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FROM DISCRETE BOLTZMANN EQUATION TO
COMPRESSIBLE LINEARIZED EULER EQUATIONS

ABDELGHANI BELLOUQUID

ABSTRACT. This paper concerns the asymptotic analysis of the linearized Eu-
ler limit for a general discrete velocity model of the Boltzmann equation. This
is done for any dimension of the physical space, for densities which remain in a
suitable small neighbourhood of global Maxwellians. Providing that the initial
fluctuations are smooth, the scaled solutions of discrete Boltzmann equation
are shown to have fluctuations that locally in time converge weakly to a limit
governed by a solution of linearized Euler equations. The weak limit becomes
strong when the initial fluctuations converge to appropriate initial data. As
applications, the two-dimensional 8-velocity model and the one-dimensional
Broadwell model are analyzed in detail.

1. INTRODUCTION

This paper shows how a suitable asymptotic analysis of a discrete kinetic theory
leads to a macroscopic model of the compressible linearized Euler equations. The
analysis is applied to the discrete Boltzmann equation which is a nonlinear mathe-
matical model of the kinetic theory of gases, that describes the evolution of a gas of
particles allowed to move in all space with a finite number of velocities. The discrete
kinetic theory was systematically developed in the Lecture Notes by Gatignol [20],
which provides a detailed analysis of the relevant aspects of the theory: modelling,
analysis of thermodynamic equilibrium, and application to fluid-dynamic problems.
The interested reader can recover in the book by Gatignol [20] various examples
of models. Recent developments which include generalizations to arbitrary number
of velocities, e.g. [I, 25], and development of computational schemes, are reported
in the book edited by Bellomo and Gatignol [5]. The mathematical literature con-
cerning the analysis of the initial and initial-boundary value problem is reviewed in
[@].

The asymptotic theory for small Knudsen numbers for models of the kinetic
theory of gases means, as known [29], deals with the analysis of the macroscopic
description delivered by the kinetic equations when the distance between particles
tends to zero. Then one obtains a macroscopic description from the microscopic one
as an alternative to the purely phenomenological derivation. The method applies to
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various kinetic equations. Different scaling generate different macroscopic equations
as documented by the formal expansions proposed in [I3].

On the other hand, the derivation of fluid dynamical equations by methods of the
kinetic theory, is well understood at the formal level, however its full mathematical
justifications is still missing. Indeed, the justification of the formal approximation
for the classical Boltzmann equation has shown to be difficult considering that
many basic regularity questions remain unsolved. Some approaches to overcome
these difficulties have emerged in the pertinent literature see [2, 3], 4} [7] [8] [9] 10} 1T,
12|, 15 16, 177, A8, [19] 23, 24, 26], 28], 29] 30, BT}, B3 [36]. Specifically, a rigorous result
about the fluid-dynamical limit for the discrete Boltzmann equation towards the
compressible Euler equations provided that the initial fluctuations are smooth was
obtained by Caflish and Papanicolaou [16] for the one-dimensional Broadwell model.
They proved the validity of the fluid-dynamical approximation for this model up to
the first appearance of a shock discontinuity in the corresponding Euler equations.
Their method is based on the (assumed) existence of smooth solutions to the fluid
equations. On the other hand, it was shown by Inoue, and Nishida [20] that the
solution of the Broadwell model will be smooth for a finite time, with analytic
initial data and, for ¢ — 0, arbitrarily close to the local Maxwellian, where ¢ is a
dimensionless parameter related to the Knudsen number. This solution converges
strongly to the solution of the compressible Euler equations. The proof uses an
abstract Cauchy-Kowalewski Theorem in the scale of Banach spaces of analytic
functions, that is the method proposed by Nirenberg [32] and Ovsjannicov [34].
Recently, the hydrodynamical limit for the nonlinear discrete Boltzmann equation
towards the incompressible Navier-Stokes was investigated in [9] [10].

This present work describes the asymptotic trend of the solutions of the discrete
Boltzmann equation to the solutions of the linearized compressible Euler equations.
This paper consists of 8 Sections. In Section 2, we give a review of the basic
concepts in the discrete kinetic theory for later use. Sections 3 and 4 provide the
statement of the problem and introduce the associated fluid equations. Precisely,
Section 4 deals with the formal scaling that leads from the discrete model to the
linearized compressible Euler equations. The asymptotic behavior as ¢ — 0 of the
solution is investigated. Formally, it is shown that fluctuations of order to ¢(e)
(¢(e) — 0 when € — 0) converge to the solution of the linearized Euler equations,
which are strictly hyperbolic. A proposition concerning this formal derivation is
proposed. A precise statement is given in Section 5. Section 6 contains the proof
of uniform existence of the solutions. The proof holds with the scaling of the
fluctuation ¢(e) = O(e?),p > 5. In Section 7, when the scaling is more restrictive
p(e) = O(eP),p > 1, an estimate of the derivative of solutions is obtained, and is
used to prove the strong convergence of the solution to the solution of the fluid
equations. Applications concerning the two-dimensional 8-velocity model and the
one-dimensional Broadwell model are dealt with in Section 8.

