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THE DIFFUSION APPROXIMATION
FOR THE LINEAR BOLTZMANN EQUATION
WITH VANISHING SCATTERING COEFFICIENT *

CLAUDE BARDOS', ETIENNE BERNARD!, FRANCOIS GOLSE!, AND REMI SENTISY

Abstract. The present paper discusses the diffusion approximation of the linear Boltzmann
equation in cases where the collision frequency is not uniformly large in the spatial domain. Our
results apply for instance to the case of radiative transfer in a composite medium with optically thin
inclusions in an optically thick background medium. The equation governing the evolution of the
approximate particle density coincides with the limit of the diffusion equation with infinite diffusion
coefficient in the optically thin inclusions.

Key words. Linear Boltzmann equation, Diffusion approximation, Neutron transport equation,

Radiative transfer equation
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Pour George Papanicolaou, en témoignage de gratitude et d’amitié.

1. Introduction

The linear Boltzmann equation is a kinetic model used in many different contexts.
It appeared (perhaps for the first time) in a paper by Lorentz [22] on the motion of
electrons in metals, and has been since then used in various branches of mathematical
physics such as radiative transfer [25, 23], neutron transport theory [27]. A typical
model linear Boltzmann equation is

O+ Vftew=o (& [ feo)as@)-ftow) 0

where t >0, z € R? and w € S? are respectively the time, position and direction, while
ds is the surface element on S2. The function f= f(¢,x,w) is the distribution function
of a population of monokinetic particles (such as photons) moving at speed 1 in a
background medium (such as a planetary or stellar atmosphere). The coefficient
0 >0 is the scattering rate in the medium. The simple model above assumes that
the scattering mechanism is isotropic and that the absorption and scattering rate are
equal. (The model above is essentially eq. (4.216) in [25].)

A classical approximation of solutions f of the linear Boltzmann equation above
is the so-called “P1 appproximation”, where f is replaced by its spherical harmonics
expansion in the angle variable w, truncated at order 1 (see chapter IX in [27]). This
approximation is also known as the “Eddington approximation” in radiative transfer
(see for instance chapter II1.2 in [25]). The P1 approximation is

[t m,w) = p(t,x)+3j(t,7) -w,
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so that
)= [ fltawds@),  and jit)= [ o fltaw)dsw).
S2 S2

This approximation is used in regimes where the scattering coefficient ¢>>1. In
other words, the diffusion approximation is justified when the mean free path of the
particles between scattering events is much smaller than the typical length scale of
the spatial domain. In this case f=~p to leading order, so that j= —B%Vzp. Thus,
the P1 approximation becomes

f(t,m,w)~p(t,z) — tw-Vep(t,a) (1.2)

Averaging both sides of the linear Boltzmann equation in the variable w leads to the
local conservation law of mass (or particle number)

Oy f(t,z,w’)%;/) +divz/ w/f(t,z,w’)dsi;‘:/) =0.
s2 s2

Substituting the P1 approximate expression for f in the left hand side of this equality

results in the diffusion equation

dp—divy (55 Vap) =0. (1.3)

While the P1 or diffusion approximation of the linear Boltzmann equation has been
used for a long time, its mathematical justification is more recent. A proof based on
Hilbert’s expansion [19], a formal expansion of the solution f of the linear Boltzmann
equation in powers of 1/0, can be found in [5]; see also chapter XXIL.5 in [11].

Other proofs are based on the representation of the solution f of the linear Boltz-
mann equation in terms of stochastic process: see for instance [24] and the references
therein. For the original contributions to the subject, see [6] and [17].

The diffusion approximation (1.3) of the linear Boltzmann equation (1.1) is also
used for inhomogeneous media where the scattering rate o = o(z) varies smoothly with
the position variable. Yet the Cauchy problems for the linear Boltzmann equation
(1.1) and for the diffusion equation (1.3) are well posed, in some weak sense to be
discussed below, under the only assumption that both o and 1/0 belong to L>°(R?).
However both the proof of the diffusion approximation based on the Hilbert expansion
[5] and the proof based on stochastic processes [24] require that the scattering rate
o satisfy rather stringent smoothness assumptions. In particular, these smoothness
assumptions exclude scattering rates that are discontinuous functions of the position
variable. This is unfortunate, since discontinuities in the scattering rate o(x) appear
in the case of inhomogeneous or composite materials.

Another related issue is the order of magnitude of the scattering rate. As recalled
above, the diffusion approximation (1.3) of the linear Boltzmann equation (1.1) is
justified if the scattering rate o(x) depends smoothly on the space variable 2 and is
large uniformly in z. In some applications involving strongly inhomogeneous media,
the order of magnitude of the scattering rate may vary considerably in the spatial
domain. For instance, in the context of neutron transport and nuclear reactor design,
the scattering cross-section for neutron collisions of non-fission type in the uranium
oxide is about 100 times higher than in water. Another example is the case of non-
diffusive objects embedded in a diffusive medium in the context of medical imaging:
see [2], especially the examples given on p. 1678.
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The present work addresses the following problem.

PROBLEM: to extend the validity of the diffusion approximation to cases where the
scattering coefficient o =o(x) is neither continuous nor large uniformly as x runs
through the spatial domain.

The formulation of this problem obviously includes cases where there is no sepa-
ration of scale in the size of the scattering coefficient in the diffusive and nondiffusive
regions. Asymptotic expansions “a la Hilbert” cannot be used in such generality.

Our approach is based instead on an energy method similar to the one used
earlier in the derivation of the Rosseland equation from the radiative transfer equation
[4], or of the drift-diffusion equation from the Boltzmann equation with Fermi-Dirac
statistics [15], or even in the derivation of incompressible fluid dynamics from the
Boltzmann equation of the kinetic theory of gases [3].

The main results in this paper were presented by one of us (C.B.) to the conference
“Recent developments in applied mathematics” in honor of G. Papanicolaou. Our own
work on the various asymptotic theories of kinetic models, including the diffusion
approximation of the linear Boltzmann equation, the Rosseland approximation of the
radiative transfer equation or the hydrodynamic limits of the Boltzmann equation in
the kinetic theory of gases, was strongly influenced by G. Papanicolaou’s remarkable
contributions [24, 7] to this subject. We are happy to dedicate this paper to our friend
and colleague G. Papanicolaou on the occasion of his 70th birthday.

2. Presentation of the problem and main result

2.1. The linear Boltzmann equation and the scaling assumptions
Consider the linear Boltzmann equation

(O +v-Vy)f(t,x,0)+ Ly f(t,2,0)=0 (2.1)

for the unknown f = f(¢,x,v) that is the distribution function for a system of identical
point particles interacting with some background material. In other words, f(¢,z,v)
is the number density of particles located at the position x € Q, with velocity v C RN
at time ¢>0. Henceforth, we assume that € is a bounded domain of RN with C!
boundary 0f2, and that Q is locally on one side of 9).

The notation £, designates a linear integral operator acting on the v variable in

f,ie.
Loftar) = [ koo (f(ta0) = f(ta)du(w) (2.2

where p is a Borel probability measure on R, while k is a nonnegative function
defined p® p-a.e. on RY x RN . We assume that k satisfies the semi-detailed balance
condition

/RNk(:C,U,w)d,u(w):/ k(x,w,v)dp(w) (2.3)

RN

and introduce the notation
a(z,v) ;:/ k(x,v,w)dp(w) (2.4)
RN

for the scattering rate, so that the kernel k(z,v,w), up to the multiplicative coefficient
1/a, measures the probability of a transition from velocity w to velocity v for particles
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located at the position x. Eventually one has:
L. f(t,z,v)=a(z,v)f(t,z,v)— Ky f(t,z,v)

where C, designates the integral operator

Kmf(t,x,v)::/ k(x,v,w)f(t,z,w)du(w). (2.5)

RN

The semi-detailed balance assumption appears for instance in [18] — see formula (2.9)
in §2. The assumptions on the transition kernel other than (2.3) used in our discussion
are introduced later.

