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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.
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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 [23] on the motion of
electrons in metals, and has been since then used in various branches of mathematical
physics such as radiative transfer [24, 26] and neutron transport theory [28]. A typical
model linear Boltzmann equation is

O+ V) =0 (% [ few)is@)-feaw) 0

where t >0, x € 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 coeflicient o >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 equation (4.216) in [26].)

A classical approximation of solutions f of the linear Boltzmann equation above
is the so-called “P1 approximation”, where f is replaced by its spherical harmonics
expansion in the angle variable w, truncated at order 1 (see chapter IX in [28]). This
approximation is also known as the “Eddington approximation” in radiative transfer
(see for instance chapter II1.2 in [26]). The P1 approximation is

F(t,w) = p(t,) +3j () -,
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so that
p(t,x)f:ﬁ/ f(t,x,w')ds(w') and j(t,x):ﬁ/ W f(tz,w)ds(w').
s2 s?

This approximation is used in regimes where the scattering coefficient o> 1. In other
words, the diffusion approximation is justified when the mean free path of the par-
ticles 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= —%pr. Thus, the P1
approximation becomes

f(tz,w)~p(t,x)—Lw-Vp(t,z). (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)

O | flt,z,w') dsi:,) —l—divw/ w/f(t,%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

Ogp—divy (%pr):O. (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 [20], 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 XXI.5 in [11].

Other proofs are based on the representation of the solution f of the linear Boltz-
mann equation in terms of a stochastic process: see for instance [25] and the references
therein. For the original contributions to the subject, see [6] and [18].

The diffusion approximation (1.3) of the linear Boltzmann equation (1.1) is also
used for inhomogeneous media where the scattering rate o =o () 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 ¢ 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 [25] 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(z) 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 jus-
tified if the scattering rate o(z) depends smoothly on the space variable x 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 nondiffusive 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 0 = o (z) is neither continuous nor large uniformly as 2 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 confer-
ence “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 [7, 25] 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. Con-
sider the linear Boltzmann equation

(8t+’UVT)f(t,I,U)+£Tf(t7I,U):O (21)

for the unknown f= f(¢,z,v) that is the distribution function for a system of identical
point particles interacting with some background material. In other words, f(t,z,v) is
the number density of particles located at the position € Q, with velocity v € RN at
time ¢ > 0. Henceforth, we assume that (2 is a bounded domain of R with C'' boundary
01, 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) = [ klaow)(F(ta0) = Fltaw)du(w (22

where 1 is a Borel probability measure on R, while k is a nonnegative function defined
p@p-a.e. on RY x RY . We assume that k satisfies the semi-detailed balance condition

k(a:,v,w)d,u(w)z/RN k(z,w,v)du(w) (2.3)

RN

and introduce the notation
a(a:,v)::/ k(z,v,w)du(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
located at the position z. Eventually one has:

L, f(t,z,0)=a(z,v)f(t,x,v)—K;f(t,x,0)
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where IC,, designates the integral operator

ICmf(t,xm)::/ k(x,v,w)f(t,z,w)dp(w). (2.5)

RN

The semi-detailed balance assumption appears for instance in [19] — 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 € 92, we henceforth consider the
outgoing, characteristic, and incoming components of 9Q x R:

(z,0) €A xRN |v-ny >0},
(z,v) €0Q xR |v-n, =0},
(z,0) €9Q xR |v-n, <0}.

1—‘+2 {
Fol {
r_.={

The linear Boltzmann equation is supplemented with the absorption boundary condition
flt,x0)=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 approximation
of the linear Boltzmann equation (2.1). Set L to be a length scale that measures
the size of © 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(z,v) is large. We introduce a scaling parameter 0 <e <1 and set

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

so that ke(x,v,w) is of order unity. Accordingly, we define

ae(z,v):=ea(z,v), Ly=€eL;, and K, =eky.

(For notational simplicity, we do not mention explicitly the dependence of £, and K,
in e.) 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 T'/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(t,z,0) = fe(et,v),
with the notation £ =et for the rescaled time variable. Thus (2.1) takes the form

eagfe(f,x,v) +v- mee(f,x,v) + %Exfé(t,x,v) =0.
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Henceforth we drop hats on rescaled variables and consider the initial-boundary value
problem for the scaled linear Boltzmann equation

1
(e0r4+v V) fe(t,x,v)+ =Ly fe(t,z,0) =0, reQ,veRY, t>0,
€

fe(t,l‘,v)zo, ($,U)€F_,t>0, (2'8)
fe(O,LE,U):fin(SE,’U), 1’€Q,U€RN,
with
L. f(t,z,v)=ac(x,0)f(t,z,v)— /ke(m,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

O</ lv-€2du(v) < oo for all ¢ € RN\ {0}. (2.10)
RN

Decompose the spatial domain as follows: Q= AUB with ANB=g. Assume that
A is open and B is closed in RN (i.e. BNIN=@), with finitely many connected
components denoted Bj, for [=1,...,m. We further assume that B; has C' boundary,
and that B; is locally on one side of its boundary 0B;. Finally, we denote by n, the
unit normal field at x € A, oriented towards the exterior of A.

The characteristic part of 04 x RV i.e.

(DAXRN)g:={(z,v) c0AX RN s.t. v-n, =0}, (2.11)
is assumed to be negligible in the following sense:
do(z)dp(v) —meas((0A x RN)g) =0, (2.12)

where do is the surface element on 0A.

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

(H1) the absorption rate a, is uniformly small on B x RY as e—0, i.e.
aellLo (BxRN dwdpy =0 as e—0; (2.13)

(H2) the restriction of k. to A x RY x R is assumed to be independent of € and denoted
ka=ka(z,v,w); it satisfies

1 n 1
z,v,w)  ka(z,w,v)

Ck:= esssup / (kA(a:,v,w)+ )du(w)<oo. (2.14)

(z,v)EAXRN

We henceforth denote

aa(z,v) ::/ ka(z,v,w)dp(w), for dedu(v)—ae. (z,0)€ Ax RN, (2.15)
RN
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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 e — 0:

(H3) the restriction of k. to Bx RN x R is assumed to satisfy the bound

dp(w) 2
esssup / ————=o0(1/€ as e—0. 2.16
(z,v)eBXRN JRN ke(x,v,w) ( / ) ( )

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

7 (z,v) :=inf{t >0 s.t. x+tvedB;}. (2.17)
We extend 7(z,v) to the noncharacteristic part of 9B, x RY as follows: first we set
7(z,0)=0 if x€9B; and v-n, <O0.
On the other hand, if 2 € dB; and v-n, >0, we define 7;(x,v) so that
m(z+tv,v) = 7(x,0)  ast—0T.