2. PRELIMINARIES

Some basic concepts of the discrete kinetic theory are summarized in this Section.
Let us denote by m the space dimension and by vy, ..., v, constants vectors in R™.
As known [20], the so called discrete velocity Boltzmann equation can be written
as follows:

atFl+’l)lszZ :QZ(F,F), Z: 1,...,n, (21)



EJDE-2004/104 FROM DISCRETE BOLTZMANN EQUATION 3

where F; = F;(t,x) represents the mass density of gas particles linked to the
constant velocities v; = (v},...,v") € R™ at time ¢ > 0 and position = =

(x1,...,2m) € R™; Q; is a quadratic operator related to the binary collisions:

1
20 4
J

{(AG(FuGi + FiGy) — AR (FG; + FiGa)}, (2.2)
kl

where «; are positive constants, and where the terms Af]l are the so-called transition
rates referred to the collisions

(vi, v5) — (vx, 1)

for a collision scheme such that momentum and energy are preserved in the collision.

The transition rates are positive constants which, according to the indistinguisha-
bility property of the gas particles and to the reversibility of the collisions, satisfy
the following relations

A = A = Ay (2.3)

A detailed computation of the terms Afjl can be obtained by specifying the
velocity discretization and analyzing the related collision mechanics.

A large part of the models for simple monoatomic gases, with binary collisions
is described in the lectures notes by Gatignol [20]. In this case, gas particles collide
by simple binary collisions which preserve momentum and energy:

Vi + v = v+ Uk,
vz-2+v]2 :UZZ +v,%.
Moreover the transition rates are linked to the corresponding transition probability
densities by the relation
Kl Kl
Aij = Slv; — Uj|aija
where S is the cross section area and aff denotes the transition probability density,
which is characterized, as Af’;, by the properties indicated in (2.3)) and, in addition,
by the normalization property with respect to one,

kl _ kl _
g a;; = E a;; = 1.
k l

A summational invariant is an element ¢ = t(4, . 4,y of R™ such that for all
L5, k1l=1,...,n,

AG(=+ =2 =y o, 2.4

kl(ai + o o az) (2.4)

It is well-known that any one of the following three properties implies the others.

e (i) ¢ is a summational invariant

e (ii) (¥, Q(F,GQ)) =0 for all F,G € R"

o (iii) (¢, Q(F,F)) =0 for all F € R".
Here (,) denotes the standard inner product in R™. The set of summational invari-
ants, is denoted by M. Then 0 < dimM < n because t(q,,....a,) € M and M # R™.
Let dimM = r, while {/(V), ... 9} is a basis of M. For F € R", we put

wk = <w(k:)7F>7 k = ]‘7 A 7T7 (2.5)

and let w = Ly, . .w,). The wy are called hydrodynamical moments or simply
moments of F with respect to the basis {yp™), ... ()},
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Let F' = t(p,,.. F,) € R". We write F' > 0 if F; > 0 for all i = 1,...,n. Then
F =%, F,) > 0is called a Maxwellian if

AP (FFj — FF) =0, forall i,j,kl=1,...,n. (2.6)

In particular, F(¢,z) > 0 is called absolute Maxwellian if it is a locally Maxwellian
state and is independent of ¢ and x. Any of the following three properties implies
the others, provided that F; >0 fori=1,...,n

e (i) F is a Maxwellian

® (ii) t(ay log Fy,e.oan log Fu) € M,

e (iii) Q(F,F)=0.
Let us denote by N the set of all Maxwellians (N is a r-dimensional open manifold
in R™), and let F' € N. Then, the following expression holds

o;log Fy = Zul¢§l), i=1,...,n. (2.7)
1=1

Here uyy e R, I =1,...,r, and z/;lm denote the i-th component of 1)), Let us put

,...,un)> then it is easily to show that the application F' — w is a one-to one
map. The domain of this mapping is N. Let us call u the standard coordinates of F’
with respect to the basis {t)(), ... 4"}, The range of the above mapping F — u
coincides with R". If F' = M (u) denotes the inverse mapping u — F', then one has

M(u) =ty (u),... M, () With
1 0! .
M;(u) = exp(— Dy i=1,... n. 2.8
() = e S ul). i n (2.8)
Therefore, the moments w of a Maxwellian F = M (u) with respect to the basis

{opM .. (M} can be regarded as functions of u. Then w(u) = Ewr (). wn ()
with

wp(u) = W® M), k=1,...,r (2.9)
A direct computation yields %M(u) = AM(u)w(l), l=1,...r. Here
M M,

for M = t(nr,,... m,)- Let the functional matrix Dyw(u) be defined by
Dyw(u) = (<wk7AM(u)w(l)>)1§k,l§r~

Since each component of M (u) is positive, D,w(u) is real symmetric and positive
definite for u € R". Hence, in view of the fact that R" is a convex set, one conclude
that the mapping v — w is one-to-one.