Denoting by n; the unit outward normal field at x € 992, we henceforth consider
the outgoing, characteristic and incoming components of 9Q x R¥:

Iy :={(z,0) €IUx R [v-n, >0},
To:={(z,v) €IUx RN |v-n, =0},
I :={(2,v) €Ox R |v-n, <0}.

The linear Boltzmann equation is supplemented with the absorption boundary con-
dition

ft,x,v)=0, (x,v)el_, t>0. (2.6)

(In other words, it is assumed that there are no particles entering the domain €2.) This
choice is made for the sake of simplicity; other boundary conditions will be discussed
later.

We next introduce the scaling assumption pertaining to the diffusion approxima-
tion of the linear Boltzmann equation (2.1). Set L to be a length scale that measures
the size of Q while V' is the average particle speed; consider the time scale T:=L/V.
The diffusion limit of (2.1) is based on the assumption that the dimensionless quantity
Ta(xz,v) is large. We introduce a scaling parameter 0 <e< 1 and set

ke(z,0,w) :=ek(z,v,w)

so that l%e(ac,v,w) is of order unity. Accordingly, we define

de(x,v):=eac(x,v), Ly=€eLly, and K, = e/C,..

(For notational simplicity, we do not mention explicitly the dependence of £, and K,
in €.) Assume further that

/ vdp(v) =0 (2.7)
RN

and that variations of order unity of the boundary data driving the solution of (2.1) do
not occur on time scales shorter than 7'/e. This is obvious for the boundary condition
(2.6); however, this assumption is crucial and needs to be satisfied for some more
general boundary conditions. In that case, the solution f of (2.1) is sought in the
form

f(t71"’v) :f€(€t7z’v)
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with the notation = et for the rescaled time variable. Thus (2.1) takes the form

A R 1
€0; fe(t,2,0) +v-Vy fe(t,x,0) + =Ly fe(t,2,0) =0.
€

Henceforth we drop hats on rescaled variables and consider the initial-boundary value
problem for the scaled linear Boltzmann equation

1
(e0r+v-Vya) fe(t,x,v)+ =Ly fe(t,z,0) =0, zeQ,veRY t>0,
€

fe(t,z,v)=0, (z,v)el_,t>0, (2.8)
fe(O,z,v):fm(z,v) :CGQ,’UERN,
with
Kzf(t,x,v) Zae(l',’l))f(ﬁ,l',’l}) —/kﬁ(x,v,w)f(t,x,w)du(w), (2'9)

in the limit as e — 0.

2.2. Statement of the diffusion approximation
From now on, we assume that the probability measure satisfies (2.7) and

0</ lv-€2dp(v) < 0o for all €€ RN\ {0}. (2.10)
RN

Assume that the spatial domain Q= AUB, where A is open and B is closed
in RN (i.e. BNOQ =), with finitely many connected components denoted B;, for
I=1,...,m. We further assume that B; has piecewise C! boundary, that B; is locally
on one side of its boundary dB;. Finally, we denote by n, the unit normal field at
x € 0A, oriented towards the exterior of A.

We further assume that the scattering kernel k. in the linear Boltzmann equation
is a drdu(v)du(w)-a.e. nonnegative measurable function on 2 x RN x RV satisfying
the following assumptions, in addition to (2.3):

(H1) the absorption rate a. is uniformly small on B x R as e —0, i.e.
lacll Lo (BxRN dzdu) =0 as €—0; (2.11)

(H2) the restriction of k. to Ax RN xR¥ is assumed to be independent of ¢ and
denoted k4 =ka(z,v,w); it satisfies

1 1
Ck := supess / (k T,0,w)~+ + )d w)<oo. (2.12
K (m,v)GpAXRN RN A( ) kA(SC,’U,’LU) kA(ZL',’LU,’U) ’u( ) ( )

We henceforth denote

as(z,v) ::/ Ea(z,v,w)dp(w), for dedp(v) —a.e. (z,0)€ AxRN. (2.13)
RN

The diffusion approximation requires one additional assumption on the set B
where the scattering rate vanishes as e —0. A first possibility is to postulate a lower
bound on the scattering rate on B which is compatible with assumption (H1) as € — 0:
(H3) the restriction of k. to Ax RY x R” is assumed to satisfy the bound
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dp(w) 2
supess / —————=0(1/e") ase—0. (2.14)
(z,v)EBXRNJR k€($,U,W)

However, the diffusion approximation can be proved even for scattering rates of
order O(€?), including the case a. =0 corresponding to vacuum, at the expense of an
ergodicity assumption on the free transport operator in each connected component
By of B. For each [=1,...,m, denote by 7, =7;(z,v) the forward exit time from B,
starting from the position x with the velocity v; in other words

7(z,v) :=inf{t >0 s.t. x+tv€IB;}. (2.15)

Instead of condition (H3), one can assume that

(H4) the Borel probability measure p satisfies u({0}) =0 and, for each [=1,...,m and
each g€ L?(0B)),

g(x+7(x,0)v)=g(x) for do(z)du(v) —a.e. (z,v)€dB; xRN

1 (2.16)

=g(x)= OB - 9(y)do(y) for a.e. x€IBy,

where do is the surface element on 0B5;.
For instance, the assumption (H4) is satisfied if the measure p is spherically
symmetric and if B; is convex for each [=1,...,m.

The main result in this paper is summarized in the following theorem.
THEOREM 2.1. Assume that the Borel probability measure p satisfies (2.7)-(2.10),
while the scattering kernel k. satisfies (2.3), together with the conditions (H1)-(H2)
and at least one of the conditions (H3) or (H4). Let f™ € L2(Q x RY;dzdu).

(a) For each € >0, the Cauchy problem (2.8) has a unique weak solution f. belonging
to Cp(Ry; L2(Q x RN dzdp(v))).

(b) For a.e. x€ A, there exists a unique RY -valued vector field b*(x,-) € L*>(RY ,dp)
such that

Lrb*(zv)=wv and / b*(z,v)du(v)=0.
RN
(¢) The My (R)-valued matriz field M defined by
M;;(x) ::/ b (z,v)v;du(v)  for a.e. x€A and alli,j=1,...,.N
RN

satisfies
|M1J($)| S2CKHUZ'HL2(RN,du)||UjHL2(RN,du) for a.e. .TGA cmd all i,j: 1,...,N

and

N
Z M (x)&:& > %|§|2 for all €eRY ., for a.e. z€ A,
k

ij=1

where 5>0 is the smallest eigenvalue of the real symmetric matriz S defined by

Sij ::/ vv;dp(v). (2.17)
RN
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(d) In the limit as e —0,
fe— p weakly-* in L=(R.y; L2(Q x RN ;dxdp))

where p is the unique weak solution of

Op(t,x) =divy (M (2)Vp(t,z)), x€A >0,
p(t,x)=0, xedQ,t>0,
t,x)=pi(t), €0B;, I=1,....m,t>0,
plt.) ’1”() ) rEoP " (2.18)
: p
t)=— —(t,x)do(x), l=1,....m,t>0,
)= 157 [, o= taio(a)
p(0,2) = " (), req.

and where p'™ is given by the following formula:
F(x,0)du(v) for a.e. €A
N

in R
=0 .
// " (y,v)dydu(v)  for a.e. z€ B
|Bl| BLXRN

In (2.18), we have used the standard notation

dp
onar

(t,z):= Z Mij(x)ng,i0x,p(t,x).

ij=1

The diffusion approximation stated in Theorem 2.1 (d) can be strengthened as
follows, provided that the initial condition f** is independent of v and constant in
each one of the connected components B; of B.

THEOREM 2.2. Assume that the Borel probability measure p satisfies (2.7)-(2.10),
while the scattering kernel k. satisfies (2.3), together with the conditions (H1)-(H2).
and at least one of the conditions (H3) or (H4). Let p'™ € L*(Q) satisfy the condition

1

P (x)=—= [ p"(y)dy for a.e. x€B;, 1=1,...,m.
Bl /5,

Assume further that
L.b*(z,v)=v for a.e. (z,0)€ AxRYN,

where b* is the vector field defined in Theorem 2.1 (b). Then
(a) for a.e. x € A, the matrix M(x) defined in Theorem 2.1 is symmetric;

(b) the solution f. of the Cauchy problem for the linear Boltzmann equation (2.8)
satisfies

fe(t,--) = p(t,-) strongly in L*(Q xRN ;dxdp) for all t>0

and

a |

(fE — fgdu(v)) — —b*-Vap strongly in L*(Ry x QxRN dxdy)
RN
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as e — 0, where p is the unique weak solution of the diffusion problem (2.18).

