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L! solutions to the stationary
Boltzmann equation in a slab )
LEIF ARKERYD () AND ANNE NouRI (@
RESUME. — On considére I’équation de Boltzmann stationnaire en une

dimension d’espace et trois dimensions de vitesse, pour des conditions
aux limites de réflexion maxwellienne diffuse. On montre I’existence d’une
solution appartenant & L', en utilisant le terme de production d’entropie
et un changement de variables d’espace classique.

ABSTRACT. — The stationary Boltzmann equation for pseudo-maxwellian
and hard forces is considered in the slab. An L! existence theorem is
proven in the case of diffuse reflection boundary conditions. The method
of proof is based on properties of the entropy dissipation term. The ap-
proach is simplified by a classical transformation of the space variable
resulting in a homogeneous equation of degree one. The case of given
indata is also briefly discussed.

1. Introduction

Consider the stationary Boltzmann equation in a slab of length L

65l (@) = QU Do), s I, ve B (L)
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The nonnegative function f(x,v) represents the density of a rarefied gas
at position = and velocity v, with £ the velocity component in the slab
direction. The boundary conditions are of diffuse reflection type,

£0.0) = Mo(v) [ 1€| £0,0)a0, €0,
£'<0
f(L,v) = M (v) & f(L,W)dY, € <0, (1.2)
£'>0
where My and M are given normalized half-space maxwellians M;(v) =

|2
Ew—lﬁe"%, i € {0, L}. The collision operator Q is the classical Boltzmann
operator with angular cut-off

Ao = [ [ Bo-vwlf s - 1 )dods,
=Q+(f7f) _Q_(faf),

where Q1 is the gain part and Q™ the loss part of the collision term, and
where

fr=fw), f=f£), f*=/f=),

V=0 (0—-v,ww, v,=v.+®—1v.ww.

Here, (v — v.,w) denotes the Euclidean inner product in IR3. Let w be
represented by the polar angle 6 (with polar axis along v — v,) and the
azimuthal angle ¢. The function B(v — v,,w) is the kernel of the collision
operator @, and for convenience taken as | v — v, |® b(8), with

0<B<2, belLi(0,2r), b#)=c>0, ae.
Let us first recall that in the case of the time-dependent Boltzmann equation
ft(t,z,v)‘*"”‘fo(t,x,'U) =Q(faf)(t’$vv)7 t€R+a JIGQ, ’UGRs,

where Q is a subset of IR3, the Cauchy problem has been studied intensely,
most important being the time-dependent existence proof by R. DiPerna
and P.L. Lions [17], based on the use of the averaging technique and new
solution concepts. For a survey and references to the time-dependent prob-
lem, see [13].

In this paper we focus on solutions to the stationary Boltzmann equa-
tion in the slab under diffuse reflection boundary conditions. Stationary
solutions are of interest as candidates for the time asymptotics of evolu-
tionary problems (cf [10], [5]). They also appear naturally in the resolution
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of boundary layer problems, when studying hydrodynamical limits of time-
dependent solutions. However, stationary solutions cannot be obtained di-
rectly by the techniques so far used in the time-dependent case, since for the
latter natural bounds on mass, energy and entropy provide an initial math-
ematical framework, whereas in the stationary case only bounds on flows of
mass,energy, and entropy through the boundary are easily available. Instead
our technique is based on a systematic use of suitable parts of the entropy
dissipation term with its natural bounds. The range of applicability of this
idea for kinetic equations goes well beyond the present problem.

A number of results are known concerning the cases of the non-linear
stationary Boltzmann equation close to equilibrium, and solutions of the
corresponding linearized equation. There, more general techniques - such as
contraction mapping based ones - can be utilized. So e.g. in an IR" setting,
the solvability of boundary value problems for the Boltzmann equation in
situations close to equilibrium is studied in [18], [19], [21], [33]. Stationary
problems in small domains for the non-linear Boltzmann equation are stud-
ied in [28], [22]. The unique solvability of internal stationary problems for
the Boltzmann equation at large Knudsen numbers is established in [26].
Existence and uniqueness of stationary solutions for the linearized Boltz-
mann equation in a bounded domain are proven in [25], and for the linear
Boltzmann equation uniqueness in [29], [31], and existence in [12] and oth-
ers. A classification of the well-posedness of some boundary value problems
for the linearized Boltzmann equation is made in [16]. For discrete velocity
models, in particular the Broadwell model, there are a number of stationary
results in two dimensions, among them [8], [9], [14],[15].

Moreover, existence results far from equilibrium have been obtained for
the stationary nonlinear Povzner equation in a bounded region in IR™ (see
[6]). The Povzner collision operator ([30]) is a modified Boltzmann operator
with a ’smearing’ process for the pair collisions, whereas in the derivation
of the Boltzmann collision operator, each separate collision between two
molecules occurs at one point in space.

In the slab case mathematical results on boundary value problems with
large indata for the BGK equation are presented in [32], and for the Boltz-
mann equation in a measure setting in [1], [11] and in an L! setting in [4] for
cases of pseudo-maxwellian and soft forces. In the paper [4] a criterium is
derived for obtaining weak L! compactness from the boundedness of the en-
tropy dissipation term. It allows an existence proof for a weak L! solution to
the Boltzmann equation in the slab when the collision kernel is truncated for
small velocities. In the present paper we use the entropy dissipation term
also to get rid of such truncations, and prove an existence result for the

- 377 -



Leif Arkeryd and Anne Nouri

genuine stationary Boltzmann equation with pseudo-maxwellian and hard
forces in the slab.

Let us conclude this introduction by detailing our results and methods
of proofs. First recall the exponential, mild and weak solution concepts in
the stationary context.

DEFINITION 1.1.— f is an exponential solution to the stationary Boltz-
mann problem (1.1-2), if f € L*([0, L] x R®), v € L}, ([0, L] x IR®), and if
for almost all (x,v) in [0,L] x IR®,

- f‘)?’_ v(z+7€,v)dT
T

fle) = Mo || 18170,

0 o d
+/ e TN Ok (£ £ (2t sg,v)ds, €0,
-3

_f’o’—é‘i v(z+7€,v)dT

flaw) = M) [ EHE e

0 0
+ / e L ETEIEQH (£, f) (a4 sE,v)ds, €<,

L—x

3

Here v is the collision frequency defined by

Ij(alc,v):/IR3 /SZB(v—v*,w)f(x,v,..)dwdv*.

DEFINITION 1.2. — f is a mild solution to the stationary Boltzmann
problem (1.1-2), if f € LY([0, L] x IR?), and for almost all (z,v) in [0, L] x
R3,

e =Mot) [ 1€ 1500+ [ QU0 €0

L
f@ )= M) [ EF(Ev)d -2 / QU )z v)dz, E<0.
£'>0 & z

Here the integrals for QT and Q™ are assumed to exist separately.

DEFINITION 1.3.— f is a weak solution to the stationary Boltzmann
problem (1.1-2), if f € L*([0, L]xIR3), Q* (£, f) and Q™ (£, f) € L} (o, L]x
{v € R3| € |> 0}), and for every test function ¢ € Ci([0,L] x IR3),
such that ¢ vanishes in a neighbourhood of £¢ = 0, and on {(0,v);§ <
0} U {(L,v);§ >0},
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L
[ [ €%+ au. ne vysa
0 JRs Z
= -/ |§lML(U)<P(L,v)dv/ £f(L,v)dv
£<0 £>0

— [ eMo@)p(0,v)dv / €] £(0, v)dv.
£>0 £<0

Remark. — This weak form is stronger than the mild and exponential
ones.

In the paper [6] the main equation, quadratic and of Povzner type in
IR™, is shown to be equivalent to a similar one but homogeneous of degree
one via a transform of the space variables and involving the mass. An
analogous transform involving the mass density instead of the mass was
first used in radiative transfer and boundary layer studies, and later in
the mid 1950 ies introduced by M. Krook [23] into gas kinetics for the BGK
equation. It was recently applied by C. Cercignani [11] for measure solutions
to the Boltzmann equation for pseudo-maxwellian forces in a slab. Under
this transform the Boltzmann equation in the slab transforms as follows.

Set
y(z) = /: /IR3 /52 f(z,v4)dwdv,dz.

