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Abstract

This paper is devoted to the asymptotic analysis of a coupled model arising in radiative transfer.
The model consists of a kinetic equation satisfied by the specific intensity of radiation coupled to a
diffusion equation satisfied by the material temperature. The interaction terms take into account both
scattering and absorption/emission phenomena, as well as Doppler corrections. Two asymptotic regimes
are identified, depending on the scaling assumptions about the physical parameters and observation
scales. In the equilibrium regime, the system is driven only by the material temperature which satisfies
a non linear drift-diffusion equation. In the non-equilibrium regime, the radiation temperature and the
material temperature will be coupled by a system of non linear drift-diffusion equations.
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1 Introduction

This paper is devoted to the asymptotic analysis of a system of PDEs arising in the modeling of radiative
transfer. The unknowns are the (nonnegative) specific intensity of radiation f(¢,x,v), which depends on
variables of time ¢ > 0, space * € R3 and direction v € S?, and the (nonnegative) material temperature
0(t,x). The former satisfies a kinetic equation, the latter a drift-diffusion equation, and the coupling arises
from source terms. Let us introduce the problem by dealing with a simple dimensionless example :

€0ife +v - Vyfe = Qe(fe,0:) in R x RS x 2,

A
Ofe + divy(ub.) — DAH. = —/ == Q(f-,0.)dv in R x R2, (1)
s2 Ve

where D is the positive diffusion constant, and u : (t,) € R x R3 — R3 is a given velocity field. We wish
to investigate the behavior of the solution (fe,6.) as the positive small parameter e, which derives from
physical quantities, tends to 0. The weights A. and 7. which arise in these formulae are related to Doppler
corrections. They take into account the fact that certain quantities are measured in a mobile frame, instead
of being evaluated directly in the reference frame. They depend on the field u as follows

1—ceu(t,z) v 1
) Ye(t, ) = :
V1 =e?lu(t,x)]? V1=¢e?lu(t,z)?

The source term in (1) splits into two parts

Qa(fsa 68) = £st,a(f5) + ‘CaQa,e(.faa 95)7

(2)

Aa(ta Zz, U) =



involving parameters £, and £, which depend on ¢ as it will be specified later on. Indeed, photons are
submitted to two kinds of interaction processes, embodied in the operators ()5 . and (, . respectively:
scattering and absorption/emission. They are defined as follows

1 2 / /
Que(f)0) = as(w [ A0 a0 = ) (),

3)

Af (

Qu.c(£,0) = 0u (5 = AS)
€

with given constant coefficients A > 0, o5 > 0 and o, > 0. (Non constant kernels will be considered in the

following sections.) Moreover, initial data are prescribed

fs,|t:0 = fs,O > 07 96,|t:0 = 96,0 > 0.

Details on the physical background and discussion on the scaling will be given in Section 2. This work re-
lies on the analysis of diffusion asymptotics of kinetic equations. There exists a wide literature on the topics,
with various viewpoints and fields of applications. Let us mention the papers of Bardos-Golse-Perthame [3]
and Bardos-Golse-Perthame-Sentis [4] for applications to radiative transfer, Poupaud [26] and Golse-Poupaud
[15] for applications to semi-conductors theory, Lions-Toscani [19] for special arguments when dealing with
discrete velocity models, Degond-Goudon-Poupaud [9] when considering collision operators without microre-
versibilty assumptions, Chalub-Markowich-Perthame-Schmeiser [8] for applications to chemotaxis... We also
refer to the survey of Golse [13]. In our work, the interesting features are the following:

- at first, the collision operator splits into two parts. Then, depending on the dominant effect — scattering
or absorption, depending on how L4 and £, depend on € — it can relax to different equilibrium states.
Accordingly, we can be led to a limit process where the radiations have a temperature which differs from the
material temperature. This is the so-called non-equilibrium regime. In turn, we obtain a coupled system of
diffusion equations, see (5) below. Note that this aspect has also been investigated in a different framework
by Dogbe [12];

- secondly, the Doppler corrections can induce in the limit ¢ — 0 some additional convection terms. This
is due to the fact that, for ¢ > 0, the equilibrium states of the scattering operator have a non-vanishing flux
of order O(e);

- thirdly, our proof strategy differs slightly from those in [4], [12]. We use in a more systematic way the
dissipative properties of the system to obtain useful estimates and compactness properties. Furthermore,
strong convergence properties are established via a compensated compactness argument, namely the Div-
Curl lemma, see [31], instead of applying average lemma techniques (see, e.g. [4], [14], [11]...).

To be more precise, we shall prove the following results:
- Equilibrium Regime: if £, = 1/ and L, = ¢, then f. and 6. converge (in some sense...) to Af* and 0,

respectively, where 6 is a solution of the following non linear drift-diffusion equation

A

30,

A
8,0 + A8%) + div, (u(e + A0Y) — DV,0 — vme4) + S0div(u) = 0. (4)
- Non-Equilibrium Regime: if £; = 1/¢ and £, = €, then f. (respectively .) converges (in some sense...)
to p (respectively 6), which depends only on the time and space variables, with (p, 8) solution of the following

coupled system
Orp — iAac,o + div,(pu) + 1pdivgcu = 0,(A6* — p),
30, 3 (5)
040 + div, (uf) — DALO = 0,(p — AGY).

This kind of behavior (additional convection terms, non-equilibrium asymptotics...) is known by physicists
(see e.g. Lowrie-Morel-Hittinger [20]). It has been pointed out more recently on a mathematical viewpoint



by Buet-Després [7], who describe much more complicated models than (1), involving a coupling to the Euler
equations. In particular, they discuss the approximations by moment closure and their connections to shock
relations. Here, our goal is to obtain a complete and rigorous convergence result illustrating these interesting
features, at least for a somewhat simplified situation.

The paper is organized as follows. In Section 2, we introduce in detail the coupling of radiative transfer
with hydrodynamics. Then, we make some drastic simplifications in order to obtain a model we are able to
deal with, from a mathematical viewpoint. This work is a new step towards more realistic models in radiative
transfer. In Section 3, we discuss the dimension analysis, identifying relevant scaling parameters by means
of physical quantities. Section 4 is devoted to a preliminary discussion of the properties of the scattering
operator, which, in turn, leads to dissipative properties of the coupled system of PDEs. There, we give also a
complete statement of the main results of the paper. The proof for the non-equilibrium regime is postponed
to Section 5 and in Section 6, we prove the results for the equilibrium regime. Section 7 is devoted to the
numerical simulations that we obtain for the non-equilibrium regime using splitting techniques, that fit this
situation, since the (stiff) source term can be split into a vanishing mean value part and a nonzero mean
value part : we obtain very satisfactory results when the bulk velocity is a rarefaction wave and stretch our
computations to cases that do not satisfy the theoretical assumptions. We also study the influence of the
variations of the coefficients o, and o,. The paper ends with an appendix containing some technical details.

2 Physical Background and Motivation

First of all, let us introduce the equations of radiative transfer, taking into account relativistic effects, Doppler
corrections and the coupling of radiation with hydrodynamics. We refer for further details on the physics
to the classical treatises of Battaner [5], Mihalas-Mihalas [23] (see also the notes of Rutten [28]) and also
to the recent papers by Lowrie-Morel-Hittinger [20] and Buet-Després [7]. We adopt an Eulerian viewpoint.
Accordingly, we take into account the motion of the fluid with respect to the reference frame which induces
corrective terms when dealing with quantities measured in a comobile frame. Secondly, we will present some
simplifications of the model.

2.1 Coupling of Radiation and Hydrodynamics

Let f(t,x,v,v) stand for the specific intensity of radiation. It depends on the time ¢, the position x € R?,
the solid angle v € S? and the frequency v € [0, 4+00) and has the dimension of an energy per surface, time
and frequency units. Precisely, let Q@ C R?, D € S? and N C R*. Denote by c the speed of light. Then, the

integral
1
f///fdudvdm
¢JaJpJN

gives, at time ¢, the radiant energy corresponding to the set of photons with frequencies in N, directions
within a solid angle in D, and located at positions in 2. It can be related to the distribution function in
the phase space F'(t,x,p), which gives the number of photons per volume unit of the phase space. For the
momentum variable, we have p = 2y (and dp = (2)31? dv dv), with h the Planck constant. It follows that

h h3 1
hv F(t,z,p)dpde = hv F (t,x, CVU) 5 Vdvdvdes = Ef(t,x,v, v)dvdvdz
holds. Throughout the paper dv stands for the normalized Lebesgue measure on S2. In other words, we set

h*v3 h
fit,z,v,v) = 2V F <t,x, Vv) .
¢ c

Note that all photons are travelling with velocities having the same modulus c. The quantity f satisfies the
following evolution equation

L0 + v Ve = QU)



which links the transport of photons with velocity cv along the straight lines x + ctv to the interaction
processes submitted by the photons, that is scattering, absorption and emission phenomena.

When describing such phenomena, we want to take into account Doppler corrections. To this end, we
introduce the velocity of the surrounding fluid w (¢, z) and the Lorentz factor defined by

1
Y v

In what follows, we denote by the © superscript the quantities which are evaluated in the comobile frame.
In particular, the formulae

uozufy(l—u—;v), UOZL{U—ZuO—u.Ui)} (6)

V0 c c v+1

link the frequency and the direction, respectively, of the photons measured in the comobile frame to the
quantities v and v measured in the reference frame, see [23]. A key property is the invariance relation

0 A do® = vdvdo. (7)
In the sequel, we will also use the notation

A(txv):V—O: 1—v-u(t,z)/c
S

and we will often omit the time and space variables when no confusion can arise. Of course, we come back
to (2) by considering a scaling where ¢ is large compared to the characteristic velocity of the fluid.