Notice that the strong diffusion limit theorem (Theorem 2.2) involves the condi-
tion L£,b*(x,v) =wv, implying that the diffusion matrix M (z) is symmetric. On the
contrary, the weak diffusion limit theorem (Theorem 2.1) applies to situations where
M (x) may fail to be symmetric. At the time of this writing, we do not know whether
strong convergence in the diffusion limit can be obtained with this level of generality
in cases where the diffusion M (x) is not symmetric for a.e. z € A.

2.3. Remarks on Theorem 2.1

The class of collision integrals £, considered here is obviously more general than
in [5]. In [5], it is assumed that the measure p is the uniform probability measure
on the set V of admissible velocities, that can be a ball, or a sphere, or a spherical
annulus centered at the origin in RY. The scattering kernel k. (z,v,w) is independent
of x and ¢, and is of the form

ke, 0,w) = ok (v,w),

where o >0 and

1
0< c <k(v,w)=k(w,v) <C for a.e. (v,w)eV xV

and

/H(U,’LU)d’LU:l for a.e. veV,
%

for some positive constant C. Furthermore, the main result in [5] assumes that
k(Rv,Rv") = k(v,v) for a.e. (v,0')eV xV, for all ReOn(R).

Under this assumption, the vector field b* is of the form b*(x,v)=F*(|Jv|)v for some
real-valued measurable function defined a.e. on R4 (see Lemma 4.2.4 in [1] or [12] for
an analogous result in a more complex situation), and the diffusion matrix field is of
the form M (x)=mI, where m >0 is a positive constant (see the formulas (43)-(44)
in [5]).

Assumption (H1) is obviously satisfied if k.(z,v,w)=0 for dzdu(v)du(w)-a.e.
(z,v,w) € Bx RN xRM or if kc(x,v,w)=0(e) on B. However the assumption used
in the present paper is obviously much more general. For instance, it is satisfied if
one has k.(z,v,w)=0(|lne|") on B; with 4;>0 for each [=1,...,m. The Hilbert
expansion method used in [5] does not apply to this situation, and therefore cannot
be used on the problem considered here in its fullest generality. The treatment of
nondiffusive embedded objects in [2] assumes that ke =0O(e) in B (see [2] on p. 1683),
a situation much less general than the one considered here, which can be treated with
the Hilbert expansion method and leads to a diffusion system analogous to (2.18).

Even in the nondegenerate case where B = &, observe that our assumptions on the
transition kernel k. do not imply that the vector field b* in Theorem 2.1 (b) depends
smoothly on z. This again excludes the possibility of using the Hilbert expansion
as in [5] to establish the validity of the diffusion limit. Accordingly, the diffusion
matrix field M defined in Theorem 2.1 (c) is in general not even continuous. The
classical interpretation of the diffusion equation with diffusion matrix M in terms of
the associated stochastic differential equation fails in such a case (see for instance
section 5.1 and Remark 5.1.6 in [26]).
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Yet, even though the Hilbert expansion method cannot be used on the scaled
linear Boltzmann equation (2.8) with the level of generality implied by assumptions
(H1)-(H4), notice that the second convergence statement in Theorem 2.2 provides
information analogous to the knowledge of the next to leading order term in Hilbert’s
expansion. (This is easily seen for instance on formula (1.2) in the special case of
the radiative transfer equation with isotropic scattering.) At variance with the usual
diffusion approximation theory, this information is available in the diffusion region
only (i.e. for z€ A).

In the special case where the diffusion matrix has a type I discontinuity across
some smooth surface is equivalent to a transmission problem for two diffusion equa-
tions on each side of the discontinuity surface, with continuity of the solution and of
the normal component of the current across the discontinuity surface. See for instance
[20] on p. 107 or Lemma 1.1 in [13] for a discussion of this well known issue.

If By is convex for [=1,...,m and p is of the form du(v)=r(|v|)dv or u is the
uniform probability measure on a sphere included in R centered at the origin, the
condition (H4) is obviously satisfied. Indeed, for each z,y € B, the segment [z,y] is
included in By, so that g(x)=g(y) for a.e. 2,y €0B,.

But even when Bj is convex, the condition (H4) may fail to be satisfied for some
measures p. For instance, assume that N =2, and take B;={z€R? s.t. |z|<1}.
Denote by (e1,e2) the canonical basis of R2, and let

:u:i((sel +5*61 +5€2+5*€2)'
For x = (x1,22) € 0By, one has 7j(x,+e;) =2|z1| and 7;(x,xes) =2|z2|, so that

(—z1,22) + 71 (2 1)1 = (21,22), (x1,22) —Ti(x,€1)e1 = (—21,22),

(w1, —m2) +7(2,02)€2 = (T1,72), (z1,22) =71 (2,€2)€2 = (71, —T2).

Thus g(z)=|z1| or g(z) =|z2| are not a.e. constant on 9B, and yet satisfy the condi-
tion

gz 47 (z,0)0)=g(x) for dedu(v)—a.e. (x,0)€IB; x R?.

Comparing Theorems 2.1 and 2.2 with the result in [14] is a more delicate issue.
We recall that the problem considered in [14] involves the juxtaposition of a medium
where the collision cross-section is of order 1 and a highly collisional medium, where
the collision cross section is of order 1/e. The setting is one dimensional, but ex-
tensions to higher dimensions are possible and discussed in [14]. The main result in
[14] is a proof of the validity of a domain decomposition strategy where the highly
collisional medium is treated by the diffusion equation, with a boundary layer term
that is the solution of a Milne problem (see [5]) to accurately describe the interface.
The interested reader is referred to [14] for a more accurate description of this domain
decomposition algorithm.

At first sight, the situation considered in the present paper is of the same type, as
the case of a transition kernel k. such that k(x,v,w) =0O(1) for a.e. x € B is covered by
our assumptions. Yet the result in Theorems 2.1 and 2.2 obviously does not involve
any sophisticated treatment of the interface between A and B that would require
solving a Milne problem. The difference between both results comes from the type of
boundary data considered in [14] and here. In the situation considered in Theorems
2.1 and 2.2, the distribution function of particles entering each connected component
of B, i.e. of the region where the collision cross-section is of order 1, is independent
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of the variable v. For such boundary data, one easily verifies that the boundary layer
matching the kinetic and the diffusion domain in [14] is trivial to leading order.

Finally, notice that the time scale on which the evolution of the linear Boltzmann
equation (2.8) is observed is the same in the diffusive as well as in the nondiffusive parts
of Q2. This may be slightly surprising at first sight, since the diffusion approximation
involves a near equilibrium regime, and therefore needs to be observed on a time scale
much longer than the original time scale for the linear Boltzmann equation. One
of the difficulties in matching diffusive and nondiffusive regions in the theory of the
linear Boltzmann equation is that diffusion and transport are phenomena evolving on
different time scales. However, in the situation considered here, the boundary of each
one of the connected components B; of B does not touch 0f). Therefore, the transport
process in each B is driven by the surrounding diffusive region. This explains why
our asymptotic theory in Theorems 2.1 and 2.2 involves the same time scale in the
diffusive and in the nondiffusive regions.

3. The collision integral and the diffusion matrix

3.1. Properties of the integral operator £,
Henceforth we denote

(0):=| ¢v)dp(v), forall pe L' (RN du).
RN

LEMMA 3.1. Assume that u is a Borel probability measure on RY, and that k. is a
nonnegative drd(p® p)-measurable function defined drd(pn® p)-a.e. on Q@ x RN xRN
satisfying (2.3). Assume further that the function a. = ac(x,v) defined in (2.4) satisfies
the condition

ac € L (xRN dxdp). (3.1)
(a) The integral operators L, and K, are bounded on L*(RN,p) for a.e. €, with
IKallz(r2@n ) < llae(z; )l Lo @ p) -
(b) The adjoints of K, and L, are given by the formulas
o) = [ k(e 0)o(w)dutw) and
RN
£ro0)= [ kelow0)(6(0) - () duto)

for a.e. x€Q.
¢) For each ¢ € L>(RN;dp), and for a.e. x€9Q,
m

W) =4 [[ | hlaww) o) ow) duto)dutu).

