. 221-222 of [12] (see also formula
(3.5) in [10]) to the larger class of global Maxwellians described in [15] and considered
in the present work.

Lemma 2.2. Assume that the collision kernel b has separated form with 8 € (1 — D, 1].
Under the assumptions above, the function

(v, x,1) — / AM)(v, x —tv+sv,s)ds
J
is bounded on RP x RP x R for each interval J C R. Specifically, one has

<v(M) forae (v,x,t)€ RP x RP x R,

/ AM)(v, x —tv +sv, s)ds
J

where
v(M) = sup
(v,x,t)eRPxRPxR

<m—5((2na)D/2 |SP—1|/det O )
T enPia p+D-1

/ AM)(v, x —tv+sv,s)ds

2.9)
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2.5. Existence, uniqueness and stability for the Cauchy problem. Our analysis of the
dynamics of the Boltzmann equation in the neighborhood of global Maxwellian begins
with the following existence and uniqueness result. It states the existence and unique-
ness of the mild solution of the Cauchy problem for the Boltzmann equation under the
assumption that the initial distribution function F™ is close enough to the restriction at
time ¢ = 0 of a global Maxwellian M which is itself small enough when measured in
terms of the parameter v(M) defined in Lemma 2.2.

Theorem 2.1. Assume that the collision kernel b has separated formwith 8 € (1—D, 1].
Let M be a global Maxwellian such that v(M) defined in (2.9) satisfies v(M) < ‘1—‘.

(a) For each F™ € ) 'M0) Such that

(1 — 4v(M))?

[FT — M©O) | m) < M)

there exists a unique mild solution F € X of the Boltzmann equation such that
F(0)=F™ and |F —M|nm <r,

with

r_( I _1) 1_\/1_8V(M)|Fin—M(0)|M(O)
“ (1 —4v(M))?

(b) Moreover, lf% <4v(M) < 1, or if one has both

0 <4v(M) <% and |F™ — M(0)|pm() < 1 — 60(M),
then r < 1 and therefore

0 < (1 _V)M(vsxa[) < F(Ua-xst)
<(1+r)M,x,t) forae. (v,x,t)€ RP x RP x R.

Theorem 2.1 extends earlier works, especially those of Illner and Shinbrot [12] and
Hamdache [10]. Our proof is based on the same type of fixed-point argument that was
used in [10], rather than the Kaniel-Shinbrot iteration method [13] that was used in
[12]. (See section 6 of [13] for citations of earlier uses of the fixed-point argument.)
We also refer to more recent papers by Toscani [20], by Goudon [9], and by Alonso
and Gamba [1], all of which use Kaniel-Shinbrot iteration to construct solutions near
global Maxwellians for the case of soft potentials. Unlike Theorem 2.1, these later
references do not require a smallness condition (like v(M) < 4—1‘) on the reference
Maxwellian. Otherwise, Theorem 2.1 considers a class of collision kernels larger than
thatin [1,9,12,20] and the largest possible class of global Maxwellians, including those
with rotation, whereas [1,9,12,20] consider only global Maxwellians without rotation.

Another difference with [10] is statement (b), which gives a sufficient condition for the
positivity of the solution so obtained. The Boltzmann equation governs the evolution of
distribution functions for gas molecules. Therefore, solutions of the Boltzmann equation
which are negative on sets of positive measure are not physically admissible.



Boltzmann Equation Near Global Maxwellians 445

Henceforth, the solution F of the Cauchy problem with initial condition F(0) = F™™
obtained in Theorem 2.1 will be denoted

F(1) =S F™ teR.

In other words, §; is the one-parameter group generated by the Boltzmann equation.
Notice that, under the condition on F'™ in Theorem 2.1, the solution S; F''™™ is defined for
all values of the time variable #, negative as well as positive. Such solutions are referred
to as “eternal solutions”.

Although the mathematical results obtained throughout this paper hold for positive
as well as negative times, the Cauchy problem for the Boltzmann equation for positive
times is of course of greater physical interest than its analogue for negative times. The
fact that the solutions of the Cauchy problem for the Boltzmann equation obtained in
Theorem 2.1 can be extended to all negative times is a mathematical property of the
physical regime corresponding to the assumptions of Theorem 2.1. This observation
applies to all the statements in Sects. 2.5 and 2.6, and we shall return to it later.

The next theorem establishes the continuous dependence of the solution F of the
Cauchy problem for the Boltzmann equation in terms of the initial data F'™. More
precisely, we show that the one-parameter group S; is locally Lipschitz continuous on
the neighborhood of M (0) where it is defined.

Theorem 2.2. Assume that the collision kernel b has separated formwith § € (1-D, 1].
Let M be a global Maxwellian. Assume that v(M) defined in (2.9) satisfies the condition
v(M) < le‘ Let F|" and F}" € Ym0y be such that

(1 —4v(M))?

€ := max(|F{" — M) rm0), |1F3" = MO m0) < SO0

Let Fi(t) = S; Fi" and F(t) = S; F" for all t € R. Then

17— Rl = —— 10— o
T /(1 = 4v(M))?2 — 8v(M)e

In the case of cutoff collision kernels corresponding to soft potentials, one has the
following more general stability and uniqueness result.

Theorem 2.3. Assume that the collision kernel b has separated form with € (1—-D, 0].
Let F1 and F> be two mild solutions of the Boltzmann equation satisfying the bound

|Fj(v,x,1)| < M(v,x,1), fora.e (v,x,t) € RP x RP x Rand j =1, 2.
Then
IFy = F2llm < 1F1(0) = F2(0) e,
where (M) is the constant defined in (2.8).

Uniqueness is a direct consequence of the last inequality: if F1(0) = F>(0) a.e. on
RP x RP, then F| = F> a.e. on RP x RP x R. The constant (M) is not optimal in the
bound above, and can be replaced with

o 0
max ([ 1AM Ol ozt [ IAMOON iz,

as can be seen from the proof.
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2.6. Large time behavior. In this section, we pursue our analysis of the dynamics of the
Boltzmann equation near global Maxwellian with a detailed discussion of the asymptotic
behavior of S, F™ for t — Zo00. Recall that A denotes the advection operator, i.e.
A¢p = v-V\,¢, which is the infinitesimal generator of the one-parameter group e'A
defined by the formula e'A¢ (x, v) = ¢ (x + tv, v).

Our first result in this direction is the following simple but general observation.

Theorem 2.4. Assume that the collision kernel b has separated form with exponent
B e (1—D,2].Let F = F(v, x, t) be amild solution of the Boltzmann equation defined
a.e. on RP x RP x (19, +00)—resp. RP x RP x (o0, tg))—for some ty € R. Assume
that, for some global Maxwellian M, defined in terms of m > 0 and (a, b, c, B) € Q
as in Theorem A, the solution F satisfies

|F(v, x,0)] < M(v,x,1)

fora.e. (v,x,t) € RP x RP x (ty, +00)—resp. RP x RP x (—00, tg). Then there exists
a unique F*® = F*® (v, x)—resp. F~° = F~°°(v, x)—such that

IF () — e ™A F* || 11 woygny — 0
ast — +oo—resp.
IF(#) — e AF || 11 @oygo) — 0

ast — —oQ.

