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Abstract

In this paper, we study the fluid-dynamic limit for the one-dimensional
Broadwell model of the nonlinear Boltzmann equation in the presence of boundaries.
We consider an analogue of Maxwell’s diffusive and reflective boundary condi-
tions. The boundary layers can be classified as either compressive or expansive in
terms of the associated characteristic fields. We show that both expansive and
compressive boundary layers (before detachment) are nonlinearly stable and that
the layer effects are localized so that the fluid dynamic approximation is valid away
from the boundary. We also show that the same conclusion holds for short time
without the structural conditions on the boundary layers. A rigorous estimate for
the distance between the kinetic solution and the fluid-dynamic solution in terms of
the mean-free path in the L*-norm is obtained provided that the interior fluid flow
is smooth. The rate of convergence is optimal.

§1. Introduction

We study the boundary-layer behavior of the solutions to the one-dimensional
Broadwell model of the nonlinear Boltzmann equation with an analogue of
Maxwell’s diffusive and diffusive-reflective boundary conditions at small mean-free
path. This is one of the three connection problems in the fluid-dynamic approxima-
tion for a model Boltzmann equation proposed by BRoaDWELL [3].

The general Boltzmann equation of kinetic theory gives a statistical description
of a gas of interacting particles. An important property of this equation is its
asymptotic equivalence to the Euler or Navier-Stokes equations of compressible
fluid dynamics, in the limit of small mean-free path. One expects that, away from
initial layers, shock layers, and boundary layers, the Boltzmann solution should
relax to its equilibrium state (local Maxwellian state) in the limit of small mean-free
path, and that the gas should be governed by the macroscopic equations — the
fluid equations. This is predicted by the method of normal solutions (on normal
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regions) based on the Hilbert expansion and the Chapman-Enskog expansions.
Thus, to validate the fluid-dynamical approximation, it is necessary to complete
the Hilbert expansion (or Chapman-Enskog expansion) with suitable initial data,
boundary conditions, or matching conditions across shocks even at the formal
level. Thus, one has to solve three connection problems across the layers within
which the Hilbert expansion fails: to relate a given initial distribution function to
the Hilbert (or Chapman-Enskog) solution which takes over after an initial transi-
ent (initial layer problem), to find the correct matching conditions for the two
Hilbert solutions prevailing on each side for shock layers (shock-layer problem),
and to relate a given boundary condition on the distribution function (for the
kinetic theory) to the Hilbert solution which holds outside the boundary layers
(boundary-layer problems). The rigorous mathematical justification of the fluid-
dynamic approximation of Boltzmann solutions poses a challenging open problem
in most important cases, in particular, in the case that there are shock layers and
boundary layers in the fluid flow. This has been extensively studied in the literature.
However, most of the previous works concentrate either on linearized Boltzmann
equations [10,9], or on initial layers for some models of the nonlinear Boltzmann
equation [10,7,5,6,12,15,16] with notable exceptions [2,17,4,18]. As for the
boundary-layer problem, a qualitative theory exists for some models of steady
Boltzmann equations [ 1], but very little is known for the unsteady problems. Since
boundary layers are important because they describe the interactions of the gas
molecules with the molecules of the solid body, i.e., the interaction between the
body and the gas, to which one can trace the origin of the drag exerted by the gas
on the body and the heat transfer between the gas and the solid boundaries, it is
very important to understand the fluid-dynamical approximation when there are
interactions of the gas with solid boundaries. It is expected that the fluid approxi-
mation is still valid away from the boundaries. The main difficulties in analyzing
this problem are due to the complexity of the nonlocal collision operator in the
Boltzmann equation, which makes it difficult to study the structures of the layer
problems associated with the formal matched asymptotic analysis. Even when the
structures of these layers are relatively easy to study as for the Broadwell model, the
convergence cannot be obtained easily because the fluid-dynamical limits are
highly singular, and the dissipative mechanisms are much weaker than those for the
Navier-Stokes equations.

In this paper, we address the boundary-layer problem for the much simpler
one-dimensional Broadwell model of the nonlinear Boltzmann equation with an
analogue of Maxwell’s diffusive and diffusive-reflective boundary conditions. The
boundary layers can be classified as either compressive or expansive in terms of the
associated characteristic fields. It turns out that this classification plays an impor-
tant role on our stability analysis. We prove that both expansive and compressive
boundary layers are nonlinearly stable (before detachment [14]) and the layer
effects are localized. Thus the fluid approximation is justified for this model and
a rigorous estimate of the convergence in the L*-norm in terms of the mean-free
path is obtained provided the interior gas flow is smooth. The rate of convergence
is optimal. We emphasize that the classification of layers is needed for long-time
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stability. In the case of short time, the convergence can be obtained quite easily
without using the structure of the boundary layer. See Theorem 3.2 and §5.3.

The outline of our approach is as follows. We consider the initial-boundary-
value problem for the Broadwell model with either diffusive or diffusive-reflective
boundary conditions. The appropriate boundary conditions for the corresponding
model Euler equations is formulated so that the initial-boundary-value problem
for the Euler equation is well-posed and its solution can be realized as the limit of
the corresponding Broadwell solution as the mean-free path goes to zero. This is
achieved by matching the fluid solution with the boundary-layer solutions though
conservation laws. This matched asymptotic analysis produces an approximate
solution for the Broadwell equation with detailed layer structures near the bound-
ary. Then the existence of the exact Broadwell solution and its convergence to the
fluid solution away from the boundary are reduced to a nonlinear stability analysis.
The main difficulty of the stiffness in the stability analysis is overcome by using
energy estimates which depend crucially on the structures of the underlying
boundary layers. In the case of compressive layers, this approach works before the
detachment of the boundary layers.

This paper is organized as follows. In §2, the Broadwell model and its corres-
ponding model Euler equations are introduced. Then we study the dynamic systems
associated with the leading-order boundary layers. It turns out that this system can
be integrated explicitly so that we can classify the layers as either compressive or
expansive in terms of the rate of change of the associated characteristic speeds. As
a consequence, we obtain suitable boundary conditions for the corresponding
Euler equation and the well-posedness is verified. In §3, we state our main
convergence theorems. The rest of the paper is devoted to the proof of the
convergence theorems by using the approach outlined in the previous paragraph.

§2. Broadwell Model and Its Boundary Layers

§2.1. The Broadwell Model and the Corresponding Fluid Equations

The Broadwell model describes a gas as composed of particles of only six speeds
with a binary collision law and spatial variation in only one direction. In one space
dimension, the model takes the form [3]

Of "+ 0T =SSO =SS,
o0f=2(f"f" =), 2.1)
Of " =0 =SSO =117,
where ¢ is the mean-free path, 7, f° and f~ denote the mass densities of gas

particles with speed 1,0 and —1, respectively. In what follows, we use the vector
notation f=(f*, f° f7). The fluid moments are defined as

p=fT AT m=ft—f, u=%, (2.22)
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which are hydrodynamical quantities: the mass density, momentum, and fluid
velocity respectively. We introduce another quantity z by
z=f"+f". (2.2b)
Then the system (2.1) can be rewritten in terms of 0 = (p,m, z) as
0p + 0,m =0,
om + 0,z =0, (2.3a)
0,z + 0.m = 1q(0,0),
where
q(01,0,) = §(p1 — 21) (p2 — 22) + F(mymy — 2,2). (2.3b)
The state 8 = (p,m, z) is said to be a local Maxwellian [3] if
p>0, |lul<ec, z=po), (2.4a)
where

o) =%/1+ 3u> — 3. (2.4b)

By assuming the state to be in equilibrium, one can derive the following closed 2 x 2
system of conservation laws [3]:

0ip + 0x(pu) =0,
0(pu) + 0.(pa(u)) =0,

which is called the model Euler equation which shares many properties of isen-
tropic gas dynamics when the macroscopic speed of the gas is relatively small
compared with the microscopic speed of the gas particles [3]. It has been shown by
CAFLISCH [4] that the system (2.5) is strictly hyperbolic and genuinely nonlinear
with characteristic speeds

(2.5)

u—/o(u) u+/o(u)
_ o), _utol 2.6
S V7 S R e Vo | 26)
satisfying

<) <0 <2< 1 iful <1, 2.7)

dl;
a6 i1, (2.8)

du

We study the initial-boundary-value problem for the Broadwell equations and the
boundary-layer behavior of its solutions for small mean-free path. To isolate the
effects of boundary layers, we assume that the initial state fy = (fo, f3, fo ) is
a local Maxwellian and satisfies

0<y=fo(x) fo(x), fo(x)=C 2.9

for some given positive constants y and C.
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§2.2. Boundary Conditions and Well-Posedness of the Fluid Equations

Let the boundary be given by
x = —at = s(t). (2.10a)

To simplify the presentation, we assume that 0 < o < 1. We remark here that the
cases o = 0 and o = 1 correspond to the uniform characteristic boundary condi-
tions for the Broadwell equations, in which there are no strong boundary layers, so
that the fluid-dynamic approximation can be easily justified by adapting our
following analysis.

We consider the Broadwell equations on the region

Qr={(x0),s()Sx<+0,0=t<T}. (2.10b)
with initial data
(ST %)t =0)=(fo', f8: fo)(x) (2.11)

satisfying (2.9), and two types of boundary conditions which are analogous to
Maxwell’s diffusive boundary conditions. One is the purely diffusive boundary
condition

SHs0.0 =170, fO6s(0,0 =f3). (2.12)
Another type is the diffusive-reflective boundary condition
frs@nt) =a() f(se)t), 4f°(s(t).t) = b() [~ (s(t).t) (2.13)

where a and b are positive functions.