(d) For a.e. z€Q,
{ functions a.e. constant on R™} C R CKer(L,)NKer(L});
if in addition k.(z,v,w) >0 for du(v)du(w)-a.e. (v,w)ERN xRN, then

Ker(L,) =Ker(L:)={ functions a.e. constant on RN} =R.
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Proof. Statement (a) follows from Schur’s lemma (Lemma 18.1.12 in [16] or
Lemma 1 in §2 of chapter XXI in [11]). The formula for K, in statement (b) and the
inclusion in statement (d) are obvious.

As for the formula for £ in statement (b), observe that

£2000)+K200)= [ lrvw)o(0)dn(w)
= [ kww)élo)dute) =a (o))
RN

for dedu-a.e. (z,v) €QxRY by the semi-detailed balance assumption (2.3).
For each ¢ € L2(R";du) and a.e. in 2 €9

W)= [[ | kel @) ~ol)otw)du(e)duu)

- [ aanoPau) - [ kleowsootwdiou)
:%/RNae(x 0)d(v)2du(v) + /RN ac(z,w)p(w)?du(v)

- // Ko (2,0,0) $(0) b (w)dpa () dpa(aw)
RN xRN

[ e 6P o)
RN xRN

—// ke(x,v,w)p(v)p(w)du(v)du(w)
RN xRN

[ k)@@~ o) duduto)

RN xRN

by Fubini’s theorem and the semi-detailed balance assumption (2.3). This proves
statement (c).
By statement (c), if ¢ € L2(RY;dpu) satisfies £,¢=0, then

0=t = [ | helvw)(6(0) ~ d(w)Pduo)dute).
RN xRN
Therefore
ke(z,0,w)(op(v) —p(w)) =0  for du(v)du(w)— a.e. (v,w) e RN xRN
so that
d(v) —p(w)=0 for du(v)du(w)— a.e. (v,w)eRN xRN,
Averaging in w shows that
p(v)=(¢) for du(v)— a.e. veRY,

so that

Ker(L,) C { functions a.e. constant on RV} =R.
Since the function (v,w)+— k.(z,w,v) satisfies the same properties as ke,

Ker(L,) C { functions a.e. constant on RN} =R,

and the proof is complete. O
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3.2. The Fredholm alternative: proof of Theorem 2.1 (b)-(c)
PROPOSITION 3.2. Assume that the Borel probability measure p satisfies (2.7)-(2.10),
and that ke is a nonnegative drd(pu® p)-measurable function defined ded(p® p)-a.e.
on QxRN xRN satisfying (2.3) and (H2).

(a) For a.e. z€ A and each ¢ € L2 (RN ,dp)

6= (DN 2@ sap) < 2CK 1 Ladll L2 @Y dp)
6= (DNl 2 mvsap) < 2CK L2l L2 (@Y dp) -

(b) For a.e. x€A, the operators L, and L’ are bounded Fredholm operators on
L?(RN:dp) with

Ran(£,)=R*% and Ran(L:)=R*’.

(c) For a.e. x€ A, there exists unique RY -valued vector fields b(x,-) and b*(x,-) in
L?(RN,dp) such that

and (b(z,-))=0

v and (b*(x,-))=0,

Lb(x,v)=
L0 (z,0)=

(d) For a.e. x€ A and all i,j=1,...,N, one has

/RN bf(x,v)vjdu(v)z/RNvibj(x,v)du(U).

Notice that statement (b) in Theorem 2.1 is exactly the part of statement (b) in
Proposition 3.2 concerning the vector field b*.
Proof. Set L,¢=1); by statement (¢) in Lemma 3.1

0= 0Ls0) =4 [[ | laaw)(o0)—ow)Pdu)dutu) >0.

By the Cauchy-Schwarz inequality, for a.e. z € A,

o) (0 = ([ 0001 otwanc)

- dp(w)

_/RNm/}{NkA(x,v,w)(gf)(v)f(b(w)) dp(w)

so that
16 @Esvan <Cx [[[ | Batew)(olo) = o) du(e)dutw) =2Ck (o).

Next

(V) = (Ladp) = ((L51)¢) =0

since £31=0 by Lemma 3.1 (d), so that

(@v) = (0= (2)¥) < 1¥ll L2 d |0 — (D) L2 Y )
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by the Cauchy-Schwarz inequality. Putting together the last two inequalities, we
obtain the bound

o — (D) 2@~ ian) < 20K 1Y) L2® N du) -

Since the function k4(x,w,v) satisfies the same assumptions as k4, the analogous
inequality for the adjoint operator £} immediatly follows, which proves statement

(a).

Pick #€ A such that aa(z,")€L>®(RY;du) and the inequalities in statement
(a) are verified. By Lemma 3.1 (a)-(b), the operators £, and L are bounded
on L?(RY;du). Besides Ran(L,) is closed, shown by the following argument. Let
€ L2 (RYN,du) and ¢, be a sequence of L?>(RY,du) such that

Lobn—v in L2(RN,dp) as n— oco.
In particular £;¢, is a Cauchy sequence; since

[(dn—(@n)) = (Dm —(Dm)) | L2&Y ap) < 2CK (| Ladn — Lobmll 2w ap)
we conclude that ¢, — (¢, ) is a Cauchy sequence in L?(RY,du). Therefore
G —(pn)— ¢ in L2(RN,du) as n— oo
so that
Lo(bn—{Pn))=Lan— Lo in L2RN dp) as n— 0.

Hence o= L,b € Ran(L,). By the same token, Ran(L}) is closed. Applying Corollary
I1.17 in [9] and Lemma 3.1 (d) shows that

Ran(L,)* =Ker(£:)=R and Ran(L)* =Ker(£,)=R.
By Proposition I1.12 in [9], we conclude that £, and £ are Fredholm operators with
Ran(L,)=Ker(£:)* =R+ and Ran(L!)=Ker(L,)t =R* .

The existence and uniqueness of the vector fields b and b* in statement (c) follows
from the orthogonality condition (2.7) and the Fredholm alternative in statement (b).
Finally, for a.e. x€ A and all ¢,5=1,...,N, one has

/RN b; (z,v)v;du(v) :/ b; (z,v)Labj(x,v)v;du(v)

RN
= [ b odno)= [ bz,
RN RN
which proves statement (d). O

It remains to prove statement (c) in Theorem 2.1.
Proof. [Proof of Theorem 2.1 (c)] The inequality in Proposition 3.2 (a) implies
that

167 ()| L2 @ apy < 2CK (L7657 (25) | L2 (@ ) = 2CK [[vill L2 (R~ ap0)

foralli=1,...,N and a.e. x € A. This bound implies the first inequality in statement
(c) of Theorem 2.1 as a consequence of the definition of the M;;(x) and of the Cauchy-
Schwarz inequality.
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As for statement (c), for a.e. 7€ A and all E€RY,
(€)% = (Lo (€-b(2,0)))?
2
~ ([ Fatovaue-be0) € b)) du(w)
<an(en) [ k(o) (€-bao) = €bw) du(w)

by the Cauchy-Schwarz inequality. On the other hand, by Lemma 3.1 (c),

> M@= [ (€bGe0))La(E- b)) (o)

i,j=1 RN

=5[] R E B0~ b))
RN xRN

Hence

N
mz_lsijfifj/RN(f'v) dp(v)
<Cr [[ | Faleoa)(€blo) ~¢ b)) du(o)duw)

N

4,j=1

The conclusion follows from the definition of 8> 0 which implies the inequality

N
> Sii&i&s > BlE

ij=1

4. Existence and uniqueness theory for the linear Boltzmann equation
and for the diffusion problem

4.1. Proof of Theorem 2.1 (a)
Henceforth we denote

(@) :://RNXRN ®(v,w)dp(v)du(w), for all e L' RN xRN d(pop)).