Let us now denote by 2 the range of this mapping, then 2 is a convex open set
in R™ and the mapping u — w defined by is a diffeomorphism from R”™ onto
Q. This result is due to Gatignol [20] 21]. Consequently, any Maxwellian F' can be
expressed uniquely as F' = M (u(w)) by using the moments w of F, once a basis
of M is fixed. Here u = u(w) denotes the inverse mapping w — u. It needs to be
remarked that the moments are called macroscopic variables also.

Also we introduce the linearized collision operator. This is obtained if we lin-

earize (2.1) by putting F(t,z) = M + A}V{,Zf with Ay given as (2.10). The precise
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definition is as follows. Let M = t(ns, ... a,) and let M; > 0 for i = 1,...,n. Let
Ly be an n x n matrix such that

Larf = —20;7Q(M,AY?f), for any f € R™. (2.11)

Then, if M is a Maxwellian, Lj; is called the linearized collision operator. The
following result concerning Lj; is well-known: If M is a Maxwellian, L is real
symmetric and positive semi-definite, then null space is

N(Ly) = AYVM.

The interested reader is referred to [20] 211, 27 28], for the topics dealt with in this
Section.

3. THE HYDRODYNAMICAL LIMIT

The aim of this Section is to write down the general form of the compressible
Euler equation and their linearized equations around the constant state.

The compressible Euler system. We introduce a small parameter ¢ > 0 and
write the system (2.1)) in the form

OF. + > VIO, F. = LQ(F., F.) (31)
j=1

n

where F. = t(p,, £, Q = {qy,...q.), V/ = diag(vj, ..., v]
denotes the Knudsen number.
Taking the inner product of | and )k =1,..., 7, yields

) and the parameter &

9 k) Iy —
57k T Z axj JVIF) =0, (3.2)

where wy, is given by (2.5 .
The number density F. is relaxed, as ¢ — 0, to a local equilibrium distribution.
Suppose that F; has a limit F' and letting € tend to 0 in (3.1)), yields

Q(Fv F) =0. (33)

It follows from (3.3) that F' is a Maxwellian. Hence, recalling the arguments in
the preceding Section, one sees that F' = M (u(w)). Setting F' = M (u(w)) in (3.2)
gives the Euler equations in the form

Owr +Za W® VIM(u(w) =0, k=1,...r (3.4)

Let us now substitute w = w(u) into and change the dependent variable from
w to u. This manipulation yields

Z A (u 3% 0, (3.5)

where
A°(u) = Dyw(u) = (™), As ¥ P))1<ri<r, (3.6)
AT (u) = (PP Apry VIO DN 1 <picr, jot,m. (3.7)
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The property that Ay, and V7 (j = 1,...,m) commute with each other, have
been used to derive (3.5). Moreover the following properties are easily checked

e (i) A%(u) is real symmetric and positive definite for u € R".
e (ii) A7(u),j = 1,..,m, are real symmetric for u € R".
Then we conclude that the Euler equation (3.4)) can be rewritten as the symmetric

hyperbolic system (3.5))-(3.7).

The linearized compressible Euler system. Assume that the fluctuations of
density are of the order of €, and introduce the change of functions

u=ug +eU + O(?), (3.8)

where ug is a constant in ¢t and x. In order to derive the equation for U, one needs
some preliminary analysis.

Lemma 3.1. Let u be as defined in (3.8). One has
AM(u) = B() + 5B1 + 0(62), (39)

where

M; .M -
By = diag ( (uo))’ By = diag (% Z Ul¢§”). (3.10)
=1

Proof. By substituting (3.8) into (2.8) and using Taylor formula, yields

M;(u) = M;(ug)exp(— ZUWU +0(e?)

€ o 2
= Mi(u)(1+ =S uw® +0
(wo)(1+ ;:1 Wy +0(e)
which, when we substitute it into (2.10]), yields (3.9))-(3.10J). d

Let {e®, i = 1,...,r} denote an orthonormal basis for N(Lps(uy)), and ™
denotes the image of {e®} () = A;ﬁ))e(i)). Then {¢®}, i = 1,...,7 is an
orthonormal basis of M. One has

Lemma 3.2. Let u be as (3.8), then one has
A(u) = Hy + eHy + O(e?), A'(u) = K} + K] + O(¢?), (3.11)

(Ho)ik = 01py (KD = (VIieW Wy 1<k <r (3.12)
(Hi )i = <¢<k> Blz/z(l)) (K{)lk W® Bvighy 1< k<r, (3.13)

Proof. By (3.6), (3.7), and (3.9)-(3.10), it is easy to get ( and with

(Ho)ix = <¢<k Bow M) and (Kﬂ)l,k (p®) | Bo Vi), One obtams
(HO) <,(/} (k) ,B ¢(l)> Z ( ¢(k)¢(l Z (k) (l 5kl)
In the same way, one has
. . M;(uo) i (k) i (k) (1
(1 = (00, BoVig®) = 57 =LV = 3TVl

This completes the proof. [
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Now, by inserting (3.8)) into system (3.5, using Lemmal[3.2] and comparing terms
of equal order in ¢, the following linear system for U is obtained:

U = ., 0U
v T — = 14
Jj=1
where the C7 are given by
Cj = (<Vje(l)7e(k)>)1§l,kgr~ (315)

It is easy to see that C7, j = 1,...m are real symmetric. So we conclude that the

linearized system (3.14))-(3.15)) is hyperbolic.