The gas near the boundary in general is not in an equilibrium state. In order to
understand the leading-order behavior of the kinetic boundary layer, one can use
the stretched variable & = (x + at)/¢ and look for the solution to (2.1) of the form
f(E 1) =f((x + at)/e, t). Simple calculations show that up to the leading order, the
solution is governed by the following system of ordinary differential equations in
which t is regarded as a parameter:

df* .
4 ) =1 =1
dfo_oo -
~2 e =S = (2.14)

d
_ 1 -~ 0,0 _ r+ -
(=) e =S =S
Corresponding to (2.12), the boundary data for (2.14) at £ = 0 are given by

O =15, f°0) =10, (2.15)
while for (2.13), the boundary condition for (2.14) takes the form

fT0)—af"(0)=0, 4f°(0)—bf (0)=0. (2.16)
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The state at ¢ = + oo is in the fluid region, hence taken to be a local Maxwellian in
both cases

Lo =L 2 ) fife = (f2) (2.17)

One can solve (2.14) explicitly and obtain the appropriate boundary condition for
the model Euler equation (2.5) as follows.

We start with the case associated with the diffusive boundary condition (2.12).
It follows from (2.14) that there exist two functions ¢, (¢) and c¢,(t) independent of
£ such that

@+ DT+ 2 =ci(t), (x—1f +20f°=cy(t). (2.18)
Using the boundary condition (2.15) leads to
ci(t) = (o + 1) fg +20fy. (2.19)

On the other hand, the boundary condition (2.17) yields

ci(1) = % (o 4+ 1) (up + o (up)) + o(1 — o (up))), (2.20)
where we have rewritten (2.17) in terms of the fluid moments. Setting
B(p,u) (1) = 3p(0 () + (o + D + D sa.0 (2.21)
we find the desired boundary condition for the Euler equations (2.5) to be
B(p,u) () = (& + 1) fy (£) + 20/7 (7). (222)

Next we derive the boundary condition for (2.5) corresponding to the diffusive-
reflective boundary condition (2.13). Instead of (2.19), one gets from (2.16) and (2.18)
that

2@+ la+ob ¢
2-Drob o (229

Evaluating (2.18) at ¢ = oo and using (2.17) in the macroscopic form, one can get

e =@+ D+ 2002 =B+ uy + o) + o),
(2.24)

¢ ==V fs + 2002 =2+ uy — o) — o).

It follows from (2.23) and (2.24) that
(0 +uy)(1 +a—a(l —a)=(c(uy,) +au,)(1 —a—oa(l +a+b). (2.25)
In particular, (2.25) yields
Uy =—a (2.26a)
when

l=a+oa(l +a+b), (2.26b)



A Nonlinear Model Boltzmann Equation 67

which corresponds to the purely reflective boundary condition. In this case, the
mass flux is conserved on the boundary, i.e.,

A—o)f = +a)f* +4daf®. (2.26¢)

Let u,, be the solution of (2.25). Then we have found the desired boundary condition
for the model Euler equations (2.5) to be

u(s(t),t) = uy(0). (2.27)

We now show that the problem (2.5), (2.22), or (2.5), (2.27), is well-posed at
least locally (in time). It is assumed that the boundary x = — at is non-character-
istic for (2.5), (2.22), or (2.5), (2.27). To show the local well-posedness, it suffices
to check that the boundary condition accounts for the inflow on the boundary.
To this end, we first rewrite the fluid equations (2.5) in the characteristic
form [137]:

5zd>+ + /1+ax¢+ =0,
Q-+ A0 =0,

in which the functions ¢, are the Riemann invariants of the form

u 1/2
¢+(p,u)=p2(0'(u)—u2)exp{i2f< 5 > a( = }

o\l + 3w? w) — w?

Setting ¢ (x,1) = ¢, (p(x,1),u(x, 1)), we obtain from direct computation that

5%_ 1% 2 2
a¢+_m((u(./l+3u — D)+ o) 21 +3u> + (1 + 0pu+ o —1)

+(2u+ (1 + 21 +3u?) 21+ 32 —u> —1))>0.

Thus the implicit-function theorem implies that the inflow ¢, can be repre-
sented in terms of a smooth function of the outflow ¢_ and the given boundary
values. Consequently, the initial-value problem (2.5), (2.22) is well-posed.
The well-posedness of the initial-boundary-value problem (2.5), (2.27) follows
from the following lemma whose proof is very tedious and is given in the
Appendix A.

Lemma 2.1. Assume that a =2 1/3, b £2/3 and o < 1/\/3 Then there is a unique
solution uy, to (2.25) which satisfies

luy| < 1, Aq(up) < —o. (2.28)

We remark here that the specific bounds for a, b, and a are chosen just for the

convenience of presentation of the proof, and can be relaxed somewhat. However,
it can be shown that (2.28) fails when either o or b is close to 1.
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§2.3. Classifications of the Boundary Layers

To determine the structure of the boundary layer, we now solve (2.14) with
boundary conditions (2.15), (2.17) or (2.16), (2.17). Substitute (2.18) into the second
equation in (2.14) to get

df‘O _ —(30(2 + 1) 02 ZO!(Cl + 62)
dE T 2a(l —o?) U =321

0 C1Ca
. 2.29
fo+ 302 + 1> (2:29)
Since the Euler equation (2.5) with boundary data (2.22) or (2.27) and appropri-
ate initial data has a smooth solution, it follows from the matching condition
that

f2= g(l —oW)(s(), 1), (2.30)

where f.0 is a root of the quadratic polynomial on the right side of (2.29). Define

20

o0 =—12 +3a27+1(“b+05)ﬂb- (2.31)
Here and in what follows, we use the notation p, = p(s(?), t), etc. It follows from the

definitions of ¢ (t) and c,(t) that

cr e =10 —fo +olf + 410+ 12) =y + 2)py, (2.32a)
cie; =B + D) f21°,. (2.32b)
Consequently,
20((01 + Cz) C1Co
S0, =" 0f0 = 2.32
S0 = B SR = (232

and so (2.29) becomes

ar° _

YA (SO =D =12%) (2.33a)
where
302 +1
Cy = m . (233b)

Solving (2.33a), we obtain that

(fo =SS =S20)exp(— Ca(fid —f2)E)
(fs =12)(f5 —f2exp(— Ca(fd —f22)E)
Equations (2.34) and (2.18) give the corresponding formulas for f* and f~. Our

next lemma shows that the boundary layers approach the Maxwellian states
exponentially fast as the fast variable goes to infinity.

O —f2=

(2.34)
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Lemma 2.2. If 1_(u) < —a, then 2., < f2. Furthermore, if {2 > 2., then

| £ (&) = fool = CIfY — f2lexp(— C(f] = f2.)&). (2.35)

The proof is given in Appendix A.

We remark here that for given boundary data, the condition that f > f°, is
automatically satisfied if o is suitably small.

We now turn to the classification of boundary layers. Even though the gas near
the boundary is not generally in equilibrium, it is appropriate to use the mono-
tonicity of 4, (u) to describe the kinetic boundary layers. We say that a boundary
layer is compressive if dA{/dE < 0, and expansive if dA,/d¢ = 0.

Since the characteristic speeds are monotone functions of the macroscopic
velocity u (cf. (2.8)), it is clear that the classification of the boundary layer depends
on the monotonicity of u along the boundary-layer profile. Direct calculation using
(2.14) shows that

du 4pp(o + uy) QO

e (1—o?)p* &

It follows from this that there are four different cases depending on the speeds of the
wall and the fluid:

(2.36)

ity |

I a0

A
compressive layer (d dl f(u) < 0) Uy < —0 | Uy>—0

di
expansive layer <% > 0> Uy

1\
|
R
lIA
|
IS

Uy

Remarks. (i) One can similarly study the boundary layers for the model Navier-
Stokes equations derived from (2.1) by the Chapman-Enskog expansion [4].
Viscous boundary layers can also be classified as either compressive or expansive.
However, one can prove that viscous boundary layers exist only when u, > — o
[14]. Thus the boundary layers corresponding to u, < — o are due purely to the
kinetic effects, which cannot be detected by the Chapman-Enskog expansions.
This phenomena was observed previously in the steady problems for the GBK
model (cf. [8]).

(i) The compressible layers are not always stable and may detach from the boun-
dary and become shocks. This is shown numerically in our forthcoming paper [14].

§3. The Fluid-Dynamic Limit

In this section we state our convergence results, which demonstrate, roughly
speaking, that the boundary layers are nonlinearly stable before their detachment
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from the boundary, so that the fluid-dynamic approximation is still valid away
from the moving boundary, provided that underlying fluid flow is smooth. Define

Qi ={(x,0),5() + Ex <+ 0,05t < T}

Here T is any finite positive number such that the initial-boundary-value problem
for the model Euler equations (2.5) and either (2.22) or (2.27) has a sufficiently
smooth solution (p,m)(x, ) on the region Q. In the case df °/d¢ > 0, we assume
further that the solution to the initial-boundary-value problem for the Euler
equations, (2.5) and (2.22) lies in a dy-neighborhood of a global Maxwellian state
(p*, m*,z*), as do the boundary data f, and /. In the compressible layers, we also
assume that the macroscopic speed is much slower than the microscopic speed.
Then our convergence theorem can be stated as follows.