The functions F¥ are given by

. oo

F+© = fin +/ eAB(F, F)(s) ds,

0

) 0

F~® = F™ —/ eAB(F, F)(s) ds,

—00
and satisfy the bound

|FE® (v, x)| < M(v, x, 0) fora.e. (v,x) € RP x RP.

This theorem obviously applies to the solution F(r) = S;Fi" obtained in Theo-
rem 2.1, since it satisfies the bound —(1+r) M) < (1—r)M(() < S;F™ < (1+r)M(1)
for all r € R. The asymptotic states F¥> so obtained obviously satisfy the bounds

(1 =M, x,0) < F¥®@w, x) < (1 +r)M(v, x,0) forae. (v, x) € RPx RP,
since e'A M (t) = M(0) and
(=M@, x,t) < S, F™v,x) < 1+r)M(v, x,1) forae. (v, x,1) € RPx RP x R,

Definition 2.2. Let M be a global Maxwellian. Let F n and F+® (resp. F~°) be two
elements of V). We say that F*® = T*F'™ (resp. F~°° = 7~ F™) if there exists
a unique mild solution F of the Boltzmann equation on RP x RP x [0, +00) (resp. on
RP x RP x (—o0, 0]) such that || F (1) — e_’AF+°°||L1(RDXRD) — 0ast — +oo (resp.
I[F(t) — e "AF || i moxgp) — 0 ast — —00).
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This defines two operators 7+ and 7 ~ on subsets of )¢ (- In view of Theorems 2.1
and 2.4 and of the remarks before the definition above, the operators T+ are defined on

By o (/\/l (0), %) provided that v(M) < %, and satisfy?

T (BLVM«)) (M(O), (]Eﬁ%))z)) C By o) (M(O)’ 4‘1(1—/\4) B 1) '

Notice that the existence of the operators 7+ on balls of a slightly different class of
spaces analogous to Y a4(g) had been established by Hamdache [10]. Hamdache uses a
less general class of global Maxwellians, which do not include solid rotation as in the
present work. On the other hand, Hamdache’s results are set on Banach spaces analogous
to Yaq(0), based on L? with 1 < p < oo, instead of L®° only, as in our work. But the
setting involving L?” for p # oo fails to guarantee the positivity of the solution of
the Boltzmann equation, at variance with all the results presented above. Therefore, the
existence theorem above (Theorem 2.4), which is based on a more general class of global
Maxwellians than its predecessors and yields the positivity of the distribution function,
iS new.

Analogous results on discrete velocity models of the kinetic theory of gases have
been established earlier: see also formula (16.16) in [19] and Theorem 5.4 in [3].

Although the asymptotic behavior of solutions of the Boltzmann equation over RP
for large positive time is of greater physical interest than the large negative time limit,
the fact that both limits are obtained by exactly the same mathematical arguments is an
important clue.

We know that when the Boltzmann equation is set on a bounded spatial domain, as-
suming for instance that x belongs to some periodic box, or to some bounded, connected
open set of RP with smooth boundary and appropriate boundary conditions (such as spec-
ular reflection of the gas molecules at the boundary), its solution converges, as t — +00,
to the uniform Maxwellian state that is compatible with the initial and boundary con-
ditions, as well as with the fundamental conservation laws implied by the Boltzmann
equation itself (see for instance [7]). In particular, different initial data F in may, in the
case of a bounded spatial domain, lead to the same Maxwellian state in the long time
limit.

By analogy, one might think that the asymptotic behavior for ¢ — +oco of any mild
solution F of the Boltzmann equation over R, satisfying appropriate decay conditions
more stringent than (1.2) as |x| + |v] — o0, is given by the global Maxwellian M
with the same globally conserved quantities as F—i.e. by the state of maximal entropy
compatible with the same conserved quantities as F. However, this seems unlikely,
since the mathematically analogous asymptotic behavior for 1 — —oo is not expected
to involve the entropy.

In fact the dynamics defined by the Boltzmann equation set in the Euclidean space
RP in the long time limit is completely different from the case of a bounded domain, as
shown by the next theorem.

Theorem 2.5. Assume that the collision kernel b has separated form with exponent
B € (1 —D,0]. Let F1 = Fi(v,x,t) and F» = F>(v, x,t) be mild solutions of the
Boltzmann equation defined a.e. on RP x RP x (tg, +00)—resp. RP x RP x (—o0, 1)—
satisfying the bounds

2 If E is a Banach space, B (x, r)—resp. Bg (x, r)—designates the open ball—resp. the closed ball—
centered at x with radius r in E.
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|Fi(v, x,1)| < M(v,x,1) and |F2(v,x,1)] < M(v, x, 1)
for a.e. (v,x,1) € RPx RP x (9, +00)—resp. RP x RP x (—o0, tg)—where M is a

global Maxwellian, defined in terms of m > 0 and (a, b, ¢, B) € Q as in Theorem A.
Let Fl.ﬂEoo = Fjioo(v, x) be such that

| Fj@) — ef(lftO)AF;OO”LI(RDan) -0 forj=1,2
ast — +oo—resp.
| Fj(t) — e_(t_tO)AF;ooHLl(RDan) —0 forj=1,2
ast — —oo. Then
|F1(t) — Fa ()| may < |FT™° — 2+OO|M<,0)64“(M)
forallt > to—resp.

|F1(t) = F2(O) | may < |F; ™ = FZ_OOIM(tO)e4"(M)

IA

forall t < ty. In particular, if F}>® = F3* (resp. F; > = F; *°) a.e. on RP x RP,
then

Fi(v,x,t) = F>(v,x,t) fora.e (v,x) € RP x RP
forallt > to—resp. t < to.

In other words, the operators T are one-to-one on their domains of definition in the
case of soft molecular interactions: unlike in the case of the Boltzmann equation set in
a bounded domain, different initial data lead to different asymptotic states F£>°,

Whether these operators are onto is another natural question, which is partially an-

swered by the next theorem.