2.1.1 Scattering Operator

In the comobile frame, scattering interactions only produce a change in the direction of the trajectories of
the photons. Let /5 be the scattering mean free path. It describes the average distance between successive
scattering events. Let f© stand for the intensity of radiation measured in the comobile frame. Then,
considering given frequency v° and direction v°, scattering effects are described by a gain term

1 1 / / /
7Q(s)’+(f0) _ O'S(VO, UO,’UO )fO(UO’ UO )d’UO ,
Ly I

and a loss term ) )

—QIT(f) = 7 B0 f(10,0°).

Ly I
These definitions involve nonnegative (dimensionless) coefficients 02(1/0,110,1)0/), which characterize the
change of direction from v to v°, and Y. These coefficients may also depend on the position z. The
gain term accounts for the photons that change from the states (v°,2%) to (v, 1Y) due to the scatter-
ing phenomena, while the loss term accounts for the change of photons in the state (v°,2°). The crucial

assumption is that the scattering operator Q% = Q%+ — Q%™ is conservative that is
oo
/ QYdv® dv® = 0.
0 Js2

In other words, when seen in the comobile frame, scattering has no contribution to the total energy balance.
Obviously, this is satisfied by imposing the relation

’ i
Y000 = /2 a2(0 0 00 do?
s

which will be assumed from now on.



Then, we go back to the reference frame by using the formulae (6) and the conversion relations for which

we refer to
to 230 1 L o, 0.0 2 0
Sl 0 = a0, Que) = (55) Q) (8)

Let us give at once the expression of the collision operator @), as a linear operator acting on f, postponing
the detailed computations to Appendix B. Consider a triple (v,v,v") € RT x §? x S2. First, we associate to
(v,v) the pair (1°,v°) € RT x S? by using (6). Then, we set

14

0

0
, v 1—v-u/c
fr— = 9
g Y(1 = -u/c) g 1—v u/c’ ©)

and we simply denote o4 (v, v,v) = 6210, 0%, 0% with v9 defined by (6) from (+/,v'). Finally, we obtain

Qs(Hv,v) = A(lv)2/gz os(v,v, v )YAW) f(V,0") do’

_ < / ffi())d) AW)f(,0).

S2

(10)

Remark 1 The special case where the scattering kernel o4 is constant leads to some simplifications. Indeed,
we note that fSQ % = 1. Therefore, for such a kernel, we get

A(v)?

Remark 2 [t is worth pointing out that the conservation property of the scattering phenomena only holds in
the comobile frame: we have fooo sz Qsdvdv # 0. We will come back to this aspect later on (see Proposition

1),

Q.00) = (5 [ AW =A@ 010)). )

2.1.2 Absorption-Emission Operator

Absorption consists of a loss of photons. It involves a coefficient o, (v, v) (possibly depending also on the
space variable) and a mean free path ¢,; namely it gives the following loss term

L0
—laa(u, v) 5 fv,v).

la
Moreover, photons are produced when the energy stored into atoms or molecules is transferred to the
radiation field. It gives the following gain term

1 V2
—o.(v,v) (=) B0
£y a(v:v) (uo) ( )
where the function B characterizes the emission law, depending on the temperature of the material 6, which
depends on the time and space variables. For instance, when photons are emitted in a thermodynamic
equilibrium with a black body system, B is given by the following Planck function

2hv3 1
2 ehv/(k0) _ 1

B(v,0) = (12)

where k is the Boltzmann constant.



2.1.3 Coupled Equations

To sum up, f satisfies the following equation

SO0V = QUL = Q)+ Qu(f0)

_ % <A(2)2 /S oa(, 0, YAW) F( ) o’
- ([ 2 anjaw sw)

Ogq\V,V 1/3
AGE) (A(i)Q 2i012 B(°,6) — A(v) f(y,v)),

Next, this equation has to be considered as coupled to hydrodynamic equations for the fluid. The
unknowns are the density n, the bulk velocity v and the energy E. These quantities satisfy the relativistic
Euler equations

Ogn + divy (nu) = 0,

Or(vHnu) 4+ Div, (yHnu ® u + pl) = _%/0 /s2 vQ(f)dvdy, (14)
Ov(yHn — p/c) + divy(yHnu) = —/0 /S2 Q(f)dvdv,

where p is the pressure and the enthalpy H is defined by

H=1+

e+p/n
2 9

with e the specific internal energy of the fluid. Assuming the gas follows a simple perfect gas pressure law,

we get p = Ten/y and H = 1 + (1 + I')e/c?, with T' the adiabatic constant. We are usually interested in

physical situations where |u|/c < 1; hence terms of order 2 with respect to |u|/c are neglected. In such a

case, the left-hand side in (14) is replaced by this of the classical Euler equations, see [20], [7], and we get

On + divy(nu) =0,

Oy (nu) + Div,(nu @ u + pl) = _(1:/0""/S2 vQ(f) dvdy, (15)
O (nE) + divy(nEu + pu) = —/0 /s2 Q(f)dvdy,

with E = e + u?/2 the total energy. The coupling between hydrodynamics and radiation arises from the
right-hand sides in (14) (or (15)). They describe momentum and energy exchanges between the material
and the photons, since [;*[., Q(f)dvdv is the energy balance of the radiation while [;*[., 2 Q(f)dvdv is
the momentum balance of the radiation. In particular, it is worth pointing out that the total energy of the

system is conserved
d /1 e
(// fdvdz/d:v+/ nde)O. (16)
dt \ ¢ R3J0 S2 R3

2.2 Simplified Models
2.2.1 Grey Assumption

The first assumption that simplifies the model consists in assuming that the coefficients do not depend on
the frequency variable v. This is the so-called “grey assumption”. This can be reasonable for the scattering
coefficient — considering for instance Thomson scattering, see e.g. [5] — but it is more questionable for the



absorption coefficient. Therefore, we can integrate equation (13) with respect to v. Let us introduce the

following notations
ft,z,v) / ft,x,v,v)
dv?

X153(9) /0 B(y,e)du:/O B(uo,é))T.

For instance, considering the black body emission law (12), we get

< 2h(v0)3 dv

B@O) = A ; 2 R — 1
AT [Ty K
- 0 h et —1 hA

O'
dp o*
c? T

where o = % is the Stefan-Boltzmann constant. Furthermore, denoting A(¢,z,v’) by A’ for the sake of
simplicity and recalling (9), integrating the scattering gain term leads to

A2/ /O’S’U’U N fF(V,0") dv' dv
S2
N
!/ / !/
—A2/asva/va—Adu)dv

AZ (0,0 )NZF() do

Hence, from now on we drop the bars and we denote by (-) the integration with respect to the angular
variable v. We are thus led to consider the following kinetic equation

af V.l = Q)
1 aAf B(o
S LD ) LB )
= %Q f)+ Qa(fv)

2.2.2 A Simpler Coupling

Next, it is very difficult to deal with a coupled model involving the Euler equations. Instead, we assume
that n and u are given (with a constant density), and we only consider a diffusion equation for the material
temperature 6. Hence, the kinetic equation (17) is simply coupled to the following drift-diffusion equation,
whose unknown is the energy %k@,

k(00 + V.- (u6) —dnr,0) = —<%Q(f)>. (18)

In particular, let us look at the evolution of the following energy functional

E(t):l/ fdvdfc+§k/ 0dx.
C Jr3Js2 2 R3

d 1
=€ = /R/S 2 QS+—QQ)dvdx

/Rw(/s ((Qs+ Qa)d@) (19)

The right-hand side keeps track of the evolution of the kinetic energy associated to the Euler equation (15),
and of the conservation of the total energy in that system, see (16). This remark explains the role of the
corrective term A /v in the right-hand side of (18): the energy production in (19) is exactly what would come
from the kinetic energy balance in (15) if we had consider an evolution equation for the bulk velocity w.

We have



Remark 3 Considering the isotropic case (11) with the grey assumption, we have

.= (B0 ag),

With the black body emission law (12), it leads to the interaction operator that was stated in the introduction,

see (1).

3 Dimension Analysis

We aim at writing the equation in a dimensionless form. To this end, we introduce an observation length
unit L, characteristic of the flow behavior. Next, we use the material speed of sound u, as the velocity unit.
Thus, we naturally define a time scale by T = L/u. The material temperature will be scaled according to
Neot2, /(3k), with n., the density of the fluid, while radiation terms will be evaluated in comparison to a
reference temperature 7... Precisely, we will use the quantity o7 as a dimension unit for f. Therefore, we
define starred dimensionless quantities by the following relations

L

t=Tt, =— t,, x=Lx,,
Uoso

w(t, ) = Uoo Ux(ts, Tx), 0(t,x) =

2

Hoo Moo 9*(t*a x*),

3k

f,x,v) = UTfO filts, 24,0), B(0) = o7d B.(6,).

For the diffusion coefficient, we assume it scales to d = us L D, with D > 0.

The rescaled equations will depend on the following dimensionless parameters

c— . po 20T
Upso Moo, J
L L
Lo=, Lo= 1 D=
Es éa uooL

Indeed, performing the change of variables in (17) and (18) leads to the following dimensionless system,
where we dropped the stars,

(0:A%f)
A3

- ar) e (B )

9,0 +V, - (ub) — DAY (20)
- -PL, <;\ (% - (%) Af)> ~PL, <$aa(]Bi£Z) —Af)>

1
GO+ Vaf = Lo

with . .
A(ta (E,’U) = V(tvx) (1 - %M)a ’Y(t’m) =

1 — [u(t,z)]2/C?