Theorem 3.1. Assume that the boundary layer is either compressive or expansive for
all t e[0,T]. Let g(x,t) be the microscopic density distribution associated with the
local Maxwellian (p,m)(x,t). Then there exists an ¢, >0 such that for each
0 < ¢ < &g, the initial-boundary-value problem (2.1), (2.12) or (2.1), (2.13) has a unique
smooth solution f,(x,t) such that

fi(x + ot ) — g(x + at,t) e L*([0, T 1, HY(R4))nC([0, T ]: L*(R.)),

3.1)
%(x +at, t)e L*([0, T ]: L*(R.)).

Furthermore, for any integer n > 0, one can construct a bounded function §(x,t, ¢, n)
such that

sup H.f;( + OC[,t) - g( + OC[,t) - Sg( + OCt, t,S, n)”L”(RQ é Cn8n+1' (32)
0<t=T

In particular, for any 6 > 0, there exists a C5 > 0 such that

su&p | filx + at,t) — g(x + at,t)|| = Cse. (3.3)

Q%

For short time, then, the strength of the boundary layer is weak. We can obtain
the following convergence result without taking into account the structure of the
underlying boundary layer.

Theorem 3.2. There exist suitable small positive constants Ty and & such that the
conclusions in (3.1)—(3.3) are true with T replaced by T\,.

Remarks. 1. The rate of convergence in the theorem is optimal.

2. As indicated in (3.2), the principal asymptotic structure of the solution f; is
explicitly described by the function g + ¢§ which is constructed in detail by
matching a boundary-layer expansion with the Hilbert expansion away from the
boundary. This will be made clear in the proof of the theorem.
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3. In the theorems, we assumed that the initial state is in equilibrium; thus the
interesting problem of interaction of initial layers with boundary layers is com-
pletely ignored here. We also avoid the problem of interactions of boundary layers
with shock layers by assuming that the solution of the model Euler equations is
smooth. We are currently investigating these issues.

4. We present only the proof of the case n = 0; other cases can be treated
similarly.

The rest of the paper is devoted to proving the theorems. As outlined in the
introduction, the proofs use ideas similar to those of STRANG and consists of two
major parts. First we construct an accurate approximate solution of the Broadwell
equations by matched asymptotic analysis. The constructions of the approxima-
tion solutions vary according to the properties of the boundary layers. In
particular, a linear hyperbolic wave is needed in the case of the compressive
layers to preserve the conservation of mass and momentum for the approximate
solutions, which turns out to be crucial in our subsequent stability analysis.
The dynamic systems associated with the boundary-layer expansions and the
initial-boundary-value problems for the system of hyperbolic partial differential
equations associated with the interior Hilbert expansions have to be solved
simultaneously order by order. Higher-order expansions must be obtained in
order to justify the validity of the lower-order expansions. The next main part
is to prove that the approximate solution constructed here is nonlinearly stable,
which implies the desired convergence results. We present the analysis for the
case of the diffusive boundary condition in great detail in the next two sections.
For the case of the diffusive-reflective boundary conditions, we sketch the
main steps and point out only the major differences with the previous case. In the
next section, we present the Hilbert and boundary-layer expansions and their
matching for both cases. The stability analysis for the diffusive boundary condition
is given in §5. Finally we deal with the case of diffusive-reflective boundary
condition in §6.

§4. Matched Asymptotic Analysis

We now carry out the construction of approximation solutions by matched
asymptotic analysis. We first introduce some necessary notations for the Broad-
well equations in §4.1. The outer solutions away from the boundary are
obtained by the Hilbert expansions for both types of boundary conditions
in §4.2. We remark here that the boundary conditions needed for the outer
solutions must come from matching with the boundary-layer solutions; thus one
has to obtain the outer solutions and the boundary-layer solutions order by order
simultaneously. However, for simplicity of presentation, we carry out the expan-
sions separately. The boundary-layer solutions in the case of diffusive boundary
conditions are carried out in §4.3, and those in the case of diffusive-reflective
boundary condition are constructed in §4.4. This yields the desired approximate
solutions.
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§4.1. Preliminaries

We use the following notations introduced in [7]. Set

f* 1 0 O
f=|f°!, v=[0 0 0 |, 4.1)
f- 0 0 —1
1
qa(g.h) = g°h° —3(g"h™ +g~h"), Qg.h)=q(g.h)| —1/2|. (42
1
Then the Broadwell equations (2.1) can be written as
(@i + V) £, = :Q(fir 1) (4.3)
The linearized collision operator at f is given by
1
Ly=20(fi)=—|—1/2] (f7, =21% /). (4.4
1
The left and right eigenvectors of L, may be chosen respectively as
¥l =(141),
vl =(1,0, — 1), 4.5)
1
f -_ - - _2 0 +
lp3 f+ +f0 +f_ (f B f 7f )’
and (¢4, 7, p%) so that
The projection operator into the null-space of L is denoted by P, and has the form
Pih = p"pl + m"p). 4.7)
Denote the inverse of L, in the range of I — P, by K, ie.,
_ — ik
Kh=L;'(I—-P)h=—">"7"_4. 4.8
s 7 ) f++f°+f_¢3 (4.8)

§4.2. The Hilbert Expansions

Away from the boundary, it is expected that the Broadwell solution can be well
approximated by the regular expansion in the mean-free path:

fi~gteg+elg, +egs+-- . 4.9)
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Substituting this expansion into (2.1) and comparing the coefficients of equal
powers of ¢, one easily gets

Q(g.9) =0, (4.10a)

20(g.91) = (0. + Vg, (4.10b)

20(9.92) + Q(91,91) = (0: + V) g1, (4.10c)
20(9.95) +20(91.92) = (0 + V) 92 (4.10d)

We now discuss the solvability of each equation in (4.10). We first observe from
(4.10a) that g = g(x,t) is a local Maxwellian state. The solvability condition for
(4.10b) yields

P,(0,+ Vi,)g =0. 4.11)
Setting
p =90, m=<hg), (4.12)
we have from (4.11) that
0p + 0x(pu) =0,
0i(pu) + 0x(po(u)) = 0.

These are exactly the model Euler equations (2.5). We solve system (4.13a) with
initial data

(4.13a)

p(x,0) = po(x), m(x,0) = mo(x) (4.13b)
subject to the boundary condition
B(p,u) = (o + 1) fo (t) + 201 (1), (4.13c)
or
u(s(),t) = up(t), (4.13c")

corresponding to the diffusive and diffusive-reflective boundary conditions for the
Broadwell equations, respectively (see (2.22) and (2.27)). So the solution is taken to
be the given fluid solution. With g thus determined, the solution to (4.10b) can be
rewritten explicitly as

g1=4g, +K,(I—-P)0,+Vd)g, (I—P)g,=0. (4.14)
To derive the differential equations governing g,, we set
p1 =<V, 910, my=<Y2g1> (4.15)
and obtain from the solvability condition for (4.10c) that
P(0,+ V0,)§1 + B,DK,(I — P)(0, + V0,)g =0, (4.16)
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which can be rewritten in terms of p; and m, in (4.16) as
Oipy + 0xmy =0,
(4.17a)
0imy + 0x(p1(a(u) —uc’ () + myo’(u)) = 0x(pu(u)Oxu).

Note that the principal part of (4.17a) is the linearized part of the model Euler
equation at the Maxwellian g, and so (4.17) is a strictly hyperbolic system. We now
solve this system with initial data

p1(x,0)=0, m;(x,0)=0 (4.17b)
and the boundary condition
Ba(pr,my) = 3pu(u) Oeu — 0, [ (h* + 2h°%)d& (4.17¢)
0
corresponding to (2.12). Here u(u) is given by (2.8b), h* and h° are the components

of the leading-order function in the boundary-layer expansion in the next section,
and the boundary operator is defined as

01 1 —a(u) my 4u
B == — |+ =1 —. 4.18
alpr,my) 2<a+1+30(u)>+ 2( T 3w (4-18)
In the case of (2.13), the boundary condition takes the form
Be(p1,my) = pop)du + 0, § (W +2(1 +9)h° +9,h7)de,  (4.17¢)
0

730 (1) + 74 ys0(u) + yett + 77

A =
H(p1,my) 30(u) + 1 P1 30(u) + 1 15

(4.19)

where y; (1 < i < 7) are some constants given explicitly in terms of a, b, and «. The
derivations of (4.17¢), (4.18), (4.17¢") and (4.19) will be given in the next two sections
as consequences of matching with boundary-layer expansions. Assuming this, we
show at the end of this section that the initial-boundary-value problems,
(4.17)—(4.19), are well-posed.

Following the same strategy, one can derive similar initial-boundary-value
problems for g, and g5. Details are omitted. Finally, setting

94 = K,(I = F) (0, + V) 95 — 20(91.95) — 0(92.92)). (4.20)

we obtain a solution to (4.10e).
We now show that the initial-boundary-value problem (4.17) is indeed well-
posed provided that h in (4.17¢) is given. Rewrite the system in (4.17) as

P1 0 1 1 o\
(214 (o P o)) m0(2) =0 a2

The eigenvalues 4, of this system are the same as those for the nonlinear Euler
equation (2.5), and so

—1<l; <0</, <l
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Let (¢ 1, ¢ —) be the characteristic variables for (4.21) so that

by + - =p1, Ay + AP =my.

Equation (4.21) then becomes

¢+ )uz O ¢+ ¢+ B
5,<¢> * <0 il>ax <¢> + B(“)<¢> = f(u).