Theorem 2.6. Assume that b has separated form with B € (1—D, 1]. Let M be a global
Maxwellian, with v(M) defined in (2.9) such that v(M) < }‘. Let F£%° satisfy

+ (1—=4v(M))?
F=% € By, o (M(O), W) :

Then there exists a unique Fj;‘ € Ym0 satisfying Fjif € By, (M(0), r) with

r—( 1 _1) 1_\/1_ 8V (M) |FE — M(0)| pm(0)
M) (1 — 4v(M))? ’

and

THFID = ptee,
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We henceforth denote
(TH)~Lp*e .= pin (2.10)

the initial data obtained in Theorem 2.6. In other words, Theorem 2.6 defines right
inverse operators (7)™ : F*® FI" such that T% o (T*)~! = Id on the ball

— 2 3
By o) (M 0), %) Besides

(77! (BLVM(()) (./\/l(O), '(1;;1‘2%))2)) C By (M(O)’ W N 1) )

Notice the difference between Theorems 2.5 and 2.6. Theorem 2.5 establishes the
one-to-one property for the operators F'" — F* possibly for large initial data, under
the only assumption that the Boltzmann equation has a mild solution with initial data
F™ that remains below some global Maxwellian. However, we do not know whether
Theorem 2.5 holds for hard potentials. Theorem 2.6 on the other hand holds for all cutoff
kernels, for hard as well as soft potentials, and implies that the operators F'* > F*>
are not only one-to-one but also onto. But Theorem 2.6 is only a local result: it holds
only in some neighborhood of a global Maxwellian.

Theorems 2.5 and 2.6 answer in the negative the question raised in the problem stated
at the end of Sect. 1. As explained above, the asymptotic behavior of solutions of the
Boltzmann equation over RP for large positive time is of much greater physical interest
than the large negative time limit. Nevertheless, the mathematical methods used in the
proof of Theorems 2.5 and 2.6 allow treating both limits in the same way.

A result analogous to Theorem 2.6 had been established earlier by X. Lu (see The-
orem 4.2 in [16]). However, X. Lu uses weight functions which decay slower than
Maxwellians as |[v] — oo: see formulas (1.14)—(1.15)—(1.16) in [16]. In fact Remark 2
on p. 1172 in [16] states explicitly that the solutions obtained in there are not bounded
from below by a traveling Maxwellian.

In the next theorem, we discuss the continuity properties of the operators 7+ and of
their right inverses (7+)~! defined in (2.10).

Theorem 2.7. Assume that b has separated form with 8 € (1 — D, 1], and let M
be a global Maxwellian with v(M) defined in (2.9) such that v(M) < %, and let

(1—4v(M))?
TR

0<e< D

(a) For Fin, inn € By, (M(0), €) one has

) ) Fin _ Fin
V(1 = 4v(M))? — 8v(M)e

(b) For F{*®°, F3*° € By, (M(0), €) one has

(TH) 7 FE — (T T FE ) < Lirmaaki il R,
! 2 ~ /(1 = 4v(M))? — 8u(M)e
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2.7. Scattering theory for the Boltzmann equation. The results obtained in the previous
section imply the existence of a scattering regime for the Boltzmann equation set in the
Euclidean space RP, at least in the vicinity of some global Maxwellian states—i.e. those
for which v(M) < 21;-

In the words of Lax and Phillips [14], “Scattering theory compares the asymptotic
behavior of an evolving system as ¢ tends to —oo with its asymptotic behavior as ¢
tends to +00”. Chapter 2 of [14] defines the notion of scattering operator in terms of the
translation representation of unitary groups in Hilbert spaces.

Since the Boltzmann equation involves entropy production via Boltzmann’s H the-
orem, the one-parameter group S; constructed in Theorem 2.1 is very different from a
unitary group defined on a Hilbert space. Therefore, it is a priori unclear that the concepts
of scattering theory defined in such terms can be applied in the context of the kinetic
theory of gases.

There is however a scattering theory for the linear Boltzmann equation, sketched for
instance in section XI.12 of [18]. The notion of scattering operator for the linear Boltz-
mann equation considered by M. Reed and B. Simon differs from the theory described in
[14] in two ways, which they summarize as follows. “In the first place, the natural space
of states is not a Hilbert space but a cone in a (non-Hilbert) vector space; in the second
place, the equation of motion we describe defines a one-sided dynamics [...]” For that
reason, the definition of the wave and scattering operators in formulas (239)-(240) of
[18] differs from the one in [14].

The present section uses the same formalism as [14].

Definition 2.3. Let M be a global Maxwellian. Let F**° and F~° be two elements
of Y. We say that F*® = SF~ if there exists a unique mild solution F of

the Boltzmann equation on RP x RP x R such that |F (v, x, )] < M(v, x, t) for a.e.
(v, x, 1) € RP x RP x R for some global Maxwellian M, and

IF(t) — e A F*|| 1 moygp) — 0 ast — +00,
while
IF(t) — e "AF || 1 goygp) — 0 ast — —oo.

We have put together in the next theorem the main properties of the scattering oper-
ator S.

Theorem 2.8. Assume that b has separated form with B € (1 — D, 1], and let M be a
global Maxwellian with v(M) defined in (2.9) such that v(M) < Ll‘

2
(a) Foreach F~*° € By, o (M(0), %), there exists a unique asymptotic state
F™ € By, o, (M(0), r) with

. ( 1 1) ] _/] _ Bu(M)[F =% = M(0)|m)
M) (1 — 4v(M))? ’

such that
SF~® = F™,
In particular SM(0) = M(0).
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2
(b) Foreach F** € By, MO (M(0), %), there exists a unique asymptotic state
F~° ¢ By 10y (M(0), 1) with

_( 1 _1) 1_\/1_8V(M)|F+°°—M(0)|M(O)
~ \4vM) (1 —4v(M))? ’

such that

SF—OO — F+OO
The distribution function F~°° so obtained is henceforth denoted by
ST'FY® = F,

In other words, the map S™' so defined is a right inverse of S, i.e. S o (S™!) = Id
2
on the ball By, (M(()), M)‘

8v(M)
2
(c) The maps S and S~ are locally Lipschitz continuous on By o (M(0), % ).

2
More precisely, for each € satisfying 0 < € < % and each pair of asymp-

totic states Flioo, inoo € By, 0, (M(0), €), one has

|F > = F, %
|SF > — “Imo) = and
V(1 = 40(M))? — 8v(M)e
_ _ |F+OO F+OO|
ISTVF® — STVFF® | pmq0) < =
V(1 = 40(M)? — 8v(M)e
(d) The scattering operator S satisfies the global conservation laws
1 1
v
|v| vl
// SF~*°(v, x) dvdx :// X F~%°(v, x) dvdx
RDxRD |x|2 RDxRD |x|2
X-v xX-v
XAV XAV

for each F~% € By, (M(0), ¢ 8‘3%” ).

(e) The scattering operator S decreases the Boltzmann H function: if % <4v(M) < 1,
orif0 < 4v(M) < % and |[F~%° — M(0)| pm(0) < 1 — 6v(M), then
H[F~°]1 > H[SF~™).