Remark 4 If the momentum evolution is taken into account, the dimensionless form of (15) reads

Ou(nu) + Divy (nu & u+pl) = —L, ({0, A2F) (55) = (55) (WA)) + Laoa (BO)(55) — (vAF)).  (21)

In what follows, we deal with asymptotic regimes where

1
C=->1, - =1, D=1 (22)
3



It means that we are interested in nonrelativistic lows with a moderate amount of radiation in the flow.
Next, it remains to discuss the scaling for the mean free paths. Actually, we can discuss two different
asymptotic regimes. The former consists of assuming

1
£3:€<<1, Ea:g>>1.

Here, radiations adapt to the temperature of the material since we can naturally guess that f ~ B(6). This
is the equilibrium regime which yields a diffusion equation for the common temperature. This kind of regime
is in the spirit of results presented in [3], [4]. For the latter we assume

1
Lo=—-—>1, L, =<1
€

This is the non-equilibrium regime since f relaxes to a state characterized by a temperature which differs
from the material temperature. Accordingly, we are led to a coupled diffusion system (see [12]). Furthermore,
Doppler corrections induce additional convective terms in the limit equation.

Remark 5 Note that the definition of the parameters by means of e = 1/C can be seen as a constraint on

the observation scales with respect to the physical constants. For instance the relation L, s = 1/¢ imposes

2 4
L%/T = cl, 5. Note also that our scaling assumptions imply that % = = which means that the kinetic

c 7
energy of the fluid balances the radiative energy.

4 Dissipation Properties; Main Results

4.1 Properties of the Scattering Operator; Dissipation

Our analysis relies crucially on the dissipative properties of System (20). First, let us consider the scattering

operator
NS s
Qs(f) = % - <%>Af-

Proposition 1 Let o4(v,v") be a nonnegative function such that os(v,v") = o5(v',v). Then, the following
properties hold:

i) let G : RT — R be a nondecreasing function. We have

/ Qs(f) G(A*f) Adv
s2
(v, v
— [ | s (A(v)4f(v) AW )
S2 Sz ’U
( G(A*f) (v )) dv' dv < 0;
ii) Ker(Q,) = Span(A~%);
iii) (A Qs) =0.
Proof. Of course, iii) is a direct consequence of i) when choosing G(z) = 1. In particular it is worth pointing
out that @, is not a conservative operator, in the sense that <QS> = 0. The conservation property of the

scattering holds only in the comobile frame. Besides, it is clear that Q4(A~*) = 0 and the converse is also a
direct consequence of i) (choose for instance G(s) = s). Therefore, only i) needs to be proved. We have

[ @uth Gt ado
= /S ) < /S ] as(v,v’)(A(i)if ) _ A/(x”) ,)(;’))dv’ G(ALF) (v)A(v) dv
.

)
:/82

3 (M) = A () G (0) ' o

os(v, v



We conclude by using the change of variables (v,v’) — (v',v) which leaves the kernel #f\w)z invariant. m

Remark 6 Let us point out that the equilibrium state A=* has a nonvanishing fluz

/ vA~tdv #£ 0.
SQ
This remark will lead to additional terms in the limit equations.

Remark 7 Since we consider the sum Q(f) of the interaction processes with weight A/~ in the right-hand
side of the diffusion equation (18), then, by i), only the absorption term actually contributes :

A A
<; Q) = <; Qa(f,0)).

Remark 8 If one deals only with the functions G(z) = 1 or G(z) = z it is not necessary to assume the
symmetry of the kernel o5 (we refer to [9] on this aspect).

We aim at deducing some a priori estimates, independent of the parameters C, P, L., Ls. Let us collect
here the set of requirements that will be imposed on the data of the problem.

(HO) The velocity field u belongs to W1>°(R* x R3).

(H1) There exist constants o,,c* > 0 such that
0< o0y <ogx,v,0") <o, 0< o0, <os(z,v,0) =04(x,v",v) < o*
for almost all (z,v,v") € R? x §? x §2.

(H2) The function B is nonnegative and increasing. Let us introduce the following auxiliary functions,
associated to B

F(z)/OZ]B%(G) de, G(z)/OZ\/IB’(O) de, J(z):/ZIBaH)(s) ds,

0

where B(—1) stands for the inverse function of B. We suppose that there exist constants p € (1,2),
M > 0 such that

B(0)? < MT(6), 2B/ (0) < MT(6),
2J'(2) < MJ(2), J(zP <MJ(z), 1/p+1/p =1.

(H3) The initial data fy > 0 and 6y > 0 are such that the following quantities

/QOdm, /|00|2dx, /F(@O)dx

3 3 3

f fodvda, /E | fol? dv de, f/ J(fo)dvdx
Rr3J 52 Rr3J 52 Rr3J 52

are bounded uniformly with respect to C, P, L,, Ls.

Remark 9 Restricting to the special case (12), the functions of the temperature involved in these relations

are defined as follows
1 1
B(9) = — 6%, o) =—
m o

Hence, assumption (H2) holds in this case (withp =5/4).

0°,  G() = 2 g2,
S

10



The crucial properties of the complete system (20) can be summarized in the following claim (recall that
we assume D = 1).

Proposition 2 Let (f,0) be a solution of (17, 18). We assume that (HO) and (H1) hold. We also assume
that C € (Cy,+00), with a large enough C, > 0 depending on (H0). Let us consider two nonnegative and C*
convez functions ®, U : RT — RT. We assume that there exists a constant M such that for any s > 0, we
have |®'(s)|s < MD(s). We set

// B(AYf) —dvdm+ C/ U(6)dx > 0. (23)
R3JS2 P R3

Then, we have

—H(fe P/ U (0)|V,0|* + Dy + D, = Cy + Cy + Ry + Ry, (24)
with
Do = et [ [ [ o (3 - Aw)tr)
x (q» (A4f)( ) — <IJ’(A4f)(v’)) dv' dvdz > 0,
D, = cCL, /R/S vA (A f(v) - B(O))

(A4 £w) - qf'(o)) dv dz.
The right-hand side terms in (24) can be estimated as follows

|0y < K// D(ALf) —dvdx, (25)
R3J§2

Gy < 7/ ' (0)|V 9|2dz+% 020 () d (26)

= op v 2P Jgs

|Ri| < LS // B(A*f) —dvdz (27)
R3JS2

/ 4

Ry < K—“// |A4f—B(9)|Mdvdx, (28)

C Jrs)se A2

where the constant K > 0 does not depend on the parameters C, P, Ls and L,.
Remark 10 The term D, becomes nonnegative provided that ® and ¥ can be linked by the relation
' (B(6)) = ¥'(6) or equivalently ' (z) = ¥ (B (2)).

Note that this implies, by convezity, that ®” (B(0))B' () = ¥”(0) > 0. In such a case, (23) and (24) can
be seen as genemlized entropy and entmpy dissipation relations. For the black body law (12), the physical
choice () = In(0) leads to ®(s) = 3 714 $3/4 (coming back to a model with frequencies we would obtain,
up to some constants, the usual entropy function ®(s) = (1 + s)In(1+ s) — sln(s), see [7]).

We postpone the proof to Appendix C. In consequence, we are able to derive the following useful a priori
estimates, whose proofs will also be found in Appendix D and E.

Corollary 1 Assume that (H0-3) are fulfilled and consider C € (C.,+00) as in Proposition 2. We assume
that there exists a constant M > 0 such that
P Le 1
C’ C’CL,

€ (0, M]. (29)



Let T € (0,00). Then, the following quantities

6? du, / I'(6)dx (30)
R3 R3
/ f?dvdaz, // J(f)dvdz (31)
R3J§2 R3J§2
t t
/ |V.0)? dzx ds, / |V,.G(0)|? dz ds (32)
0 JR3 0 JR3
t
cL, / / IAYF(o) — A ()P do’ doda ds, (33)
0 JR3 JS2
t
CL, / / |A*f —B(6)|* dvdxds, (34)
0 JR3JS2

are bounded uniformly with respect to C, P, Lo, Ls and t € [0,T).

Remark 11 Of course, the restriction (29) is fulfilled for the asymptotic regimes we are interested in.
Precisely, we always assume P/C = 1 and either CL, = 1/ > 1, L,/C = 1 (equilibrium regime) or
CL,=1, L,/C < 1 (nonequilibrium regime).

Corollary 2 Assume that (H0-3) are fulfilled and consider C € (Cy,+00) as in Proposition 2. Then, the
quantity

/ fdvd:z:—&—g 0dx
RrR3Js2 P R3

as well as [ B(0)dz are bounded uniformly with respect to C, P, Lq,Ls and t € [0,T).

4.2 Statements of the Results

We can now write the statements of our main results.

Theorem 1 We consider the non-equilibrium regime C = 1/e, P = 1/e, Ls = 1/e, L, = . Assume that
(H0-3) are fulfilled. Then, up to a subsequence, p. = <f€> and 0. converge to p and 0 respectively, strongly
in LE ((0,T) x R?) and in C°([0,T); L*(R?) — weak), f. converges to p weakly in L*((0,T) x R x S?) and
the limit satisfies the following system of drift-diffusion equations'

Op — divy (DV,p — 3(v @ v)up) = —((Dyu) v -v)p + (04 )(B(9) — p), (35)
040 + divg (uf) — AG = (04 )(p — B(H)). (36)

These equations involve the positive diffusion coefficient D(z) = (v ® x) > 0 with x € (LO"(RLS;LQ(SQ)))3
that solves

/52 os(z,v,0") (x(z, V') = x(z,v)) dv' = —v

(we refer to Proposition 3 below for a precise statement on the definition of x). The system is completed
by the initial data pj—o = lim._o <f5,0> and 0;—g = lime_,00c 0, the limits being understood as weakly in
L?(R3).