Instead of condition (H3), one can assume that

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

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

1 (2.18)

=g(x)= OB - g(y)do(y) for a.e. z€IBy,

where do is the surface element on 0B5;.
For instance, the assumption (H4) is satisfied if the measure p is spherically sym-
metric and if By 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 ke satisfies (2.3), together with the conditions (H1)-(H2) and at
least one of the conditions (H3) or (HY). Let f™ € L*(Qx RN ;dxdp).

(a) For each € >0, the Cauchy problem (2.8) has a unique weak solution f. belonging to
Cy(Ry; L2 (Q xRN dadp(v))).

(b) For a.e. x€ A, there exists a unique RN -valued vector field b*(x,-) € L2 (RN ,du)N
such that

Lib*(z,w)=v and b* (z,v)du(v)=0.
RN

(¢) The My (R)-valued matriz field M defined by

Mij(x)::/RN b; (z,v)vjdp(v)  for a.e. €A and all i,j=1,....N
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satisfies
|M;j ()| <2Ck||vill L2 o™ apy Vil L2 v~y for a.e. x€ A and alli,j=1,...,N

and

Z M;j(x)&&5 > —— 2C €)% for all EERYN | for a.e. z€ A,
i,j=1

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

Sij::/ vv;dp(v). (2.19)
RN
(d) In the limit as e —0,

fe— p weakly-* in L= (R ; L*(Q x RN ;dxdp))

where p is the unique weak solution of

Op(tyx) =divy (M (2)Vp(t,x)), x€A,t>0,
(,1’) 0, meaQ,t>07
p(t,x)=p(t), x€B, I=1,....m,t>0,
| ” (2.20)
01 (t t,x)do I=1,...,m,t>0,
O 51 o 470
p(0,2)=p" (), x e,

and where p'™ is given by the following formula:

. /RN f(,0)dp(v) for a.e. €A
i [ et gorae sen

n (2.20), we have used the standard notation

8n Z M;j(x)ng,i02; p(t, ).

M 1,7=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 i 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 pi™ € L*(Q) satisfy the condition

1

— | p"™(y)dy  for ae zEB;, 1=1,....,m.
|Bi| /5,

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

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

(b) the solution f. of the Cauchy problem for the linear Boltzmann equation (2.8) with
initial data fi"(x,v)=p™(z) satisfies

fe(t,-,-) = p(t,-) strongly in L*(Qx RN ;dzdp) for all t>0

and
1
- (f6 —/ fedu(v)> — —b*-V,p strongly in L*(Ry x Ax RN ;dxdu)
€ RN

as € — 0, where p is the unique weak solution of the diffusion problem (2.20).

Notice that the strong diffusion limit theorem (Theorem 2.2) involves the condition
L.b*(x,v) =v, 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 y 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 R"V. The scattering kernel
ke(x,v,w) is independent of z and ¢, and is of the form

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

where o >0,

0< é <k(v,w)=k(w,v) <C for a.e. (v,w)eV XV,

and

/ k(v,w)dw=1 for a.e. vEV,
v

for some positive constant C. Furthermore, the main result in [5] assumes that
k(Rv, Rv") =k(v,0") 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)=8*(Jv|)v for some
real-valued measurable function 3 defined a.e. on Ry (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)=mlI, where m >0 is a positive constant (see the formulas (43)-(44)
in [5]).

Assumption (H1) is obviously satisfied if ke(x,v,w)=0 for dzdup(v)dp(w)-a.e.
(r,0,w) € BXxRN xRY, or if k.(x,v,w)=0(¢) on B. However the assumption used
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in the present paper is obviously much more general. For instance, it is satisfied if one
has ke(z,v,w)=0(|lne|~") on B; with v, >0 for each [=1,...,m. The Hilbert expan-
sion 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 k.=O(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 (2.20).

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 x. 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 [27]).

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 anal-
ogous 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).

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 equations 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 [21] 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 x#y€dB;, the segment [x,y] is included
in B;. Set wyy = (y—2x)/|y—x|; then wyy-ng >0 and 7(z,wsy) =[x —y|, so that

T+ 7(,CWey)cwzy =y for all ¢>0.
Thus, if g€ L?(0B,) satisfies
g(x+m(x,v)v)=g(x) for do(z)du(v)-a.e. (z,0)€dB xRY,
one has
9(y) = 9(x+7 (2, cway) cway) = g(2)

for a.e. (x,y,¢) €9B; x B; x (0,00). Since the left- and right hand side of this equality
are independent of ¢, one concludes that g(z)=g(y) for a.e. (z,y) € (0B;)%. Averaging
in y € 0By, one concludes that

_ 1
10B1| Jog,

g(x) g(y)do(y), for a.e. x€0B;.

IWe call this case “nondegenerate” because the scattering kernel is controlled from above and
below by quantities of order O(1/¢) on the whole spatial domain 2, in the sense that A fills Q and (H2)
holds with A=). This is precisely the scaling assumption used in the diffusion approximation: see for
instance the classical references [5, 20, 25].
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But even when B is convex, the condition (H4) may fail to be satisfied for some
measures p. For instance, assume that N =2, and take B;={r€R? s.t. |z|<1}. De-
note by (e1,ez) the canonical basis of R?, and let

=5 (0, +0 e, +0e, +0c,).
For x = (x1,22) €0B; and w; € {*e;,tes}, one has

Ti(z,w;) =2]z;]  if 2 -w; <O0.
Therefore

(—z1,22) +71(z,e1)er = (z1,22), (x1,22) —Ti(x,—e1)er =(—21,22), x1>0,

(x1,—x2)+7(x,e0)e0 = (21,22), (x1,22)—T1(T,—€3)ea=(x1,—x2), x2>0.
Thus g(z) =|z1| or g(z) =|z2| are not a.e. constant on 9B, and yet satisfy the condition
glz+m(z,0)w)=g(x) for dedu(v) —a.e. (z,v)€IB; x R2.