This inequalityjs an equality if and only if there exists a global Maxwellian M such
that F~%° = M(0).
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(f) Let B < 0. Assume moreover that % <4v(M) < 1, orthat 0 < 4v(M) < % and
that F~° satisfies the condition |F~>° — M(0)|pm@) < 1 — 6v(M). Let Mp-—
be the global Maxwellian such that

1 1

v v
|v]? |v]?
//IRD - x2 F~%°(v, x) dvdx ://D . X Mp-x(v, x,0) dvdx;
e A EOEY A |x?
X-v X
XAV XAV

(see [15]). Then
H[SF™>] > H[Mp-],
with equality if and only if F~° = SF~*° = Mp-«(0).

The existence of a scattering operator has been established by Bony [3] in the case
of the discrete velocity models of the kinetic theory of gases—see also lecture 16 in
[19], especially the sentence following formula (16.16). However the scattering theory
so obtained is noticeably different from the one constructed in the present work. For
instance, the operator analogous to 7 * in [3] is known to be discontinuous (see section 5.6
in [3]). A significant difference between the real Boltzmann equation and all the discrete
velocity models is of course the class of global Maxwellians studied in [15] in the former
case. Indeed, no analogue of the class of global Maxwellians is known to exist in general
for discrete velocity models.

It is perhaps worth noticing that the analogue of Theorem 2.6 obtained by X. Lu
(Theorem 4.2 in [16]) cannot be used for the purpose of constructing the scattering
operator S in the vicinity of global Maxwellians, in view of Remark 2 on p. 1172 in
[16]. (Indeed, the Boltzmann solutions obtained in Theorem 4.2 of [16] have decay
properties excluding Maxwellians).

One way to poetically recast our results is that the traditional argument for the heat
death of the universe is wrong, at least when applied to a universe that expands forever.
That argument asserts the universe will approach its entropy maximizing state, which will
be a cooling homogeneous state. However, our results show that an unconfined system
generally does not approach its entropy maximizing state, but rather has a dispersing
asymptotic state upon which much of its past depends through a Lipschitz continuous
bijection. In physical terms, most particles do not experience enough collisions for the
entropy maximizing state to be approached before the unconfined system disperses. Of
course, the unconfined system modeled here by the Boltzmann equation is not a good
model for the universe and we are not claiming that the fate of the universe is not a
cooling homogeneous state. Rather, we are only pointing out that the traditional heat
death argument has gaps in it.

3. Proofs of Lemmas 2.1 and 2.2

Proof of Lemma 2.1. The first inequality follows from the formula (2.4) and observing
that

a(w) =/ w — w [P M1, 0, 1](w,)dw, s/ w.PM[1,0, 1 (w,)dw, = a(0)
RD RD
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because w — M1, 0, 1](w) and w — |w|? are nonincreasing functions? of |w| since
B < 0. (The argument in the footnote follows the proof of inequality (10.2.1) on p. 261
in [11]). Thus

/ LA () oo @Dy D) d1 5m6,/det(%)aﬁ(0)/ 0(t) 2 dt < o0
R R

since O(1) = O(1/t%) as t — o0 (by 2.2) and DT”g > % The explicit formula for

ag(0) comes from a straightforward computation (we recall that |SP—1| = 26/ 21"(%)).
O

Proof of Lemma 2.2. First
/ AM)(v,x —tv+sv,5)ds = 5/ v — v*lﬁ/ M(vy, x — tv +sv, s) dsdv,
J RD J
=5/ |v—v*|ﬂ/ My, x —tv+s(v—1y), 0) dsdvy,.
RD J

Indeed, since (0; + v - V)M = 0, one has
My, x —tv+50,8) = My, x —tv+5(v — vy), 0).
Then
G, X +Z,0) = 3@l X + Z|* + cvi]* +2(X + Z) - (b] + B)vy)
=3@X+Z+ 101+ B v, — LI+ B) v, ? + clu ).
Since B = —BT, one has

(b1 + B) v,> = (b1 + B) vi| (b1 + B) vs) = b*|vi]? + (BT v, | BT v,)
= b? el — (B%vslvs),

3 Lemma. Let f, 8 € C((0,+00)) be nonincreasing on (0, +00), and such that, for each x € RD, the
function y — f(|x — y|)g(|y|) is integrable. Then

oo 70 = sDeabay = [ FsDedyiay for each x < EV.
RD RD
Proof. Elementary computations show that, for each x € RD, one has
/ FyDgdyhdy —/ Fx = yDg(yhdy
RD RD

= %/RD(J"(IYI) — f(x = yM(UyD — glx — y)dy

Bl

/I - ‘(f(lyl) = fUx = yM(gdyD — gllx — yD)dy

x—y|>|y

+%/‘ - |(f(lyl) = fUx =y &y — glx — yD)dy.
x—y|<|y

In the first integral on the right hand side, one has both f(|y|) — f(Jx —y[) > Oand g(|y|) —g(lx —y|) =0
since f and g are nonincreasing. By the same token, f(|y|) — f(|x —y|) <O0and g(|y]) —g(Jx —y]) <0in
the second integral on the right hand side. Hence both integrals on the right hand side are nonnegative. 0O
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so that
qve, X+ Z,0)
1 2
- %(a X +Z+—(bl + B)*v, +—(ac|v*|2—b2|v*|2+(B2v*|v*)))
a a
1 1 T ? 1
=5(a|X+Z+—(bl+B) vi| +—(Quilvy) ).
a a
Thus

/ M(vy, x —tv+5(v — vy),0)ds
7

\/@e—(QU*W*)/za

/e—a|x—tv+g(b1+B)Tv*+s(v—v*)\2/2 ds
J

_ m
- (@mb

1 T
< m \/@e—(Qv*lv*)ﬂae_a(|x_lv+a(b“'B) Vg
(2m)P

22
></e az”|lv—uy| /ZdZ
R

m B , 7a(|xftv+$(bI+B)Tv*
— (27[)[) /det Qe (Quylvy)/ ae
21 1
Y il
a v — vy

< 21 1 /det O~ (Quslve)/2a
QmPV a v — vyl

‘We conclude that

2—(x—rv+5(b1+B)Tv|v—u*)2/|v—u*|2)

(vt L 1B v |u-0,) v, |2)