Theorem 2 We consider the equilibrium regime C =1/e, P =1/e, Ls =€, L, = 1/e. Assume that (H0O-3)
are fulfilled. Then, up to a subsequence, p. = <f5> and 0. converge to B(0) and 6 respectively, strongly in

1We denote by Dzu the jacobian matrix of the vector field © whose components are 6zj Usj.
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L2 ((0,T) x R?), (pe + 6:) converges to B(0) + 6 in C°([0,T]; L*(R®) — weak), and f. converges to B(6)
weakly in L?((0,T) x R3 x S?). The limit satisfies the following non linear drift-diffusion equation

PO, B(6))

0:(0+B(6)) + div., (u(0+3(v © v)B(0)) = Va0 — (—

= —((Du)Tv-v)B(6).

The system is completed by the initial data (B(0) +0)—o = limeﬁo(<f6,0> +0.0), the limit being understood
weakly in L*(R3).

Remark 12 Since we are able to prove strong compactness properties, it is worth pointing out that our proofs
also apply to more non linear problems. Namely, we can consider coefficients o5 , which depend continuously
on p or 0, without requiring any monotonicity property.

Remark 13 Note that the limit equations, in both cases, contain drift terms depending on u, as well as
zero-th order terms. In particular, the limit equations are not conservative.

5 Non-equilibrium Regime: Proof of Theorem 1
Theorem 1 deals with the scaling (22) and
Ls=—, L, =c¢.

Accordingly, we are studying the behavior as € tends to 0, of the sequence ( f, .) of solutions of the following
system

5atfe +v-Vufe= le,E(fe) + EQa,e(fev 96)7

UsAg € s
Quelfe) = <A3f§ —(35) Ak,

Quelfet) = oo (5~ A1),

80 + Vo - (uf.) — AB,

1 /A /1 Ac
= —g <%(€Qs,6(f5) +5Qu,a(f5796)>> - <%Qa,8(f8795)> ’

where we used the notation A, = v.(1—eu-v), v. = 1/v/1 — £2u?(note also that we used Proposition 1-iii)).
It is worth starting with the following preliminary lemma (see (65) and (66)).

Lemma 1 Assume (HO) is satisfied. There exist constants Ay, \* and K which do not depend on € € (0,¢e4)
such that
OS)‘* SAE(tvxav)SA*a |8tA5(t,x,v)| SK{‘:

hold for every (t,z,v) € (0,T) x R® x S2. Moreover, the sequence A, satisfies the following properties when

€ tends to 0
1 - A% VA

Ao — 1, £ —>oau-v (aeR),

_>_Da:T7
- A (Dyu)' v

uniformly on (0,T) x R x S2.
Let us define the following macroscopic quantities
v
ps(tax):<f6>a JE(tvx):<gf8>~

Since the scattering operator is penalized, we guess that f. behaves for small € as an element of the kernel
of the operator. Recalling Proposition 1, we thus set

fe(t,z,v) = <A§fE>AE_4 + £ge. (38)
Now, the proof of Theorem 1 splits into four steps.

13



5.1 A priori Estimates

First of all, let us discuss the uniform estimates satisfied by the sequence of solutions (f:,6.). They can be
deduced as consequences of Corollaries 1 and 2.

Lemma 2 The following properties are satisfied
: T oo .71 2R3 2
=0 B8 bounded in L>(0,T5 L N L* (R x §%)),

is bounded in L>(0,T; L' N L*(R3)),

)
)
92)..q is bounded in L2((0,T) x R? x §?),
), is bounded in (L*((0,T) x R%))®,
)

is bounded in L>(0,T; L' N L*(R3)) and in L?(0,T; H*(R3)),

Remark 14 This claim justifies the expansion of f. since €g. is of order O(g). Note also that, coming back
to a physical quantity, it is natural to interpret (,0/0)1/4 as the radiation temperature.

Proof. Properties i), iii), v) and vi) are direct consequences of (31), (33), (30), (32) and (34) respectively.
Estimate ii) follows from (31) and a simple application of the Cauchy-Schwarz inequality. A similar argument
shows that (A2f.) is bounded in L>°(0,T; L*(R?)). Finally, we note that

Joo= (2 (M)A +20.))
= (A1) (AT = D) +(2)) + (vg.) (39)
= (ALE)(Z(AZ = 1)+ 0+ (vge),
since <v> = 0. We conclude by using Lemma 1 combined to the L? estimate on g.. |

5.2 Moment Equations

Now, let us turn to the moment equations satisfied by the moments of f.. We split the result in the following
two Lemmata.

Lemma 3 We have

<(1—/\5) v

c fs>) :6(8t56+‘/€)+UE

Orpe + div, (JE -

where S. and V. are bounded in L>(0,T; L?(R3)) and U. = <§~VIAE f6>+<A8Qa7E> is bounded in L*((0,T) x
R3).

Proof. Let us make the following computation

atps +d1VzJE = at<A€ f6> +d1Vm<g AE f6>
+at<(1 - As) f6> + divx<g (1 - Aa) fa>

However, we check that

Oi(A. f.) = (BA. f.) — divz<§ A £+ <§ Vale £2)+ (AQac),

14



since <A5QS,5> = 0. Therefore, we obtain the announced formula with S. = %<(1 —A) f5>, V. = é(@tAs f5>
which are both bounded in L°(0,T; L*(R3)) by virtue of Lemma 1 and 2-i). On the other hand, by using
Lemma 1 and 2-i) again, we realize that (v - VI'TAE f-) is also bounded in L>(0,T; L*(R?)). Eventually,

writing % —Af = 35 (B(0) — A*f), we see that A.Qq. is bounded in L?((0,T) x R® x §?) by using Lemma
2 vi). ]

Lemma 4 We have
20, J. + Div,P. = Q.

where the right-hand side Q. = (LQsc(f-) + evQa,(f:)) is bounded in (L*((0,T) x R3))3 and

PE:<v®vf5>:<v®v> pe + K.

K. being bounded in (L*((0,T) x RS))BXS-

Proof. Multiplying Equation (37) by v and integrating leads immediately to the formula. What remains to
be discussed are the uniform bounds. At first, we simply expand

<U®'Ufa> = <U ®U> pe + <v ®v(fe — Ps)>~

Then, we note that f. — p. = eg. + <(Af€1 — 1)f8>Ag4 + pe(A-* — 1) which proves that the components of the
matrix K. = (v @ v(f: — pc)) are bounded in L2((0,T) x R?).
Next, note that
_(Aef)

éQs,s(fs) = Qs,s(A;4) + Qs,s(gs) = Qs,e(g€)~

€
It is bounded in L?((0,7) x R?) since we have

/IQS,E(ge)IdeéK(/ \<gg>|2dv+/ gidv)SK g2 dv
S2 S2 S2 S2

where the constant K depends only on (H1) and the bounds in Lemma 2-iii). This ends the proof since we
already proved that @, . is bounded in L%((0,7) x R3). ]

5.3 Compactness Properties

These relations allow us to deduce strong compactness properties on the sequence (p5)6>0. To this end we
use a compensated compactness argument which relies on the structure of the moment equations. This has
been remarked first by Marcati-Milani [21], and then used in various contexts when dealing with diffusion
approximations [19], [9], [16]...

Lemma 5 The sequence (p5)€>0 lies in a (strong) compact set of L2 ((0,T) x R3). It is also compact in
CO([0,T); L*(R3) — weak).
Proof. The second part of the statement means that we can extract a subsequence, still labelled (p5)5>0,
such that for any test function ¢ € L?(R3), [ p.¢ dz converges to [ pp dz in C°([0, T) for some limit function
p € L>(0,T; L*(R3)). This follows from the bound on p. (Lemma 2-ii)) combined to Lemma 3 which tells
us that 9;(p. +&S:) is bounded in L?(0,T; H~1(R3)), with S. bounded in L>(0,T; L?(R?)). This property
allows us to recover the initial data when passing to the limit e — 0.

To prove the strong L?-compactness, we use the celebrated Div-Curl Lemma of Murat-Tartar [31]. Indeed,

Lemma 3 tells us that 1_A
{divt,w (l)e’ Je — <% f5>)7 €> 0}
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lies in a compact set of H, 1301 ((0, T) x R3) by using the Rellich embedding theorem. Of course, the components

(pe) and (J. — <% f=)) of this vector field are bounded in L*((0,T) x R?). Next, we rewrite Lemma 4
as

—1
Vape = (/ VR vdv) (—*0yJ. — eDiv, K. + Q.), (40)
SZ

which implies that the curl of the R* vector field (p.,0,0,0) belongs to a compact set of (H,, ! ((0,T) x R3))4X4

loc
since the matrix [v ® vdv is invertible (note the loss of one derivative with respect to time). Assume

we are dealing with weakly convergent sequences. Then, the Div-Curl lemma implies that the product
(pe, Je — <% f<)) - (ps,0) passes to the limit in the D’((0,7T) x R?) sense, which in turn proves that
(ps)e>0 converges strongly in L ((0,T) x R3). [

loc

Remark 15 The key argument relies on the invertibility of the matriz [v® vdv. It is worth pointing out
that this argument allows us to consider discrete velocity models, which is not the case if we use arguments
based on average lemma techniques (see [14], [11]). Indeed, our results apply considering the variable v in
some measured space (V, dv), V C R3, such that:

V' is bounded,

(=1, (v)=0,

meas{v € V, v-£ £ 0} > 0, for any € € S%.
We refer to [16] and [9] for further comments and applications on this aspect.