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 extensions 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. (z,v,w)=0O(e) 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 on the boundary of each connected component of
B, i.e. of the region where the collision cross-section is of order 1, is independent of the
variable v in the vanishing e limit. Indeed, for each [=1,...,m, we have assumed that
B;NoQ2=a, so that the domain B; is surrounded by the diffusive region A where the
distribution function is independent of v in the vanishing e limit (see (5.11) below). For
such boundary data, one easily verifies that the boundary layer matching the kinetic
and the diffusion domains 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 Q. 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 992. Therefore, the transport process in
each Bj 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.
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3. The collision integral and the diffusion matrix

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

(¢):= (v)du(v), for all p€ LY (RN, dp).

¢
RN
LEMMA 3.1. Assume that p is a Borel probability measure on RY, and that k. is a
nonnegative dzd(u® p)-measurable function defined drd(p®p)-a.e. on QxRN xRV,
satisfying (2.3). Assume further that the function a. =a.(x,v) defined in (2.4) satisfies
the condition
ac € L QxRN dzdy). (3.1)
(a) The integral operators L, and K, are bounded on L*(RN,p) for a.e. x €, with
1Kl ez mn ) < llae(@, )l Lo m p0)-

(b) The adjoints of K, and L, are given by the formulas

IC;(;S(U):/RN ke(z,w,v)op(w)dp(w) and
£000) = [ hulow,0)(6(0) = () duw)

for a.e. z€Q.
(c) For each ¢ € L*(RN;du), and for a.e. x€Q,

0o =4 [[[ | klaw)(60) = ow) Puo)dnt)

(d) For a.e. x €,
{ functions a.e. constant on R} =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.c. constant on RV} =R.

Proof. Statement (a) follows from Schur’s lemma (Lemma 18.1.12 in [17] or Lemma
1 in §2 of chapter XXI in [11]). The formula for £} in statement (b) and the inclusion
in statement (d) are obvious.

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

Lod(v) +Kap(v) = [ ke(2,0,w)p(v)dp(w)

RN

= ke(z,w,0)p(v)du(w) = ac(z,0)p(v)

RN

for dzdu-a.e. (z,0) € QxRN by the semi-detailed balance assumption (2.3).
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For each ¢ € L2(RV;du) and a.e. x€Q
= T, v, w v 27 v w v w
0ea) = [[ | helow) 60~ d(o)éw)dn(e)un)
- /R Laule0)owPdn(o) - [ /R o Kl 0000w dn()du(w)
_1 / ac(,0)$(0)2dp(v) + 1 / e, w)d(w)?dp(v)
RN RN
- // I (2,0, 0)(0) (1) dpa(0) da ()
RN xRN
_ // b (,0,w) L (6(0)2 + 6/(w)?)dpa(v) dpa(w)
RN xRN
- // b (2,0, w) 6 (0) () dpa(0) s ()
RN xRN
] K66~ o) *duto)du(w)
RN xRN

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

0=0L.0) =4 [[ | hlaaw)(6) ~ow) Pduo)dn(w)

Therefore
ke(x,v,w)(d(v) —p(w)) =0  for du(v)du(w)-a.e. (v,w) RN xRN
so that
d(v) —p(w)=0 for du(v)du(w)-a.e. (v,w) RN xRV,
Since k(z,v,w) >0 for du(v)du(w)-a.e. (v,w)€RY, averaging in w shows that
d(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 the function
(v,w) = ke(x,v,w),

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

and the proof is complete. 0

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 ded(p® p)-measurable function, defined dxd(p® p)-a.e. on
QxRN xRN, satisfying (2.3) and (H2).
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(a) For a.e. x€ A and each ¢ € L2(RN ,dp)

HQS* <¢>||L2(RN;(1/L) < 2CK||£$¢”L2(RN,(1/L)’

¢ — (D) L2®m™an) S2CK |1L50] 2RV dp)-
(b) For a.e. x€A, the operators L, and L’ are bounded Fredholm operators on
L2(RN:dp), with

Ran(£,)=R* and Ran(L:)=R*.

(¢c) For a.e. x€A, there exists unique RY -valued vector fields b(z,-) and b*(z,-) in
L2(RN du)N such that
v and (b(z,))=0
L:b*(z,w)=v and (b*(z,-))=0.

{ Lob(z,v)=

(d) For a.e. x€ A and alli,j=1,...,N, one has
/ bf(x,v)vjdu(v):/ v;b;(x,v)dp(v).
RN RN

Notice that statement (b) in Theorem 2.1 is exactly the part of statement (c) in
Proposition 3.2 concerning the vector field b*.

Proof. Set L,¢=1); by statement (c) in Lemma 3.1
@) =(6L:0)=4 [ hlwow)(@() - ow) Pdu(e)dn(uw) 0.
RN xRN

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

o) @ = ([ (60) ot

M T, v, w v)—olw 2 w
<[ [ ka@ow)éto) —ow) dutw)

so that
6= @ s v <Cx [ kalanww)(@lo) = 0w) du(u)dn(u) =2Cx o).
Next,
()= (Lad) = (£:1)6) =0,
since £21=0 by Lemma 3.1 (d), so that

(09) = (@ = (2)¥) <I[¥ll L2 dpy |0 — (D) | L2 Y )

by the Cauchy-Schwarz inequality. Putting together the last two inequalities, we obtain
the bound

o — (D)2~ iap) < 20K 1Yl 2R du)-
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Since the function k4 (xz,w,v) satisfies the same assumptions as k4, the analogous in-
equality for the adjoint operator £ immediately follows, which proves statement (a).