4. FORMAL DERIVATION OF LINEARIZED EULER SYSTEM FROM DISCRETE
VELOCITY MODELS

The linearized Euler equations — can be formally derived from the
discrete Boltzmann equation through a scaling in which the density F' is close to
the absolute Maxwellian M. More precisely, let us consider families of solutions
parameterized by the Knudsen number as follows:

F.(0) =M+ Sa(s)AMl/?fs(O)a F.=M+ 80(5)AM1/2fsa (4.1)
where the fluctuations f. and f.(0) are bounded while ¢(e) satisfies
ple) =0 as ¢—0. (4.2)

Consider now a family of formal solutions F. to the initial-value problem for the
scaled discrete Boltzmann equation

OF.+> V0, F. = CQ(F. Fo), t>0, z€R™,

i=1 (4.3)

FE(07 x) = F0($)7
whose fluctuations f. are given by (4.1]) for some ¢(g) that vanishes with ¢ as in

[2).

The derivation is developed in two steps: The first step defines the form of the
limiting function f. Note that by (4.3) the fluctuations f. satisfy

@S- + 3 V90, f2) + L. = p(e)T(f. f2),

Jj=1

(4.4)
fE(O,IL’) = fo(l’),
where the operator L is given by and
L(f,9) = Ay QAT AN ). (4.5)

It is easily to see that the range of I' is a subset of N(L)*.
Suppose f. has a limit f and let £ — 0 in (4.4)), one finds that Lf = 0. We can
then conclude that f has the form

fF=Y Ui, (4.6)
i=1

for some U; = U,(t,z),i=1,...,r.
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The second step shows that the evolution of U; is governed by the linearized
Euler equation (3.14)-(3.15]). Observe that the fluctuations f. formally satisfy the

local conservation laws
m

(Orfer D)+ O VIO, foreP) =0, i=1,....7. (4.7)

j=1
By letting ¢ — 0 in (4.7) and using the Maxwellian form of f given by (4.6|), one
finds that U solves the local conservation laws of the linearized Euler equations

(3.14)-(3.15). By the formal continuity in time of the density in (4.7), one finds

that
U(O) = gi_{%@v fe (0)>7 (4'8)

provided that the limits on the right-hand side exist in the distributional sense.
Here U = (Uy,...,U,) and e = (M), ... (™). The above formal derivation can be
stated more precisely as follows:

Proposition 4.1 (Formal Linearized Euler Theorem). Let F. be a family of dis-
tribution solutions of the scaled discrete Boltzmann initial-value problem (4.3)) with
initial data Fy. Let F. and F.(0) have fluctuations fe and f:(0) given by that
are bounded families for some p(g) that vanishes with € as in . Also assume
that:

(1) The local conservation laws are also satisfied in the distributional
sense for every f..

(2) The family fe converges in the distributional sense as e — 0 to f. Assume,
in addition, that Lf. — Lf, that the moments <f57e(i)> converge to the
corresponding moments (f,e®) as e — 0.

(3) The family f-(0) satisfies in the distributional sense.

Then f is the unique local Mazwellian determined by the solution U of the lin-
earized Euler equation — with the initial data U(0) obtained from .

The above approach will be fully justified in the next Section.

5. MAIN RESULT

The main result of this Section are an existence Theorem that holds for all € > 0
and a proof of the validity of the fluid-dynamical approximation —. To
state our result precisely, some function spaces need to be introduced.

Let C(Q,X) and L*(9, X) denote the spaces of the continuous and bounded
functions on 2 C R with values in a Banach space X, respectively.

Let H' denote the L?(R™)- Sobolev space of order I, with the norm |.|;.