Now, let us go back to the material temperature 6..

Lemma 6 The sequence (95)E>0 lies in a (strong) compact set of L2 ((0,T) x R3). It is also compact in
CO([0,T); L*(R3) — weak).

Proof. The result follows from the relation

0i0. = _divx(uea) + Azl — <%Qa,a>7

where the right-hand side is bounded in L?(0,T; H~(R?)). Hence, the strong compactness follows from an
application of the Aubin lemma, see e.g. [30]. ]

5.4 Passage to the limit

We are now ready to pass to the limit in Equation (37). By Lemma 2, we can assume, possibly at the cost
of extracting a subsequence, that

fe — f weakly in L?((0,T) x R? x §?),
Pe = p= / fdv strongly in L2((0,7T) x R?)
SQ
and in C°([0,T]; L*(R?) — weak),

J. —J weakly in (L2((0,T) x R?))’,
0. — 6 strongly in L2((0,T) x R?) and in C°([0,T]; L*(R?) — weak).

Actually, the limit f is the macroscopic quantity p since we have

fe= <Agf5>A€_4 +ege = f=(f)+0=p weakly in L*((0,T) x R? x S?).
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Furthermore, we can also assume that (p.) and (6.) converge almost everywhere and are dominated. Then,
by using Lemma 2-i) and vi), we realize that B(6.) = (A2f.)+ (B(6.) — Alf.) is bounded in L?((0,T’) x R?).
By using classical tricks of integration theory we can thus show that

B(0:) — B(#) strongly in L _((0,T) x R?) and a.e. (41)

(the convergence holds at least in LV ((0,7") x R3), 1 < p < 2 and can certainly be improved up to some

assumptions on the behavior of the function B). Therefore, passing to the limit in the zero-th moment
equation yields
Op + divy(J — (v @ v)up) = —(v (Dyu)Tv)p + (0, )(B(O) — p) (42)
by using Lemma 1.
Besides, let us remark that the well-known regularizing effects of diffusion asymptotics also apply in this
context: the macroscopic limit p has better regularity properties than p. itself.

Lemma 7 The limit p of p. satisfies V.p € L*((0,T) x R3).

Proof. For any test function ¢ € C°((0,7T) x R3, (40) leads to

(oo} o0
‘/ / pthpdxdt‘ = lim‘/ / pEVIgodxdt‘
o Jr3 e=01Jo  Jrs

= lim (62<v®v>71J58t<p+€<v®v>71K€Vx<p) dz dt
e—0 0 R3 oo

+/ / <v®v>71Q€g0dxdt‘
R3
< sup [[Qcllz2 Il 2,

e>0

since all derivated terms vanish as ¢ — 0. Since (Q.) is bounded in L?((0,T) x R3), we conclude that
| I3 Jas PV dadt| < K|l 2, which thus implies that Vyp € L*((0,T) x R?). ]

Next, we immediately pass to the limit in the equation for the material temperature and we get
O + div,(ud) — AO = <Ja>(p —B(H)).

We are thus left with the task of identifying the limit J of J..
We remark that J is related to a weighted average of g, the (weak) limit of g.. Indeed, letting ¢ — 0 in (39)
yields

J = 4<v U - v>p+ <vg>,
by using Lemma 1. Therefore, our aim becomes identifying g. To this end, we need the following claim.
Proposition 3 Let us set
Quo($) = [ o) () = () v
It defines a self-adjoint bounded operator on L*(S?). The kernel of this operator is Ker(Qs,) = Span{1}
and for any v € L*(S?) such that [ dv =0, there exists a unique f € L*(S?) satisfying

Qso(f) =1, fdv=0.

S2

Taking into account the dependence with respect to x of the collision kernel, if 1 belongs to L>(R?; L?(S?))
then f does too.
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The proof relies on the application of the Fredholm alternative for the operator Q)5 . It will be detailed

in Appendix F. In particular, this result allows us to define x € (L>(R? L2(S2)))3 as the solution (with
vanishing integral) of Qs 0(x) = —v, as in Theorem 1.

Let ¢ € C°(R3 x S?). We have

/ fggadvdx—// vfe - Vypdvdr
§2 R3.J§2

?/ Qse(fg)apdvdx—ks/ Qae(fe,0:) pdvda.
R3

€

We rewrite éQS)E(fE) Qs,e(ge) so that we obtain, as e — 0,

// vp - ngodvd:r—// Qs,0(g9) pdvde.
R3./ 52 R3

This is also a simple consequence of Lemma 1 combined with the weak convergence g. — g in L?((0,T) x
R? x §?). It means that g is solution of Qs (g) = v - V.p, which belongs to L?(R3 x S?), as noted in Lemma
7. It follows that

g=—x"Vaup
(up to an element in Ker(Qs,0) which is irrelevant in the following results). We conclude that

J(t,z) =4{vu-v)p— (v®X)Vup. (43)

Inserting this relation into (42) ends the proof of Theorem 1. "

Remark 16 The diffusion coefficient is positive. This is a consequence of Proposition 1 (applied with u =0,
i.e. A=1). Indeed, for any ¢ € RN\{0}, we have

(v x)E-€=—(Quolx &) X&) 0. {(x-€)°) >0

The right-hand side cannot vanish, since otherwise Qs o(x - €) = —v - & would vanish a.e.

v

Remark 17 Considering the isotropic case (11), we simply have x = 2= and J = 5pu — Tvxp We are
thus led to (5).

6 Equilibrium Regime: Proof of Theorem 2

Theorem 2 deals with the scaling (22) and

Accordingly, we are studying the behavior as ¢ tends to 0, of the sequence (f¢, 6.) of solutions of the following
system

Eatfs +v- V:Efs = 5Qs,s(fs) + %Qa,s(fsa 08)7
0,60, + V. - (uh.) — M. (44)

1 Aa 1 . 1 AE
— _g <%(€Qs,8(f8) + sQa78(f5,98))> = _? <%Qa,5(fe,95)> ,

where all notations are left unchanged with respect to those of the previous section. The proof follows the
same scheme as the proof of Theorem 1; hence we skip some details and only emphasize the main changes
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in the arguments.

Step 1. A priori Estimates
We start with the following direct consequence of Corollaries 1 and 2:
- (f2) ., is bounded in L>(0,T; L' N L*(R? x §%)),
- (<) o is bounded in L>(0,T; L' N L*(R?)),
- (9€)a>0 is bounded in L>(0,T; L* N L?(R3)) and in L?(0,T; H*(R?));
- (9o = 71"57[&;;]3(05))00 is bounded in L?((0,T) x R3 x S?).
Furthermore, we remark that

||p6 - IB3(‘96)||L2((0,T)><1R3) = ||<(1 - Ag)f8> + 5<Agga>||L2((0,T)><R3) < Ke (45)
by using Lemma 1. Finally, let us set J. = <§ f5>. We rewrite it as

At -1

Je = <Ugg> + <’U .

B(6.)) (46)
which shows that (J.) is bounded in (L*((0,T) x ]RS))B, by using Lemma 1 again.

Step 2. Moment Equations
Combining the zero-th moment equation and the temperature equation leads to

1-A,
o)+ ub, — vmeg) = £(8,S. + V) + U- (47)

e

O(pe + 0:.) + div,, (JE — <v
where S. and V. are defined as in Lemma 3 and are bounded in L°°(0,T; L?(R3)) while

ﬁ; — <§ . VzAsf€> —+ <A51_57:;/%Qa75(f6708)>'

Obviously, (£V,A. f-) is bounded in L?((0,T) x R?). Then, we note that

Qa,a(fs,ee) = _EgaAega —0
e—0

in L2((0,T) x R3 x S?) while we check readily that 1751# is bounded in L°°((0,T) x R?). Hence, the last

term in the definition of i]: vanishes as € — 0.
Besides, we get

1
528tJe + Div, P, = g<an,a> + 5<”Qs,a(fa)> = _<UUaAege> + 5<UQS,E>- (48)
The right-hand side is bounded in (L?((0,7) x R?® x SQ))B. As a consequence of (45) we obtain
Pe(t,x) = <'U ® U>p6 + Sksa (49)

with K. = —(¥2% ((p. — B(0.)) — eAlg. + (A2 —1)£.)) bounded in (L2((0,T) x R3))®.

Step 3. Compactness Properties
Extracting subsequences if necessary, we can assume that
- fo — f weakly in L?((0,T) x R3 x S?),
- ge — g weakly in L2((0,T) x R? x §?),
- pe — p weakly in L*((0,T) x R3),
- J. = J weakly in (L2((0,T) x R%))®,
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- 0. — 0 weakly in L?((0,T) x R3).
Since f. = B(A:)AZ* + €g., we deduce from (45) that f. — f = p = <f> which does not depend on the
variable v and coincides with the weak limit in L? of the sequence B(f.). Thus, we might expect that
p = B(0), but the justification of this relation requires some strong compactness. To this end, we use a
compensated compactness argument again. Indeed, from (47) we deduce that

{dive (pe + 02, B R FAREY)

lies in a compact set of H,,!((0,T) x R®). Note that this relation also proves that (p. + ;) lies in a compact
set of C°([0, T); L*(R3) — weak).
On the other hand, we rewrite (48) and (49) as

Vepe = (v ® v>71 (—528th — eDiv, K. — (v(0,Acge — Qs 8(fs))>>

which implies that:
- (pr5)6>0 belongs to a compact set of ng(}((O,T) x R3),

- the gradient with respect to z of the limit p belongs to L?((0,T) x R3).
Furthermore, the a priori estimates guarantee that (V,0.) is bounded in L?((0,7T) x R3), thus it also lies in
a compact set of Hf ((0 T) x R?). We interpret these facts by saying that curl; ,(pe + 6., 0,0,0) belongs to

a compact set of ( Toc L((0,T) x R3)) . Therefore, applying the Div-Curl lemma yields
(pe +0-)> = (p+0)?,

in D'((0,T) x R?). We deduce that p. + 0. converges strongly to p+ 60 in L2 ((0,7) x R3).