Pick z € A such that a4(z,-) € L>°(R";dp), and the inequalities in statement (a) are
verified. By Lemma 3.1 (a)-(b), the operators £, and £ are bounded on L2(R";dpu).
Besides, Ran(L,) is closed, as shown by the following argument. Let 1€ L2(RY,dpu)
and ¢, be a sequence in L?(RY du) such that

Lobn—1 in L*(RN,dp) as n— oo.
In particular £,¢,, is a Cauchy sequence; since
[(én—(Dn)) = (Dm — (Dm)) | L2&N ap) < 2CK | Ladn — Lobmll L2 RN dp)s
we conclude that ¢,, — (¢,) is a Cauchy sequence in L?(R",dy). Therefore,
Gn—(¢n) =& in L*(RN,dp) as n— oo,
so that
Lo(dn—{(pn))=Latn — Lodp in L2(RY dp) as n— oco.

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

Ran(£,)" =Ker(£:)=R and Ran(L£})* =Ker(L,)=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¢) follow
from the orthogonality condition (2.7) and the Fredholm alternative in statement (b).
Finally, for a.e. x€ A and all ¢,j=1,...,N, one has

/ b7 (2,0)v;dp(v) = / b7 (,0) Laby (2, 0)dp(v)
RN RN

= [ e o) = [ b))
RN RN

which proves statement (d). d
It remains to prove statement (c) in Theorem 2.1.

Proof of Theorem 2.1 (c¢). The inequality in Proposition 3.2 (a) implies that

167 (2, ) L2 ®y ap) L 2CK|1L70; (2,°) || L2 (®~ au) = 2CK Vil L2 (RN dp)

for all i=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.

As for the second inequality in statement (c), for a.e. z€ A and all £€RY,

(6-0) = (La(-b(av)))?
- ( / m(ac,v,w)(s-b(z,v)s-b@,w))du(w))
RN

<aue,0) /R (e, 0,w) (€ bl ) — €-blaw) Pdu(w)
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by the Cauchy-Schwarz inequality. On the other hand, by Lemma 3.1 (c¢) and Proposi-
tion 3.2 (d),

N
S My(@)6ty = [ (€-b(o0))Lo(€-boo))duto)

=4[] Ean (b b Pdu(e)duto).
RN xRN

Hence

N
&&= v)2dp(v
i;s”&@ /R L (€v)%du(v)
T, v, w 0T, V) —C 0T, w 2 v w
<Cx [ Faleoa)(€-ble) —€-Haw)Pdu(e)dun)

N

= 20}( Z Mij (l‘)flfj

ij=1

The conclusion follows from the definition of 5> 0 which implies the inequality

N
> Sii&i; > BIEP.
i,j=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

(@) ::// (v, w)du(v)du(w), for all ®e LYRN xRN d(u@ ).
RN xRN

ProroOSITION 4.1. Assume that k. is a nmonnegative measurable function defined
drd(p@up)-a.e. on QxRN xRN satisfying (2.3) and (3.1) with a. defined by (2.4).
For each € >0 and each f" € L*(Qx RY;dxdp), there exists a unique weak solution of
the initial-boundary value problem (2.8) in the space Cy(R.y; L2(Q2 x RN ;dxdp)). This
solution satisfies

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

1
8t<f6>+divxg<vfe>:();
(b) the “entropy inequality”
t
[tttz s [ [ (o dalsa P hdeds < [ (77 (0)ds
Q 0 Ja Q
for each € >0 and each t >0, where

qe(t,x,v,w) = %(fe(t,x,v) — fe(t,z,w)).
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Proof. The operator ¢(x,v) — L ¢(x,v) is a bounded perturbation of the advection
operator —v-V, with absorbing boundary condition (2.6) that is the generator of a
strongly continuous contraction semigroup on L?(2 x R¥;dzdu). This implies the ex-
istence and uniqueness of the weak solution f. of the initial-boundary value problem
(2.8) in the functional space Cy, (R4 ; L?(2 x RV ;dzdp)). Statement (a) follows from the
inclusion R C Ker(£%) in Lemma 3.1 (d), while statement (b) follows from Lemma 3.1

(c) 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 (2.20).
Define

H:= {uELQ(Q) s.t. u(z)= u(y)dy for a.e. z€ By, l:l,...,n},

1
|Bi] /5,
and
Vi=HNH}(Q)={uc H}(Q) s.t. Vu(z)=0 for a.e. z€ By, 1=1,...,n}.
These spaces are equipped with the norms
[ull3:= ||ul|p2(q)  for each ue L*(9),
ullv = (lullF + [ VullF2 )2

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

pEC, R H)NLA(R;V), dpcL*(Ry;)V), and p|,_,=p",
%/ da:—l—/ Vw(z 2)Vp(t,x)de=0, for a.e. t>0, (4.1)
for all weV,

where x— M (z) is an My (R)-valued measurable matrix field such that M;; € L>°(A)
for all 3,j=1,...,N.

LEMMA 4.2. Assume that x+— M(x) is an My (R)-valued measurable matriz field on
A such that M;; € L>°(A) for all i,j=1,...,N. Let pe C([0,T);H)NL*([0,T];V) with
Oip € L2([0,T);V"). Then p is a solution of the variational problem (4.1) if and only if

Op—div,(MVp)=0 in D'((0,T) x A),

p(t;)] 5o =0 in L*([0,T]; H'/*(09)),
1

pl:<ap,1> in H=1((0,7)),1=1,...,m
IBil\Onar ™/ gr-1s20m,), m1/2(0m1)

p|t:0: "

Proof.  Specializing (4.1) to the case where w € C3°(A) is equivalent to
Oip—divy(MVap)=0 inD'((0,T)x A).
In particular, the (a.e. defined) vector field
(0,7) x A5 (t,2) -+ (p(t,2),~ M (2) Vpl(t,2))
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is divergence free in (0,7) x A. Applying statement (b) in Lemma A.3 shows that

0=— p(t,x)w(m)dw—i—/Vw(x)-M(m)Vmp(t@)dx
d m
:7/p(tm)w(m)dm—i-z|Bl|wl,0'l(t)+/Vw(m)~M(x)Vzp(t,x)da:
=S w <|Blpl<t><6”<t,~> ,1> )
=1 M 9B, H-1/2(8B,),H/2(0B,)
for each w eV, where
! (W)dy, 1=1
wp:=— | w(y)dy, [=1,....,m.
1Bl /5,
Since this is true for all w €V, and therefore for all (w,...,w,,)€ R™, one concludes

that

dp
Bilp;—( —— =
| l|pz <871M 0

in H=1((0,T)) for all [=1,...,m, which is precisely the transmission condition on 9B;.
Finally, the Dirichlet condition on 92 comes from the condition p€ L?(R;V) since
YV C HE ().