PROPOSITION 4.1. Assume that k. is a monnegative measurable function defined
drd(p@p)-a.e. on QxRN xRN satisfying (2.3) and (3.1) with ac defined by (2.4).
For each € >0 and each ™€ L*(QxRN;dxdu), there exists a unique weak solution
of the initial-boundary value problem (2.8) in the space Cp(Ry;L*(Qx RN ;dxdy)).
This solution satisfies

(a) the continuity equation in the sense of distributions on R x :

6t(f€>+divz%<vf€> 0.
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(b) the “entropy inequality”

[ izt | t [ o dactssaePods < [ (7o

for each € >0 and each t >0, where

Gelt,7,0,0) = (Felts,0) = folt,0).

Proof. The operator ¢(z,v)+— L, p(x,v) is a bounded perturbation of the advec-
tion operator —v-V, with absorbing boundary condition (2.6) that is the generator of
a strongly continuous contraction semigroup on L?(Qx R™;dxdy). This implies the
existence and uniqueness of the weak solution f. of the initial-boundary value prob-
lem (2.8) in the functional space Cp(R;L%(Q2 x RY;dzdu)). Statement (a) follows
from the inclusion R C Ker(£}) in Lemma 3.1 (d), while statement (b) follows from

Lemma 3.1 (¢) and the usual energy estimate for the transport equation with source.
d
Statement (a) in Theorem 2.1 follows from Proposition 4.1.

4.2. Existence and uniqueness theory for the diffusion problem (2.18)

Define

1
H z{uELQ(Q) s.t. u(m):—/ u(y)dy for a.e. xEBl,lzl,...,n},
|Bi] By

and
Vi=HNH}(Q)={uc H}(Q) s.t. Vu(z)=0 for a.e. € By, l=1,...,n}.

For each p'™ € H, consider the following variational problem

pECH Ry H)NIA(RLY), dpe LA(RyV), and p|,_, =",

d

E/ d:v—i—/ Vw(z x)Vyp(t,x)de=0, for a.e. t>0, (4.1)
for all we V.

where z— M (z) is an My (R)-valued measurable matrix field such that M;; € L>°(A)
for all 4,5=1,...,N.
LEMMA 4.2. Assume that x+— M (z) is an My (R)-valued measurable matriz field on
A such that M;j € L>(A) for all i,j=1,...,N. Let pe C([0,T);H)NL*([0,T];V) with
dip€ L2([0,T);V'). Then p is a solution of the variational problem (4.1) if and only
if

Op—div,(MV,p)=0 in D'(RY x A),

p(t,)]50=0 in L*([0,T);H'/?(09)),

1 0
p-l:_<_”, > in H((0,T7)),1=1,....m
IBil\Onat ™/ gr-1s20m,), m1/2(0m1)

p’t:():pm
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Proof. Specializing (4.1) to the case where w e C°(A) is equivalent to
Op—divy,(MV,p)=0 in D’(R*_,_ x A).
In particular, the (a.e. defined) vector field
(0,7)x A3 (t,z)— (p(t,x),—M (x)Vzp(t,z))
is divergence free in (0,7) x A. Applying statement (b) in Lemma A.3 shows that

0 p(t,x)w(:c)d:ch/ Vw(z) M (x)Vzp(t,z)dz

:EQ A

:%Lp(t,$>w($)d$+z|Bl|wlm(t)+/AVw(x).M(x)vxp(t,x)dx

=1
)1> )
op, | H™V*(0B),HY/?(9By)

=> w <|Bz|ﬁz(t) - <£—/])M(t")

=1

for each w eV, where

1
wp=— [ w(y)dy, I=1,...,m.
|Bi| J,
Since this is true for all w eV, and therefore for all (wy,...,w,)€R™, one concludes

that

. ap
|Bl |pz <(9TLM =0
in H=1((0,7)) for all [=1,...,m, which is precisely the transmission condition on dB;.
Finally, the Dirichlet condition on 9 comes from the condition p € L?(R;V) since
V C H(Q).

Conversely, if p€ Cp(R4,H)NL?(Ry,V) s.t. dipe L*(Ry,)V’) satisfies the initial
condition and the diffusion equation in (2.18) in the sense of distributions on R* x A,
together with the transmission condition on 9B for each [=1,...,m, it follows from
the identity above that p must satisfy (4.1). O

This lemma justifies the following definition.

DEFINITION 4.3. For p'™ € H, a weak solution of the problem (2.18) is a function
p=p(t,x) such that p€ Cp(R;H)NLA(R1;V) and Oip€ L2(Ry; V') which satisfies

the variational formulation and the initial condition in (4.1).

b
B, >H1/2(8BZ>VH1/2(6BL>

The existence and uniqueness theory for the limiting diffusion problem is sum-
marized in the following proposition.
PROPOSITION 4.4. Assume that x— M (x) is an My (R)-valued measurable matriz
field on A satisfying

M;; € L*(A) for all i,j=1,...,N, and there exists a>0 s.t.
- M(x)é>alé|? for a.e. €A and all E€ERN.

For each p™ €H, the diffusion problem (2.18) has a unique weak solution. This
solution satisfies the “energy” identity for each t>0:

¢
%/ﬂp(t,z)deﬁL/O /AVzp(s,z)~M(z)Vzp(s,z)dzds:%/Qpi"(:c)de.
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Proof. The existence and uniqueness of the solution of the variational problem
(4.1) is a straightforward consequence of the Lions-Magenes Theorem X.9 in [9], with
the bilinear form

a(u,w)::/AVu(x)-M(x)Vw(ac)dac, u,we V.

Indeed, this bilinear form satisfies the assumptions of the Lions-Magenes theorem,
since the first inequality in Theorem 2.1 (¢) (already established in section 3.2) implies
that

|a(u,w)| <20k (o) [Vull L2 ()| Vel L2 (a) < 20k ([0 [ullv [wllv

while the second inequality there implies that

6 2 6 2 6 2 2
a(uw) 2 5 o Vullze ) = 5o 1Vullta@) = 55— (luly = llull)

for each u,we V.
Consider next the linear functional

L(t): V2w (Op,w)v v +alp(t,-),w)
defined for a.e. t>0. Since L(t)=0 for a.e. t€R, one has
(L(t),p(t, )y, v=0 for ae. t>0,
for each we€ V. By Lemma A.2, one has
L(t)=0in V' for a.e. teR;.

In particular, for a.e. s>0, one has

0:<L(5)ap(5a')>V’,V:<atp(sa')ap(3a')>V’,V+/Avmp(sax)'M(x)vmp(sax)dxa

and one concludes by integrating in s € [0,¢] and applying Lemma A.1 b). O

5. Diffusion approximation: proof of Theorem 2.1 (d)
The proof is split in several steps.

Step 1: uniform bounds and weak compactness.
By the entropy inequality (statement (b) in Proposition 4.1), one has the bounds

{|fe(ta'v')|LZ(QXRN;dxd;L)S||pin||L2(Q) and (5.1)

(R keQeHL?(R+xQxRN xRN dtdzd(u@p) < HpmHLZ(Q)

By the Banach-Alaoglu theorem, the families f. and /kcq. are relatively compact
in L®°(R; L2(Q x RN ;dwdy)) weak-* and L2(Ry x Q x RN x RY;dtdxd(n® p)) weak
respectively. Extracting subsequences if needed, one has

fe— fin LRy L2(Qx RY;dadpu)) weak-* (5.2)
while

Vkege =7 in 2Ry x QxRN x RN dtdzd(p® 1)) weak. (5.3)
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In particular
ge—qin L*(Ry x AXRN xRV k4 (2,v,w)dtded(p® 1)) weak, (5.4)
where
q(t,z,v,w) =7t z,0,w)/\/ka(z,v,w), (5.5)

for dtdrdp(vdp(w)-a.e. (t,z,v,w) ERy x Ax RN x RV,

Step 2: asymptotic form of the linear Boltzmann equation
One has

%Emfg(t,x,v) = /RN 1a(z)ka(z,0,w)q(t,2,0,w)du(w)