Let Q = [r1,72] be the image of [0, L] under this transformation. Then, with
F(y,v) = f(z,v), the equation (1.1) becomes
BF(y,v")F(y, v.)dwdv,
¢2 ply ) = Jroxs2 BF(y, V') F(y,v))
Oy flexs2 F(y, vi)dwdv,
BF(y, vi)dwdu, ~

Ipaxs: BF (. v.) , yef, veRs, (1.3)
fR3x52 F(y7 'U*)d(.dd'l)*

_F(y7 'U)

and (1.2) becomes
F(rs,o) = M) [ 1€ Frao)av', €0,
£'<0

F(ra,v) = My (v) /§'>0 &' F(ry,v)dv, €<0. (1.4)

Any nonzero solution of (1.1-2) generates via the transform a solution
to a problem of type (1.3-4). In that sense the problem (1.3-4) is a gener-
alization of the problem (1.1-2). Reciprocally, let a slab of length L and a
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positive constant M be given. Choose (ry,73) such that 7o — 7y = M | §% |.
If the problem (1.3-4) has a solution F satisfying

T2 dy
/'r:1 fF(ya ’U)d'l) <00 (15)

then define the function y(z) by

y(z) dz

_ % g2
. TFG 0@ k|S°|z, zel0,L], (1.6)

where

k

1 /"2 dz
T L|S?| /)., [F(zv)dv’
and define the function f by
f(z,v) := kF(y(z),v), z€l[0,L], ve R

Then y maps [0, L] into [r1, 72, f is a solution to (1.1-2), and the total mass
of fis

/L flz v)dxdv—u—M
o Jrs® 152 '

Remark.— In contrast to the Povzner equation, it is not obvious in
the Boltzmann equation case how to extend the transform in a useful way
from one to several space dimensions. On the other hand, the existence
problem for (1.1-2) - in this paper solved with the above transform - can
alternatively be solved via a direct approach without the transform, instead
using a certain coupling between mass and boundary flow (see [7]).

The main result of this paper is the following.

THEOREM 1.1.— Given a slab of length L, B € [0,2] in the collision

kernel, and a positive constant M, there is a weak solution to the stationary
problem (1.1-2) with [ Kg(v)f(z,v)dzdv = M for Kg(v) = (1+ | v |)P.

Remark. — S. Mischler observed in [27] that in the context of boundary
conditions for the Boltzmann equation in n dimensions, the biting lemma
of Brook and Chacon can be used to obtain (1.2) instead of earlier weaker
alternatives (cf [20], [2], [3]). In our one dimensional case the biting lemma
is not needed. Instead (1.2) follows directly via weak compactness from a
control of entropy outflow.
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The theorem holds with an analogous proof for velocities in IR", n > 2.
It will be clear from the proofs that problems with given indata boundary
conditions can also be treated by the methods of this paper (no singular
boundary measure coming up there). The maxwellians in (1.2) can be re-
placed by other reentry profiles under suitable conditions on the functions
replacing the maxwellians. A number of generalizations of B which take
veR™ n>2, and n<ﬂ<2 such as cases of b(¢) > 0 a.e., or B not of
the product form | v — v, |P b(6), can also be analyzed straightforwardly by
the same approach.

The second section of the paper is devoted to a crucial construction of
approximated solutions to the transformed problem with a modified asym-
metric collision operator. The proofs are carried out with the transformed
slab for convenience equal to [—1, 1] throughout the paper. The asymmetry
introduced in the collision operator allows monotonicity arguments which
lead to uniqueness of the approximate solution. In the third section the
symmetry of the collision operator is reintroduced. The weak compactness
in L'([-1,1] x IR3) utilized for this step, is obtained by using the trans-
formed representation to get pointwise bounds for the collision frequency,
and by controlling the approximate solutions inside [-1,1] x IR® by their
values at the outgoing boundary. In the last two sections some remaining
truncations in the collision operator are removed. A certain convergence in
measure plays an important role. Such information is mainly extracted from
the geometry of the collision process and uniform estimates for the entropy
dissipation term. Throughout the paper, various constants are denoted by
the letter ¢, sometimes with indices.

2. Approximate solutions to the transformed problem

Let r > 0, u > 0, and (j,m) € IN? with L < r be given. The aim of this
section is to construct via strong L! compactness and fixed point arguments,
solutions f™#3™ to the following approximation of the transformed problem

of 1 [ .
E%_ ff(:L‘,’U*)d'U*dw/X (v,'u*,w)BfL ('U,’U*,w)

fxTBZ’ml—h(x, Ve )dvdw
T Fdvedi ’
(z,v) € [-1,1] x R®,
Jorco | €1 F(=1,0")dv’
fg,<0 | €| f(=1,0")dv + [ & F(1,0))dv"”’
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f&’ o &' F(1,0")dv'

v)=M ,
f(1,v) L(v) f§'<0 €1 (=1, v’)dv’+f€,>0§ f(1,v")dv'

£<0.(2.1)

This problem is normalized in order that the total inflow through the
boundary be one. Here, x" is a C§° function with range [0,1] invariant under
the collision transformation J, where

J(w,w,v.) = (v, —w,v)),
with x" also invariant under the exchange of v and v, and such that
X" (v,v0,0) =1 if min(| €] & 1€ LIE D) >
X (0,0,0) = 0 if maa(| €], & 1,1 €' 1€ <r— .

The modified collision kernel B{;m is a positive C* function approxi-
mating max( ,min(B, u)), when

' o 1
v2+vf<ﬁ, and | Y ‘w > =,
2 | v — v, | m
— Vs 1 1
and |—1-)——v—-w|<1———, and |[v — vi| > —
| v — v | m m
Bf;m(v ve,w) = 0, if v2 402 > /7,
or | 2V )< e or | 1o o
| v — vy | 2m’ [v—u. | 2m’
1

or |[v—u. < (2.2)

2m

The truncation x" and the boundedness of the collision kernel by u
will be removed only at the very end of the proof in Section 5, and the
truncation with m will be removed together with j in Section 3. So we shall
in this section skip the indices 7 in X", 4 and m in B{™ = B’, and write
frdmwm = fi. Let mollifiers in the z-variable be defined by ¢k () := kp(kz),
where

1
¢ € CF(R), support o C (-1,1), 930, [ pla)d=1.
-1

Let K x [0,1] be the closed and convex subset of L!((—1,1) x IR?) x [0, 1],
where

K :={f e L'((-1,1) x R®); 0< f(z,v) <€
/f(:c,v)dv >c, ae T€ (1,1}
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where ¢g := 2e~ 2+ min (Jes1 Mo(v)dv, f,_, Mp(v)dv). For & > 0 and
k > 0 given and J sufﬁmently large let T be the map defined on K x [0, 1]
by T(f,6) = (F,6), where (F, ) is the solution to

oF ! i F I * ¢k
—_— = BJ / ’ X
af+e oz ff * (T, vy ) dvsdw /X 1+ g(x,v )1 + .Z*Jgek (:L" v, )dvadw
F [ * ok .
B * * ) - ,1 s
ff*@k(w,v*)dv*dw/XB 1+‘L]£_(.’E'U)dvdw (z,v) € (-1L,1) x R

F(-1,v) = 0Mp(v), €>0, F(l,v)=(1-0)Mr(v), £ <0,
) = - - -1
6—/€<0|€|F( 1,v)dv(/£<0|€|F( 1,v)dv+/€>O§F(1,v)dv) . (23)

Denote by

J xB Tﬁ z, v, )dv,dw
I f * or(z, vi)dv,dw

LEMMA 2.1.— There is a positive lower bound ¢y for [ F(z,v)dv, with
co independent of x € (—1,1), 0 < a < 1, and of (f,0) € K x [0, 1].

vi(z,v) =

Proof of Lemma 2.1. — It follows from the exponential form of (2.3) and
the boundedness from above of v; by u, that

F(z,v) > 0Mo(v)e™ 2 ¢ >0,
F(z,0)> (1= OMi(v)e ¢, £ <0,
Then, uniformly in z € (-1,1),
/ F(z,v)dv > e"2<“+1)[0/ My(v)dv + (1 — 6) My, (v)dv]
R3 £>1 £<—1
>c. O

For (f,0) € K x [0,1], one solution F of (2.3) is obtained as the strong
L limit of the nonnegative monotone sequence (F'), bounded from above,
defined by F° = 0 and

OF!+1 1 f* o

l
I+1 = J ’
= ffwk(x,v*)dv*dw/"B Ry

(z,v)dv,dw

Fl+1
[+ ok(z, vi)dvadw /X p Lo (@, v)dvdw,  (z,v) € (-1,1) x R?,

FiH(_1,v) = OMO(v), g >0, F*(1,v)=(1-60)Mr(v), £ <O.
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There is uniqueness of the solution to (2.3). Otherwise, if there were an-
other solution G, then multiplying the equation for the difference F' — G by
sign(F — G) and integrating with respect to (z,v) one obtains after some
computations that

a/ | F - G| (z,v)dzdv <0
(-1,1)x R3

Consequently, F = G. Moreover, by Lemma 2.1, T maps K x [0,1] into
itself.