It follows from the boundary condition and direct calculations that

0%y 2
=20 +
3. a( +g97)+
Consequently, by the implicit-function theorem one can represent the inflow ¢ . as
a smooth function of the outflow ¢_ and the boundary value #4. Thus the

initial-boundary-value problem (4.17) is well-posed.

(0] )b 2+ 0
g ++z(g0 +g)>0.
209" +9"+g7)

§4.3. Boundary-Layer Expansion I

Next, we derive the boundary-layer solutions in the case of diffusive boundary
conditions (2.12) for the Broadwell system (2.1). Near the boundary, the deviation
of the Broadwell solution from the Euler solution is approximated by the singular
expansion

h(E ) 4 ehy(E,1) + e2h, (6, 1) + 3h5(E, 1) + e*hy(E 1) 4 - -, (4.22)

where

E(x,te) =

x —s(t)
— (4.23)

One can derive the governing equations for the boundary-layer solutions by
requiring that the expression
[l t) ~ g0, t) + eg1 (X, 0) + &2g2(x, 1) + £293(x, 1) + e¥ga(xt) +- - -
+hE 1)+ eh (6 1) + 2hy(E 1) + Ehy(E0) + eha(Et) +- - (424)

be a uniformly valid asymptotic solution for the initial-boundary-value problem of
the Broadwell system. Substituting (4.24) into (2.1) yields the equations for each
order of boundary-layer solutions:

(V +a)0:h = Q(h,h) + 20(g, h), (4.25a)
(V+a)o:hy =20(h + g,hy) +20(h, + E0.g,h) — 0,h, (4.25b)
(V +a)0:hy =20(h + g, hy) + Q(hy, hy) + 20(g; + £0.9.hy)

+20Q(g, + 0,9y + 22029, h) — 0,hy, (4.25¢)
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with similar equations for A3 and h,. The corresponding boundary conditions are
g" (s(6)1) + h™(0,0) = £ (0),
g°(s(0),0) + h°(0,1) = £ (0),

(4.26)
gi (s, 0) + hi (0,0)=0, k=1,...,4,
gR(s(),6) + h(0,0) =0, k=1,...,4,
h(¢,t) >0 uniformly as ¢ >0, k=0,1,...,4. (4.27)

The Hilbert and boundary-layer solutions can be obtained order by order separ-
ately. We start with the leading order term A, which in §2 was shown to be

(fo —9%(9° —3°

ho(&) = o 0 _ 50y,
O = e = ew(— g =09 PTG =0
—2
GEE G (429)
-2
=
where
. 2 302 + 1
g05_90+3a20_:_1p(u+a)? CaEza?l_a2)~ (429)

Note that to simplify the notations, we use g°, p, u to represent their corresponding
values at the boundary (s(t),t) in (4.29).

With & so determined, one can derive the boundary condition (4.17c), (4.18) for
the first-order Hilbert solution and prove that this condition is a consequence of
the matching conditions. Indeed, the solvability condition for (4.25b) with (4.27)
yields

(o0 + Dhi + 20k =0, [ (h* + 2h°)dé. (4.30)

S

It follows from this and boundary condition (4.26) that
(o0 + 1)g7 + 2099 = —0, [ (h™ + 2h°)dE. 4.31)
0

On the other hand, one can write the first equation in (4.14) explicitly as

91 =p191 +mi¢s — 3puuucds. (4.32)

This and direct calculations show that

1 —oa(u) my 4u 1
g + 2090 =21 — |+ —1 — == O U.
(@ + 1)gy + 209y 5 |2 + 13 30 + 5 +oa+ 15 30 2,u(u)0xu

(4.33)
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It should be noted that the first two terms on the right-hand side of (4.33) were
defined to be the boundary operator in (4.18). Collecting (4.31) and (4.33) gives the
desired boundary condition (4.17¢c). We note that the boundary condition (4.17c¢)
only involves the leading-order Hilbert and boundary-layer solutions which have
been completely determined, so that (4.17¢c) is well-defined.

Next we solve for the first-order boundary-layer solutions. Since & and g, are
given, integrating (4.25b) gives

¢
h(&) = —g?exp<—ca J(g°—3°+ 2h°)d§>

0

¢ ¢
+ Iexp<— C,[(¢°—3g°+ 2h°)dé> d0(¢)d¢
0 &’

O = hEO+ a,f (h* + 2h0)de, (4.34)
o + 3
B — 20 ©
W) = ) + L0, [0 + 20,
&
where
Bold) = B+ ¢0)0, § (h* + 4K+ 1) dE — algy + E0.g.h) — G
— o & o o

(4.35)

From the simple fact that

L, f5—4°
fb =% = (fv — g% exp(= Culg° = §°) &)

it follows that the boundary-layer solutions exponentially decay as & — co.

Similarly, the solvability condition for (4.25c) and the matching conditions yield
the desired boundary condition (4.23c), which in turn determines ¢,, and so the
second-order boundary-layer solutions are given by

yhOdg—

&
h3() = —g(z’GXP<— Cf(g°—3g°+ 2h°)dé>

0

: £
+ j"eXp<—Ca [(g°—=3g°+ 2h°)df>ﬁ1(€’)d€’,

&

hy (8) =

o 2% o) —7 0 [ (] +2m)dE, (4.36)
¢

0

1
209 +—— 0, [ (hy + 210)dé,
o—1 :

hy (§) =
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where

B1(8) =

N _ 1
— az(ho +9°0, | (hi +4h{ + hy)dé ~ 5y 10 1)
&

1 1 1 1

It should be clear now that the higher-order solutions can be obtained in exactly
the same way. In particular, one can compute k5 and A, in detail. We note that all
the higher-order boundary-layer solutions decay exponentially fast away from the
boundary.

§4.4. Boundary Layer Expansion Il

In the case of the diffusive-reflective boundary condition (2.13), the governing
equations for the boundary-layer solutions are the same as in (4.25). The corres-
ponding boundary conditions become

g (s(e,t) + hi (0,8) = a(t)(gr (st 6) + hi (0,0), k=0,1,...,4,
(4.38)
4g0(s(1), 1) + 4h2(0,1) = b(1)(gr (s(t),t) + hy (0,8), k=0,1,...,4,

h,(&,1) >0, uniformly as ¢ - o0, k=0,1,...,4. (4.39)

The boundary-layer solutions of different orders can be obtained in a similar
way as in the previous subsection. For example, the leading-order boundary-layer
solutions are given by (4.28) and (4.29) with f defined in our case as

b+ 1)g* + 20g°
0o_2 ‘ ‘ 440
To 2 a+2(1 +aa (4.40)

and the first-order boundary-layer solutions have the same forms as in (4.34) and
(4.35) provided that one can justify the boundary conditions (4.17¢’) and (4.19). This
can be derived as follows. Note that the solvability condition for (4.25b) with (4.27)
yields
(o0 4+ Dhi +2uh) = =0, [ (h" + 2h°)d¢,
5
(4.41)

(0 — 1)hy + 2ah = — 0, f (h* + 2h%)de.
¢
Set

2a + 20a + ab
2 —20—oab

Y1 =
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It follows from (4.41) that
w+1mf+2u+ygm?+WW—dml=—@Em*+2a+ymﬂ+%h)&

or

(o« + 1)(h{ — ahy) + %(1 +71)(4hY — bhy) = — 0, }:(h* +2(1 +9)h° +y,h7)dE.

Combining this with the boundary condition (4.38) yields

a0

(o0 + 1)(gf —ag™) + %(1 +71) (49 —bgi) = —0, [ (" +2(L+y)h° + y h7)dE.
4
(4.42)

Denoting the left-hand side of (4.42) as LHS, and using the expansion
g1 =P+ mdps — J1(W) ux s, (4.43)
we compute that
4(g" +9°+ 9 )LHS = p, 2@+ (1 —a)g° + a(l +71) (29" — bg° + 29 7))
+my 2+ )29 + (1 +a)g° + 2ag™)
+o(l +791)(—29" + bg° +2(1 + b)g7))
— p()uy 2(o + (1 —a) — a2 + b) (1 + 71))
x(g"+g°+97).
In terms of macroscopic moments, this formula becomes

7200 +7s |, 7500) + 64 + 77

LHS
3o +1 30(u) + 1

my — 7y, u(u) uy, (4.44)

where y,, . . . ,7, are appropriate constants involving only a, b, and «. Combining
(4.42) with (4.44) gives the desired boundary conditions (4.17¢") and (4.19). It can be
verified very easily that all the boundary-layer solutions constructed above decay
exponentially provided that £ > §°, which holds true trivially for suitably small c.

§5. Stability Analysis I

In this section we prove the validity of the fluid-dynamic limit as stated in
Theorems 3.1 and 3.2 in the case of diffusive boundary conditions for the Broadwell
equations. The convergence analysis is done according to the structures of the
boundary layers. The easier case, corresponding to the boundary layers satisfying
df°/d¢é <0, is treated in §5.1. The main difficulty of stiffness across the boundary
layer is overcome by making use of the nonnegative-definiteness of the normalized
collision operator linearized around a carefully constructed approximate solution.
The complementary case, corresponding to the boundary layer satisfying
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df°/dé = 0, is more subtle and difficult. The method we are going to use is similar
to that used in [11] and [18]. However, since a boundary does not satisfy an
entropy condition as the shock layers do and, furthermore, since no smallness of
the strength of boundary layers is assumed in our case, a more refined version of
this method has to be used. This is carried out in §5.2. Finally, we study the
fluid-dynamic limit for short time in §5.3.