Let us set F(z) = z + B(z). Using (45), we realize that F(6.) = p: + 6 + (B(6:) — pe) converges
strongly to p+ 6 in L ((0,T) x R?). Extracting more subsequences if necessary, we can assume that this
convergence holds a.e. so that . = F(=V(F(6.)) tends to F(=V(p + 6) a.e. Consequently, 6. converges to
0 = F=Y(p+0) ae. and strongly in L? ((0,T) x R3), 1 < p < 2. Coming back to (45), it follows that p.
converges to F(f) — 0 = B(6) a.e. and strongly in L ((0,7) x R3), 1 <p < 2.

Step 4. Passage to the Limit
Letting € tend to 0 in (47) yields
(p+0) +divy (J — (v @v)u)p+ub — Vz0) = —(v Dyu"v)p.
We have seen that p = B(6) and it only remains to identify J. Let ¢ € C°(R3 x S?). We have

/ fe godvdgc—// vf. - Vepdvde
s2 s2

- 7/ Qu(f26 >sodvdx+e// Quelf:) pdvda.
€ JrsJs2
We rewrite éQayg(fE, 0:) = —04Acge. Letting £ — 0 leads to

// vp-Vypdvdr = — // oa9pdvde.
R3.J§2 Rr3Js2

Since this relation holds for any test function and V,p € L2((0,T) x R3), we deduce that
v-Vep=—049
holds. Hence, coming back to (46), we obtain the formula

J(tz) = (220

>Vzp + 4<v ® v>up,

a

which ends the proof of Theorem 2. |
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7 Numerical Results in One Dimension

In order to be able to compute solutions of (37) numerically, we need to simplify the expressions of the
source-terms so that we can recognize in the kinetic equation the non-stiff and the stiff parts that allow the
use of classical splitting schemes [29], [22], [10]. These methods have been well known since decades and
are particularly efficient for evolution equations; they have been used very successfully to treat relaxation
of hyperbolic problems, see e.g. [17, 1]..., the survey [25] and the references therein. Let us consider the
non-equilibrium regime described in equations (37) in the one-dimensional case, that is, the space variable
x belongs to R and the direction variable v belongs to (—1,1). For numerical simulations of the equilibrium
regime, we refer to [18]. In what follows we restrict to the situations with constant coefficients o, s and to
the simple coupling with the convection-diffusion equation for the material temperature. Further numerical
investigations with the full hydrodynamic system are postponed to a forthcoming work. Let us also mention
the recent work [2] which uses a different numerical approach to treat a macroscopic version of the problem.
The aims of the numerical investigation are:

- to check on numerical grounds the convergence as € — 0 to the solutions of the limit equations,

- to discuss the role of the assumptions, in particular the regularity of the velocity field v and the heat
diffusion D.

7.1 Expansion of the equations

At first, let us expand equations (37) with respect to e. Expanding the kinetic unknown as f.(¢,z,v) =
pe(t, ) + €ge(t, x,v), we rewrite Qs . as

1 N -
;Qs,s(fs) =—ege +1Th (U)ps + T pe +51 (’U, gs)a (50)

where

Ti(w) = ((AHAT = (A%){A7) — (A= (A)),
T = (M)A = (A),
S1(v,3:) = (NG )M — (A - D),

keeping in mind that we will get rid of the higher oder terms in (37) (see Remark 18). We get
e (Ti(v)) =0 and T} (v) = deuwv + 2e2u?(30? — 1) + O(e?),

4
o Th = 552u2 + O(e?),

o S1(v,3e) = eu(vge — 2(vge)) + O(e?).
In the same way, we have

%Qa,a(fsa 9&) = B(ea) — pPe + 0(5) (51)

Let us now rewrite (37) according to the previous Taylor expansions, adding —vd,p on the left- and right-
hand sides of the kinetic equation to introduce g, so that

5 —040: — VO, pe + 040U 1 ~ -
O fe +0v0,G: = g gpa Pe +osu |:2 (3U2 - 3> Pt + (Ugﬁ - 2<U95>)

+04(B(0:) — pe) + O(e), (52)

840 + 8, (ub.) — DO2,0. = —a(B(0.) — po) + O(e).
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7.2 Numerical scheme

We need to describe precisely the discrete setting we are going to use : let the direction variables (vk)ke{,... 2p}
belong to (—1,1) \ {0} for p € N* and satisfy

1 &
- -0
o Qp;vk )

in accordance with the choice of a Lebesgue measure in the continuous setting. Let us denote the discretized
quantities by f) (resp. 0z ;. u?) where 7 € Z and n € N, which represents an approximate value of
fe(nAt, jAx, vg) (resp. 0-.(nAt, jAx), u(nAt, jAx)) where At and Az are the time and space steps : f is
now the double sequence of vectors f. = (fgk,j)lgkgp,neN,jeZ- For the sake of simplicity, we will often omit
the subscripts , and ;. In order to compute numerically the solutions of (37), we will use a splitting-type
scheme for the intensity f. Indeed, the kinetic equations for f contain source terms that can be split into
a non-stiff part and a stiff part, the mean value of which vanishes, so that the second part of the splitting
scheme can be solved explicitly up to a spatial discretization. This is close to the approach in [6]. We set

up the numerical resolution of (52) as follows:
e assume the initial data f (respectively 6°) is discretized in (f});ez (resp. (69)jez) such that
f,gﬁj = (Am)_l/ f0,z,vp)dx, j€Z, ke{l,...,2p}
[(1-1/2)Az,(j+1/2)Ax)

(resp.

0? = (Az)fl/ 0(0,z)dx, j € Z) ;
[(1—1/2)As,(j+1/2)Ax)

e iterate the following three-step scheme :

1. compute 07+ using a finite difference scheme that takes into account correctly the convection
term. For a scheme of order one, one can take an explicit three-point scheme for the Laplacian
and a upwind-type discretization for the convection term. Indeed, this is safer than a centered
discretization, which can be expected to be strongly oscillatory, since the Peclet number Pe =
[|ulloc Az /D is of order 1 (the critical value to ensure stability being Pe..;; = 2, see [24] p. 44, [27]
p. 197): choosing a upwind-scheme can be interpreted as smoothing since it increases artificially
the diffusion. The Courant number yu = At/(Az)? is then chosen so that u = 1/4.

2. solve, for each k € {1,...,2p},

- 1 - -
atfs,k + Ukawgs,k =0su |:2 <3UI§ - 3) peU + ('Uk’gs,k - 2<vge,k>):| + Ua(B(es) - p6)7 (53)

thanks to a convection-type spatial discretization : for example, one can take an upwind-type Dy
for the transport term —v;0,g. and one gets, for each k € {1,...,2p},

n+1/2 n ~n
fs,z / = fa,k + AtDk(ga,k)

1
st (o |2 (30 = 3 ) ot + (i = 202) | + 2B - 42)).

2p
+1/2
prtl/2 = ngk / 7
k=1
fn+1/2 n+1/2
+1/2 k — Pe
9k 2= %7 ke{l,....2p}
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3. solve, for each k € {1,...,2p},

gek  VkOzp 4o up,
atga,k = —0s 62 - 6; - +0s 2 Ea

— V0 dogu
atfg,k: — o, 5,k€2 Pe Y ;?ps + o, EUPe )

(54)

Note that, since p. = (f.), d;p vanishes in Step 3 by (54), that is p2T! = p?H/Q ! Therefore,
one has a semi-discrete explicit expression for f. and g. :

~n —c 2. n —c 2 1= n n n
Grpt = e AUE G g (1 em A (oDk(pa“/Q)Jrélu vkpflﬂ)? (55)
—0o 2 n —0o 2 n 1 = n n n
B = S g (1 S (e (D) a2 ) o)
s

where Dy, is a spatial discretization of —v;d,. The numerical approximation of the convective
term —v; 0, p. that appears in the expression of g2 is indeed really intricate. However tempting
it may seem to take Dy = D, this naive choice can lead to misleading approximations. This
can be readily remarked at once in the basic case u = 0 and o, = 0 which leads to a system of

non-coupled pure heat equations

1
Oip — z—07,p =0
30,
00 — DI2,.6 = 0.

Choosing an upwind-type discretization for Dy leads to choosing the opposite direction for Dy in
order to have a three point centered scheme for the final heat equations. Indeed, the limit-scheme
at e =0 for p is

At _
n+l _ n =" D.D n
p p+aszk: ¥De(p™),

so that, if D, = D, for all k, one finds the scheme

At
+1 _
P =+ W(P? =201 + Pj11);

which is unconditionnally L?-unstable.

Moreover, taking a close look at the expression of "1 we note that the maximum principle is
not true in general for (f),: Formula (56) can produce negative values. Note that the mean
value of the O(e) term in € in (56) vanishes, so that it has no influence on our final computation
of pe and 6. at order O(g). So, neglecting the terms of order ¢, f**! clearly appears as a convex
combination of non-negative quantities :

n —0s 2 n —0 2\ n
T +1 _ e sAt/e fe +1/2 + (1 —e At/e )P5+1/2. (57)
Finally, we use Equation (57) to compute f. and Equation (55) for g..