= (2 )D\/ \/F/ |[v—vy |ﬂ 1 (Qv*lv*)/z“dv

< (2n)D / /det 0 /U —(Quilv/2a gy

Vi |>1

(2N)D,/ T Jdet 0 /U v — vef 1 do,

vyl <1

mb /2n ((2 )D/2+ |SP— 1|./c1etQ)
(271)D B+D—-1 )°

‘/ AM) (v, x —tv+sv, s) ds
J

4. Existence, Uniqueness and Stability for the Cauchy Problem

In the case of hard potentials, A(M) ¢ L>®°(RP x RP x R); hence B+ does not map
X x X into Xpq. Controlling the collision integral requires integrating first along
the characteristic lines of the free transport operator and using the dispersion effect of
the free transport operator as in the previous section (Lemma 2.2), as explained in the
next lemma.
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Lemma 4.1. Consider the maps defined on Xpnq x Xpaq by
t
Ct+: (F,G) > Cx(F,G)(v,x,1) ::/ BL(F,G)(v,x —tv+sv,s)ds,
0

and set
C:=Cs—C-_.
Then, for all F, G € X4, one has
IC(F, F) = C(G, G)llm = 2vIM)IF + Gl mIIF — Gllwm,
and
IC(F, F)llpm = 2v(M)Q2 + I F = MIADITF — Ml am-
Proof. Observe that, for all F, G € X4,
C+(F,F) —Cs(G,G) = $C+(F+G,F — G) + $C+.(F — G, F + G).
Therefore, by (2.7) and (2.6)
IC+(F, F) = C+(G,G)| = IF + Gl MmIIF = Gllm

X

'

/ AM)(v, x —tv +sv, ) M((v, x —tv +sv,s)ds
0

< NF+GIMmIF = GllmM(v, x, 1)

X

t
/ AM)(v, x —tv +sv, 5)ds|,
0

so that
ICL(F, F) —C+(G,G)Ipm S vVIMIIF + Gl pmIIF — Glipm-

With the definition of C in terms of C4, this gives the first inequality in the lemma. The
second inequality in the lemma follows from the first inequality, the fact that

IF+Mlm = II1F = Mlpm+2IMlipm = I1F = Mliam+2
and the identity C(M, M) =0. O
The proof of Theorem 2.1 is based on the previous lemma and a fixed point argument.

Proof of Theorem 2.1. To say that F is a (mild) solution of the Boltzmann equation

() +v-N%)F =B(F,F), F| =F"

means that
F(v,x,1) = F™(v, x — tv) +C(F, F)(v, x, 1),
or in other words, that F is a fixed point of the map
E: G F'v,x —1v) +C(G, G)(v, x, 1).
Assume that Fi" € ) 'M(0); then

E(F)(v,x,t) — M(v,x,t) = Fin(v,x —tv) — M@, x —tv,0) +C(F, F)(v, x, t)



456 C. Bardos, I. M. Gamba, F. Golse, C. D. Levermore

so that

IE(G) = Mllag < [IF™/M(O) = 1| oo goyeipy + IC(G, Gl

< |F™ = MO)ly, 0 + 2VMYUIG = M5 +21G — Ml pp).

Set e(M,r) := (1 — dv(M)(1 + %r))r. Obviously, e(M, r) < r, and moreover

since 4v(M) < 1, one has €(M, r) > 2v(M)r? > 0. Thus,
if [F™ — M(0)|pmq) < €(M,r) andif |G — My <7,
then
IE(G) — Mllpm < €M, 1) + 20 (M) +2r) = 1.
Moreover, if F', G € B(T,r) C Xy, then
IECF) = EG)lIm = ICF, F) = C(G, G)l[pm = 20(MIF + GlImIF = Gllm

< W(M)([I5(F +G) = Ml pm + IMIADIF = Glim
=4vM)(r + D F — G|\ m-
Since 4v(M)(r +1) < 1, the map £ is a strict contraction from the closed ball B(M, r)
of the Banach space X'x4 into itself, and therefore has a unique fixed point in that ball.
In other words, the Boltzmann equation with initial data F™ has a unique mild solution

which belongs to the ball B(M, r) C Xpg.
The map r — €(M, r) is increasing on (0, m — 1) and

1 — 4v(M))?
sup eM,r)= u
0<dv(M)(r+1) <1 8v (M)
Thus, for each F™ € ) M0y such that | F in _ M(O)J M@O) < %M)r))z, there exists a
unique r € [0, 4v(]—M) — 1) such that (M, r) = [F™ — M(0)| p1(0y, which is given by

) =( L 1) 1_/1 ~ BU(M)IFin — M) [ mo0)
4v(M) (1 —4v(M))? '
This proves statement (a).
If § < 4v(M) < 1, then r < W —1 <1, while if 0 < 4v(M) < § and

r € [0, m — 1], then e(M,r) <e(M, 1) =1—6v(M)ifandonlyif 0 <r <1,

sothat [|[F — M| pq < 1if |[Fi" — M) p) < 1 — 6v(M). This proves statement
(b). |

Proof of Theorem 2.2. One has
(Fi — F)(u,x,1) = (FI" — FI")(v, x — tv, 1) + (C(F1, F1) — C(Fa, F2))(v, x, 1)

so that
IFi = Fallpm < 1™ = F3™) /M) [ L @pxgo) + IC(F1. F1) — C(Fa, F2) | g
< |F™ = FMyy 0 + 20 (M FL + Fall pll Fi — Fallag
< |FI" = Fi"y, 0 + 40 MY+ DI Fy = Fallp,
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assuming that || F; — M|aq < r for j = 1, 2. Therefore

Fin _ Fin
IFy = Fallag < = 12
11— 4(M)(r+ 1)

Inserting the expression of 7 in terms of | F'™ — M (0)| M o) obtained in Theorem 2.1(a)
in the right hand side of this inequality leads to the inequality of Theorem 2.2. O

Proof of Theorem 2.3. Since F; is a mild solution on RP x RP x R of the Boltzmann
equation for j = 1, 2, one has

t
AFi(1) = Fj(0)+/ e AB(Fj (), Fi(s)) ds
0

for each ¢ € R. The inequalities (2.6) and (2.7) and the bound on F; assumed in the
statement of Theorem 2.5 imply that

IB(F1(5). Fi(5)) — B(F2(s), Fa(s))| < 3IB(F1(s) + Fa(s), Fi(s) — Fa(s))]
+3B(Fi(s) — Fa(s), Fi(s) + Fa(s))|
< 4|F1(5) = Fa(9) | mis) AM()M(s),
“4.1)

so that
|F1(1) — B pmay = leBFL (1) — F ()| mo)

t

< |F1(0) = F2(0)| pm(0) +/o leSA(B(F1, F1)(s) — B(F, F2)(s))I Mmooy ds
t

= |F1(0) — F2(0)| p(0) +/o |B(Fy, F1)(s) — B(F2, F2)(s)| pm(s) ds

t
= |F1(0) = F2(0)[ m0) +4/0 |F1(s) = F2(8)| pms) MM () | oo DX RD) dS -

)

Using Lemma 2.1 and applying Gronwall’s inequality shows that

t
|F1(t) — Fa(O)| may = 1F1(0) = F2(0)| a0y exp (4 ‘/O AM ()l oo mDx RD) dS

from which the announced conclusion immediately follows. O

5. Large Time Behavior: Proofs of Theorems 2.4 and 2.5
Proof of Theorem 2.4. Observe first that

/D AMIM(v, x, t)dv = CaO(t)gp(x, 2,
R

where

Ca = // lw — w,P M1, 0, 11(w)M[1, 0, 1](w,)dwdw, < oo
RDxRD
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since B € (1 — D, 2]. On the other hand