§5.1. Convergence Analysis for df°/dé <0

To carry out the program outlined after Theorem 3.1, we use a truncation of the
series (4.24) as our approximate solution to the initial-boundary-value problem
(2.1),(2.11), and (2.12), so that we can decompose the solution f;(x, t) into the sum of
the approximate solution with an error term &2é,(x, t), i.e.,

f.(x, 1) = g(x,0) + eg1(x,1) + g5 (x, 1) + &3g3(x, 1) + e*ga(x,1)
+h(E 0+ eh (&) + Ehy(E0) + b3 (E,1) + e*ha(E, 1) + £28,(x, 1),
(5.1)
where ¢ is defined in (4.23). By construction, we have
0, + Ve, =1Lé, +eQ(e,,é,) + Lé, + &*F,,
é.(x,0) = 0, (5.2)
el (—at,t) = &2(—at,t) =0,
where
L=L,.,=20(9+h,),
=20(g1 + hy + &g + ho) + &2(g3 + h3) + £%(g4 + ha),),
P, =20Q(80:4 + 3870345 + 5:8°03§2 + ¢ 0541 + 567034, h)
+20(0.§s + 36702§2 +38°02Gs + 26054, hy)
+2Q(E0.§> + 38203§s +3E%024,h)
+20(80:§1 + 587034, h3) + 20(E0.. hs)
+ QQ2(gy + hy) + 2e(gy + hy) + 2% (g3 + h3) + (s + ha), g4 + hy)
+ 0Q2(g, + hy) + &(gs + hs), g5 + hs). (5.4

(5.3)

It follows from the structures of the Hilbert and boundary-layer solutions that
7, are bounded in W=,
Let P be the diagonal matrix defined by

P =diag(/g~ +h ,2/g° + 1% /g* +h"). (5.5)
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One can symmetrize the system in (5.2) by reformulating the problem in terms of
the new variables

e, (x, 1) = (Pé,)(x + at, 1), (5.6)
as
O, + (o + V)dce,=1Le, +2h?Be, + ¢l (e,,e,) + Lye, + er,,
e,(x,0)=0, (5.7)
e/ (0,1) = ¢(0,1) =0,
where
I'(f;h) = PQ(P™f, P"'h), (5.8a)
r, = Pr,, (5.8b)
L=rPLP !, (5.8¢)
L, =PL,P!
N 1 diag <(6, + Voix)g* jr oh~ ’(at + Vd)g° + 0,h° , 0+ Vidg™ + a,h+>
2 g +h g°+ h° g +hnt
(5.8d)
BS:diagGizg_ih_?(gol—kho)’i+zg+41-h+>' (5:8¢)

It should be noted that the main advantage of the new error equations (5.7) over
(5.2) is that

L<0, B,>0. (5.9)

Since (5.7) is a hyperbolic system, it is straightforward to prove the local existence
and uniqueness for the initial-boundary-value problem (5.7) and (5.8) for fixed
¢ > 0 in the space

L*([0,7], H}(R,))nC([0,7], L*(R })). (5.10)

To obtain global existence and the desired convergence estimate, one needs only to
derive an appropriate a priori estimate on the solutions to (5.7). Let e, be such
a solution in the space defined in (5.10), and let e, satisfy

sup [le - = C, (5.11)
0<t<tg
where t, < T, and the positive constant C is independent of &. We now proceed to
derive an a priori estimate. Taking the inner product of both sides of (5.7) with e,
integrating by parts, noting that the boundary layer satisfies 0:h° < 0, and assum-
ing (5.9), the boundary conditions, and estimate on r,, and the a priori bounds
(5.11) on e,, we arrive at the basic energy inequality

Orlle]|Z: + (1 — ) (e7(0,8)* < Cllelz + O(e) el 2. (5.12)
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Consequently, by the Gronwall inequality, we get

sup e [[z> = O(e). (5.13)

0<t=ty

To justify the a priori bounds (5.11) and obtain the rate of convergence, we need to
estimate the higher-order derivatives. It turns out to be convenient to estimate the
time derivative first. Set

e, = 0,e,. (5.14)
Differentiating (5.7) with respect to t gives
08, + (v + V)o.e, =+ Le, + 2h?B,é, + 2¢I'(e,,e,) + L, + ed,r,
+ HL + ah?B, + ¢Ly).e, + eP,Q(P " 'e,, P te,)
+ 2¢PQ(P; 'e,, P 'e,), (5.15)
e.(x,0)=er,
e (0,1) =&7(0,1) =0,

where the initial data for e, are obtained by using the equations in (5.7). Noting that
time is a slow variable in (5.15) and taking into account the estimate (5.13), we
obtain that

d/lle; |72 < 0(e) + Cle.| i + Clle, 2. (5.16)
It follows that
sup [le[|> = C. (5.17)
0<t<toy

This and the equations in (5.7) yield

sup [[0xe; [l = Cosup (le.lz2 + tllel + elr] ) < C. (5.18)

0=t=to =t =to

Therefore, by the Sobolev inequality, we get the desired super-norm estimate, i.c.,

sup le.ll= < sup ez 0ce] 2 < 0/, (5.19)
0<t<ty 0<t<ty
which not only justifies the a priori assumption (5.11), but also gives the desired
convergence result. Hence the theorem is proved in this case.
§5.2. Stability Analysis for df °/dé =0
In this case, a simple modification of the previous analysis does not suffice. We

need a careful modification of the analysis used for the shock layer in [18, 11]. We
assume in the rest of this section that the solution to the initial-boundary-value
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problem for the Euler equations (2.5), (2.22) lies in a dy-neighborhood of a global
Maxwellian state (p*, m*, z*), as do the boundary data f,” and f{.

As mentioned before, in order to exploit the property that df°/dé = 0 in the
boundary layer, it is desirable to conserve the mass and momentum for the error
terms. To this end, as in the case of the shock layer [18], we construct a linear
hyperbolic wave in addition to the Hilbert and boundary-layer solutions in the
approximate solution. The hyperbolic wave is defined to be the solution of

(at + Vax)d = _(at + Vax)gél- - athzl-a
d(x,0) =0, (5.20)
d*(s(e), 1) = d°(s(1),1) = 0,

where g, and h, are defined in (4.10) and (4.25), respectively. Since this system is
linear, the solution can be obtained explicitly by integration along characteristic
lines.

The approximate Broadwell solution and the decomposition of the exact
solution to the initial-boundary-value problem (2.1), (2.11) and (2.12) can be defined
in terms of the microscopic distributions in exactly the same way as in §5.1 with the
term &*d(x, t) added. However, it turns out to be more convenient to work with the
macroscopic variables. Thus, we define the approximate solution as

0.(x,1) = 0(x, 1) + 01 (x,t) + &20,5(x, 1) + &305(x,1) + e*(04(x,1) + d)
+ OE ) +eO(E1) + 20,(6,1) + 305(E,1) + %045, 1),  (5.21)

where 0, = (px, my, z) and O, = (P, M, Z,) are the Hilbert and boundary-layer
solutions, respectively, which are constructed in §4, but written in terms of macro-
scopic variables. Substitute 0 = (p, m, z) into (2.3) to get

Op + 0am =0,
dm + 0,z =0, (5.22)
0,z + 0xm = 1q(0,0) + &*F,,
where
7, = 2q(00,04 + 2070205, + 3,0°030,, + 50%0%0,, + 50°030,,0)
+2q(00,03, + 5020204, + 3030301, + 0*0%0,,0,)
+ 2q(00,0,, + 302020, + 30°330,,0,)
+ 2q(00,0,, + 3020204, O3) + 20(00,0,,0.,)
+ g0 + 01) +26(05 +O3) + 26203 + O3) + 304 + O4 + d), 04 + O, + dy)
+q2(0, + O3) + &(05 + O3),05 + O3). (5.23)
Let 0, = (p,, m,, z;) be the solution of (2.1), (2.11), and (2.12). We write
0,(x,1) = 0,(x, 1) + %7, (x, 1), (5.24)
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where 7 = (¢, lz, @). The error equation is then reduced to
0. + 0., =0,
0, + 0:@, =0,

0, + Oxh, = 2q(0.77) + eq(fea i) + €77, (5.29)

7:(x,0) =0,

Vo (—at,t) + &, (— at, t) = §,(— at, 1) — &,(— at,t) = 0.

Setting
A, =1(p—2, B.=x(p+32), (5.26)
we can transform the third equation of (5.25) into
A, + m — B, = 60,0, + £0x, — 2q(if,. 1],) — &°F,. (5.27)
We reformulate the problem by using the substitutions
$o=ss Vo=V =0 (528)
In terms of 7j = (¢, ¥, @), we have
0 + 0.y =0,
oY+ @ =0,
B.ogh + mo + A,0:h = e(0uth — 0uh) — £24(ds ¥, — W) — &1, (5.29)
7(x,0) =0,

Yo(—at,t) + d(—at,t) = o (—at,t) — d(—at,t) = 0.
Equation (5.29) can be further simplified by introducing the scalings

X + ot t

Pe,) =ep(y,0), Yl =ep(y1), y= , T= (5.30)

& &

We obtain
Li(¢.¥) = ¢, + adpy + Y, =0,
Ly(p.¥) = (b + ay), + oW + b))y, — Yyy + APy + (m + aB)Y, + By,
= —&q(¢y. by, — (W + ahy) + &°r,
¢ (y,0) = ¥(,0) = ¥,(y,0) = 0, (5.31)
$,(0,7) +¥,(0,7) = 0,
$(0,7) + ¥(0,7) = 0,

Our remaining task is to estimate the solution of (5.31). In what follows, we use
H'(R,)(I=1) to denote the usual Sobolev space with the norm |- |,;, and || |
denotes the usual L,-norm. Also we use k’s to denote any positive constants which
are independent of ¢,y and .
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Define the solution space for (5.31) by
X(Oa T) = {(¢9 lp) (d)a lp) € C(Oaf:HZ(RJr))a l//r € C(O: T:HI(RJr))} (532)
with 0 < 7 < T /e. Suppose that for some 0 < 7, < T /e, there exists a solution (¢, )
to (5.31), such that (¢,¥) € X(0,70). We assume a priori that

Csup (@)l + [l < C. (533)

Then the main result in this subsection is the following a priori estimate.