+ / 1 (@) (2, 0,0) e (12,0, w)dpa(w)
RN
Since (x,v,w) > 14(x) belongs to L2(Ax RN x RN ;k(x,v,w)dzd(u®u)) by (2.12)
/ La(@)ha (2,0,0)gc (b2, v,0)dp(w) = [ 1a(2)ka(e,0,0)q(t,z,0,w)dp(w)
RN RN

in the weak topology of L?(R, x Ax RN;dtdxdyu) as e —0. On the other hand, the
Cauchy-Schwarz inequality and (2.12) imply that

2

[ rbeawinto)

L2(R4 x BXRN;dtdzdpu)
< HGGHL“’(BXRN)//R Q <<kg(x’.,-)qﬁ(t,x,-,-)2>>dtd$
+ X
<laell L mxrm) 1p™ 1 72(q) =0

as e—0, by (2.11) and the entropy inequality in Proposition 4.1. Thus

lﬁzfg(t,x,v)% 1a(x)ka(z,0,w)q(t,z,0,w)du(w) (5.6)
€ RN

in the weak topology of L?(Ry x Q x RV;dxdu) as e — 0. Passing to the limit in the
scaled Boltzmann equation (2.8) we see that

v-Vof € L*(Ry x QxRN dtdrdp) and

) . (5.7)
/ kA(,,’LU)q(,,,’LU)d/,L(U})GL (R+XAXR ,dtd:Cd/,L),
RN
while
U-sz(t,w,v)JrlA(ﬂU)/ ka(z,v,w)q(t,z,v,w)du(w) =0, (5.8)
RN

for dtdrdp-a.e. (t,z,v) ERy x QxRN
Step 3: asymptotic form of f..
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Multiplying both sides of the scaled linear Boltzmann equation (2.8) by e and
passing to the limit in the sense of distributions as € — 0, one finds that

L.f(t,z,0)=0 for ae. (t,z,v) eR; xQxR".

By Lemma 3.1 (d), this implies that f(¢,2,v) is independent of v for a.e. € A, i.e.
is of the form

f(t,z,0)=p(t,x) for ae. (t,z,v)eR: x AxRN. (5.9)
By (5.2) and (5.7)
pEL®R,;L*(A)) and Vupe L*(Ry x A), (5.10)
since
(v- Vi flo=(v®v)-Vope L*(Ry x A; LY (RN, dp))
so that
S-Vop=(v®v) Vope L*(Ry x A);

one concludes since det(S)#0 by assumption (2.10).
In particular

plos, € L7([0,T; H*(9B;))

for each T>0 and each i=1,...,n.

In particular, the first condition in (5.7) implies that s+— f(¢,z+ sv,v) is continu-
ous in s for dtdzdp-a.e. (t,2,v) € Ry x Qx RY. Therefore, we deduce from (5.8) and
(5.9) that, for each [=1,...,m

(5.11)

v-Vaf(t,x,w)=0, z€B,veRY t>0,
f(tzv)=p(t,x), z€dB,veRN 1>0.

At this point, things are different according to whether (H3) or (H4 )holds.
Under assumption (H3), applying the Cauchy-Schwarz inequality and the entropy
inequality in Proposition 4.1, one finds that,

/ / Lot )= (o) ()2 e vt
0 B

- / N L. ( / N<f€<t,x,v>—f€<t,x,w>>du<w>>2du<v>dwdt

< / dp(w)
< supess —
(z,v)eBXxRN JRN kﬁ(xvvaw)

[T heanw ) - e w) Pdu)dn(w)dode

duw in
<e?  supess / 4Hf llL2@oxmry) —0
(z,v)eBXxRN JRN ke(‘ravaw)
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as e—0. The condition (H3) is used precisely at this point, in order to bound the
right hand side of the last inequality above. Therefore
f(t,x,v)=(f)(t,x)=:p(t,x) for ae. (t,x,0) ERy xBy xRN, 1=1,....m

This implies that v-V,p(t,z)=0 for ae. (t,z,v)€RLxBxRY and thus
SV.p(t,x) =0, by the first equality in (5.11). This implies in turn that V,p(t,z)=0
for a.e. (t,x) € R4 x By since the matrix S = <v®v> is invertible by (2.10). Since B;
is connected, we conclude that, for [=1,.

ft,z0)=pi(t): |Bl|//leRN f(t,z,v)dxdu(v), (5.12)

for dtdzdp-a.e. (t,z,v) Ry x By x RV,
Under assumption (H4), observe that the first equality in (5.11) implies that

d
d—f(t,x—i—sv,v):O for all s s.t. x+sveB;
s

for dtdzdp(v)-a.e. (t,7,0) €Ry x By x RY. Thus, in view of the condition on x in
(H4), one concludes that

p(t,x+7(x,v)v) = p(t,x) for do(z)du(v)— a.e. (z,v)€dB; xRN

by solving the boundary value problem above by the method of characteristics. By
assumption (2.16)

p(t,x)= p(t,y)do(y)=:pi(t) for a.e. z€IBy,

|aBl| OB

for a.e. t>0. In other words, p(t,-) is a.e. equal to a constant on 9B;. Solving again
for f along characteristics, we conclude that (5.12) holds under assumption (H4) even
if (H3) is not verified.

Summarizing, we have proved that

ft,x,0)=p(t,x) for dtdedu—a.e. (t,z,v) €Q

) ) (5.13)
with pe L°(R4;H) and Vype L#(R4 x Q).
Step 4: Fourier’s law and continuity equation
Observe that the flux satisfies
1 1, ., 1
L0t = HE DSt ) = (e )L ) )
(5.14)

:// b(z,v)k(z,v,w)g: (t,z,v,w)du(v)du(w)
RN xRN

for a.e. (t,z)€Ry x A and for all €>0. Since be L=(A;L%(RY;du)) by Propo-
sition 3.2 (c), the function (x,v,w)w /ka(z,v,w)b(x,v) belongs to the space
L®(A; L2(RN x RN du(v)u(w))). Thus

%(vfe(t,x,-»=//RNXRNb(x,v)k(x,v,w)qe(t,x,v,w)du(v)du(w)
H/[RNX;W x,v)k(z,v,w)q(t,z,v,w)du(v)du(w) (5.15)

— (b(,)o- Vop(t,2)) = M(2)Vop(t,)
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in for the weak topology of L?(R x A) as € —0, on account of (5.8).
Therefore, for each w €V, one has

jt (fe(t,z, ))w(x)dac—i—/ l(Ufe(ﬁ,ﬂc,-))-Vw(ac)dx:O,

A€
(since Vw=0 on B) and passing to the limit in each side of this identity as e —0
shows that

d
a ) dw—i—/ Vw(z z)Vep(t,x)der=0 (5.16)

in the sense of distributions on R .
Step 5: limiting initial condition
By (5.14) and the Cauchy-Schwarz inequality

2
S/ / <<kA('r7'a')qE(tviE,',')Q»dﬂCdt
L2([0,T]xA) Ry JA

xsupess// Eka(z,0,w)[b(z,v)|?du(v)dp(w)
zeA JJRN xRN

<8CR (I p™ 1720

22

using the entropy inequality in Proposition 4.1 and Proposition 3.2 (¢). Since

d 1
&[Gt [ Lofa.) Vo
for each w €V, one has
|5 [ttt utona] < QO e [Vl iy (617
Q

Applying the Ascoli-Arzela theorem shows that, for each weV
/ ((fe(t,z,)) — p(t,z))w(x)dz — 0 uniformly in ¢ € [0,7] (5.18)
Q

for all T'>0. In particular
J| @ ow@dedno)= [ (102 w@de— [ pf0.2)wle)ds
Q Q Q

as € = 0. Since the test function w is constant on B; for each [=1,...,m,

/ (0,2 dz—//fm 2, 0)w(z)dzdpu(v)

(5.19)
f/ "(z)w(z)dr for each weV,
Q

with p'™ defined by the formula in Theorem 2.1
Returning to (5.17), we have proved that 9;(f) is bounded in L?(R,)”) for each
T >0, so that

ohpeL*(Ry;V). (5.20)
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Since p€ L=°(R4;H)NL2([0,T);V) for each T >0 by (5.13), we conclude from (5.20)
that

pECy(Ry;H)

so that (5.19) implies that p satisfies the initial condition in (2.18).