Let

One gets the following:
Case p > 1/2

Theorem 5.1. Let | > 7 + 1. Then there exists ag such that for any e > 0 and

for any fo € HY(R™) with || foll; < ao, there exist positive constants T. and k, such
that the initial value problem ([&.4) has a unique solution f- € L>([0,T.], H'(R™))N
C(0, T2], H-L(R™)) satisfying

[fe@)lle <k, for te0,T]. (5.1)
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We remark that 7% approaches 400, as e — 0 and Tt = O(zz=7).
Case p=1/2

Theorem 5.2. Letl > F+1. If fo € H'(R™), then there exists a positive constants
T and k (depending only on || foll1) such that the initial value problem (4.4) has a
unique solution f. € L°([0,T], H{(R™)) N C([0,T], H=1(R™)) satisfying

[f@®lls <k, for te][0,T]. (5.2)

Theorem 5.3. Let f. be as in Theorem or Theorem [5.4 Then, as ¢ — 0,
fe — f weakly x in L>=([0,T], H'(R™)) for any T > 0, and the limit has the form

fF=Y Ui, (5.3)
i=1
where U = (Uy, ..., U,) satisfies
ou + Cjai =0,
ot — Ox; (5.4)

U(t = 0) = <f07€>a
where C7, j =1...,m are given by (3.15).
This Theorem shows that discrete velocity models can be approximated locally
in time as € — 0 by the linearized Euler equations (5.4)).
When the scaling assumptions on ¢(¢) is more restrictive, p(e) = O(e?), p > 1
and the initial datum satisfies
f-(0) = he +ek. where h.e N(L), and k. € H'(R™),

. 5.5
lim Hhs - h||171 = 07 ( )
e—0

then strong convergence is obtained.

Theorem 5.4. Assume (5.5), and let f. be as in Theorem or . Then, as
e —0, fo — f weakly % in L>([0, T, H'(R™)) and strongly in C([0,T], H'=1(R™))
for any T > 0, and the limit has the form 1) where U = (U, ...,U,) satisfies

Z CJ am] 0,

whmfmg

(5.6)

Let (U?) = (e, f.). Since {e? i = 1,...r} forms an orthogonal system, U in
is given by U = (e, f). One gets the following result.

Theorem 5.5. Assume that (5.5)) holds. Then, as e — 0, U* — U weakly x in
L>([0,T), HY(R™)) and strongly in C([0,T], H'=Y(R™)) for any T > 0, and the
limit U satisfies the Linearized Euler system (5.0)).
Remark. (i) The use of the spaces H' is necessary in our proof because the
nonlinear term I' defined by (4.5 is bounded for [ high enough.
(ii) Let he = A%V/[Qt(al,a%_,an)ws, one gets Lh. = 0, while an example of assump-
tions (5.5) is given by

fE = 1/2t(o¢1,a2, ,an)wa + Ek&‘a

lim ||we — wl;—1 = 0.
e—0
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Acoustic fluid dynamical limit (linearized Euler equations) for the classical Boltz-
mann equation has been dealt with in [23] for any periodic spatial domain of two
or more dimensions. Indeed it was shown that the scaled families of DiPerna-Lions
renormalized solutions have fluctuations that globally in time converge weakly to
a unique limit governed by a solution of Acoustic equations provided that the fluid
moments of their initial fluctuations converge to appropriate L? initial data and the
scaling of the fluctuations with respect to Knudsen number is essentially optimal.
Moreover, the limit becomes strong when the initial fluctuations converge entropi-
cally to appropriate L? initial data. The proof uses the averaging lemma (cf. [22]).
The averaging lemma is valid for continuous solutions and has no counterpart for
discrete velocity models (except in one space dimension (cf. Tartar [35]). Recently,
asymptotic limit for kinetic models towards the non linearized compressible Euler
equations or towards the Acoustic equations when the Knudsen number ¢ tends to
zero has been dealt with in [12]. The existence and uniqueness theorem, in these
case, is proven for analytic initial fluctuations on the time interval independent of
the small parameter €. As € tends to zero, the solution of kinetics models converges
strongly to the Maxwellian whose fluid-dynamics parameters solve the Euler and
the Acoustic systems.

Here we establish a so-called linearized Euler limit for the discrete Boltz-
mann equation in any space dimension. Equation is solved by using the prin-
ciple of contraction mappings, by means of the iteration scheme related to Lemma
and The convergence of the scheme to a solution of equation is proved
by using suitable properties of the operators L and I'.

The strong convergence of the solution of equation as € — 0 is proved
by the uniform estimate and the equicontinuity in ¢ € [0,7] of the solution with
respect to € € (0,1) (Lemma provided that the initial fluctuation is smooth,
and closed to an N (L) element which converges to appropriate initial data.

6. UNIFORM EXISTENCE

This Section deals with the proof of the local existence of solutions to (4.4).
Some preliminary estimates are necessary for the proof.

Estimates.

Lemma 6.1. Let p > 1/2 and let z(t,x) be a given function of t and x such that
lz(E)|l: <k, and let g(t,x) satisfy the linear system

GAA 1 3

Jj=1

(6.1)
9(0,z) = go(z).