Conversely, if pe€ Cy([0,T],H)NL2([0,T],V) s.t. pe L*([0,T],V’) satisfies the ini-
tial condition and the diffusion equation in (2.20) in the sense of distributions on
(0,T) x A, together with the transmission condition on 9B for each [=1,...,m, it fol-
lows from the identity above that p must satisfy (4.1). d

’ >
op, | H-V/2(9B),H'/2(0B))

This lemma justifies the following definition.

DEFINITION 4.3. For p'" €H, a weak solution of the problem (2.20) is a function
p=p(t,z) such that p€ Cp(Ry;H)NL*(Ry;V) and Oyp € L*(R4;V'), which satisfies the
variational formulation and the initial condition in (4.1).

The existence and uniqueness theory for the limiting diffusion problem is summa-
rized 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 alli,j=1,...,N, and there exists a>0 s.t.
- M(z)€>alé]? for a.e. x€ A and all E€RY.

For each p™ € H, the diffusion problem (2.20) has a unique weak solution. This solution
satisfies the “energy” identity for each t>0:

¢
%/Qp(t,x)2dx+/0 /Avmp(s,x)-M(x)VzP(s,x)dxds:%/me(x)zdx.
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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(m)-M(sc)Vw(x)dx, u,weV.

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

|a(u,w)| < 2Ck (o) [Vl L2 (a) | Vewll 12 ay < 2CK (o) fully [[w]lv,

while the second inequality there implies that

B B B
a(u,u) > EHVUH%%A) = EHVUH%%Q) = E(HUH% —lull3,)

for each u,weV.
Consider next the linear functional

L(t) Vow <5tpaw>w,v +a(p(ta ')7w)
defined for a.e. t>0. By Lemma A.2, one has
L(t)=01in V' for a.e. teR .

In particular, for a.e. s>0, one has
0=(L(s),p(s," )y ,v= <8tp(8r)7p(s7-)>v',v+/AVIP(S’96) -M(2)Vyp(s,z)da,

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

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(t, ) 2 (@R dzapy <10 22(0)  and (5.1)

|| \% k6q6”L2(R+ x QxRN xRN ;dtdzd(p®p) < len”L2(Q)
By the Banach-Alaoglu theorem, the families f. and v/k.q. are relatively compact in
L>®(R ;L2 (2 x RN dxdy)) weak-* and L2(Ry x Qx RN x R¥;dtdrd(p® p)) weak re-
spectively. Extracting subsequences if needed, one has
fe—fin L (R4 ; L2(Q x RY ;daxdp)) weak-* (5.2)
while
Vkege—rin L*(Ry x QxRN xRV dtdrd(p® p)) weak. (5.3)

In particular

ge—qin L*(Ry x AXRN xRN k4 (z,v,w)dtdzd(u® p)) weak, (5.4)
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where

q(t,x,v,w):=r(t,z,v,w)/\/kalz,v,w), (5.5)

for dtdrdu(v)du(w)-a.e. (t,r,v,w) ERL x Ax RN xRN,

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

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

+/ 1p(2)kc(z,v,w)q(t,2,v,w)dp(w).
RN
Since (z,v,w) 14 () belongs to L?(Ax RN x RNk (z,v,w)dzd(u®u)) by (2.14),
/ 1A(x)kA(m,v,w)qe(t,x,v,w)du(w)—> 1A(3€)k’A(x,v,w)q(t,x,uw)du(w)
RN RN

in the weak topology of L?(Ry x Ax RY;dtdrdu) as ¢e—0. On the other hand, the
Cauchy-Schwarz inequality and (2.14) imply that

| [ tadoiuo)

2

L2(R4+ x BxRN;dtdzdp)

SHQE“L“(BXRN)// <<k5(x,~,~)q€(t,x,-,~)2>>dtdx
R+><Q

<laell Lo mxrmy 0™ 1720y =0

as € =0, by (2.13) and the entropy inequality in Proposition 4.1. Thus

1ACgcfg(zf,ac,v)—> 14(z)ka(z,0,w)q(t,x,v,w)dp(w) (5.6)
€ RN

in the weak topology of L?(R; x Q2 x RY;dxdu) as e—0. Passing to the limit in the
scaled Boltzmann equation (2.8), we see that

v-Vof €L (Ry xQAx RN dtdrdy) and

, N (5.7)
/ kA(',‘,”LU)q(',',',’lU)d[L(ZU)GL (R+XAXR adtdxd/j‘)a
RN
while
v-fo(t,x,v)JrlA(x)/ ka(@,v,w)q(t,z,v,w0)dp(w) =0, (5-8)
RN

for dtdrdp-a.e. (t,z,v) ER; x QxRN

Step 3: asymptotic form of fe.
Multiplying both sides of the scaled linear Boltzmann equation (2.8) by ¢ and pass-
ing to the limit in the sense of distributions as € —0, one finds that

Lyf(t,x,v)=0 forae. (t,z,v)eR] x AxRN.
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By Lemma 3.1 (d), this implies that f(¢,z,v) is independent of v for a.e. x € A, i.e. is
of the form

f(t,zv)=p(t,x) forae. (t,z,v)eR: x AxRN. (5.9)
y (5.2) and (5.7),
pEL®(R,;L*(A)) and VopeL*(Ry x A), (5.10)
since
(v-Voflo=(0®v)-Vope L*(Ry x A; L' (RN dp)),
so that
S Vep={(v@v) -V,.p€ L*(Ry x A).