Let us prove that T is continuous for the strong topology of L* x [0, 1]. Let
(f1,61) converge to (f,0) and write (F1,81) := T(fi, ;) and (F,8) := T(f,6).
By the uniqueness of the solution of (2.3), it is enough to prove that there
is a subsequence of (F,,ol) converging to (F, 0) By the strong L! con-
vergence of (f;) to f and the condition f fi(z,v)dv > co, the bounded

sequence (W) converges in L! to W. For a suit-
able subsequence let G| := Sup,,; fm, 91 := infmsi fm, Bi == sUPyz; Om,
41 := inf 0;, with (G;) decreasingly converging to f, (g) increasingly
converging to f, (0;) decreasingly converging to 6 and (;) increasingly con-
verging to 6. Let (S;) and(s;) be the sequences of solutions to

351 1
aSz+§ = /XBJ (:r’v) G* ( vl )dv,dw
~ S ez, v)dvadw ,J
- = g f (z,v4)dv,dw,
fGl *<Pk(13 ’U* d'U*dw X 1 + z* & * %
1 ( I) g * ( ’)d d
asz+§ fGl*‘Pk(w’U*d'U*dw 1+ T,v T l*k z, " )dv.dw
S
fgl * (pk(m 'U* d'U*dw 1 4+ Gl*fgk (3',' U*)dv*dw,

(w,v) e (-1,1) x R?,
Si(—1,v) = BiMo(v), €>0, Si(1,v) = (1 —n)ML(v), £ <0,
s1(=1,v) = vMo(v), £>0, si(1,v) =(1—B)ML(v), £<0.

(S;) is a non-increasing sequence, and (s;) is a non-decreasing sequence.
Moreover,

F <S. (2.4)

But (S;) decreasingly converges in L! to some S and (s;) increasingly con-
verges in L! to some s which are solutions to

oS [ * ok

8$ ff(x 'U* dv*du) S (.'E, )1 L.‘L(:E U*)dv*dw

aS +&—
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—W/ L &@ v)dvadw, (z,v) € (-1,1) x R?,

S(-1,v) = 9M0(v), >0, S(1,v)=(1-6)Mr(v), £<0,
and

f*or
* +€ ff (x, ’U*)dv*dw/ 1 +2 g (z,v )W(x , Ul ) dv,dw

___s— ] f <Pk 11 3
f (x 'U*)d'u,..dw /X J (:C U*)dv*dw, (:L','U) E( 1, ) x IR y

s(-1,v) = BMO('U), £€>0, s(l,v)=(1-6)Mr(v), £<0O.

By the uniqueness of the solution to such systems, S = s = F. It follows
from (2.4) that (F;) converges to F.

Let us prove that T' is compact for the strong topology of LY. Let (f1,8;) be
a bounded sequence in L* x [0,1] and (Fl,Gl) =T(fi,6;). F; can be written
in exponential form F; = G; + H;, where for £ > 0,

Gi(z,v) = 6:Mp(v)
—f_li_ ffzupk(m: fX JTbe_:__k(I+TE’v')dv'deT aHE'z

T€,ve)dvedw

€ ’

and

0
1
Hl T, v =/
(#:0) ~tt= [ fix op(x + 8¢, vi)dvedw
Y 1 i fiee
** f’ f!pwk(z+ fXB’;:’y—,f;—! (z4+7€,v4)dvdwdT

e TE, v )dvydw

/XB]1+ (z+s§,v) Ez* —(z + s€,v " )dv.dwds,

3

and similarly for £ < 0. The sequence (G;) is strongly compact because of

the convolution of f; with ¢. Namely, we can pick a subsequence so that

J fi*x prdvy as well as [ xB; l—ﬁ-f:,—dv*dw are strongly convergent. For the
7

same reason, for proving the strong compactness of (Hj), it is enough to
prove it for

i, B Ji* ok
Ki(z,v) = B v , U0 )dv,dw.
@)= [ x T BT e (5 e

The argument is similar to the corresponding one in the limit when k tends
to infinity on next page, where details are given.
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So, T is a continuous and compact map from the closed and convex
subset K x [0, 1] of L' x [0, 1] into itself. It follows from the Schauder theorem
that T has a fixed point F** solution to

aFk,.79 1
Fhsda :
o +£ ka,],a * Ordvedw
. Fk,J, Fkde g o
[ x® T ()7 peneg (0 s
F 30*52
14 5~ 14 7
Fkisa Fk,J, * O
3
e i | T Eey @ v, (3,9) € (-1,1) X B,

fg/ ol & | FF9(-1,0")dv’

Fkae(—1,v) = M,
( 'U) O(U)f5'<0 | §' | Fk. a( 1, 'v’)dv’+f€,>0§’Fk’J’ (1 ’U’)d 7 §> 0,
. Jerao & FRI2(1,0")dv'
ke Lv)=M ' §'>0 . )
( ’U) L('U) f§'<0 | §/ I Fk’J'a(—l,’U,)d’U’ + f£,>0§'Fk’J’°‘(1,U')d'v" f <0
(2.5)

Keeping a and j fixed, let us write F*3:® = F* and study the passage
to the limit when & tends to infinity. The sequence of mappings

F*
(,0.) = I_JFT“(f%(m’v*)’ ke,
J

is uniformly bounded by j, hence is weakly compact in L!. Moreover,

o Fk*cpk)_ 1
oz 1+f"_;“ﬂv. —(1+ﬂ‘7fﬁ)2

£

k
1 ; F

—aF* I S ’
(—aF *‘pk+/ka*<pk(z—y,v*)dv*dw 1 %k_(l' y,v')

FF x oy

1+ Fk*fgk (:E Y, 'U;)dU*dW(pk(y)dy

F*(z —y,v) /

J F* % pr(x — y, va)dvsdw g (@ — Y, V) dvsdwik(y)dy).

1+__k_i‘£k_

Here the right-hand side is uniformly bounded with respect to z, v, k,
hence weakly compact in L!. Using the first equation in (2.5), and that
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Bi € C}, it follows that

. Fk * Q)
Y = "tk
/xB (v,v*,w)l n Fk; - (z,v4)dvedw (2.6)

is strongly compact in L*((—1, 1) x JR3). Analogously, ([ F*xpx(z, w)dwdw)
is strongly compact in L!((—1,1)). Finally let us recall the argument from
[24] that

. Fk FF «
Q@) 1= [ XB0,0.0) - 00) g L o
J J

is strongly compact in L!. For § > 0, let ps be a mollifier in the v-variable.
There is a function R € L' such that for any § > 0, a subsequence of
(Qf * ps) strongly converges in L! to R * ps. Indeed,

Qf * pa(arv) = [ Qi@ w)pslo — w)d
Fk Fk x

= B’ . ,w'
/X (w’w,w)l+FT."($w)l+Fk;2k

(z, w})ps(v — w)dwdw, dw,

so that, by the change of variables (w, w.) — (w',w)),

Fk
Qi * ps(z,v) / /xB’ w, w*,w) F,:fkk (z,wi)ps(v — w')dw.dw)
J

k

—= (7, w)dw.
1+ 5

As above for (2.6), up to subsequences,

Fk
/xB (w, w*,w)T(fkk—(x, wa)ps(v — w')dw.dw
J

strongly converges in L! to some
/xBj (0, We,w)F(x, w, ) ps (v — w')dw,dw,

and

/(/ xB? (w, w.,w)F(z,w.)ps(v — w')dw*dw)—l—%z(x, w)dw
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strongly converges in L! to some function
/(/ XB? (w, W, ) F(x, ) ps (v — w')dw.dw)G (z, w)dw.
Hence (Qf * ps) converges in L' to R x ps, for any 6 > 0, where
R(z,v) := /xBj(w, Wy, w) F(z, w))G(z, w')dw. dw.