Then there exist suitable constants ag, T, such that for any go € H' with || go|l; < ao,
a constant k can be chosen such that

sup_[la(t)s < . (62)
0<t<T.
Proof. The Fourier transform of (6.1]) yields
R T
0, VIi(; ~Lj="—""2TI(z,9). 6.3
g+ > Gg+-Lg=——"1(z9) (6.3)

Jj=1
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Taking the inner product (in C™) of (6.3) with g, and considering that Y7, V7(;
and L are real, symmetric, shows that the real part of (6.3) can be written as
follows arlgl? ( )
g L. X
L 4 2(Lg.9) = E Re(l(z,9).9), (64)
where (,) denotes the standard inner product in C™.
Let P+ be the orthogonal projection operator onto N(L)‘. Noting that L is
positive semi-definite, and as the range of T is a subset of N(L)*, (6.4) gives the
estimate

23’ | Cripip Lz, 9)[1P44
i} < =\ I/ Il
5t 1P < ele) -
< 30(5)2|f\( )|2 ‘PL |2
2016

which implies in particular that

0

t|9‘ < Ce? YT (z, g)|> (6.5)
Therefore, multiplying (6.5 by (14 |¢|?)!, and integrating over [0, ] x Ry, gives,
from Plancherel’s Theorem, the inequality

lgllf < llgollf + Ce*> ' K*T sup ||lg(t)]7. (6.6)
t€[0,T]

Let « be fixed and let T be such that

Ce?P7IT < a.
Then using ,
sup [lg()[l: < llgolls + kv sup lg(t) ],
te[0,T] te[0,T]
which implies that if
kva <1, (6.7)
then H I
golli
sup g < 6.8
s ool < 7% 7= (638)
Let

1 1—/T—4/a|gol
lgoll: < —= :
4/a 2/«
then it is easy to show that k is the smaller root of the quadratic equation
Vak? =k +|golli =0

which shows, since 2kv/a = 1 — /1 — 4y/al|gol; that (6.7) is satisfied. Then the
desired estimate ([6.2]) is an immediate consequence of (6.8]). Thus the proof of
Lemma [6.1]is completed. O

=ag, and k=

Lemma 6.2. Let p =1/2 and let z(t,x) be a given function of t and x such that,
lz(t)|l: <k, and let g(t, z) satisfy the linear system
m
: 1 ()
0 V70,. —Lg="—""2T(z,9),
tg+j; 9+ Ly = =T(9)
9(0,z) = go(x).
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Then there exist suitable constants ag, T such that for any go € H', a constant k
can be chosen such that

sup |g(®)[li < k. (6.9)
0<t<T

Proof. In view of 7 one has
91l < llgoll7 + CE*T sup |lg(®)]7.
t€[0,T]

Therefore, if

T 1 4k 1—14/1=4VCT||gol:

= — an = y

* 7 16C]Igo|I? 2V/CT

one gets the desired estimate (6.9)). |

Equation (4.4) can be solved using Lemma or Lemma and the principle
of contraction mappings. The iteration scheme {fN} is as follows: f0 = f; and

O Y Vo g e = S p g
j=1 € €
FNFN0,2) = folw), N=0,1,2....

(6.10)

Lemma 6.3. Let p > 1/2 and fy € H' such that ||folli < ao. Then suitable
constants T., k and 8 (8 < 1) exist such that for any € > 0 and for any t € [0, T]
the following estimates are satisfied:

LA < &, (6.11)
[Faks féV ||lscoﬂ%. (6.12)

Proof. Smce ||f0||l = |lfoll: < k, then ) follows thanks to Lemma Let
RN = fN+1 _ N Therefore, RY satlsﬁes

O + 3 V90 RY + TERY = FE (R 2 (2 RY)),
j=1
Applying the technique used in the proof of Lemma one obtains:

oA < CEEL (BRI 4 (Y RYP)

Multiplying by (1+|¢|?)!, integrating over [0, T'] xR¢. One can use again Plancherel’s
Theorem with - to deduce that
IR < Ce®~ R T(|RY I + | RY|7)
< ak®(IRXTH7 + IRYIF).
Since k%o < 1, it follows that

K _
IRY? < o IR R, (6.13)
Put )
ke«
B=1"12a (6.14)

Then (6.12)) follows from (6.13]). O
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Lemma 6.4. Let p = 1/2 and let fo € H'. Then suitable constants T, k and X\ (
A < 1) exist such that for any € > 0 and for any t € [0,T), the following estimates
are satisfied:

I <k,
IfNF— £V < CoAz.

The proof of this lemma follows similar arguments to those in Lemma 6.3

Proof of Theorems and In view of Lemma|6.3|or Estimates (6.11),
(6.12) imply that for each e > 0, { N} is a Cauchy sequence in L>([0, 7], H'). Let

us denote its limit by f.(¢), and note that it satisfies the estimate ; i.e., this
limit is in L°°([0, 7], H').

It can be shown from that 0; fN ! can be expressed in terms of sequences
converging in L>([0,T], H'~') as N — +o0. The limit is

0 = — zm:vjawjfa a éLfE + @(E)F(faafa)-
j=1

3

Now let ¥(t,z) be a C* function of compact support in [0,7] x K. We have just
seen that

[ e ou s — (Wt ), 0-(t, 2))dt da,
[0,T]xK [0,T|xK
as N — +o0o. However

/ (Wt ), O f N dtda — —/ Ot ), PN dtda
[0,T]x K

[0,T|xK
- = <at,(/)(t7 .'IJ), f5>dtd$7
[0,T]x K
as N — +oo. Therefore, 0.(t) is identified with the distributional derivative in
t of f.. Tt follows that f. satisfies (4.4]), and %J;E € L*([0,T), H""1); hence f. €
c([o,7), H).