Step 6: Dirichlet condition
Next we establish the Dirichlet condition on 9 for the diffusion equation. The
scaled linear Boltzmann equation implies that, for each x € C(RY),

U.Vm/o X(t)fg(t,x,v)dt:—/o x(t)%ﬁmfg(t,x,v)dt—i—e/o X (t) fe(t,z,v)dt

is bounded in L?(2x R¥;dxzdu) by (5.6), the uniform boundedness principle (the
Banach-Steinhaus theorem) and the entropy inequality in Proposition 4.1, while

/0 O (trv)dt

is bounded in L?(2x RN ;dxdu) by the same entropy inequality. Hence

0:/0 X(t)fe(ta"')dt

-+AWXOW@Jﬁ

r—

in L2(I'~;|v-ng|7(z,v) Aldo(x)dv) by Cessenat’s trace theorem [10], where the nota-
tion 7(x,v) designates the forward exit time from ) starting from x with velocity v,
ie.

m(x,v):=inf{t>0s.t. z+tvcdN}, zcQ,veRN.
In particular

=0.
o0

/mxuma»w
0

By (5.13), we already know that the limiting density p€ L*([0,7]; H*(Q2)). Therefore
p(t,)]go=0 in L*([0,T];H'/*(99)) (5.21)

for each T > 0.

Step 7: convergence to the diffusion equation
Summarizing, we have proved that

fe is relatively compact in L (R ; L2(Q x RN dzdu(v))) weak-*
and that, if f is a limit point of f. as e =0, it is of the form
f(t,x,v)=p(t,x) dtdedu(v)—a.e. in (t,z,v) ERL x QxRN
where

p€ LR H)NL* (Ry; Hy () = L (R H)N LA (R5V)

5.22
and 9;p € L*(R4;V) (5:22)
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since p satisfies the Dirichlet boundary condition (5.21) and V,p€ L?(R4 x Q) by
(5.13), together with (5.20). In particular, this implies that

peCy(RysH). (5.23)

Besides p satisfies (5.16) for each test function w €V, together with the initial con-
dition (5.19). Therefore p is the unique solution of the Dirichlet problem for the
diffusion equation with diffusion matrix M (z) defined in Theorem 2.1 (¢) with infi-
nite diffusivity in B, with initial data p™. By compactness and uniqueness of the
limit point, we conclude that

fe—p in LR LA(Q xRN drdp)) weak-*

as € —0.

5.1. Proof of Theorem 2.2

Since L,b*(x,v)=v for drvdy-a.e. (z,v)€ Ax RN, we conclude from the unique-
ness of the vector field b in statement (c) of Proposition 3.2 that b(x,v)=b*(z,v) for
dzdp-a.e. (z,v) € Ax RN. The identity in Proposition 3.2 (d) shows that

Miy()= [ bleoyusautv) = [ obi (o) = M(a)

for a.e. € A and all 4,5=1,...,N. This proves statement (a) in Theorem 2.2.

It remains to prove the strong convergence in statement (b). The proof is based on
the weak convergence already established in Theorem 2.1 and on a squeezing argument
based on the entropy inequality for (2.8) and on the energy identity in (2.18).

Step 1: limiting entropy production

By definition of ¢., one has

qe(t,x,v,w) = _qe(taxawav)

for dtdzdp(v)du(w)-a.e. (t,z,v,w) Ry x Ax RN x RN and each € > 0; by passing to
the limit as e =0

q(t,x,v,w)=—q(t,x,w,v)
for dtdzdu(v)du(w)-a.e. (t,z,v,w) ERL x Ax RN x RY. Defining
k5 (t,x,v,w) = 3 (ka(t,z,v,w)+ka(t,z,w,v))
one has
(ka(z,,a(tz,,)?) = (ka2 )alt,z,,)%))
for a.e. (t,z)€Ry x A. Likewise
I sl (@(0) = ()P du(e)duo)
=[], R o)~ ow)aut)duto)
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and

// a(,0,0) (6(0) — b(w))q(t,2,v,w)dp(v)du(w)

RN xRN

- // K (,0,0) (6(0) — b(w))q(t, 2,0, w)dp(v)dp(w)
RN xRN

for a.e. (t,7) € Ry x Q. With ¢(v) =¢&-b(x,v) for some £ €RY to be chosen later, and
applying the Cauchy-Schwarz inequality, one finds that

(/] Kl (o0~ bowatta,oandutyiuto) 2

<] Bl 00 =) P dudato) (e ot )).

(5.24)
On the other hand, by definition of k%

// Ky (@0, w)€ - (b(,0) — b(,10)) e (b, 2,0, ) d(v)dpa(uw)
RN xRN

2 s (b0 — bz o
:_//RNXRNICA(iﬁ,U,w)f (b(z,v) — b(z,w)) fe (t,z,0)dp(v)du(w)

= el (Lo £2)Eb(, ) = = (€ 0 (t,7)

for a.e. (t,z) € Ry x A where the last equality follows from the definitions of the vector
fields b and b* in Proposition 3.2 (c). Passing to the limit as ¢ — 0, one finds that

//RN RNk:fq(x,v,w)f-(b(x,v)—b(:z:,w))q(t,x,v,w)du(u)du(w)
=—-2¢-M(2)Vyp(t,z)

(5.25)

for a.e. (t,z) €Ry x A. On the other hand

//RNXRN Ea(z,0,w) (& (b(z,v) —b(z,w)))*dp(v)du(w)
=2(£-b(x,")La(§-b(x, ")) =2(€-b(, )€ v) =28 M ()€

for a.e. x€ A, by Lemma 3.1 (c). Applying the Cauchy-Schwarz inequality in (5.25)
and using (5.26) implies that

2(§M($)pr(t,$))2 SfM(ZL‘)f«kA(SC,, ')Q(tvza 7)2>>
With the choice £ =V p(t,x), we conclude that
2V,p(t,z)  M(2)Vap(t,z) < (ka(z,,)q(t,z,-,-)*)) (5.27)

for a.e. (t,z) eR4 x A.

Step 2: strong convergence
By Proposition 4.1 (b), for each ¢t >0 and each e >0, one has

/Q<f6(t,x,~)2>d:zc+/0t/Q <<k€(z,~,~)q€(s,z,~,~)2>>d:cdsg/Qpi"(:c)de.

(5.26)
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By Jensen’s inequality

R Ry R

Q

while, by convexity and weak convergence,

lim <f€(ﬁ,.r,-)>2d$2/p(ﬁ,l‘)le‘

e—=0JQ Q

uniformly in ¢ € [0, 7] for each T >0 by (5.18). By the same token, for each T € [0, 00],

H_m/OT/A<<I<:A(SE,-,-)qe(t,x,-,-)2>>d:vdt2/OT/A<<I<:A(:E,-,-)q(t,x,-,-)2>>dxdt. (5.28)

e—0

Since the weak solution p of the diffusion problem (2.18) satisfies

/Q p(t2)2da+2 /0 t /A Vap(s,z)- M(2)Vap(s.a)dads = / " () 2dz

Q

for each t >0 by Proposition 4.4, we conclude that

/(fe(t,z,~)2>d:c%/ p(t,z)*dx for each t >0
Q Q

while

/OOO/A<</<:A(ac,.’.)qe(t,x,.,.)2>>dacdt—>/OOO/A<<I<;A($,.’.)qe(t,x,'a')2>>d$dt
:/OOO/AVzp(taw)'M(w)vmp(t,x)dxdt

as e—0 by (5.27).
Therefore

fe(t,-,-) = p strongly in L*(Qx RN dedpu) for all t >0
and
ge — q strongly in L?(Ry x Ax RN x RN | dtdxd(pn@ 1))
as e—0 and (5.27) is an equality. In other words, for a.e. (t,z) €R4 x A, one has
2Vop(t,a)- M(2)Vop(t,z) = (ka(e,)alt,z,)%)).