Let us prove that Qt * p§ — Q;: tends to zero in L' when § tends to zero,
uniformly with respect to k. If § denotes the Fourier transform of a function
g(z,v) with respect to the variable v, then for any z € (-1,1),

1 QF = ps = QF Igmpy= [ 1QE(@.€) 1 (1 - i)
- / | OF (2,€) 121 1 — p(6€) |? de

< / | OF () I2] 1= p(6€) I? de
|€l<A

1 A 2 ¢2
o IR

< / | O (2,) 2] 1 — p(5€) |2 de
lel<
1
+3z DyQ{ 12(me) -
But D,Q; satisfies

Fy * ok
14+ kafgk
2

Fy
| DoQi ll2ms)< ¢l T B |l =< e (2.7)
J

(cf [24], [34]), so that 35 || DyQ} |I32(gs) tends to zero when X tends to
infinity. Finally, for any A,

lim | QF (z,€) 2| 1 — p(8¢) |? d¢ =0,

6=0 J)gj<a

since p(0) = 1, p is uniformly continuous on | €< 1, and
[ 1 Q% (,€) |? d¢ < c. This ends the proof of the strong L!-compactness of
Q7).
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Writing (2.5) in exponential form implies that, for £ > 0,

1tz _ [0

—_— = -

Fk(:c, ’U) = ekMo(’U)e

0 as—fo
s kawk(z+1—5 va)dvedw
+ e

_14z L fXB k
3 fpk.gpk(z+-rf,u,.)du.dw 1+__,.._hF ;‘P

k#
fxBJ FFk‘:: (z+7€,vx )dvedwdT
1+—-3.—li-

Q;:(:c + s€,v)ds

S, <o JE1F* (= 10)dv
|£|F’°(—1,v)dv+f£>o €F%(1,v)dv
[0, 1], so converges up to a subsequence. Then, from the strong compactness
of

(/Fk * O (T, Vi )dvdw), (/B U, Uy, W

Here (6) := ( } is a bounded sequence of
Jeco

Fk
F,:fk (z, va)dvadw),
7

1

+ .
and (Qj ), as well as the boundedness from above of m, it
follows that (F*) strongly converges in L' to some F. Passing to the limit
when k tends to infinity in (2.5) implies that F' := F*J is a solution to

BF""’ 1

al]
aF™7 +¢ f Fed(z,v.)dvedw

Fa.

/ Bf———F () (2o Y ~
R B T TR v dende

/XBj_f——’-‘-(xav*)dU*dw; (l‘,’U) € (_la 1) X R3’

Fo3(=1,0) = Mo(v) Joco |€/1 F3(=1,v)dv
O o | € TR (—Lv))dv + [, EF*i(1,0)dv"’
£>0,

Jersg € F3 (1,0")dv
Toao 1€ TFo3 (1,000 & J, o EFai (v
£<0.
(2.8)

F*i(1,v) = Mp(v)

The passage to the limit in (2.8) when a tends to zero is similar, and
implies that the limit F’ of F*7 is a solution to (2.1), which was the aim of
the present section.
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Remark. — The construction so far also holds for Q ¢ R".

The solution F of (2.1) depends on the parameters j,r,u, F = Fim#,
The following lemma gives an estimate of its boundary fluxes independent
of j and r.

LEMMA 2.2.— Let F = F?™* denote a solution to the approzimate
problem (2.1). Set

p(1) = /€ | EF (Lo, (1) = /g €110,

p(1) p(=1)

"=y YT e

Then
Min(o(1),0(=1)) > ¢; > 0,
with ¢1 only depending on M;, i € {0, L} but not on j,7.

Proof of Lemma 2.2. 0(1) + 0(—1) = 1, so one of them is bigger than or
equal to 1, say o(—1) > 3. From the exponential form

p(1) =/ EF(1,v)dv > a(—l)/ §e‘%M0(v)dv
£>0 £>0
1
> 56_2“ EMy(v)dv = ¢ > 0.
£>1
Moreover, integrating (2.1) on (—1,1) x IR® implies, by Green’s formula
p(1) +p(-1) < L.
Hence o(1) > ¢}. Then
p(-0= [ 1€IFLodvz o) [ el ¥ M
£<0 £<0

> c'le"z”/ | €| Mp(v)dv=¢c;. O
e<—1

3. Reintroduction of the gain-loss symmetry

In this section the asymmetry between the gain and the loss terms will be
removed by taking the limit j — oco. The smoothness of x"B);™ was needed
in Section 2 for the Radon transform argument in the proof of (2.7). That
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smoothness will now be removed from B{;’m and x" by keeping r and y fixed,
but letting XTB{;’"‘ converge to mam(ﬁ, min(B, u)) times the characteristic
function for the set where x™ equals one, when m = j — 0co. We start with
a j(= m)-independent estimate of the ¢-flux of F7J.

LEMMA 3.1.— If F7 is a solution to (2.1), then

EFi(z,v)dv< ¢y, aa. z€(-1,1), je€N. (3.1)

[€lzr

Proof of Lemma 8.1.— Multiplying (2.1) by 1 and | v |? respectively,
and integrating it over (—1,1) x IR implies that

EF7(1,v)dv +/ | €| Fi(—1,v)dv < 1, (3.2)
£<0

£>0

and

f|v|2Ff(1,v)dv+/ €110 2 FI(=1,v)dv
£>0 £<0

2 g 2 pi(_
</£<O|g||v| F(l,v)dv+/€>0§|v| Fi(=1,v)dv
=af(1)/ e llv 2 Mp)dv+0i(=1) [ €|v]? Mo(v)dv <c. (3.3)
£€<0 £>0

By the exponential representation of F7, for | £ |> 7
Fi(z,v) < ,F'(1,v), £ >0, Fi(z,v)<c.Fi(-1,v), £ <0,
with ¢, independent of j. But
Fi(£1,0)€? < F/(£1,0) | €| 1+ | v %),
so (3.2-3) imply (3.1). O

LEMMA 3.2. — The sequence of solutions (F7) to (2.1) is weakly pre-
compact in L'((—1,1) x R®).

Proof of Lemma 3.2.— Let us prove that f_ll J FilogFi(z,v)dzdv is
uniformly in j bounded from above. By the truncation x",

1
/ / FilogF(z,v)dzdv =
-1 J|¢|sr—%

/1/ My (v)o? (—1)log(My(v)o? (—1))dzdv
~1Jo<gsr—1

1
+/_1/_r+%<€<0 My (v)a? (1)log(My(v)o? (1))dzdv < ¢,
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since 0 < 07(=1) < 1 and 0 < 0(1) < 1. Take j > 2, By Lemma 3.1,
( fl gisr—1 F7 (z,v)dzdv) is uniformly bounded from above. Denote by
fxBJ F 77 (€, s ) dvidw

j —
V(2,0 fFJ T, Vs ) duadw

1t follows from the exponential form of (2.1) that

l—x .
Fi(z,0) < Fi(Lv)edo © POV e (L11) x B, €>0,

f E Vi (z471€,v)dr

Fi(z,v) < FI(~1,v)elo (z,v) € (-1,1) x R®, ¢ <0.

Hence, for j large enough

1 0
/ / FilogFi(z,v)dzdv = / ([ FllogF?(1 + s¢,v)ds)dv
[>r—3 e>r-1

-2
3
O . o
+ / €1 ( / FilogFI(—1+ s¢,v)ds)dv
g<—r+3 3

8u ;
< Fi(1,v)d Fi(-1,v)d
B, e [ el P L)

T2

+ er [/ EFilogFi(1, v)dv+/ | €| FilogF?(—1,v)dv]. (3.4)
>'r—— £

<-r+i

By (3.1), the first two terms to the right are uniformly in j bounded. As for
the last two terms, the following estimates are chosen also with a view to
next lemma.

Denote by
o 1 . FI Fi
e(F?, F? =—/ , BJ —(z, 0’ —(z, v,
( ) 4 J(-1,1)xRe x5 fFJ(a:,v*)d'v*de (1+%'( )1+%( )
Fi FJ HI-”F’( v’ 1f;_“ (z,v)
- =7 (T, v) =7 (T, vx) ) log—F5 =7 drdvdv.dw.
1+ 5 1+ 1+m( ,v)@-(x,v*)

Multiplying (2.1) by log and integrating over (—1,1) x IR® implies

/ | €| (FilogF? — j(1+ E.i)loga + F—.j))(—l,v)dv
£<0 J J
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) . J J L
+ E(FllogF? —j(1+ %—)log(l + —I;—))(l,v)dv +e(F7, F7)
£>0

. X J J
= E(FllogF? — j(1+ E—-)log(l + i—))(—l,v)dv
£>0 J J

+ / €1 (FlogF? — j(1+ o yiog(1 + E2)) (1, v)do
£<0 J J
(F)? Fi

R @) g
3 [Fi(@v)dvedw (14 £)77 14 £

T,Vs)

Fi
loga—zj(x,v)dxdvdv*dw. (3.5)
J
Then the two first terms of the right-hand side are bounded because

0 < 07(—1) <1 and 0 < 07(1) < 1. Moreover, with log~z := logz, if T < 1,
log—x := 0 otherwise, then for the third term

(Fi)? F!

et (@) (2,02)
-= ; —(, - (z, vs
JiJ JFi(z,v.)dv.dw (1 + E]“.) 1+ %

l ’ ( dzdvdv, dw
O _——x,v m U v*
FI (F7)?