7. STRONG CONVERGENCE

The uniform bound (5.1) and additional estimates are needed for proving The-
orem Under the assumption ({5.5)), it is possible to find a uniform bound for

%ff . The uniform equicontinuity in ¢ is given by the following lemma.

Lemma 7.1. Let ¢(e) = O(eP), p > 1, 1 > (m/2) + 1 and assume that assumption
(5.5) holds. Then

H 8f6
ot
where the constant C' does not depend on ¢.

li-1 < Cexp(CE*T), Vte[0,T], € € (0,1), (7.1)

Proof. Following the arguments in the proof of Lemma we have
OOcfl> | Cripiany o 0(e)? 2 C1ipiony 2
— + —|P < —1 —|P . 2
9 + c | atfe‘ = 201€| (8tfsafe)| + 26‘ 6tfe| (7 )
Multiplying this inequality by (1 + [¢|?)!~!, and integrating over RY", yields

Oullocfe iy < C*P MO fellE Il £o 71 - (7.3)
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Moreover using Gronwall’s inequality, allows to rewrite (7.3)) as follows
10ef=lli-1 < exp(CE*T) |00 f2(0) |11
Then, using (4.4) to express J; f-(0) in terms of the initial data yields:

2 i . 1 3
100 felli—1 < (| Zvjazjf0||l—1 + g”LfO”l—l + @Hr(fovfo)\\l—l)-
=1

Taking into account assumption ,
10e felli-1 < Ceap(CK*T)(|10shel1-1 + ellOukelli-1 + | Lkel1-1
+ PRI + Pl hellillEe lle + P Ik I7)
< Cexp(CK*T).
Thus the proof of is complete. O

From Lemma [7.1] one can conclude the following: The solution f. is uniformly
bounded in C([0, 7], H'=1), e > 0, and ¢ in any compact subset of the interval [0, T.
Moreover f. satisfies the bound . Therefore, by the Ascoli-Arzela Lemma a
convergent subsequence f., (¢; — 0) can be chosen such that

ij — f in C([OvT]le_l)’
and the limit function satisfies the bound ([5.1)).

8. EXAMPLES
In this section, we study the asymptotic behaviour of the two-dimensional 8-

velocity model and the one-dimensional Broadwell model.

The two-dimensional 8-velocity model. This Sub-section deals with the pre-
sentation of a two dimensional model with 8 velocities for which Condition (2.3) is

satisfied. The velocities v;, i = 1,...,8 of the model we are
v = (’U,O), Vg = (0,’[})7 V3 = —V1, Vg = —V2,
Vs = (’U,’U), Vg = (_’U,’U)7 U7 = —Us, Vg = —Usg,

where v is a positive constant. Note that |v;| = v (j = 1,..,4) and |v;| = V2v
(j =5,...,8). The above model is characterized by six non-trivial collisions:
Type 1 (v1,v3) — (v, v4),

Type 2 (1)5,’1]7) — (UG,Ug),

Type 3 (v1,v6) — (vs,v5), (v1,v7) — (vs3,vg) ete.

Assume that for each of the above types the values of A;cjl are given respectively by

24 _ 91 68 _ 92 35 38 46 45 _ 03
Az =, Ayr=—, A=A =Ayn=A4%x=—,
2 2 2
where 01,09 and o3 are positive constants.
Then letting (aq,...,as) = (1,...,1), yields

1
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where Q;(F, F) are given explicitly by
Q\(F,F) = 01(FoFy — F\F3) + 03{(F3F5 — F1Fg) + (F3Fs — F1Fr)},

Qs(F,F) = 09(FsFs — F5F7) + o3{(F1Fs — F53F5) + (FoFs — F4F5)},
and so on. Let F' =t(p, . g, QF, F) = t(Q,(F,F),...Qs(F,F)) and
V! =wdiag(1,0,-1,0,1,-1,—1,1),V? = vdiag(0,1,0, —1,1,1, -1, —1).
Then can be written in the form

2

OF, OF. 1
Z-€ J c _ -
o TV 5 “Q(F, F). (8.2)

j:
If M is the set of summationnal invariants, then it is easy to see that dim M = 4.
Therefore the orthonormal basis for M is given by ¢®), i =1,...,4,

2 6
pd = Tt(l’1’1’1’1’1’1’1)7 p® = —14(1,0,-1,0,1,—-1,—1,1)5

6
VG V3

p® = ?t(0,1,0,71,1,1,71,71)7 P = Tt(1,1,1,1,71,71,71,71)-

On the other hand a locally Maxwellian state is a vector M = t(py, ... ) > 0 which
satisfies (2.6) and t(1og a1y ... log Ms) = Z?:l B for some (B1,...,Hs) € RY. Then
putting My = exp(¥Z2 (81 + ) + L (B2 + f3)), a = exp(¥2B4), b = exp( L2 33),
and ¢ = exp(?ﬂg)7 yields