Remark 18 Let us point out the following facts:

e The important ratio here is of course o,At/e? : if o5 and At are fived, then, as € tends to zero, one
finds that e tends to —vi0p + duvkp and this limit is compatible with the limit (43) of g which was
defined by (38) when taking into account Lemma 1. Numerically, we will of course consider that there
exists a constant C' such that e < CAx. Since we are interested in the limit ¢ — 0, this assumption is
satisfactory.
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e Having got rid of the O(e) terms in the computations of f. does not contradict the fact we also work
with g. : indeed, in the end, we are only interested in viewing the results for the macroscopic quantities
pPe and 6.

Let us now take a look at the numerical results : at first, we take data that satisfy the hypotheses of Theorem
1 at t > 0; then we stretch the computations to a bulk velocity that violates (H0), namely a shock wave,
and to a vanishing thermal diffusion coefficient D (see Equation (20)).

7.3 Results in the case of a rarefaction wave

Let us now focus on the results we obtained using this scheme (movies are available at the address
http://math.univ-lillel.fr/lafitte/rt).

Consider at first that the bulk velocity u is a rarefaction wave, solution of the Burgers equation
Opu + 0,u? /2 =0, (58)

such that u(0,2) = —10 if x < 0 and »(0,z) = 10 if > 0.
We represent hereafter the results for € = 0, computed through the following steps :

Step 1 is the same as before,

Step 2’ is
n 2 ~
ojcrl/ = for +AtDy(gox)
1 -n - n n
rae (o2 (302 - 3 ) o + (s — 2008 >)| + ouBO) - ) 69
2p
n+1/2 n+1/2
p0+ /2 _ Zfo,Z / ’ (60)
k=1
(61)
Step 3’ is merely
~n 1 - n n n
k' = Dulpg) - dut oy, (62)
n n+1/2
ot o= et (63)

We choose the number of positive directions v to be 5.

e Thermal equilibrium
Here, the initial data p°, f© and 6° are chosen such that the initial system is at the thermal equilibrium,
that is Qajs(fo, 00)=0:6°=p" = 1[_59). Figure 1 represents the speed u, the temperature 6 and
the intensity p at four different times. The interesting aspects here are the facts that the thermal
equilibrium is obviously unstable, that is the absorption phenomenon is clearly not the main one, and
that the diffusion coefficients are very different for p and 0 : the slopes of p are steeper than those of
0 and a gap appears in p.

e Disjoint supports and different amplitudes
Assume now the temperature of the fluid is high on a compact interval and that a high intensity is
observed at some other place. Figure 2 represents the speed u, the temperature 6 and the intensity p
at four different times. One notes at once three interesting phenomena that are quite in accordance
with our model (37) :
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— the convection in the opposite directions following the bulk velocity and the fact that the energy
stays localized,

— the rising of temperature (resp. intensity) where initially only the intensity (resp. the tempera-
ture) was high,

— the diffusive aspects : the temperature 6 is, quite in accordance with (37), more spread out than
the intensity p, since the diffusion coefficient D = 1 is larger than the limit coefficient 1/3 = [ v*dv.

Remark 19 Numerically, the energy p 4+ 0 is conserved when € = 0, but not otherwise : of course,
the difference is of order O(g), in accordance with our assumptions (see (19) and Corollary 2). This is
due to the fact that the bulk velocity u is given, so that there is indeed a hidden pressure term in (14).
If we had built our model such that the total energy was conserved, then we would have had a non zero
RHS in (58).

e Comparing the results for different values of ¢
Figure 3 represents the L! spatial distance between the solutions . (resp, p-) and the relaxed solution
0o (resp. po) at the same time tmazx, using five different discretizations. The different values that we
chose for ¢ are proportional to v/o,At, since the important ratio is o,At/e? (see Remarks 18). In our
case, since we chose At = Ax?/4, ¢ is simply proportional to Az : the computation were made using

2e
— ¢ {1,15,2.3,3,4,5,6,7,10, 20, 30, 50,60}.
O Az { }

At first, one sees that the convergence as ¢ tends to 0 seems to be quite fast : the error is constant
after a short while. In fact, we find that the L!-error for p is of order O((Ax)?). This is not surprising
and is due to the splitting method. Moreover, at ¢ = 0, computing pg through (59), (60) and then
(62) and (63) is equivalent to treating directly the drift-diffusion limit equation for p with an upwind-
discretization for the convection term and the classical centered three-point scheme for the diffusion
term. What is more interesting is that the L'-error for 6 is also of order O((Az)?) if o, > 0, that is as
soon as the coupling induces an intervention of € in the equation for €. Finally, the order of 6 is better
also because we chose a splitting method.

7.4 Results in the case of a shock wave

One can at once guess that the term pd,u in (35) will create numerical instabilities in the case of a shock
wave. Hereafter are two cases that illustrate this phenomenon.

e Thermal equilibrium
Figure 4 shows that the fact that the initial data is nonzero around x = 0 implies that there is an
immediate blow-up for p around = = 0, but this blow-up is delayed for 6 because of the effects of the
diffusion.

e Disjoint supports

We witness in Figure 5 the fact that it is indeed precisely at x = 0 that the blow-up occurs : the energy
travels towards = 0 since the bulk velocity is positive on the left and negative on the right. When
the two parts of the solution get at x = 0, the energy concentrates and there is an blow-up.

7.5 Changing the parameters o, and o,

e Changing o,

25



Figure 6 allows us to compare different evolutions depending on different values for o, in the case of a
rarefaction wave: one notes at once that, although the initial data are symmetric, the solution is not
when o, = 1 but gets more and more symmetric as o, increases. Indeed, the coupling gets bigger and
consequently the phenomena tend to balance each other.

In Figure 7, in the case of a shock wave, we note that increasing o, delays the blow-up for p. Moreover,
the energy of p transfers to 6 a lot more quickly when o, is bigger.

e Changing o,
Increasing o; means that the coefficient diffusion in the limit equation (35) decreases, and this is the
reason why we note an obvious sharpening of the slopes of p in Figure 8 and oscillations. What we
also note is that our increasing os speeds up the blow-up for 6.

7.6 Results when there is no thermal diffusion

The major effect that one notes is the sharpening of the slopes of 6, as shown in Figure 9. This is of course not
surprising since the equation for 6 is now a purely convective one. Recall however that the assumption D > 0
was used in the proof of convergence (see Subsection 5.3) as a means to obtain some strong compactness
propreties. From a physical viewpoint, the fact that the scheme is able to reproduce the nondiffusive case is
very satisfactory.
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Appendix

A Table of Physical Constants

For the sake of information, let us recall here the value of some physical constants used in the paper.
1. speed of light: ¢ = 2.99792458 - 108 m/s,
2. Boltzmann constant: k = 1.3806503(24) - 10~2% J/K,
3. Planck constant: h = 6.62606876(52) - 10734 J.s,

4. Stefan-Boltzmann constant: o = % = 5.670400(40) - 1078 W.m 2K~

SOURCE : CODATA Recommended Values of the Fundamental Physical Constants: 1998
by Peter J. Mohr and Barry N. Taylor

National Institute of standards and Technology, Gaithersburg, MD 20899-8401

B Expression of the Scattering Operator

The computations start with the following preliminary result which shows how some weights arise from the
change of variables (6).

Lemma 8 For any (smooth enough) function , we have

! ’ / 1
0,0 o _ 0,0
/§2 e, v’ ) dv” = /S2 e, v )A(v’)2 do’ (64)

where in the right-hand side v* is understood as the function of 1° and v' defined by the formulae (6) and
AW)Y =0 =0 -ut,z)/c)/+/1 — |ult,x)]?/c2.

Proof. We follow the arguments given in [7]. Namely, we use the invariance property (7) by considering a
sequence of mollifiers ;, : R — RT. Let us denote the integral in the left-hand side of (64) by I°. Then, we
compute as follows

©o= im0 ) o d
k—o00 000 §2 ,
: : p

= lim / / (1, v ) (= v°) 5 do’ dp!
—oJo Js? ke

(change of variables (u°,v%") — (i, v') with (7))
oo !/

= / lim / (10,0 (1 — ) du’) dv’
2 0 H

k—o0
00 , .2
= /S2 klgrggo/(J p(u’, v’ )Ck(uo—vo)<%) duo> do’

(change of variables ' — p® with v’ fixed)
/ 1
0,0 /
d

by using the definition A(v') = u®/u’. ]
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The expression of the loss term follows immediately. By using (8), we obtain

Qs_(y7v) = (%)2 / 0’2(1/07110/’1}0) d’UOI fO(VO,’UO)
14 S2
v\2 / 1 , 9N\3
= (ﬁ) /S2 O'S(Z/Oil}o ,UO)W dv (7) f(v,v)
=/, os(v, v’7v)m dv" Af(v,v)

’ . .
where we have set o(v,v,v") = o2(1%,0% v%), v0 and v° being associated to v,v by (6) as v” is defined

from v’ and 1.
Then, we turn to the gain term by using the same tricks. We get

(V—())QQ"‘(V v) = /S2 o010, 00,00 o0, 0%y dv”

:klggoj / (10,10, 0%) (10, 0% )G (® — 1) do? dpe®
:JL“;O/ / (40,10, 0 )(“—,)wa V)G — 1) de?” dp?