< 1/ XB’ (z,vs)
h J Fj(z,v)ST_Ll fFj(:c,v*)dv*dw 1+ % T 1+ EJ]-

77 | (z,v)dzdvdv.dw

J
| log" .-.L
1 J

< L x5! Fi(z,v) F (z,v,)dzdvdv,dw < cj~ 1
< je Fj(z,'U)<'j‘£T fFj(a:,'u,,)dv*dw ’ 1+,%J. s Ux % KC) )

It follows from this, that (3.5) becomes

X . Fi J L
/ | €] (F'logF? — j(1+ —j-)log(l + E]—)) +e(FI,Fl) <e (3.6)
-
Here

90~ = {(-1,v), £ <0}U{(L,v), &> O}

But

3 t t
tint =31+ j)ln(l + 3) >0, J>16, j>J, te(J,53). (3.7)
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Since F7 is bounded by 52 for j large enough, it follows from (3.6) that

/ | €| FilogF? + e(F?,F?) < logJ/ | €| F?
N- oN-,Figd

; : Fi Fi
+4/ | €| [F?logF? — j(1+ —)log(1 + —)|(z, v)dzdv
o0-,Fie[J,j3) J J
+4e(F?, F9)
. o Fi Fi
<c—4 / € | [FilogF? — j(1+ Z)iog(1 + Z))(z, v)dadv.
N~ ,FigJ J J

Also,

—-/ |§|F’jlogFj<—/ | €| FilogF?
anN-—,FigJ a0~ ,Figl

= lelF e+ | 1€ F | logF |
90— ,Fige~" 80— ,e—vI<Figl

2 .
<—/ |aw%“+/ €] v2F <o,
- Q-

€

by (3.3). Moreover,
. Fi Fi
RGE R GRS
-, FigJ J J

=/ |§|F1(1+E.i)log[(1+F—,])-F"v]
BQ—,Fng J J

) Fi )
</ |§|F’(1+—_—)s2/ [€|FI<ge, 3> J
a0~ ,FigJ J 80— ,FigJ

Consequently,

/ € | FilogF’ + e(F9, F) < c. (3.8)
on-

Hence, the remaining term of the right-hand side of (3.4) is uniformly
bounded from above, thus also the entropy of (F7). From here the desired
precompactness holds, since the mass is uniformly bounded from above
(cf. (3.1)), and the contribution to the integral from large velocities can
be made arbitrarily small by using a comparison with outgoing boundary
values. This ends the proof of Lemma 3.2. O
(a0

) )
LEMMA 3.3.— The sequence ( T v )deede Js2x ms XB°
f;_—,—(x,vi)dwdv*) is weakly precompact in L*((—1,1) x R3).

M
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Proof of Lemma 3.3.— The weak L' precompactness of

fxBJ (1: V) dvidw
fFJ(a: Uy )dvsdw

(QF (F7)(z,v)) := (F(x,v) )

follows from the weak precompactness of (F7). Then the weak L! precom-
pactness of (Q;’(FJ )), the corresponding gain terms, is a consequence of the

weak L! precompactness of (QF (F7)) and the boundedness from above of
(e(F?, F7)), which is a consequence of (3.8). 0O

We are now in a position to remove the asymmetry between the gain
and the loss term by taking the limit j — oco. It is enough to consider the
weak formulation of (2.1); for F7 and test functions ¢ € C1([-1,1] x IR3),

/ fégFj (z,v)dzdv
(-1,1)xR3 OT
1 . FI Fi
+ . B’ ~(z,v’ —(z, V.,
v/(—l,l)leGxSQ J Fidv.du™ (1+-F-ji( )1+F—-’( )

J

—F(z, v) 77 (%, v:))¢ (2, v)dzdudv, dw

J

= gFig(l,v)dv—/ EFI¢(—1,v)dv

£>0

+07(1) / EML(v)¢(1,v)dv — 07 (— / EMo(v)¢(—1,v)dv. (3.9)

First,

] ) > s Uy
=400 J(—1,1)x RS x 52 [ Fi(z, v*)dv*dwx 14+ EJJ_ 1+ 1;:

1
,v)dzdvdv,dw = i
¢(=, v)dzdvdy oo (-1)xRexs? [ FI(z, va)dvedw

xBIFi(z,v')F3 (z,v.){(z, v)dzdvdv,dw,

by the weak L!-compactness of (F7). Then, by the change of variables
(v,v4) = (v',00),

1 o X
/( Lyxrexsz [ Fi(z,v.)dv deBJFJ(C"" V') F (z,v,){(z, v)dzdvdv.dw =
-1,1)X X 9 Yk *

1 o )
/( LyxRexsz [ Fi(z,v.)dv dwa’F’(a:,v)F](a:,v*)((z,v')dxdvdv*dw.
-1,1)x xX S2 9 Ux *
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(F7), as well as (£2£-) are weakly compact in L*((—1,1) x IR®) by Lemmas
3.2-3. Consequently, ( [gs F¥(z,v4){(2,v")dv,dw) is compact in L*((~1,1) x
IR?) and converges (for a subsequence) to [ps F(x,v4)(x,v")dvadw, where
F is a weak L' limit of (F7). Hence

1

li . J i j 1
j_{in“ (-1,1)x RS x §? fF’(x,U*)dU*deB (@ v) Pz, v)(0)

dzdvdv,dw =

1
(-1, xRroxs? | F(z,v.)dvedw
xBF(z,v)F(x,v.){(z,v")dzdvdv.dw.
Moreover, (vt F7) converges weakly (for a subsequence) to (y*F), since

(F7) and (¢ %%i) are weakly compact in L!((—1,1) x IR®). Here y* F7 denote
the traces of FJ on

Nt = {(—1,1)), §> 0} U {(1,’0), €< 0}»

and on 8Q~ defined above. Hence we can pass to the limit when j — +oo
in (3.9) and obtain -

¢ / 1

—F(z,v)dzdv + —_—
/(—l,l)xR3§6$ (.2) (-1,1)x RS x 52 fF(ﬂi, Vi )dusdw
xB(F(z,v")F(z,v,) — F(z,v)F(z,v.)){(z, v)drdvdv.dw

~ [ eFet,v)dv- / EF¢(~1,v)dv
£>0 £<0

+a(1)/ §ML(v)§(1,v)dv—U(—1)/ EMo(v)¢(—-1,v)dv,
£<0 £>0

which means that F' := F™* is a weak solution to the stationary transformed
problem

OF™# 1
o / TFre(z, v.)dvadw
Fr#(z,vl) — Fr#(z,0) F7*(z,v,))dv,edw,  (z,v) € (—1,1) x R3, (3.10)
FT’“(—l,’U) = MO(’U)O'(_]')’ & >0, FT’#(].,’U) = ML(v)G(l)) £<0.

Integrating (3.10) on (—1,1) x JR® implies that

xrmaz(%, min(B(v — va,w), u)) (F™*(z,v")

EFTH(—1,v)dv +/ | €] F™#*(1,v)dv =1, (3.11)
£>0 £<0
so that the boundary conditions satisfied by F™* are indeed
FH(-1,0) = Mo(o) [ 1€ | FH(-1,0)ad, €0,
£'<0
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Fri(1,v) = M (v) EFPE(1L,0)dY, €<0. (3.12)
£'>0

And so the aim of this section has been achieved, to obtain a solution
for an approximate equation with gain and loss terms of the same type,
with the truncation x” a characteristic function, and with total inflow one
through the boundary.

4. Removal of the small velocity truncation;
some preparatory lemmas

In the previous section solutions F™* to (3.10-12) were obtained corre-
sponding to the approximations involving x" and B,,. Writing F" := F™#,
we shall in this section make some necessary preparations to remove the
small velocity truncation x", while keeping 1 < u fixed. As in the previous
section we start with some estimates independent of the relevant parameter,
here 7.

LEMMA 4.1.— There are ¢ >0, ¢ > 0, and for § > 0, constants cs > 0
and &5 > 0, such that uniformly with respect to r

/EQFT(:L, v)dv<e, zxe€(-1,1), (4.1)
F'(x,v) 2¢C, ze€(-1,1), |€£|=26,|v|< %, /F’(:c,'v)d'u 2¢ z €(-1,1),

/ | v |2 FT(z,v)dzdv < cs.
1§1=6

Proof of Lemma 4.1.— (4.1) follows from Green’s formula. By the ex-
ponential form of (3.10), and by Lemma 2.2,

_(Q+z)p 2
3

FT(z,v) > F"(-1,v)e > e“giMo(v)o”(-l) 28, £€>6,|v]g

Fr(z,v) > FT(1,0)e T > e ¥ My(v)o™ (1) 2 &, €< —5,|v]|<

ULl Y

Hence
/F"(m, v)dv > ¢,

for some ¢ independent of r. Then

0
/ | v |? F"(z,v)dxdy = / Elvl? F7(1 + s€,v)dsdv
11> £>6

-2
3
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0
2 T
+/€<“6|§|Iv[ /%F( 1+ s€,v)dsdv

%azﬂf ¢ lv 2 Fr(1,v)dv + / 16110 P Fr(=1,v)dv) < e,

£<—6

the last step by using (3.3). a

From (4.1), it follows that for any 6,

sup / FT(z,v)dv < —CE (4.2)
o€(=1,1),r>0J|¢|>6 4

From Lemma 4.1 it also follows that the contribution to this integral from
large v's, uniformly in r can be made arbitrarily small. Also for | £ |> 6, by
the exponential form

FT(z,v) < csF"(1,v), £> 6, F'(z,v) <csF"(—1,v), £ < —6.