Since det(S) #0 by assumption (2.10), one concludes that V,p€ L*(R x A).
In particular,

Plos, e L*([0,T); H'/?(dB;))

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

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

v-Vaf(t,x,w)=0, zeB,veRN t>0,
(5.11)

f(t,z,v)=p(t,x), z€dB,veRN, t>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,

/ / ||f€ t .T f6>(t 'T)||L2(RN du)dxdt

AN RN(ﬂ(tw)—fe<t,x,w>>du<w>)zdmv)dxdt

< esssup / _dp(w)

(z,v)EBXRN RNk JTU’LU)

/ ///RNXRN (z,0,w)(fe(t,2,v) = fe(t,z,w))*dp(v)du(w)dwdt

d w in
§62 esssup / LW HL2(QxRN)—>O
(z,0)eBxRN JRN ke (z,v,w)

as € = 0. The condition (H3) is used precisely at this point, in order to bound the right
hand side of the last inequality above. Therefore

ft,z0)=(f)(t,x)=:p(t,x) forae. (t,r,v)ER xB xRN, I=1,...,m.

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

ft,z,v)=pi(t): |Bl//leRN (t,z,v)dzdu(v), (5.12)

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

d
gf(t,x—l—sv,v) =0 forall ss.t. z+sveB;

for dtdzdu(v)-a.e. (t,r,v) € Ry x By x RN. Thus, in view of the condition on y in (H4),
one concludes that

p(t,z+7(z,v)v)=p(t,z) 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 (2.18),

p(t,z)= p(t,y)do(y)=:pi(t) for a.e. z€dB,
|0B1] Jas,
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

f(t,x,0)=p(t,x) for dtdxdp-a.e. (t,z,v)€Q

) ) (5.13)
with pe L(R4;H) and Vype L7(R4 x Q).
Step 4: Fourier’s law and continuity equation.
Observe that the flux satisfies
1 1 . N 1
L0t ) = HE (e D) = (00 L))
(5.14)

:// b*(x,0)ka(z,v,w)qe (t,2,v,w)dp(v)du(w)
RN xRN

for a.e. (t,7)€R; x A and for all €>0. Since b* € L>°(A;L2(R";du)) by Proposition
3.2 (¢), one concludes that the function (z,v,w)— v/ka(z,v,w)b*(x,v) belongs to the
space L= (A; L2 (RN x RN ;du(v)u(w))). Thus

1

—(vfe(t,x,-)) :// b* (z,v)ka(z,v,w)qe(t,z,v,w)dp(v)du(w)
€ RN xRN

—>//RNXRN b* (z,0)ka(z,v,w)q(t,z,v,w)du(v)dp(w) (5.15)

— (0% (2, )v-Vap(t,z)) = =M (2)Vap(t,z)

in the weak topology of L?(Ry x A) as e—0, on account of (5.8).
Therefore, for each w €V, one has

(jt (fe(t,z, )>w($)d$—/A%(Ufe(t,x,~)>-Vw(x)dx:O,
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(since Vi =0 on B) and passing to the limit in each side of this identity as e — 0 shows
that

%/ dm—i—/ Vw(z x)Vap(t,z)de=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($7'a')Qe(t,$,~,-)2>>da?dt
L2([0,7]x4) JRyJA
Xesssup// ka(z,v,w)b* (z,0)2du(v)du(w)
RN xRN

z€A
<8Cx A1) 1" 1222y

~(wl)

using the entropy inequality in Proposition 4.1 and Proposition 3.2 (a)-(c). Since

d

p (fe(tx ))w(x)dx:/A%(vat,x,-)wa(:c)dm

for each w €V, one has

<Cx)* (o) 210" 2@ V0]l L2y (5:17)

d
Hdt [yt .

Applying the Ascoli-Arzela theorem shows that, for each w eV,

/Q (UF(6,2,)) — plt2))w(z)dz — 0 uniformly in ¢€[0,T] (5.18)

for all 7> 0. In particular

J| @ oute)sau) = [ (0 )@ [ o000

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

/ p(0,2)w(z)dr= //fmxv x)dxdp(v)

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

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

ope L*(Ry;V). (5.20)

Since pe L (R ;H)NL2([0,T];V) for each T>0 by (5.13), we conclude from (5.20)
that

pECb(R+;H)
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so that (5.19) implies that p satisfies the initial condition in (2.20).
Step 6: Dirichlet condition.

Next we establish the Dirichlet condition on 92 for the diffusion equation. The
scaled linear Boltzmann equation implies that, for each y € C}(RY),

v.Vw/O X(t)fe(t,x,v)dt:—/o X(t)%ﬁl.fe(t,x,v)dt+e/0 O f (tz,0)dt

is bounded in L2?(QxRN:dxdu) by (5.6), the uniform boundedness principle (the
Banach-Steinhaus theorem), and the entropy inequality in Proposition 4.1, while

/0 O fu(t,v)de

is bounded in L?(Q2 x R ;dzdp) by the same entropy inequality. Hence

0= / O f(t )t

- / RO

r-

in L?(I'~;|v-ng|7(z,v) Aldo(z)dv) by Cessenat’s trace theorem [10], where the notation
7(z,v) designates the forward exit time from Q starting from z with velocity v, i.e.

7(z,v):=inf{t>0st. z+tvcdN}, zeQ,veRN.
In particular

=0.
0

/ Ot )t
0

By (5.13), we already know that the limiting density p € L?([0,7]; H'(Q)). Therefore
ot )]pg =0 i L2(0,T): HY/2(00)) (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.y; L*(Q x RY dzdu(v))) weak-*
and that, if f is a limit point of f. as e —0, it is of the form
ft,z,w)=p(t,x) dtdrdu(v)-a.e. in (t,z,v) ERy x A xRV,
where

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

5.22
and 9;p€ L*(R4;V'), (5.22)

since p satisfies the Dirichlet boundary condition (5.21) and V,p € L?(Ry x Q) by (5.13),
together with (5.20). In particular, this implies that

p€Cy(Ry;H). (5.23)
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Besides p satisfies (5.16) for each test function w €V, together with the initial condition
(5.19). Therefore p is the unique solution of the Dirichlet problem for the diffusion
equation with diffusion matrix M (x) defined in Theorem 2.1 (c) with infinite diffusivity
in B, with initial data p”. By compactness and uniqueness of the limit point, we
conclude that

fe—p in LR L2 (QxRY dedp)) weak-*

as € —0.