M = MOt(b,c,bcz,bzc,tﬂ,azcz,a2b2c2,a2b2)~

For simplicity we deal here with the case where o = 3 = 0 (i.e., b =c =1 and
My = M;). Let M > 0 be an absolute Maxwellian state with the simple form:

M = Mit(1,1,1,1,0%,a2,02,a2), Where M7 > 0 and a = (M1 > 0 are constants. In
this case one has A = M, diag(1,1,1,1,a?,a?, a?, a?). Substituting

F.(t,x) = M + @(e)AYV2 f.(t, ),
into (8.2)) yields the following system for fe:

Lfe

_ ()
8tf£ + Vla’hfe + VQaIQfE + - ?F(f&‘v f5)7 (83)
fe(t=0,2) = fo(x).

Since N(L) = A'/2M, a simple calculation generates the orthonormal basis {e(i),i =
1,...,4} for N(L):

1 V2
1) — — ¢t (2) — Y2

€ 2b1 (1,1,1,1,a,a,a,a)y € 2b2 (1,0,-1,0,a,—a,—a,a)>
o _ V2 @ _ 1

= by t(O,l,O,—l,a,a,—a,—a)7 € = 2, t(a,a,a,a,—l,—l,—l,—l)a

where by = (14 a)'/? and by = (1 + 2a%)'/2.
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To determine the linearized Euler equation for this model, we evaluate the terms
Ol = (Ve ey o) pey and C? = (V2eW ek} o) k<4, one gets

0 \@Zlbz(l—i—cﬂ) 0 0
0 — a0 0
o wswe 0
C? = i (14 2a2) 0 0 - (8.5)
0 0 —ma

Then applying the results of Section 5, one gets the existence of a local solution for
(8.3) satisfying the uniform estimate

lf-D: <k, for tel0,T.]. (8.6)

Ase — 0, fo — f weakly x in L*°([0,7T], H') for any T > 0, and the limit has the
form f = Z?Zl U;e®, where U = (Uy, ..., U,) satisfies
ou oUu oUu
) Cli 027 —
ot + 0x1 + O0xo
U(t =0) = (fo,€),

where C7, j = 1,2 are given by (8.4)-(8.5)).

0,

The one-dimensional Broadwell model. A simple mathematical model of gas
kinetics was proposed by Broadwell [T4]. It describes an idealization of a discrete
velocity gas of particles in one dimension subject to a simple binary collision mech-
anism. This model, which describes a gas as consisting of particles with essentially
only three speeds, is simple enough to be mathematically tractable, however it
contains enough physics to generate interesting kinetic and fluid equations.
The above discrete model of the Boltzmann equation, which describes the particle

density function in phase space, reads

OF; oF. 1

ot v or EQ(FE’FE)’
F.(0,2) = Fy(x),

(8.7)

where the density function is F. = ¢(pe pg re). The scalar functions [T, F3, F§
represent the number densities for particles moving in the positive z-direction, the
negative z-direction, and the positive or negative y-or z-directions, respectively. All
particles move with speed ¢. The matrix V is given by: V = diag(c,0, —c) and the
collision operator @ is

Q(f,9) = %(szgz = (f193+ f391))t (1~ 1 1)

An absolute Maxwellian state for (8.7)) is a vector M = t(as, ar,,a1,) > 0 satisfying
M3 — My Ms = 0. Therefore, it has the expression M = Mty 4 42) where My >0
and a = % > 0 are constants. Let A = Mydiag(1,%,a*). We substitute F.(t,z) =
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M + ¢(e)AY2f.(t,x) into (8-7). Then, the following system for f. is obtained:

Lf: _ ¢(e)
atfs+vamfs+ c - ?F(fsafs)v (88)

fe(t=0,2) = fo(x).
Simple calculations provide the orthonormal N(L) basis {e(?,i = 1,2} for N(L):

1 1
6(1) = at(lﬂal/z,a)v 6(2) = @t(al/2(2+a)’7(17a2),7a1/2(1+2a))7

with by = (1 + 4a + a®)"/? and by = (1 + a + a?)'/2.
The results of Section 5 can be applied to deduce the local existence of solution

of (8.8]), satisfying and, as € — 0, f. — f weakly « in L>([0,T], H') for any
T > 0, moreover the limit can be written as follows

f= Ule(l) + U2€(2)’
where U = (Uy, Us) satisfies
o (U, o (U (0
(03) +ea (1) = (o).

t
U(t=0) = ((fo,e™), (fo,e®)),

where
c(1—a?) 2ca’/?by
_ b7 b
C= 2ca'/?by,  3ca(l—a?)
b3 b7b3
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