By a change of variables,

1
/ / FTlogF" (z,v)dzdv =
-1 J{¢|=6

0
/ {/ F’logFT(1+s§,v)dsdv+/ |§|/ FTlogF™ (-1 + s§,v)dsdv
£>6 J-2 <6
<ol eraud+ [ 1€1F (Lol
£>6 £<—6

+c‘5[/ EFlogFm(1,v)dv +/ | €| FTlogF" (—1,v)dv] < cs

<.—

with ¢s independent of . In the last step we used Green’s formula applied to
(3.10) successively multiplied by 1 and logF" and integrated on (—1,1)x IR3.
Using Lemma 4.1, it follows that

1
/ F" | logF™ | (z,v)dzdv < cs.
[€1>6

Hence

LEMMA 4.2.— For 6 > 0, the family (F")o<r<r, 5 weakly precompact
in LY((—1,1) x {v € R3;| £ |> 6}).

Take (r;) with lim;_,. 7; = 0, so that F"# converges weakly in LY((-1,1)x
{v e R3| £ |> 6}) to F for each § > 0. Write Fi:=Fmi, xJ := x"i. We
shall next prove the
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LEMMA 4.3. —

/Qi(F)(x,v)dv < 00, sqp/jS(Fj)(x, v)dv < 0o for a.e. z € (-1,1).
j

Proof of Lemma 4.3.— Assume that, given n > 0, there is jo € IV such
that for all j € IN,j > jo,

meas{z € (—1,1);/

Fi(z,v)dv > 3} < g (4.3)
lel<A

(The property (4.3) of (F7) is proved on next page.) Since the Q*(F) inte-
grals are equal, we discuss the Q~(F) case. The Qi(FJ) case follows from
the same proof. Suppose that for some 7 > 0, [Q~(F)(z,v)dv = oo on
S C [-1,1] with | S |> n > 0. Then there is a subset S; C S with | S |=

such that lims_¢ [ <lel< F(z,v)dv = 00, uniformly with respect to z € 5'1

Hence there is a sequence (6x) with limg_,o 6x = 0 such that

/ F(z,v)dv> k3, ze8. (4.4)
Sre<|él<+

Multiplying (3.10) by logF? and integrating it on (—1,1) x IR® implies

1
/_1 [Fi(z 111*)dv,.dw / X' B(F (,0)F (z,v.) = F(2,0') F (s, 0)))

Ff(m v)Fi(z,v,)
Fi(z,v)Fi(z,v.)

/ ¢FilogF?(—1,v)dv — / EF7logFi(1,v)dv.

But for all 5

/§FjlogFj(—-1,v)dv

drdvdv,.dw <

< ¢Fllog™ FI(—1,v)dv + (/ §MologM0(v)dv)/ | €| Fi(-1,v")dv'
€<0 £>0 £'<0

+(/£>0 fMo(v)dU)(/£,<o | €| F7(-1,v")dv )l09/€,<0 | & | Fi(=1,v')dv’ <,
(4.5)

since f§,<0 | & | Fi(—1,v")dv’ € [0,1]. Similarly, — [ ¢FilogF(1,v)dv is
uniformly in j bounded. Hence uniformly with respect to 7,

/_1 TFi(z v*)d'u*dw / X’ B(F’(z,v)F'(z,v.) — FI(z,v)F?(z,v,))
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Fi(z,v) FI (z, )

Y9 Fila, 0') Fi (2,01

dzdvdv.dw < ¢ < 0. (4.6)

The collision frequency is bounded by u, so Lemma 4.2 implies the same
compactness for the loss term (Q~ (F7)) as for (F7). That together with the
bound (4.6) implies this compactness property for (Q* (F7)). From Egoroff’s
theorem and a Cantor diagonalization argument, there is a subset S C Sy,
with | Sz |= % such that for all k¥ € IV and uniformly with respect to z € 52,

lim Fi(z,v)dv = / F(z,v)dv.

I Je<lgl< 8e<lél<
By (4.4) this contradicts (4.3) for k > jo.

Let us prove (4.3) by contradiction. If (4.3) does not hold, there is n > 0
and a subsequence of (F7), still denoted by (F7), such that | S; |> %, where

Sj:={ze€ (—1,1);/ Fi(z,v)dv > j3}.

l€l<3

By (4.6), there is a subset S} of S;, with | S} |> 1%, such that

Fi(z,v)Fi(z,v.)
Fi(z,v)FI(z,v,)
< c/Fj(m, v, )dv.dw < 2¢ Fi(z,v,)dv,. (4.7)

lel<d

dvdv.dw

/ij(Fj(z, v)FI(z,v,) — F?(z,v")Fi (z,v.))log

The last inequality holds for j large enough, since by Lemma 4.1 and the
definition of Sj,

Fi(z,v)dv < cj® < j° < Fi(z,v)dv, z€S;.
lel>3 lel<d
Let us estimate from above the right-hand side of
X; Y;
: + : ,
fl&lé% Fi(z,v)dv  [ica Fi(z,v)dv

7

1=

zesS;,

where

X; = Fi(z,v)dv, Y;= Fi(z,v)dv.
lel< lol<i? IS AL

Here
pi=vVn?2+¢, v=(,n,0).
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Either X; < j2, and then
X; 1
- < -
f,€|<1 Fi(z,v)dv ~ j

7

Or X; > j2, and then

, Fl(z,v)dv > 252

/:s|<;-.,|p|<j% Fi(z,0)> 5%

N =

Given v, let
1
Vii={v € Rs;m <l & 1< 1] pu <100, ] p — pu [> 10}.

By Lemma 4.1,

Fi(z,v.)2¢c, ve€V,.

Then, from the geometry of the velocities7 involved, and from
Jigjs1 F2(z,v)dv < ¢, given v with FY(z,v) > $33, it holds for v in a
half volume of V, and given (v,v,) for w in a subset U;(v,v.) of S? with
measure a small fixed fraction of the measure of S, that

[¢121, [& |21, Fi(z,v') <& Fi(z,v))<é

It follows for some ¢ > 0, for v, v« € V,, w € Uj(v,vs), for j large, and with
¢ independent of v, v,,w, 7, that

cFI(z,v) < Fi(z,v)F(z,v,) — FI(z,v")Fi(z,v)),

Fi(z,v)FI (z,v.) il
Fi(z,v)Fi(z,0) ~ 7

By (4.7), in this case,

Fi(z,v)dv

1 . N
flﬁlsﬁ,lplsﬁ Fi(z,0)2 7643

c
- < -
Jiei<2 Fi(@,v)dv logj

Moreover,

1 7
/|£l<§,!pISJ3 Fi(z,0)<165 3
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Hence for z € S;-

Xj < Cc
fl&lS% Fi(z,v)dv ~ logj’

Let us bound Y; from above. By Lemma 4.1,
i 1
Fi(z,v.)2e, |ve|<10, |& |2 o
For (v, v.) such that | £ |< -Jlr, | p|> 7%, ve € Vi, we have | v — v, |> cj} for

j large. Hence, for a set Q2 oflw with a small fixed fraction of the total area
of S2, it holds that | & |> ¢j3, | £, |> ¢j3. From

| o

K

W

/ Fi(z,v)dv < -
[élzci J

it follows that

LN
WAI o

/ Fi(z,v")F?(z,v.)dvdv.dw <
le/l>cid leLl>eid

Hence
c / Fi(z,v)dv
ri<lél<tlolzi}

< 1
ri<lél<$,lpl2i 3 wa EVL,wEQ

< Ke / . B, Fi(z,v")Fi(x,v,)dv'dv,
[€12¢3,1€,|>c5

B;Fi(z,v)Fi (x,v.)dvdv.dw

+l_o_g%/Bj(Fi(a:,v)Fj(:c,v*) — F(z,v')F (z,v}))

Fi(z,v)Fi(z,v.) 3K ¢
- . #O0W < —3
Filz, )P 2,0 W S G Y IgK Jigs

log Fi(z,v)dv.