/ o(x, )% dx = m*0 ()P det(%)/ exp(—0(1)xT Qx))dx = m2,/det(%)9(z‘)%
RD RD

so that

— Cum? 0 Dep
///RDxRDxR AMYM (v, x, t)dvdxdr = Cam m/Re(t) 7 dt < 00

since 6(r) = O(1/1%) as  — =00 (as implied by (2.2)) and 24£ > 1.
Thus, if F is a mild solution of the Boltzmann equation on RP x RP x 1 (where [ is
some interval of R) satisfying the bound in Theorem 2.4, one has

IB(F, F)| < B+(|F|, [F]) + B_(IF|, [FI)
< ByM, M) +B_(M, M) = 2AM)M, (5.1

and therefore

/// |B(F, F)(v, x, t)|dvdxdr < 2/// AMIM (v, x, t)dvdxds
RDxRD x 1 RPxRPxR

< OQ.
If I = [ty, +00), then
t
TR E (1) = F(t0)+/ eSTAB(F (5), F(s))ds,
1o
and since

+00 +00
/ leS~DAB(E (s), F ()l 11 mbxrpyds = / IB(E(5), F(5)]l 11 pycgp)ds <00,
o 1

0

we conclude that e(’_’O)AF(t) converges to a limit in LY(RP x RP) as t — +oc0. The
case where I = (—o00, fp] is handled similarly. O

Proof of Theorem 2.5. Since F; is a mild solution on RP x RP x [tg, +00) of the Boltz-
mann equation for j = 1, 2, one has

’

t
VAR (1) = TR (1) + / eSTAB(F (s), Fj(s)) ds
t

for each t’ > t > 1y. Letting t/ — +00 and using the assumption on the large time
behavior of F} and F> shows that

TOAF (1) — Fa(1))

=F® - F,> — / STONB(F (5), Fi(5)) — B(Fa(s), Fa(s))) ds.

The inequality (4.1) and the bound on F; assumed in the statement of Theorem 2.5 imply
that

IB(F1(s), F1(s)) — B(F2(s), F2(s))| < 4|F1(s) — F2(8)| M) AM () M(s)),
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so that

[Fi(t) — F(0)| pme) = e —OAFy (1) — F2(0) M)
< [FT™ = F™ M)

+00
4 / IF1(5) = Fa() sy ACMS)) | (s s
t

in view of the obvious identity e "0AM(s) = M(t). The conclusion follows from
Lemma 2.1 and Gronwall’s Lemma (treating ¢ = +o00 as the origin of times). 0O

6. The Operators 7~ %: Proofs of Theorems 2.6 and 2.7

Going back to the proof of Theorem 2.4 shows that 7+ Fi" = F** if and only if there
exists a unique mild solution F' of the Boltzmann equation such that

+00
F*° = J/AF@1t) + / SAB(F(s), F(s))ds =0, forallt € R,
t
or equivalently

f) = F* — /+OO eSPBEe A f(s), e A f(s))ds =0, forall7 € R,
t

with f (1) := e"AF(r). This is an equation for the unknown £, which is put in the form
f=F*=F,
with
+00
Fr(H)w, x,1) = / EABe A f, e ™A f)(v, x, 5) ds. (6.1)
1

Proof of Theorem 2.6. Proceeding as in the proof of Lemma 4.1, we see that, for each
f, 8 € Xy, one has

1F+(f) = Fr@lm = 20(M) f + glimllf — gllm, (6.2)
and

IF+ (O < 20(M)2 + [Lf = MIADILf — Ml (6.3)
Thus

| F*° — Fo(f) = Mliam < [FP° — M pm) + IFe(Hllm
<eM,r)+2v(M)Q+r)r =r

if |F*° — Mm@y < €M, 1) == (1 —dv(M)(1 + 3r)rand | f — Ml < 7. In
other words the map f +— F**° — F,(f) sends the closed ball By, (M, r) into itself
provided that | F** — M| rq(0) < €(M, 1).

On the other hand, if f, g € Bx,,(M,r)

IF+ () =Fe(@lm = 20(M)I f+gllmllf =gl = 4Av(MYA+r) 1 f —gllm. (6.4)
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sothatthe map f +— F*°° — F,(f) is astrict contraction on the closed ball By o (M, T)
provided that 4v(M)(1 +r) < 1. By the Banach fixed point theorem, we conclude that
the map f > F** — F,(f) has a unique fixed point f € By, (M, r).

Thus F (1) = e A £ (t) is amild solution of the Boltzmann equation on RP x RP x R
such that e’AF (1) — F*® in L'(RP x RP) as t — +o0. Setting Fi“ := F(0), one has
THFN = F+°,

Arguing as in the proof of Theorem 2.1,

1-4 2
|F* = M©O)pmy < S5 = I1f = Milm = IF = Milam <,

where r is the unique element of [0, 411(1—/\/1) —1) suchthate (M, r) = |[F*°—=M(0)| pm0)s

ie.
o ( 1 1) 1 _/1 _ BUM)|F+ — M(0) 0y
M) (1 —4v(M))? '

In particular | FI" — M(0)|pmq0) < IF — Mlapg <.
By looking instead for a fixed point of the map f +— F~°° + F_(f), where

t

F_(fH,x,t) = / e‘YAB(e_SAf, e_SAf)(v, x,s)ds,

—00

one obtains F'" such that 7~ F™ = F~ in the same way. Since F_ satisfies the same
estimates (6.2) and (6.3) as F,, i.e.

1F-Cf) = F-@lm = 2vM)ILf +gllmllf = gliwms (6.5)

and

IF-(Hlm = 20M)C+ ILf = MIaDILS — M, (6.6)

one obtains the existence and uniqueness of FI" satisfying

|FM — M) Moy < 7
provided that

S (1 —4v(M))?
|F —M(O)|M(0) < W a

The proof of Theorem 2.7(a) is based on Theorem 2.2, while Theorem 2.7(b) follows
from the classical argument proving the continuous dependence of the fixed point on the
initial data.

Proof of Theorem 2.7. Since v(M) < zlt and Fi™, in“ € By (M(0), €) with € sat-

(1—4v(M))?
3

isfying the bounds 0 < € < v(.(/\/l) , applying Theorem 2.2 shows that

|Fin _ Fin|M 0
le'AFL (1) — e AP ()| pmo) < 11— Fallm < L2 MO
V(1 —4v(M))2 — 8v(M)e
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foreach t € R, where F;(t) = S; F]i.n for j = 1, 2. Observing that e’AFj H —>T* Fji.n
in L' (RP x RP) as t — 400, we conclude that

) ) Fin _ Fin
|T:|:F11n _ TinmlM(O) < | Fi 2 M) ’
V(I —4v(M))2 — 8v(M)e

which is statement (a).