Proposition 5.1 (A priori estimate). Let (¢, ) € X(0,79) be a solution to (5.31)
satisfying (5.33). Then, there is an ¢y > 0 such that

sup. (@) @113 + [Y=(0117 + ?(”¢yalpy)(.af)”% + (-, 9)If) dr < Ke
(5.34)
for0<e<e

The proof of this proposition occupies the rest of this subsection. We first list
some properties of the approximate Broadwell solution 0,, which play important
roles in our energy analysis later on. For any vector e = (e, e,, e3) satisfying
e3 > e3, define

Ki(e) = 4(ey +e3 —2./e3 —e3), Kale)= %(91 +e3+2\/e3 —e3). (535)

Also set k% = x;(0,) and k5 = 1,(0,).

Lemma 5.1. There exists a positive constant ¢; such that if ¢ < &,, then

(1) k1<Z£<K1, k2<AS<K2, k3<BS<K3,
(5.36)
ky < p® <Ky, |m| < p°
for some positive constants k and K, independent of t,¢, and x,
2 max A% < max k§ < min k% < min B?, (5.37)
&, ), T &), T &, ¥, T &, ¥, T
2
3) Y M P 0 5.38
& y 4(}(‘0)2 Oy + (8) ( . )
Proof. Note that
1 M2
0,10 = 4“ 3, P, (5.39)

which follows from (2.14). The proof of the lemma is now similar to that in

[18]. O
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We now proceed to derive the main estimate (5.34). We carry out the detailed
analysis for the expansive layers, i.e., u, + o < 0; the analysis for the case of the
compressive layer is similar to that of the shock layer in [18], which we sketch at

the end of this section for completeness. We start with the basic L, estimate. Set
Il = — lpyLl + A_l(l/jr + “WY)LZ = ng_l(Wt + O(l/Jy)(SV - q)a (5 40)
I,=¢L + A~ WL, =&*4A YW(er — q). '

Let 4 be an appropriate constant to be determined later. Compute the expres-
sion I; + AI, to get

O0(E;y+ E;+ E3)+ Ey+ Es+ Eg + E; + 0,Eg =A™, + o, + ) (er — q),
(5.41)

where
Ey =347 (A* = 240y, + ¥3) = E1(p,¥,),
Ey = 3A  GBY? + 20 (e + o) + (e + ai),)?)
= Ex(. ¥ + o)),
Es=—5(A; ' + a4, YW? = Es(),
Ey = A7Y(B — AW + o) + mQp. + ah )¢, + (2 — A)3)
= Es(Y: + oy, hy),
Es =397 (1 + o)Ay, — (A7 (m + 2B)),) = Es()),
Eg = — A, (e + apy)? + 20 + ah )Y, — o) + 204, Yy, (5.42)
= Ec(. ¥y, b + o))
E; =5y (At + 20451 — (BA™Y), — 347 (U + o) + (U5) — 2464,)
= Eq (.0, 0y, e + o),
Eg =347 (o + oh,)* — A" Wy — 547 WT + Yo
+ J0AT (W, + o) — AT, + S0 + Ay
+ 52 (A Ym + oB) — (1 + o)A, 1 —ad Y
= Eg(¢, ¥, VoY b + ).
Each term can be estimated by using Lemma 5.1 as follows. First, by (5.37), one

can choose A so that

max A £ max k; < A < min k, < min B. (5.43)

&,),T &, ¥,T &Y, T &,¥,T
Hence,

A2 —)A <0, 22—Bi<0, m*—y(B—7i)(—A)<DO. (5.44)
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Consequently, there exist positive constants k, K such that
k(@ +v7) S Ei S K@ +y7),
kY2 + (e + op)?]1 < E; < K[Y2 + (e + o)1, (5.45)
KLY + (e + o)1 < Eq < K[Y5 + (- + o)),
Next, it follows from (5.38) that
E3 = ks|Po, Iy — O(1)ey?. (5.46)

To compute Es, one computes
1
1+ 012)<0> — (A7 Y(m + aB)),
f yy

2(fy°)2f3—f°fy(i B (f+ -+ “;{: +/° +f_)> . (547)

First, direct calculation using (2.33) gives
20 =15 = cal(fo + 120 S0 = 212120 1.
Next, using (2.18) yields
<f+ —f toa(f" +f°+f‘)> _ <c1 +er 3a> _ (et ) O
y y

=14 a?

7 7 77
Thus,
(1 o) QU 183+ (e + e 0 = 2 ooy ae, (02
where we have used
2+ S0 =T,
26, f2f% = =261 — ) (27 + 2 g2,

which follow from (2.31) and (2.32). Consequently,

(cr + ) (f "= 1) + el — o) ()
(1 =) (1% '

(1+0o?) <fi°> — (A" Y(m + aB)), = 2f,

This and (5.38) lead to
Es = ke|Poyly? — O(1)eyp?. (5.48)
Next, it follows from the construction of 0, (2.33), and the assumption that the
Euler solution lies in a small do-neighborhood of the Maxwellian state (p*, m*, z*)
that

|Eel <= [Po,[¥? + K (33 + &) (e + aafry)? + ¥7) + O(e)y? (5.49)

ke
2
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where K is a positive constant independent of d, and ¢. Finally,
E; 2 —0(e) (e + o))* + 47 + ¢ +42). (5.50)

Now integrate (5.41) over R, x [0, 7], and use estimates (5.45)—(5.50) to show that

1@ + [W@IE + e+ |2 + [ [Poy 2 dy
[ Wt + o) |2ds + | [ [Pyl dyds — Eg(0)
0 00

< 0) [ 1oty + )| ds

T

+ K05 + &) [ 10y ¥ + afy)||? ds

0

+ Keé3

O e, A

[ (W + | + 19 DIr| dyds

+ Ké?

O —) ~

T (e + oy | + 1Dl dyds. (5.51)

It remains to deal with the boundary terms. As a consequence of the boundary
conditions in (5.31), we find that

$4(0,7) + ¥,(0,7) = 0,

$(0,7) +¥(0,7) = 0,

¢:(0,7) +4.(0,7) = 0,

$:(0,7) + 2,(0,7) + ¥,(0,7) = 0.

(5.52)

It follows that
— Eg(0) = (1 — )47 1 ,(0)* + (1 — o) (1 + 247 1) ¢,(0)¢(0)
+52—a— A" (m+aB) + (1 + o)A, ' + ad; )P (0)?
=1 =247 "'$,(0 + (1 — o) (1 + 247 ")¢,(0)¢(0)
+5Q2 4+ 20— A pu+ o)+ (1 + ad) A, ' + ad; ) $(0)?
= — Eg(6(0).9,(0)). (5.53)

This is a positive quadratic form for (¢(0), ¢,(0)) provided that 24" is close to 1,
which is the case under our assumption that the macroscopic speed is much smaller
than the microscopic speed.
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The last two integrals on the right-hand side of (5.51) can be estimated as
follows. First, by the Cauchy inequality and the structure of the approximate
solution, we have

T

e[ [ (. + aapy| + [y |r| dyds

0

lIA

83

(W e + )| ds + & [ ]2 ds

lIA

Gk e + oay)[|* ds + O(e)

83

Ot=—a Ot=—a

for all 7 €[0,70]. Next, Sobolev’s inequality gives

T

[ J]+ e + oy )1l dy ds

0

T

< 0) [ Iy thythe + ofy)|7 ds, (5.54)

0

which yields the estimate on the nonlinear terms. We thus conclude from
(5.51)—(5.54) that

1@ + [W @3 + e + )2 + ] [Polp?dy
Iy the + )12 ds + [ [IPoy Iy dyds

= O(S)E(qu\l2 + WIT + 0 + o)1) ds

T

+ 0 [y, Yy, Yo + o) |1 ds + O(e) (5.55)

0

for suitable small ¢ and d,.