Then, for some ¢ > 0 independent of j,

).

o X % n 11 K
- ez Fi(x,v)dv Jie1<2 Fi(z,v)dv S5 0§ logi o j5 0 logK
7 3
Choosing K large enough, this gives a contradiction for j large. O

Remark.— We have proven that for any n > 0, there is jo € IV such
that for all j € IN, j > jo, (4.3) holds.
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LEMMA 4.4. — Givenn > 0, there is jo such that for'j > jo and outside
a j-dependent set in x of measure less than 7, f' ol>A Fi(z,v)dv converges
to zero when A — 400, uniformly with respect to x and j.

Proof of Lemma 4.4.— It follows from the geometry of the velocities
involved and the inequality

. c
1P Fi(z,v)dv € —,
J 161 P < 5

that for each (v,v.) with p > A > 10, and v, in
Vii={v. € R%| & |2 —11—0, | ve |< 10},
there is a subset of w € 5% with measure (say) 145 | S | such that
< |<el ], ep<lvii<el L]
Moreover,
Fi(z,u) 3¢ |&|> 116 | v |< 10.
Hence for 7; <| € |[< €A,
cFI(z,v) < F¥(z,v)FI (z,v.) < KBj(v — va,w)Fi(z,v')F (z,v))
J%;%Bj (0 = vy ) (F¥ (2, 0) F¥ (2, v.) — F¥(2,0') F (2, 01))

oo (@ V) F (z,v,)
YFi(z,v)Fi(z,0,)

Let us integrate this inequality on the above set of (v, v.,w), so that

j CT; cK c . ] .
Jj <=L 4+ - i (i j .
/|p|>,\F (@, v)dv A + \i-B + logK_/X Bj(F’ (z,v)F’ (z,v)

Fi(z,v)Fi(z,v.)

—Fj(x,v’)Fj(z,vi))logFj(x v')Fi(z,v,)

dvdv,dw.

Given 1 > 0, by (4.3) there is jo such that for j > jp, outside of a set in x
of measure 2, it holds that

/Fj (z,v)dv < cj + j3.
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By (4.6),

/%MW@MW&M%JWaMWW¢D

o Fi(z,v)FI(z,v.)
T3z, v)Fi(a,v%)

dvdv,dw < c,,/Fj(:z, v)dv

outside of a set of measure (say) %1, so that

. eri cK (cid +38)
FI < =3 Cn\CJo 0
/lp|>A (@ v)dv < =7+ 355 + logK

for z outside of a set of measure 7. Choosing K so that % is small enough and
then taking ) so that ;5% is small enough, implies that fl o> Fi(z,v)dv
tends to zero uniformly outside of j—dependent sets of measure bounded
by 7. O

LEMMA 4.5.— Given X > 0 and n > 0, there is jo such that for
j > jo and outside of a j-dependent set in x of measure less than 7,
flpl et Fi(z,v)dv converges to zero when i — 400, uniformly with re-
spect to = and j.

Proof of Lemma 4.5.— Givenn > 0,0 <€ < ﬁ and z, j, either

/ Fi(z,v)dv < € <e,
Ipl<x 1<}

or

-/Il e le(m,v)dv>62.
plsA €IS

In the latter case

2

Fi(z,v)dv < ;—u- < e,

. 2 .
‘/‘;’lshvlﬂs%)F" (I,‘U)S 4-"_672';3
and

€2

Fi(z,v)dv > 5

/valsA’|£|<%7F](z,v)2chﬂt
For each (z,v) such that FI(z,v) > ﬁ;,;i, take v, in
1
V, = {v. € R, o <l & |<1,] pa |< 100, | p — pu |> 10}

- 404 -



L! solutions to the stationary Boltzmann equation in a slab

Then F’(z,v.) > ¢ > 0 for v, € V,. Given v we may take v, in a half
volume of V, and w in a subset of S? of measure (say) a5 | S2 |, so that
v =v— (v —v,w)w and v, = v + (v — v4,w)w satisfy

1€ 121, |& 121, Fi(z,v') <& Fi(z,v)) <G,
with ¢ independent of j. Hence, for such z, v, v, and w,

Fi(z,v) < cFi(z,v)Fi(z,v.) < Z(%Bj(v — U, ) (FI (z,v) FI (2, v,)
Fi(z,v')Fi(z,v,)’

—F!(z,v')F(z,v,))log

if | € |> r;. Since the integral

f—m /Bj(v — v, w)(FI(z,v)Fi(z,v,) — Fi(z,v")F’(z,v.))
Fi(z,v)Fi(z,v.)
Fi(z,v')Fi(z,v,)
is bounded outside of a set of measure % in z, it follows using (4.3) that
outside of a set of measure g'r] in x,

log

dvdv,dw

. 3, 2
/ Fi(z,v)dv < o + o) +.CJ°) ret+ < 2,
lol<alel<d logi i

for i large enough. O

5. Proof of the main theorem

In this section the small velocity truncation will first be removed while
keeping 0 < u fixed. The bounds from below of the approximations by
their boundary values imply that the condition (1.5) holds in the limit, and
that the function y(z) from (1.6) is well defined. This will prove Theorem
1.1 in the pseudo-maxwellian case, i.e. when 8 = 0. In a final step the
generalization to hard forces will be treated, using generalizations of the
previous approach.

LEMMA 5.1.— There is a subsequence of (F7) that converges to a weak
solution of

OF 1

_ _1_ 3 _ / /% — *
gax = __f Fdodo /max(u,mzn(B(v Uy, w), w))(F'F™* — FF*)dv,dw,

F(~1,9) = coMo(v) / 1€ | F(-1,v)d!, € >0,
£'<0
F(1,v) = cc ML (v) EFQ,v)dv', €<0,
£'>0
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withcg =21, ¢ =21, and

EF(—1,v)dv +/ | €| F(1,v)dv=1.
£>0 £<0

Remark. — This proves Theorem 1.1 in the pseudo-maxwellian case.

Proof of Lemma 5.1.— Let ¢ be a test function vanishing for | £ |< 6
and for | v [> %. By Lemma 4.2, there is a measurable function F', such
that (F7) weakly converges to F in L'([~1,1] x {v € IR3;| ¢ |> 6}). Hence
f(—1,1)x1R3 EFI %‘f(x,v)dwdv converges to f(-1,1).><R3 {F%ﬁ(m, v)dzdv when
j tends to infinity. Let us prove that [ Q; (F?)p(z,v)dzdv converges to
J Q™ (F)p(z,v)dzdv when j tends to infinity. (jS(Fj)) are weakly compact
in L1([-1,1] x {v € IR3%;| £ |> 6}), since 0 < Q™ (F7) < cFY,

i o

Q7 (F') < KQj (FV)
iB,(FIFI — FI'Fi)l FIF! dv,dw
+W/X u( * 7 *)OQWU* )

and the integral of the entropy dissipation term is bounded uniformly with
respect to j. Consequently for any o >0 and A >0

/ X) Bu(v — vy w) FI (2, vy ) dv dw
1€u]za,|pul<A
and

/ Fi(z,v,)dv.dw
[€slZalpalsA

converge strongly in L*([-1,1]x{v € IR3;| v |< c}), hence uniformly outside
of certain arbitrarily small sets, to

/ B,.(v — vs,w) F(z,v,)dv.dw
[€x]2a|pul<A

and

/ F(z,v.)dv.dw
[€ulza,]pal<A

respectively, when j tends to infinity. By Lemmas 4.4 and 4.5, uniformly
with respect to j > jo and | v |< ¢,

/ X! B, (v — va, w) F? (z, v4)dvidw
|§.|<a
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and
/ Fi(z,v,)dv,dw
€a|<x

tend to zero in measure when a tends to zero, and
/ X Bu(v — v, w) FI (x,v,)dv,dw
|px|zA
and

/ Fi(z,v,)dv,dw
[pa]|2A

tend to zero in measure when A tends to infinity, uniformly with respect to
j and | v |< c. Together with the weak L'((—1,1) x {v € R3;| £ |> §})
compactness of (F7), this implies that

| @5 (F)e(a,v)dad

converges to [ Q™ (F)¢(z,v)dzdv when j — co. Performing the change of
variables (v,v.) — (v/,v}) in [ Q} (F7)¢(z,v)dzdv, and using similar argu-
ments, we obtain that (f Q; (F?)¢(z,v)dzdv) converges to [ Q*(F)y(z,v)
dzdv when j tends to infinity. Finally, using the arguments leading up to
Fm# satisfying (3.11-12) together with Lemma 4.4, we may conclude that
F satisfies (3.11). For (3.12) we also notice that (4.5) and convexity imply
that the present weak limits F7 satisfy

/ |€|F? log*t Fj(—l,v)dv+/ ¢F9 logt FI(1,v)dv < ¢,
<0 £>0

uniformly in j. It follows that (y£F7) converges weakly (for a subsequence)
to y* F, so that (3.12) holds. O

Proof of Theorem 1.1 for hard forces.— The solution procedure in the
pseudo-maxwellian case can be applied in the same way to prove the exis-
tence of a solution to

§BF“ _ 1
0z [ K,(v.)F¥(z,v.)dv.