5.1. Proof of Theorem 2.2. Since L£,b*(x,v) =v for dedu-a.e. (z,v)€ AxRN,
we conclude from the uniqueness of the vector field b in statement (c) of Proposition
3.2 that b(z,v) =b*(x,v) for drdu-a.e. (z,v) € AxRYN. The identity in Proposition 3.2
(d) shows that

Mi,(x):/RN bi(z,v)vjd,u(v):/Rsz-bj(x,v)du(v):Mji(x)

for a.e. z€ 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 (2.20).

Step 1: limiting entropy production.
By definition of g., one has

qe(t7x7v7w) :_qe(t7$7w>v)

for dtdrdu(v)du(w)-a.e. (t,z,v,w)ERy x AxRN xRN and each e>0; by passing to
the limit as e =0,

q(t,x,v,w) =—q(t,z,w,v)
for dtdrdu(v)du(w)-a.e. (t,z,v,w) ER; x A xRN x RM. Defining
kS (z,0,w) =1 (ka(z,0,w) + ka(z,w,v)),
one has
(kalz,Yalt,w,)*) = (ki (z,)alt,,)*)

for a.e. (t,z) e R4 x A. Likewise,
// Fa(z,0,w) ($(v) — $(w))2du(v)dpu(w)
RN xRN
([ Eew)é) - 6w Pdu(w)da(w)
RN xRN

and

// a(2,0,0) ($(0) — $(w))q(t, 2, v,w)dp(v)dp(w)

RN xRN

- // K (2,0, 0)(9(0) — d(w))a(t, 2, 0,w)dpu(v)dps(aw),
RN xRN
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for a.e. (t,z) Ry x A. With ¢(v)=£-b(z,v) for some £ ERY to be chosen later, and
applying the Cauchy-Schwarz inequality, one finds that

<// kS (z,v,w)E- (b(a:,v)—b(x,w))q(t,x,v,w)du(v)du(w))
RN xRN
<[ Ealmna(e- () =bw)Pdu(e)dutu) (ka ot )2,

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

[ EaGw)é (o) ~blaw))adlt.o.v,w)du(e)duw)

RN xRN

=2 [ Ko () - bew) £t du(o)du(w)
RN xRN

= el ) (Lo + L2 b)) = 2 (60l )

for a.e. (t,x) € 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 e — 0, one finds that

// B8 (2, 0,w)€ - (b(,0) — b, w) gt 0,0)dpa(w)dpa(w)
RN xRN

(5.25)
=—2¢- M(x)vzp(tax)
for a.e. (t,z) R4 x A, in view of (5.15) . On the other hand,
JI o )€ 0 b)) Pdu(o)dntw) -

=2(€-b(x,") L2 (€-b(x,-))) = 2(& - b(,)§ - v) =26 M ()¢

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

Q(S-M(.’E)Vzp(t,f))Q §§M($)f<<k,4($, '7')Q(t7m7 7)2>>
With the choice {=V;p(t,z), we conclude that
2V, plt,2) - M(2)Vaplts) < (ka (s Jalt, -, )2) (5.27)

for a.e. (t,z) R4 x A.

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

/Q<f6(t,x,~)2>dx+/0t/ﬂ<<k;6(x,-,-)q€(s,x,-,-)2>>dxds§/Qpi"(x)zdx.

By Jensen’s inequality,

[t a= [ a2
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while, by convexity and weak convergence,

lim (fe(t,x,-)>2dx2/p(t,x)zdx
Q

e—=0JQ

for each t >0 by (5.18). By the same token, for each T € [0,00],

i ! .. €T, 2 x g €T, - T 2 T
hm/0 /A<<kA(:c, ,)ge(t,z,-,)? )d dtz/o /A<<kA( )g(tx,e,)? Ndadt.  (5.28)

e—0

Since the weak solution p of the diffusion problem (2.20) satisfies

/Qp(t,x)2dx+2/0t/AVzP(S,x)-M(x)VzP(S,x)ddeZ/pi"(m)2dfc

Q

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

/(fe(t,x,-)2>dx—> p(t,x)*dx for each t >0,
Q Q

while

/oo/ <<kA(xa7)qe(t7‘r7’)2>>dxdt*>/oo/ <<kA('ra7)Q(t7:Ca7)2>>dzdt
0 A 0 A
:2/0 /Avxp(t,x)-M(I)Vl.p(t,m)dxdt

as e—0 by (5.27).
Therefore,

fe(t,-,-) = p strongly in L*(Qx RN dzdpu) for all >0,
and
ge — q strongly in L*(Ry x Ax RN xR dtdxd(p®p))
as e—0, so (5.27) is an equality. In other words, for a.e. (t,2) € R, X A, one has
2Vap(t,x) - M(2)Vap(t,z) = ((kal(z, )a(tz,,)%)).

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

q(tw,v,w) :)\(t,f)(b(l’,’l)) 7b(1’,w)) ~pr(t,;v),

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,z)=— /RN ka(z,v,w)q(t,z,v,w)du(w)
=—\(t,2)Vup(t,z)  Lyb(x,v) =—A(t,z)v-Vyp(t,x),

for a.e. (t,7,0) €ER; x Ax RN. Therefore \(t,z)=—1 for a.e. (t,z) €Ry x A such that
Vp(t,x)#0, so that

q(tw,v,w) = —(b(l‘,’l)) _b(wi))'vmp(t7x)v
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for a.e. (t,7,v,w) ERy x Ax RN xRN, Averaging in w, one finds that

(rtean) - [ ntndn) = [ oo

— q(t,z,v,w)du(w) = =b(z,v) - Vyp(t,z)
RN
in the strong topology of L2(R x A x RN dtdxdu) as e — 0. By the uniqueness property
in Proposition 3.2 (c), one has b="b* since L,b*(z,v)=v for drdu-a.e. (z,v)€ Ax RN,
and the conclusion of Theorem 2.2 follows.