- . 4 < . - 2 .
If Fif°, ;™ € By 0 (M(0),e) with0 < € < %, applying Theorem 2.6

shows that F;roo = T*F}“ for j = 1,2, where F}“ = f;(0) and f; satisfies
fj=F;°O—7:+(fj), and [Ifj —Mlpm=r, Jj=12
where F, is defined in (6.1). Because of (6.2)
/i = fallm < TFY = F5%° o) + 1F () = Fe(f)llm
< [F{™ = B mo) + oMYA +0) | f1 = fallms
so that
| +00 __

i i F F% Mmoo
Fin _ pin < _ < 1 2 ( )
I = Pl = 11 = follan = Tt o

Inserting the expression of r in terms of | F*>° — M (0)| r4(o) given in Theorem 2.6 in the
right hand side of this inequality leads to the estimate in statement (b) for the operator
(T*)~!. The analogous estimate for (7 ~) ! is obtained by the same argument involving
F_ defined in (6.4) instead of ... O

7. The Scattering Operator S: Proof of Theorem 2.8

If F is a mild solution of the Boltzmann equation on RPx RP x R,

t/
dAFW) = PF(@1) + / SAB(F(s), F(s))ds

t

for each 7, ¢’ € R. In terms of f(¢) = e’AF(t), the equality above is recast as

’

1
£ = F() + / SABe A £(s), e £ (5)) ds.
t

According to Definition 2.3, one has F**° = SF~% if the function
s> e PBle A f(s). e f ()

is integrable on R a.e. on RP x RP and

F*® =F >4 / eSPBEe A f(s), e A f(s)) ds.
R
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Proof of Theorem 2.8. Since the functional F_ defined in (6.4) satisfies (6.5) and (6.6),
arguing as in the proof of Theorem 2.1 shows that the map f +— F~°° + F_(f) sends
the closed ball By (M, r) into itself provided that | F ~°° — M| aq(0) < €(M, r), where
we recall that e(M,r) = (1 — 4e(M)(1 + %r))r. Since 4v(M)(1 +r) < 1, one has
€(M, r) > 0. Moreover

I1F-(f) = F-(@lm =4 M)A+ f —glim forall f, g € Bx(M,r)

by (6.5). By the Banach fixed point theorem, the map f +— F~°°+ F_(f) has a unique
fixed pointin By (M, r). The distribution function F(t) := ¢! A f(¢) is therefore a mild
solution of the Boltzmann equation on RP x RP x R and satisfies | F — M| ¢ < r, s0
that |F (v, x,1)| < (1+7r)M(v, x,t) fora.e. (v, x, 1) € RP x RP x R. By Theorem 2.4,
there exists a unique F**° € Y40y such that f(r) = eAF(t) —> F*® ast — +00,
which means that SF~*° = F*®_ Besides

|FT° — M) pmo) < I1F = Mlipmg <7

This defines the scattering map S on the closed ball By, , 0 (M, €(M, r)) and shows

that S(Bme) (M, e(M,r))) C By 0 (M, r) provided that 4v(M)(1 +r) < 1.
Arguing as in the proof of Theorem 2.1, we conclude that S is defined on the open

ball By, (M, %) and that [SF~>° — M| () < r where

r_( 1 _1) 1_\/1_8v(M)|F+°°—M(0)|M(0)
~ \vm) (1= 4v(M))? '

i.e. r is the unique element of [0, W — 1) suchthat e (M, r) = |[F~%° = M(0)| pm(0)-
This proves statement (a).

Statement (b) is obtained in exactly the same manner, by seeking a fixed point of the
map f — F*® — F.(f), where F, is the map defined in (6.1).

If F| ™, F; % € By, ,,(M(0),€) with 0 < € < %, there exists unique
elements f1, f> of X such that

fi=FC+F(f), and |fj—Mlm=r, j=12
Because of (6.5)

If1 = f2llm < 1F;7 = Fy % m) + IF- (1) — F-(f2)llm
< |F[ ™ = F; ® | pmqo) + oMYA +0)Lfi — fallms

so that
|FI ™ = F, ®lmo

SF® —SF;*® — .
|SF, 5 Mmoo = = f2llm < VIS

The analogous local Lipschitz continuity estimate for the map S~! is obtained by the
same arguments involving JF instead of F_. This proves statement (c).
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Leta,c.l,m € Rand b, p.q € RP. For each F~ € By, , (M(0), L5207
let f be the unique fixed point of the map f +— F~°° + F_(f) in the closed ball

Bx,, (0, r) where

r_( 1 _1) 1_\/1_8v(M)|F+°°—M(0)|M(0)
— M) (1= 4v(M))? '

Thus F(t) = e A f(¢) is a mild solution of the Boltzmann equation. By Theorem B
(b), the distribution function F satisfies the global conservation law

d
—// (a+b-v+clo+p-(x AV)+q - (x—1v)
dt RDxRD
+I(x—tv)-v +m|x—tv|2)F(v,x, t) dvdx = 0.

Equivalently, f (1) = e’ F(t) satisfies

d

—// (a+b - v+c|v|2+p c(xAV)+qg-x+Ix - v+m|x|2)f(v,x,t)dvdx =0.
dt RDxRD

Since f(t) > F~®in LY(RP x RP)ast — —ooand f(t) - SF~®in L'(RP x RP)
ast — +ooand || f||aq < 1+, one has

// (a+b- v+c|v|2+p (X AV)+q-x+Ix- v+m|x|2)SF7°°(v,x)dvdx
RDxRD
= // (a+b - v+c|v|2+p c(xAV)+g-x+ix v +m|x|2)F_°°(v,x) dvdx,
RDxRD

which is obviously equivalent to statement (d).
Let F be the mild solution of the Boltzmann equation on RP x RP x R such that
e F (1) — F°| L1 @oygpy — 0 ast — o0 (7.1)

with F**° = SF~%°, while | F — M|z < r with r given by the formula in statement
(@).1f 1 <4v(M) < Lorif0 < 4v(M) < Land | F~ — M| pq < | —6v(M), then
r given by the expression in statement (a) satisfies 0 < r < 1 so that

0<(1—rM@) <F@) <(+r)M() aec.onRPxRP  forallr e R.