Therefore ¢ satisfies the equality in the Cauchy-Schwarz inequality (5.24) (with =
Vp(t,z)). This imples that ¢ is of the form

q(t,x,v,w)=A(t,x) (0" (z,v) = b* (z,w)) - Vup(t,x),

for some measurable function A defined a.e. on R x A. Inserting this expression for
¢ in (5.8) we find that

v-Vyp(t,x) :—/RN q(t,z,v,w)dp(w)

=—A(t,2)Vzp(t,z) - Lob*(z,0) =—=A(t,x)v-Vyp(t,z),
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for a.e. (t,7,v) ERy x AxRYN. Therefore \(t,z)=—1 for a.e. (t,z) R4 x A such
that Vp(t,x)#0, so that

q(t,x,v,w)=—(b"(z,v) = b* (z,w)) Vup(t,x),

for a.e. (t,z,v,w)€R; x Ax RN x RN, Averaging in w, one finds that

%(fe(t,x,v)—/RNfe(taxaw)dM(w)) :/RNqﬁ(t,x,v,w)du(w)

— qe(t,z,v,w)dp(w) = —=b"(x,v) - Vyp(t,x)
RN

in the strong topology of L?(Ry x Ax RN dtdxdy) as € — 0.

6. Conclusions

The main result presented above (Theorems 2.1 and 2.2) can be generalized in
several directions.

First, our method obviously applies to a scaled linear Boltzmann equation of the
form

(66t+v'vz)fe(ta$av)+ lﬁzfe(t,x,v)—i—elgfﬁ(t,x,v) :GS(ta-Ta’U)
€

where B is a bounded operator on L?(Q x RY;dxdu), while the source term S is chosen
so that S € LY(Ry; L2(Q2x RY ,dzdp)). For instance B could be the multiplication by
an amplifying or damping coefficient, i.e. Bf.(t,z,v)=~(x)f(t,z,v) asin [5]. In other
words, problems where the collision process is nearly, but not exactly conservative can
be treated exactly as above.

For some applications, for instance in the context of neutron transport theory, it
would be important to extend the validity of the results presented in this paper to
the case of scattering kernels which fail to satisfy the semi-detailed balance condition
(2.3).

More general boundary conditions than the absorbing condition on 02 can also
be considered. For instance, imposing a specular or diffuse reflection condition at the
boundary, or a convex combination thereof, i.e. assuming that

0(x)

fe(t,l',’l)) = (1 _g(w))fe(t,x”u—?l}'nmnz)'i' m RN

fﬁ(taxaw)(w'nw)-i-d:u(w)
with 8 € C(99) satisfying 0 <6(z) <1 for all x €0 and with a measure p invariant
under all transformations of the form v Qu for Q € Ox(R) leads to the same result
as in Theorems 2.1-2.2, except that the homogeneous Dirichlet condition on 92 should
be replaced with the homogeneous Neuman condition.

Finally, since the compactness method used in the proof of Theorems 2.1-2.2,
finds its origin in [4], we expect that the methods presented in this paper should also
apply to some nonlinear problems, such as the radiative transfer equations.

Appendix A. Auxiliary Lemmas on Evolution Equations.

Let V and H be two separable Hilbert spaces such that V CH with continuous
inclusion and V is dense in H. The Hilbert space H is identified with its dual and the
map

Houw— L, eV,
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where L, is the linear functional

L,:V3v— (ulv)y €R,
identifies H with a dense subspace of V.
LEMMA A.1. Assume that

dL,

veLX(0,T;V) and - e L2(0,T;V).

Then
(a) the function v is a.e. equal to a unique element of C([0,T),H) still denoted v;
(b) this function ve C([0,T],H) satisfies

%|v(t2)|%%Iv(“)'?f/:<dstU(t>’v(t)> !

1Z2%

for all t1,t2€[0,T]

Statement (a) follows from Proposition 2.1 and Theorem 3.1 in chapter 1 of [21],
and statement (b) from Theorem I1.5.12 of [§].
LEMMA A.2. Let L€ L?(0,T;V') satisfy

(L(t),w)yry=0 for a.e. t€[0,T]
for allweV. Then

L(t)=0 for a.e. t€[0,T].

Proof. Pick N, C[0,T] negligible such that L is defined on [0,T]\ N, and
<L(t),w>yf7y =0forall te [O,T] \Nw .
Let D be a dense countable subset of V and let

N = UNw.

weD
For all t€[0,T]\ N, one has
(L(t),w)yy=0for allweD so that L(t)=0

because L(t) is a continuous linear functional on V and D is dense in V. O

The next lemma recalls the functional background for Green’s formula in the
context of evolution equations.
LEMMA A.3. Let Q be an open subset of RN with smooth boundary, and let T > 0.
Denote by n the unit outward normal field on 0. Let pe C([0,T];L*(R)), and let
me L2((0,T) x Q,RYN). Assume that

Op+div,m=0 in the sense of distributions in (0,T)x.

Then
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(a) the vector field m has a normal trace* m-n’(oﬁT) EH&OM((O,T) x 0N ;

(b) for each 1€ HY(Q)

X O

d
it Qp('ax)lﬁ(x)dx - Qm('ax) Vaip(z)dz

=—(m-n|,0,%| p0) H-1/2(00), 112 (00

in H=(0,T).
Proof. Let x € C°(R) be such that

x(t)=1for te[-1,T+1] and supp(x)C[-2,T+2].

Define
p(t,x) ifo<t<T
plt2) = { x()p(0,2)  if <0
xWp(T,x) ift>T
and

B m(t,x) ifo<t<T
) 0 if t¢[0,7]

so that the vector field X :=(p,/m) is an extension of (p,m) to R x Q satisfying
X c LA R x ;RN ).
Besides
(Orp+divym)(t,x) = X' (t)(Le<op(0,7) + Lisrp(T, 7)) =: S(t,v)
with S € L2(R x Q) so that
div, , X=S€L*(RxQ).

Therefore X has a normal trace on the boundary (R x Q) =R x99, denoted X -
| g o0 €H AR X 09).

Let ¢€H§é2((O,T) x 0f2); denote by ¢ its extension by 0 to R x 9. Thus pe
H'Y?(Rx0Q) and there exists ®€ H'(Rx Q) such that ¢=®|, .. The normal
trace of m is then defined as follows: by Green’s formula

(m- ”’Rxafz’@H;f((o,T) xOQ) HL/?((0,T) x 9%2)

= (X | 900 @) 1/2((0,T) x00) HV/2((0,T) % 00)

= // (PO ® +m -V, @+ SP)(t,z)dzdt.
RXxQ

1'We recall that HééQ((O,T) x 8) is the Lions-Magenes subspace of functions in H'/2((0,T) x 89)

whose extension by 0 to R x Q2 defines an element of H/2(R x 89Q); the notation HééQ ((0,T) x 0Q)’
designates the dual of HééQ((O,T) x 0Q).



C. Bardos, E. Bernard, F. Golse, R. Sentis 29

Applying Green’s formula on (0,7) x 2 shows that two different extensions of the

vector field (p,m) define the same distribution m-n‘(o ) % 0Q) on (0,T) x 9. This

completes the proof of statement a).
As for statement b), let k€ Hg(0,T) and ¢ € H'(Q), define ®(t,z):=r(t)y(z
and let ® be the extension of ® by 0 to Rx, so that @€ H*(Rx Q). Thus ¢=

®| .1y 00 € Hob “((0,T) x 9Q) and

{((m- n‘ agzaw‘39>H*1/2(BQ),H1/2(BQ) JK) -1 (0,T),HL(0,T)

= <m'”‘Rxasz’¢>H§gz((o,T)xaQ)IH;f((o,T)xaQ)

= // (pOL® +m -V, P+ S®)(t,x)dzdt
RxQ

T
/0 /z(p(t’x)“/(t)w(x)er(t’z)'V7/)(I)H(t))dzdt

¢
d
<—/p(t,1‘)’l/}(1')d1‘,l€>
dt Jo H-1(0,T),H}(0,T)
T
+/ m(t,x)- Vip(x)k(t))dzdt
0o Jo
which is precisely the identity in statement (b). O
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