The next step is to estimate ¢,. Calculate the identity

I3 = (l//r + ‘xlpy + ¢y) 6yLl + ¢yL2 = 82¢y(8r(ya ‘C) - q(¢ya l#ya - (¢t + O“py)))

(5.56)
to get
0: (3025 + W + ahy) by — 3U7) + ADT + (B + (m + aB)Y,) + 0, Eo
=&g,r(),7) — £2,q, (5.57)
where

Eo = 305 + ) + Yy + 0y (Y + o)) = Eo(y, s ¥y).- (5.58)
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Integrate (5.57) by parts over R x [0,7] to show that

1y@)I* + [ 11§y 17 ds — Eo(0)
0
S Oy, ¥e + ) |* + O(1) IH(%, )I1? ds

+ 0(82)5 (s ¥y Ve + otfy)[|% ds + O(e) f Ir[|* ds. (5.59)

It follows from the boundary relations (5.52) that

—Eo(0) = (1 — 2)(,(0))* = — Eo(¢,(0)) 2 0. (5.60)
Combining (5.55) with (5.59) and using them successively, one finds that

162 + IW@I2 + @I + | Poylp? dy
T 1@yt I ds + [ [IPoy W2 dy ds

< O(S)E(th,tﬁ\lf + [l?) ds + O(e) (5.61)
0

for some positive constant K. Applying Gronwall’s inequality yields

lp@IF + ¥ @IF + (W + (@) + ]?IPoyllﬁzdy

+ f by oy, W)1* ds + }_“POy'lpzdde =0() (5.62)

for all 1 €[0,7¢], 19 = T/e.

To justify the a priori assumption (5.33), it is necessary to estimate the higher-
order derivatives of (¢, ). This can be done in a way similar to that for the basic L>
estimate. For completeness, we outline it here. Set

= — ¥, 0Ly + A0 (Yo + )0, Ly = 2 A7 0.() + o) (ere — g,
Is = ¢.0.Li(¢.¥) + A” W Lo(th) = 2 A o (er. — g, (5.63)
I = 0.() + by + ¢)) Oy L1 (0. Y0) + ey 0. La () = &2 poy(ere — qo).
As in (5.40), (5.41), lengthy calculations show that the expression I, + A5 becomes
O(E1(¢es Yey) + Ex(Yes Yey) + E5 (V)
- EaVr + iy ) + Es() + EoWerthupa e + o)
+ Eq(fes Vo Yoy Yoo + 0tfry) + Oy Eg(es Yos Yers Yoy Yo + o))
= &A7 (Yo + oty + A)e(ere — q0) — Evol¢y, Yoy the + o), (5.64)
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where

Eio= A7 A + aay)ey + A7 Hm + aB) (e + o)y + A7 B + o)) e
+ lAilArd’r‘by + j“’471(”” + aB)terpy + AA*IB:W:‘//:

= E10(¢)y> !//ra lpya !//1: + o“//y)» (565)

and where the constant 4 is chosen as before. Similarly, we compute I to get
e (395 + (Ve + 2y Py — 3U5) + A3
+ ¢y By + (m + aB)yo) + 0y Eo(dyes Yee Yye)
= &2¢yelere — q) — E11(dy, byes Vs V), (5.66)

where

Ell = Ar¢y¢yr + (m + CXB)rqsyrlpy + qusyrwr = E11(¢y9 d)yn l//w %) (567)

Now integrating (5.64) and (5.66) over R, x [0, 7], one can derive as in (5.51) and
(5.59) that

+

BN+ O + i bl [ IPoy 2y
+ j Wy e+ sy 12 ds + j [ IPoyl2 dy — E5(0)
< K(53+2) j Wy e + oy )| ds
06 f (o |2 ds
e j (e + e+ 20 1] dy ds
+ Szi“l//” + oy + Allg.l dy ds + £|E10| dr, (5.68)
6y + j Iyel>ds — Eo(0)

< K (o Yy @) + O if|¢w|<s|rr| +lgd) dyds + §|Eu| d.
(5.69)
As before, the boundary terms satisfy
Eq(0) = Ey(¢(0), 6(0)) < 0 (570)
Ey(0) = Eq(¢,,(0)) = 0. (5.71)
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The integrals involving r, in (5.68) and (5.69) can be estimated as follows:

& [ [ Wee + ofye + M| Ir| dy ds
0

e[ Yo + ohyell® ds + O) [ Il ds + O() [ ||| ds
(0] 0

Ot a

< o e+ el ds + 000 19117 s+ 01,
Similarly,
&2 iflqﬁy,l |r.| dyds < ¢ i [ by.)|* ds + Ke?.
Using the structure of ¢ and Sobolev’s inequality leads to

& [ W + by + AWl gl dyds + [ [ |yl lq.] dyds
0 0

<0() ff(\ld), G YIIT + [Yeell?) ds

Collecting (5.68)—(5.74), we have

(5.72)

(5.73)

(5.74)

I (IIF + W= (DT + [IWee(D)|> + }(H% VT + [Weell®) ds + hlPOyIWf dyds
0 0

I/\

@ J (e IT + [Yecll®) ds + O(e?) + Kj (IE1ol + |E14]) dr
0
On the other hand, simple calculation shows that

Kjl|E10| d‘L' é %j Hlprt + Oﬂpyer dT + O(I)j quya lpya l//IHZ dTa
0 0 0

K [Evi] de < 4] [ gol? de + O(1) [ (ot )| d.

We finally arrive at

1@ + 1@ + (Y@
T2 + el ds + | [1Poylt? dyds < Ke

for all t €[0,79],79 < T /e.
It follows from this and the equations in (5.31) that

(. ) (@)II3 + Y- (0)]7 < Ke
for all t€[0,70], 1 < T/e.

(5.75)

(5.76)

(5.77)
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This proves Proposition 5.1 in the case of the expansive layers, i.e., u, + o < 0.
For the compressive layers, i.e., u, + « = 0, the previous analysis has to be com-
bined with that for the shock layers in [18]. The major modification is that the
E5 and Eg in (5.42) must be redefined as

Es = —%tﬁz(A‘l(m + aB)), = Es(),
Eg =347 + oy)* — A™Wohy, — SAT NS + e + AT W (Y + )
— AT N, + Fag® + Ay + 5P (AT (m + aB) — 0 A ")
= Eg(Q, ¥, Yo,y b + ohy). (5.78)

with corresponding changes in Eg(0). Then the desired estimate can be obtained for
suitably small o by imitating the previous analysis and that in [18]. Details are
omitted. Thus the proof of Proposition 5.1 is completed.

Since the system in (5.31) is hyperbolic, it is standard to prove the local (in time)
existence and uniqueness of the solution to the initial-boundary-value problem
(5.31) in the space X (see (5.32)) [18]. From this and the a priori estimate
Proposition 5.1, one may conclude, by using the standard continuous induction
argument for hyperbolic equations, that the unique solution to problem (5.31)
exists up to T/e, and, furthermore, that the estimate (5.34) holds for all 7o < T'/e.
Consequently, Theorem 3.1 follows from this, from the structures of our approxim-
ate solutions, and from the reformulation (5.24), (5.28), and (5.30).

§5.3. Convergence Analysis for Short Time

Finally we turn to the proof of Theorem 3.2 in the case of diffusive boundary
condition (2.12). Since for short time, the boundary layer has not fully developed
yet, its structure is not important. We can prove Theorem 3.2 by modifying the
analysis given in §5.2. Since the strategy is exactly the same as in §5.2, we only
sketch the necessary different estimates here. The crucial step is to show that the
a priori estimate (5.24) holds for only 7, < To/¢ with T suitably small without
conditions on the structure of the boundary layer and J,. It follows easily by
checking the proof of Proposition 5.1 that one has only to estimate

Es( o the + af), Eg(Wos Yoy Yree + ohry), and [|Po, (Y% + 7)) dy. It follows from
(5.42) that

Es(l,ry e + )| £ O(D)|Poy |2 + O(1)(1Poy + &) (Y + oay)* + ¥5),

(5.79)
|E6(lpr7 l//1:ya wrr + Oﬂpry)' é 0(1)|P0y||lpr|2 + 0(1)(|P0y + 8) ((‘//rr + Oﬂ//ry)z + lp%y)
+ 0(1)ey?. (5.80)

Let 6(t) denote the strength of the boundary layer, i.e., (1) = | fo — f.o|. Then by
the structure of the boundary layer (2.35) and compatibility condition, we have

6(0) =0, [Poy(», ) £ O()S(®), | IPoy(y,t)lydy < O(1)6(1). (5.81)
0
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Consequently, maxg <, <1,6(t) is sufficiently small if T, is suitably small. Using
(5.81) and the simple inequality

(ol = 21Dk,

we have

[ 1Poy[y2 dy < [ 1Poy(y, Ol 1¥] ¥, (-, 0)lI2 dy
0 0

< 0O ¢, @)z, (5.82)

T [Po, |7 dy = OO ¥rye(2) |72 (5.83)

Using (5.79), (5.81), (5.82), and the derivation of (5.62), one concludes that there
exists a constant Ty > 0 (suitably small) such that

I ) (D)1 + f 1y s ) (D22 ds < O(e) (5.84)

for all T €[0,1¢], 79 < Ty/e. Similarly, it follows from (5.80), (5.81), (5.83), and the
derivation of (5.76) that

I + I(@T + IWee()]* + }(H%%)Hf + Wel?) ds < Ke (5.85)

for all T €[0,70], 79 < To/e with suitably small T, > 0. Combining (5.84) with
(5.85) yields the desired a priori estimate — Proposition 5.1 for all 14 €(0, Ty /e).
Theorem 3.2 now follows easily as in the previous subsection.

§6. Stability Analysis II

In this section we treat the case of the diffusive-reflective boundary conditions.
Since the stability analysis follows the same basic line of reasoning as for the case of
purely diffusive boundary conditions except for the treatment of boundary terms,
we only point out the main differences in the analysis and provide the key estimates
involving the boundary terms.