By Boltzmann’s H Theorem (c), the function ¢t — H[F(¢)] is nonincreasing on R and
one has

t
H[F(t)]— H[F(—1)] :/ // B(F(s), F(s))In F(s)ds, forallz > 0.
—t J JRPxRDP

On the other hand H[F (t)] = H[e’AF(t)], and since
(1 = r)M(©) < e*F (@) < (1+r)M(0)
a.e. on RP x RP for all 7 € R, one has

(1 —r)M@O)In((1 —r)M(0)) < etAF(t) <A +r)M@O)In((1 +r)M(0))
a.e. on RP x RP,
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Since M(0) and M (0) In M(0) € L'(RP x RP), we conclude by dominated conver-
gence that

H[F()] > H[F~®] ast —» —o0, H[F ()] > H[SF~™] ast — +oo,

and
+00
H[SF~®°| - H[F ] = / // B(F(s), F(s))In F(s)dvdxds <0,
—00 RPxRD
with equality if and only if
/ B(F, F)(v,x,s)dv=0 forae. (x,s) € R°xR.
RD

By Boltzmann’s H Theorem (b), this implies that F is a.e. equal to a local Maxwellian,
ie. that F(v,x,1) = M[p(x,1), u(x,1),0(x, )](v) for ae. (v, x,1) € RPx RPx R.
Since F is also a mild solution of the Boltzmann equation, this local Maxwellian must
be a global Maxwellian M. Hence

F~° = lim ¢AF@) = lim ¢AM() = M(0).
——00 ——00

This establishes statement (e).
As for statement (f), observe that statement (d) implies that

1 1

v v
Jv]? v|?
// X—tv Mp-s(v, x,1) dvdx:// x | SF~*°(v, x) dvdx.
RDPxRD |x—tv|2 RDxRD |x|2
(x—tv)-v X-v
XAV XAV

The variational characterization of Mgp-« (see the remark following Theorem 1.1
in [15]) implies that Mgp- = Mp-o, so that H[SF~°] > H[Mp-~], with
equality if and only if SF™>° = Mpg-«(). Since B < 0, applying Theorem 2.5
shows that the only mild solution F of the Boltzmann equation on RP x RP x R such
that |[F| < M a.e. on RP x RP x R for some global Maxwellian M and such that
1F(t) — e’tAMFfoc(O)HLl(RDXRD) — 0 ast — +00 is M p-~. Hence

F~® = lim AF(@) = lim e®Mp-o(t) = Mp-(0).
——00 [——00

8. Conclusion and Perspectives

The main results in this paper bear on the large time behavior of solutions of the Boltz-
mann equation set in the Euclidean space RP in the vicinity of global Maxwellians. The
fact that both operators 7+ and 7 ~ in Definition 2.2 are locally one-to-one and onto is
a major difference between the dynamics of the Boltzmann equation in the Euclidean
space RP and in the torus TP, or in any bounded domain with specular reflection of
the gas molecules at the boundary. The reason for this difference is that the dispersion
effect induced by the streaming operator v - V; in the Euclidean space RP quenches
the dissipation effect of the Boltzmann collision integral in the large time limit. The
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present paper uses the Banach fixed point theorem and provides a complete discussion
of the large time limit in the case of solutions of the Cauchy problem for the Boltzmann
equation that are sufficiently close to a global Maxwellian M, which is in turn assumed
“small” enough, in the sense that v(M) < ‘—11. Whether the same asymptotic behavior of
the dynamics defined by the Boltzmann equation—especially the fact that the operators
T+ and 7~ are onto—can be established in a more general setting remains an open
problem at the time of this writing. Notice however that 7+ and 7 ~ are already known
to be one-to-one wherever they are defined without smallness assumption on the initial
data (Theorem 2.5), at least in the case of cutoff collision kernels corresponding to soft
potentials.
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Appendix A: Properties of Mild Solutions of the Boltzmann Equation: Proofs of
Theorems B(b) and of H Theorem(c)

Proof of Theorem B(b). Let
¢, x,t):=(@+b-v +c|v|2 +p-(xAV)+q - (x—tv)+I(x—tv)-v +m|x—tv|2)
where a, ¢,l,m € R and p, ¢ € RP. Obviously

¢(v,x +tv,t) = ¢p(v,x,0) foreach (v, x,?) € RP x RP x R.

Therefore

€t2A(¢F)(U X t)— llA /tz sA
,X, b eNoF)(v, x, 1) + e @B(F, F))(v, x,s)ds

1

forae. (v,x) e RPx RP and 7, € I.Since 0 < F < M a.e. on RPx RP x I, one
has pF € L'(RP x RP x I, and |B(F, F)| < A(M)M a.e.on RP x RP x I by (5.1).
Using (2.4), (2.5), (2.1) and (2.2), we conclude that ¢ B(F, F) € L'(RPx RP x I).
Therefore

// A (GF) (v, x, 1) dvdx = // "A(GF) (v, x, 11) dudx
RDxRD RDxRD

15
+/2// A (GB(F, F))(v, x, s) dvdxds,
1 RDxRD

or equivalently

// (@F)(v, x, tp)dvdx = // (@F)(v, x, t1)dvdx
RDPxRD RDxRD

5]
+/ // (¢B(F, F))(v, x, s) dvdxds,
11 RDXRD
since

// etAg(v, x)dvdx = // g, x +tv)dvdx = // g(v, y)dvdy
RDxRD RDxRRD RDxRD
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for each ¢ € L'(RP x RP) and each 7 € R. Finally
/ (@B(F, F))(v,x,s)dv=0 forae. (x,s) € RP x I
]RD

because v — ¢ (v, x, s) is a linear combination of 1, vy, ..., vp, |v|2 (see statement (a)
in Theorem B). Hence

// (@F) (v, x, tp)dvdx = // (¢F)(v, x, t;) dvdx
RPxRD RDxRD

forallz;,p € R. O

Proof of H Theorem (c). By definition, if F' is a mild solution of the Boltzmann equation
on RP x RP x I, for a.e. (v, x) € RP x RP, the function ¢ — F (v, x, t) is absolutely
continuous on /. Assuming that eM < F < M ae. on RPx RP x I implies in
particular that F > 0 a.e., so that the chain rule applies (see for instance Corollary
VIIL.10 in [5]) and

%Fln F(v,x+tv,t)=B(F, F)(In F + 1)(v, x + tv, 1),
fora.e. (v,x,t) € RP x RP x 1.
Besides, one has
Ina+InM<InF <InM, ae.onRPxRP x I.

Since |B(F, F)| < AM)M a.e.on RP x RP x I by (5.1) and In M = O(|x|* + |v|?)
as |x| + |v| = oo, we conclude that B(F, F)(In F + 1) € L'(RP x RP x I), so that

d d
—HI[F = — FlnF
o [F]() 7 //}RDXRD n F(v, x +tv,t)dvdx

:// B(F, F)(InF + 1)(v, x + tv, t) dvdx
RDxRRD

=// B(F,F)InF(v,y,t)dvdy <0
RDPxRD

fora.e. r € I. The last equality follows from the first conservation law in Theorem B(a),
and the last inequality from statement (a) in Boltzmann’s H Theorem. O
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