—F“(a:,v)/B,,(v — Uy, w) FH(z, vy )dv,dw], (5.1)

[/ B, (v — vy, w)F*(z,v')F*(z,v))

with boundary conditions (1.7) and
| et [ el =1
£>0 £<0
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Here, K, (v) := min(u, (1+ | v |)?). We shall prove Theorem 1.1 in the hard
force case by passing to the limit in this equation when p tends to infinity.
Similarly to the corresponding proof in Lemma 4.1, uniformly in p

/Ku(v*)F“(x, Vs )dvs 2 ¢ > 0.

For any & > 0, the family (F*),s,, is weakly precompact in L'((—1,1) x
{ve R%| €26, v|< $})- Indeed,

- b
D e <o Ivlsg 6
so that
FH(z,v) < csF*(Lv), €>6, |v|< %,
FF(z,v) < csF*(-1,v), €< -6, |v]< %,
and
FHlogF*(z,v) < csF*logF*(1,v) + csloges F*(1,v), £>6, |v]< :15-,

F*(z,v) < csF*logF*(—1,v) + csloges F*(-1,v), €< -6, |v|<

The weak precompactness of (F “) implies by (5.2) the weak precom-
pactness of (Q; (F*)) in L}((-1,1) x {v € R%| £ |2 §,| v I< 3}). But
the entropy d1ss1pat10n estimate (4 6) holds in this case uniformly in g with
J Ku(vi)F*(x,v.)dvs as denominator,

’

1
(f K, (vi) F¥(z, v.)dvs

Also, for k > 2,
QF(F*) < kQy (F*)
1 / F# F”
B, (F* F” HFH N
logka vy ) FE(z, v, )dv, / a — FAEOlog g FuF¥ FagE G-

Hence (Qf (F*)) is weakly precompact in LY((-1,1) x {ve R3] ¢ |> 6,
| v|< $}). And so ([ F*o(z,v)dv)uzp, I8 compac’c in L'(—1,1) for any test
function ¢ vanishing on | £ |[< 6 and | v |>

! 7 u
/BM(F“ F* —F“Ff)logF dvdv* Ydz < c.

FuFf

To end the proof, the following three lemmas will be needed.
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LEMMA 5.2.— Given 1 > 0, there are pg, jo and constants ¢y and ¢,
such that for p > uo,

meas{z € (-1, 1);/ K, (v)F*(z,v)dv > cpjoe’®} < 7.

1
lel<

Proof of Lemma 5.2.— By the exponential form of (5.1), there is a
constant ¢ such that
Fi(z,v) < FA(Lv)e’t, ¢> =, |v|<101,

Fi(z,v) < F¥(-1,v)e’’, €< -=, |v]|<101. (5.3)

We shall prove Lemma 5.2 for ¢ = 2¢ by contradiction. If the lemma does
not hold, then for some n > 0 there are sequences (B;) e, and (F?)jemn,
(Nj)jGW such that limj_.oo,uj = 00, Fi = F“‘j, Bj = Buj, and (Sj)jGW
with | S; |> n, where

S;:={z e (-1,1); K;(v)F?(z,v)dv > je’¢}.
I

¢l<}
Recall that
/§2Fj(a:,v)dv <e¢, jeNN, ze(-1,1). (5.4)
This implies that

/ K;(v)Fi(z,v)dv < cje’®. (5.5)
l¢>%.0<100

Also, by the exponential form of (5.1),

|~

Fj(xvv*) 2 chj(_ly’U*)) £* 2 ) I Ux Ig 10,

1

[

Fi(z,u.) 2 aFi(lu), &<-—, |v]|<10.

sl-

For (say) p > 100, and v, such that | & |> &5, | vs |< 10, there is a set of
w € 8% of measure (say) 1o | S? | such that

1€ I~ &~ vl
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Then

K;(v)Fi(z,v) < c2K;(v)FI (z,v) F? (z, vs)
<csk(| € 1P + | & |P)F (z,v')F (z,))
c4 Fi(z,v)FI(z,v.)

(i j _FJ AY 74 /
+——l0gk‘BJ(F (:II,’U)F (l',’U*) F (l‘,’U)F (I’v*))logFj(x,v’)FJ'(x,v;)'

For z in half of Sj,

Fi(z,v)Fi(z,v,)
Fi(z,v')Fi(z,v))

/Bj (FI(z,v)F? (z,v.) — Fi(z,v")F(z,v)))log dvdv,dw

< c/Kj(v)Fj(x, v)dvdw.
Hence

K;(v)F!(z,v)dv
p=100

. ﬂ . —cﬁ— ) .
<keo( [ P (a0 /|e|>1 € Fi(e,0)do) + 7o / K, (v)Fi (z, v)dv.
(5.6)

Choose k so that ;2¢ < % For the above z-es, it follows from (5.5) and
(5.6) that
/Kj(v)Fj(m,v)dv

< K;(v)F (z,v)dv + ker + % /Kj () F3 (z,v)dv + cgje’®,

ll<:

so that
/ K;(v)Fi(z,v)dv

<2 K;(v)F?(z,v)dv + coje’® < 3 K;(v)F/(z,v)dv,

lel<2 lel<d

by the definition of S;. From here the proof follows the lines of the proof of
(4.3) in Lemma 4.3, and using a variant of (5.6) for Y;. Again the assumption
| S; | n for j € IN leads to a contradiction. This completes the proof of
the lemma. O
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LEMMA 5.3.— Given c > 0 and 1 > 0, there is po such that for u > pg
and outside a p-dependent set in = of measure less than 7,

/ B, F¥(x,v,)dv.dw
|p‘|>/\

tends to zero when A — oo, uniformly with respect to | v |< ¢, z and u > o.

Proof of Lemma 5.3.— For | v |< ¢, B, (v—vy) is of the same magnitude
as K, (vs). Then the proof of Lemma 5.3 follows the lines of the proof of
Lemma 4.4. O

LEMMA 5.4.— Givenc > 0,X >0, and n > 0, there is ug such that for
1> po and outside a pu-dependent set in = of measure less than 7,

/ B, F¥(z,vi)dv.dw
|p*|$/\»|§*l<']l’

tends to zero when j — oo, uniformly with respect to | v |< ¢,  and p > po.

Proof of Lemma 5.4.— The proof follows the lines of the proof of Lemma
4.5, after noticing that

1
Bu(v—vew) <cb(f), [vi<e [pl<A &< i K2p. O

End of proof for hard forces. — Using the weak L' compactness of (F*~),
(QE(F*#n)), (5.4), and Lemma 5.3, it follows for some sequence ., tending
to +o0o with n, that

B, Ft~(z,vy)dv, — BF(z,v.)dv,
PARNIAE N

|P'|<)\:l§‘|2%

in L((-1,1) x {v € R3;| v |[< ¢}) for ¢ > 0. This convergence, together
with the results from Lemma 5.2-4, imply that for | v |[< ¢,

[ B, F#n(z,v,)dv.dw . J BF(z,v.)dv.dw )

J Ky, (vi)Fin(z,vi)dvs [ K(vi)F(z,ve)dve ),

in measure on [—1, 1] when n — oco. Together with the weak compactness in
L'([-1,1] x {v € IR%;| € |> 6,| v |< }}), the convergence in measure implies
that if ¢ is a test function in C([~1, 1], L*°(IR3)) vanishing for | £ |< § and
for | v |> %, then

/Q;(F“")go(x,v)dxdv — /Q‘(F)go(:c,v)dmdv, n — oo.
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The above argument holds for a subsequence of (uy) if, instead of B, ,, we
use o(z,v')B,,, throughout. And so for a subsequence of (yr),

/Q;‘;(F“")cp(:c,v)dxdv - /Q+(F)<p(:c, v)dzdv, n — co.

As in the pseudo-maxwellian case, we may conclude that F satisfies (3.11-
12). This implies that F' is a weak solution to the stationary Boltzmann
equation with maxwellian diffuse reflection boundary conditions in the hard
force case (for test functions having compact support and vanish for £ small).
That in turn implies that F is a mild solution. On the other hand, the in-
tegrability properties of Q*(F, F) in the above weak solutions, are stronger
than what is required for a mild solution. Hence the present solutions are
somewhat stronger than mild solutions. O
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