6. Conclusions

The main results 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

1
(€0i+v-Vo) fe(t,2,0) + = Lo fe(t,2,0) + eBfe(t,2,0) = €S(t,,v),
€

where B is a bounded operator on L?(2 x RY;dxzdy), while the source term S is chosen
so that S€ L'(Ry;L?(Q xRN ,dxdu)). For instance B could be the multiplication by
an amplifying or damping coefficient, i.e. Bf.(t,z,v)=~(x)f(t,z,v) as in [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 0f) 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(z)

fe(t,z,v)=(1 —G(x))fe(t,x,v—%~nznm)+m -

Je(t,z,w)(w-ng)  dp(w)
with € C(09) satisfying 0<6(z) <1 for all z€9Q and with a measure u invariant
under all transformations of the form v+ Qu for @ € 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 Neumann boundary condition.

Another possibility is to impose the density of incoming particles on 02, in other
words, to replace the absorbing boundary condition on 92 with the condition

fe(t7£lf,v):fb(t,1'7’11), v-nx<07z€39,

where f; is given.

If f, depends on the velocity variable v, one needs a boundary layer term of thickness
O(e) on 9 in order to match the interior diffusion solution in A. This boundary layer
term is, to leading order, governed by a half-space problem for the linear Boltzmann
equation in space dimension 1: see for instance [5, 7, 14] for a detailed account of this
theory. These boundary layer terms are used in general to correct the standard Hilbert
type expansions of the solution of the linear Boltzmann equation in powers of the small
parameter €. As mentioned above, the Hilbert expansion method cannot be used on the
problem considered in the present paper, at least not in its full generality.
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Even if f, is independent of the velocity variable v but depends on (¢,z), the “en-
tropy inequality” (statement (b) in Proposition 4.1) involves the flux of fZ on 9 in
the right hand side of the inequality, and this term is of order 1/e, which destroys the
second uniform estimate in (5.1). In the nondegenerate case B =&, this difficulty can be
circumvented by measuring the deviation of the solution f. to some appropriate profile
U(t,x) such that U| 50 = fv instead of fc itself in the entropy inequality: see [16] for a
precise description of the method. Whether this method can be used in the degenerate
case where B # @ remains to be checked. One can probably combine the boundary layer
theory above with the method of [16]; this again remains to be checked in detail.

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

Hou— L, €V,
where L, is the linear functional
L,:V3v— (ulv)y €R,

identifies H with a dense subspace of V'.

LEMMA A.1. Assume that

L
ve L*(0,T;V) and ddt”eL2(O7T;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

1 2 1 2 = dLU
Ho(t) By =)= [ (ZE0.00)  dt
ty 2%

for all t1,t2€[0,T).

Statement (a) follows from Proposition 2.1 and Theorem 3.1 in chapter 1 of [22],
and statement (b) from Theorem II1.5.12 of [8].

LEMMA A.2. Let L€ L?(0,T;V') satisfy
(L(t),w)yy=0 for a.e. t€[0,T)
for allweV. Then

L(t)=0 for a.e. t€]0,T].

Proof. Pick M, C[0,T)] negligible such that L is defined on [0,T]\N,, and

(L(t),w)yr =0 for all t€[0,T]\ Ny.
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Let D be a dense countable subset of V and let

W= | N

weD
For all t€[0,7]\ N, one has
(L(t),w)yy=0for all weD 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 9Q. Let pe C([0,T];L*(Q)), and let
me L2((0,T) x Q,RYN). Assume that

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

Then
(a) the vector field m has a normal trace* m- n‘ 0.T) %50 EHO%Z((O,T) x 0);

(b) for each v € H(Q),

d
dt z)do - / m V(@)de=—(m-nloq,¥]o0) 117200112 00

in H_I(O,T).
Proof. Let x € C°(R) be such that

x(t)=1for te[-1,T+1] and supp(x)C[-2,7+2].

Define
p(t,x) fo<t<T
plt,) = x(Dp(0,2) i <0
x®)p(T,x) ift>T
and

o mltaz)  HO<t<T
m(t,$) = {0 ift¢ [O,TL

so that the vector field X :=(p,/m) is an extension of (p,m) to R x Q satisfying
X e L2 (R xRN,
Besides,
(Oup-+dive ) (1,2) = X' (1)(Lucop(0,2) + Liorp(T,)) = S(1,2)

2We recall that Hl/z((O,T) x 8Q) is the Lions-Magenes subspace of functions in H/2((0,T) x )
whose extension by 0 to R x 8Q defines an element of H'/2(R x 8Q); the notation HI/Q((O,T) x 0’
designates the dual of H1/2((07T) x 00).
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with S € L2(R x ), so that
div, , X=S€L*(Rx ).

Therefore, X has a normal trace on the boundary d(R x ) =R x 92, which is denoted
X n|g 00 €H VAR x Q).

~ Let ¢6H1/2((07T) x 0€2); denote by ¢ its extension by 0 to Rx0Q. Therefore

pe HY?(Rx 09), and there exists ® € H'(R x Q) such that ¢= @‘Rxan. The normal

trace of m is then defined as follows: by Green’s formula,
<m'”‘Rxam@H;gZ((o,T)xan)f, 120,17y x09)

=(Xn|g 00 @) HU2RX09) HL2(RX09)
:// (PO ® +m -V, @+ SP)(t,z)dxdt.
RXxQ

Applying Green’s formula on (0,T) x Q shows that two different extensions of the vector
field (p,m) define the same distribution m~n|(0 Tyxo0 01 (0,7) x 9. This completes

the proof of statement (a).
As for statement (b), let x € Hy(0,T) and ¢ € H' (), define ®(t,z) :=£(t)¢(x), and
let ® be the extension of ® by 0 to R x Q, so that € H*(R x ). Thus ¢:¢|(O TYx89

belongs to Hééz((O,T) x 0Q), and

{ m'n‘agyw‘gQ>H*1/2(aQ),H1/2(aQ)7H>H—1(07T)7Hé(07T)

(m-n| (0,7) 000 P g 120,y x09) HE?((0,T)x0%)

:// (PO ® +m -V, @+ SP)(t,x)dxdt
RxQ

/ / (t,z)K' () (z) +m(t,x)  V(z)k(t))dzdt

— (& [ rtorita >dm> ormen //mtx Vp(a)n(t))dadt

which is precisely the identity in statement (b). |
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