(use of (8), (¢/,v") functions of (u°,v") by (6))

hm/ / (40,0, )(Z,)Sf(u,v)Ck(uo—Vo)ig)dv’du’

k—o0

(change of variables (u°,v%") — (4/,v') with (7))
: - 0’ ﬂo 2 roo 0 0 :u/ 0 l
/S2 (kILH;O/O Us(/”' 7U U ) (?) f(,u,'U)Ck(/J: -V )Ed/”' ) dv

(change of variables p/ — p® with v’ fixed)
= / a0, 0, v VAW (V) dv = / os(v,v, 0" )AW) f(V,0") dv'.
S? S2

C Proof of Proposition 2

As a preliminary remark, note that we can work with large enough values of the parameter C so that for
some constants \,, \*,

L-vw/C . (65)

V91—u2/C?
holds for any C > C, and almost all (t,7) € RT x R?, the starred quantities depending on (H0). Furthermore,
we check readily that in this context we have also

0< A <A=

K K
[VzA| < o |0A] < =
0<k<y<1 0 k<1 1<K (66)
SEETED TesThce

for some constants K, k > 0 which depend only on (HO0), but do not depend on the scaling parameters C, P,
Ls and L,. We adopt from now on the convention that K stands for a constant which depends only on (HO0),
(H1), but does not depend on the scaling parameters disregarding the fact that the value of the constant
may change from a line to another.

As usual, we discuss the result by using the equations and performing formal integration by parts.
A rigorous and complete proof can be obtained through standard regularization arguments and in the
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construction of the solution. Indeed, we write

fH (f,0) // (A f)of Advde + & ' (0)0,6 dx
R3J§2 P R3

+/R/§ {4<1> (ALF)f — 30(ALS) %}&Advdx }:: “Ri
= Oy +CL / / ' (A*f)Qs(f) Advdx (67)

R3./S2

+c,ca// &' (A )Qu(f,0) Advde — CL, \I/’(9)<%Qa(f,0)>dx

3,/§2 R3
+Cs — —/ U (0)|V,0|? dz — Ry
P Jrs

with the notation

c, = —c// (A f)v-Vof Advde
3 /g2
Cy — C/R\II”(Q)VIG-Ude.
P Jas

(Note that we have used Remark 7.) By using (65), we estimate easily

|R1|<K//
R3J§2

It yields (27) by using (66) and the assumption on the function ®.

(A*f) + &' (A*f)ALf |6tA| - dvda.

The second term in the right-hand side of (67) has been treated in Proposition 1: it is exactly —D;. The
third and forth terms combine. We obtain

CL. /R/S <1>’ ALF) - q:’(e)l)c)a(f, 6) Advda
= CL, /R/S vAQ q>’ ALf ) ’(9)) (153(9) - A4f) dvdz } =D,
+CL, /RS/S? Oq 1 — ; (IB%(H) - A4f) (I>/(11\X24f) dvdz } = R,.

The remaining term Ry is readily estimated by using (66).

It remains to deal with the convective terms C; and Cy. At first, we simply use the Cauchy-Schwarz
inequality to dominate

IN

|Ca|

73/ ST @)|V.6] /T (0)|u]| de
< / v (6)|V, 9|2dx+Hu||Loo/ v (6) 62 dz ) .
277 3

Eventually, integrations by part yield

_ 4 VA o s
= / (At f G g VaAY) Advda
= fj (A_S) dvdz
R3 S VLA 1
47\ A4 @ L
Rs S2 (NN A A3 dv dz.
Then, we conclude that (25) holds by using (66). This ends the proof. "
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D Proof of Corollary 1

Our task consists of dominating the right-hand side in (24) so that we will be able to use the Gronwall
lemma. It follows from Proposition 2 with suitable choices of the functions & and V.

First, notice that C; and R; are clearly dominated by H(f,6). Next, the first term in the right-hand
side of (26) is compensated by the second integral in the left-hand side of (24). Besides, assuming that
6207 (9) < MY(0) allows us to dominate the second term by H(f,#). The treatment of the terms coming
from R; is slightly more delicate. Using the Young inequality yields

KL, dvd
|Ry| < KvCL, // [A'f = BO)] dvdr + 03/ RSl — (68)

for any v € (0,1). Note that, up to now, we do not use any relation between the functions <I> and W.
Then, we first use these relations with ®(z) = 22/2, and, according to Remark 10, ¥(z fo
which has been denoted by I'. With this choice, we simply have

1

H(f,0) = B /R3 . f2A5 dvdx—i—% I'(0) dz.

R3

Next, using (H1) and (65), we get
Dy > = CL, / |A*f —B(6)|* dvde,
(A ) a)s2

while

4 . 1/4 o' 2 v dvdex.
D> g8 et [ [ 1A ) ~ AW )R a v

On the other hand, we have
@' (Af)?
Al
in view of (65). Coming back to (68), we thus obtain

S KfQAE),

\R2|§KVC£a// A~ BO)2 dvda + 2La94(1.0).
R3JS2

4vC3
Combining these informations and choosing, say, v = 2(‘;7’;)2, we are finally led to

C

d 2
GH(0+ 55 [ VGO do
+ ()\*) CEG/R3 2|A f—B(9)]" dvdz .
V) () — AWDAF (V)2 dv’ dvdz
s £ [ | A0 0) - A0 ) P ava

< (20 g

A direct application of the Gronwall lemma, with (29) and (H3), proves the second estimates in (30) and
(32), the L?-estimate in (31) and it also justifies (33) and (34).

We go one step further by using now another choice for the functions ® and ¥. Namely, let us use

U(0) = 62/2 and (2 f B(~1(s)ds (which has been denoted by J(z)). As explained above, the main
difficulty relies on the term denoted by Ro. We simply write

Ryl < K2 (//A4 FIT(ALF) d”dx // ) 1J(ASP)| dX?). (70)
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Assumption (H2) allows to dominate the first term by H(f, ). Finally, the Young inequality yields

dvd 1 J’
Jofomorran St ] [ moras |73
R3.JS2 p R3JS?

§K(/R3F(9)dx+/Ra/Sz (fA4)Edvdx

dvdz

where the last line follows by using (H2). Therefore, we can now complete the estimates in (31) and (30)
by means of the Gronwall lemma, using (29), (H3) and the bound on I'(f) which has been justified in the
previous step. ]

E Proof of Corollary 2

It is more convenient to deal with a modified energy involving the weight A. Precisely, we have

d C
dt</RB/S2fAdvdx+P/RS€dx>

= fatAdvdxfC/ v-Vef Advde
R3J§2 3 /g2 1
+cca?/ (1——)AQadvdx

Y
= fOo;Advdx +C vf - VyAdvde
R3J§? R3.JS? 0 )
1\ B
+C£a// (1—7) (2)dvdx—C[,a// (1—7) A?f dvdz.
R3.J§2 v/ A R3.J§2 Y
We use the assumption (H2) which implies F(fll;/;m = 09 p](}i%i)/p ds < Mf09 ds = M@. Then, we use the

Holder inequality with exponent ¢ = 1/(2 —p), ¢ =1/(p — 1) and we get

/R?’B(a)dx = </RSF(9)dx)l/q (ASF(9)<1P<2p>>/(p<p1>> dx>1/q'
(/R T'(9) dx)Q_p (/R de)p_l

(2—p)/RsF(t9)dx—|—(p—1)/R39dx.

IN

IN

Furthermore, coming back to (66)and (29), we note that all the quantities CV A, 0:A and CL,(1 —1/7) <
KL,/C are bounded uniformly with respect to the scaling parameters. We thus obtain

d
= Advd 6d
dt</Rsszf ! x+/n«3 x)
gK(//fAdvdx—i— Gd:c—i—/ r(e)d:c>
Rr3.Js2 R3 R3

for some constant K which does not depend on the parameters C, P, L, L,. An application of the Gronwall
lemma ends the proof. |

F Proof of Proposition 3

Proposition 1 applies for u = 0, A = 1. Thus, we have
Ker(Q&o) = Span{1}, <QS,0(f)> =0,
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which shows that Ran(Qs,0) C Span{l}*. In particular the vanishing condition (k) = 0 is a necessary
condition to solve the equation Qs o(f) = h. Moreover, the following coerciviy estimate

g

- [L@unra=% [ [ 1) - rolara=a. [ 150 - (nFa

holds. Therefore, a(f,g) = — [s Qs,0(f)gdv defines a bilinear continuous form on L*(S?), which is coercive
on the closed set {f € L?(S?), <f> = 0}. Hence, the equation Qso(f) = h can be solved on this set by a
direct application of the Lax-Milgram lemma. Estimates on the solution are immediate consequences of the
coercivity relation. (Much more general collision operators are dealt with in [9].) ]
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Figure 1: Speed, temperature and intensity — tmax = 0.3, 05 = 0, = 1, Az = 0.02

Figure 2: Speed, temperature and intensity — tmaz = 0.4, 05 = 0, = 1, Az = 0.02
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Figure 3: Graph of the L. errors for several values of ¢ and Ax
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Figure 4: Speed, temperature and intensity — tmaz = 0.025, 05 = 0, = 1, Ax = 0.02

Figure 5: Speed, temperature and intensity — tmazxz = 0.6, o5 = 0, = 1, Az = 0.02
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(a) 0o =0 (b) oa=1

(¢c) 0a =5 (d) 0o =10

Figure 6: Temperature and intensity — tmax = 0.6, o5 = 1, Az = 0.02, ||ul|oo = 10, rarefaction wave
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(a) 0o =0 (b) oa=1

(¢c) 0a =5 (d) 0o =10

Figure 7: Temperature and intensity — tmax = 0.35, 0, = 1, Az = 0.02, ||ul| = 10, shock wave
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(a) os =1 (b) o0s =5

(c) 0s =10 (d) 0s =20

Figure 8: Temperature and intensity — tmax = 0.35, 0, = 1, Az = 0.02, ||ul|o = 10, shock wave
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Figure 9: Temperature and intensity — tmax = 04, 05 = 04, = 1, Az = 0.02, ||u||oo = 10, rarefaction wave
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