§6.1. Stability Analysis for df°/dé <0

The strategy is same as in §5.1. We only sketch the slight change involving the
boundary conditions. In our case, instead of (5.7), the difference between the
approximate and the exact solution of the Broadwell equations becomes

de, + (o + V)ose, = LLe, + 2h?B,e, + eI (e,,e,) + Le, + er,,
e,(x,0) =0, (6.1)
e: (09 [) - a(t)e; (03 t) = 46? (03 t) - b(t) es_ (O: t) = 0
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In the same way as for (5.13), one can show that
dclleclze + (1 — o) (e7(0,)* — (1 + &) (e 7(0,1))* — 2(e°(0,1)))
< Clelliz + O(e) e | 2 (6.2)

It follows from the boundary conditions in (6.1) that the second term on the
left-hand side of this inequality becomes

(1 —o)(e™(0,0)* — (1 + o) (e (0,1))* — (e%(0, 1))
=1 —a®—a(l +a* +1gb?) (e (0,1)?, (6.3)
which is positive provided that
1>=a? +a(l + a® + b2 (6.4)

We note that inequality (6.4) is a consequence of our assumption that the macro-
scopic speed of the gas is suitably small compared with the microscopic speed of the
gas particles. Indeed, in the case of the compressive layer, for which u, + o <0,
(6.4) holds since o < |uy| is suitably small in this case. For the expansive layers, the
inequality u, + o = 0 implies that

aol+a+b)+a=s1l

Consequently, (6.4) holds without any assumption. We thus obtain the desired
basic energy estimate (5.14). Note also that (6.2) yields

(e7(0,5)% ds < 0(&?). (6.5)

O =~

The equations for the time derivative of the error
e, = 0,e, (6.6)
are the same as in (5.16), while the boundary conditions change to

e, (0,1) = a®)e, (0,1) + d'(t)e, (0,1),

(6.7)
4¢2(0,1) = b(t)e; (0,1) + b'(t)e; (0,1).
Thus an estimate like that used before gives
olellzz + 1= 0G) + Clélz + Clé.l ., (6.8)

where I represents all the terms involving boundary conditions:
I=01—a)E 0,0)* — (1 +a)E* (0,0)* — a(e°(0,1)*
=1 —a®—oa(l + a® +b?) (@ (0,1)?
— (1 + o)a® 4+ ab?e e — (1 + a)(a)? + xu(b')? (@)%
It follows from (6.4) and some easy manipulations that

12— Cle) (6.9)
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Collecting (6.5), (6.8), and (6.9) yields

sup le,[l2 = C. (6.10)

0<t<to

Now the theorem can be proved in the same way as in §5.1.

§6.2. Stability Analysis for df°/d¢ > 0.

The analysis in §5.2 can be repeated with the following notable exceptions.
First, instead of (5.21), the linear hyperbolic wave is defined to be the solution of
6, +Vi)d=—(0,+ Vi) gs — 0hy,
d(x,0)=0,

d* (s(t),t) = a(t)d™ (s(t),1),
4d°(s(t),t) = b(t)d ™ (s(t), ).

(6.11)

The approximate and exact solutions to the problem (2.1), (2.11), and (2.13) are
constructed exactly as in §5.2 (see (5.25)—(5.29)), while problem (5.30) becomes

0 + 0.9 =0,
oY+ @ =0,
B0 +mi) + A,0:h = e(0xx — 0uh) — &2q(Pss Y — ) — &1,
M(x,0) =0,
(1 + a®)(—at,t) + (1 — a(t))d(—at,t) = 0,
20 (—at,t) + b)Y (—at,t) — (2 + b(t)d(—at,t) = 0.

We reformulate problem (6.12) by rescaling the problem as in (5.31). One needs to
derive the boundary conditions for (¢, ) corresponding to those in (5.32). It follows
from the boundary conditions in (6.12) that at the boundary y = 0,

A+ay,+(1—ao=0,
20+ by — (2 +b)>=0.

(6.12)

(6.13)

Eliminating @ gives
1 +a)2+ b+ (1 — a2 + b)) =0
or
(1 —a)p+ (1 +a+ by, =0.
In terms of ¢ and , we have

(1 —a)p, + (1 + a + by, =0. (6.14)
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Now, substituting @ = — (, + o) into (6.13) yields
I+ay,—(1—a), +op,)=0.
This, together with
¢ +od, +, =0

0 l4+a—oa(l —a)\[(o, 0 a—1\/¢:\
<o« 1 ><wy>+<1 0 )(m)‘o'

Combining this with (6.14) implies that
l4+a—a(l—a)odp.+(1—a—oa(l +a+ b))y, =0. (6.15)

leads to

For simplicity of presentation, we assume that @ and b do not depend on the time 7.
Then it follows from (6.15) and the initial data that the

A+a—all—a)p+1—a—all+a+b)y=0 (6.16)

holds at the boundary. In particular, for the purely reflective boundary, u = — o,
and so ¢ = 0 at the boundary. Hence the counterpart of (5.32) now becomes

Li(p ) = ¢ + agy + b, =0,
Ly(¢. ) = (e + otfy)e + oY + o)), — ¥y + APy + (m + aB)Y, + By,
= —&%q(¢y. Yy — W + o) + &°r,
¢ (y,0) = ¥(,0) = tho(y,0) = 0,
(1 +a—oa(l—a)p©,7) + (1 —a—oa(l +a+b)y0,1) =0,
(1 —a)$,(0,7) + (1 + a + b),(0,7) = 0.

The a priori estimate on the solution of (6.17), as in Proposition 5.1, can be derived
as in §5.2, except for the treatment of the boundary terms, which are described by

ES =% 71(‘//r + O“py)z - A71¢r¢y - %A71¢5 + lprqs + )“O(A_ll//(l/jr + alpy)
— QAT + Sad? + Apy + 5P (AT (m + aB) — (1 + o?) A4, —ad Y.

(6.17)

To estimate Eg at the boundary, we note that

1+a
lpr‘f‘wﬁy:m%,

_l4+a—al—a
B 1—a

2 Vs (6.18)

ol+a+b)+a—1
l+a—oa(l —a)

¢ =
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Hence,

1 —o(l —
Es(o)ng_l—E +a2¢y_ +a1_oc£l )

1l//y 7‘4 llpy

l+a—o(l—aoal+a+b)+a—1
(1—a) l+a—oa(l —a

1
lp«//yw.aA*ll*“

oc(1+a+b)+a—1> "

—A lw%_*_, < 14+a—a(l —a)

aol+a+b)+a—1
l+a—ol—a

+ A W2

+ %lﬁz(A‘l(m +aB) — (1 + o)A, ' —ad; ). (6.19)

Set
Uo=a+o(l +a+b)—1,
wp=ol+a—1+a, (6.20)
wy=1+a—a(l —a),

and also use the notations:

T —a—a*(1+a)
(1 —a? ’

11=A7

I, :%(2’2‘0(“(361—3 +o(l +a+b)+2(1 + a)

— A ' pw+ o) + 30— (1 + )4, — ocAtl>. (6.21)

We now rewrite (6.19) as

o+ 24 1 )
B = 1+ Ty e (622)

which can be regarded as a quadratic form for ¥, and . To show that this is
positive-definite, we need to check the positivity of I, I,, and the determinant of
the quadratic form defined as

I, =24"'1 —a—a*(1 + )

x <3a v ;’2‘°(a(3a “3 4ol +a+b)+2(1 +a)

— A 'pu+a)— (1 +a?)A, " — ocAT1> — (o + 24" )% (6.23)
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There are two cases. First we treat the expansive boundary layer. Then p, < 0 (see
(2.26) and (2.35)), so that

l—a—a*(+1)=—(1+ a)p + «(a + ab + b) > 0, (6.24)
wBa—3+al+a+b)+20+a)=(1—a)2 —a)+a(l + )2 + o) + ba* > 0.

It follows that both I, and I, are positive since u + o < 0, and (5.39) and (5.40)
hold. To show that I; > 0, one computes that at the boundary

4
A plu+2) = o (6.25)
and so
I3 =2(—puo(l + a) + a(2a + ab + b))
4 —Ho
X 3oc+E,u0 +7((1 —0)2—o)+a(l +a)2 +a) + ab
2
-1 +aA, " — ocAtl)> — (2uo + ab)*.
Note that
8 2 2
I+ a)g ug = 8ug,
20(2a + ab + b)(30) = 60*b = 20°b2.
Consequently,

I, > 0. (6.26)

This completes the boundary estimate in the case of the expansive boundary
layer. Next we turn to the study of the compressive boundary layer, in which case
we have o = 0. For technical reasons, we assume further that o < ab/4 and « < 4.
Then

ob

B TR S —
FEEET T M 1 a v b)

(6.27)

It is easy to see that the numerator of I is estimated by
—(1 + a)uo + 2(2a + ab + b) = (ab — o) (1 + a) = 20b(1 +a) > 0. (6.28)

Since uo = 0 and o < 3, we have

azl—a(l+a+b)=1-3a=—>
o+ 1
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This implies that y, = 1 in our case. The sum of the first three terms in I, is then
bounded from below by

p 4
§<3(x - % — ho(@(Ba—3 +a(l +a+b)+2(1 + a))>
p 1 3
2522 - 4302 + 24 20) | 2 T > 0, (6.29)

so that I, is positive. Arguing in a similar way, we obtain that
22A7 Y1 —a — a*(1 + o)) = 2ab,

30 + ;'go(a(?m— 34a +a+b)+2(1 + a)
2

— A plu+ o) — (1 + o)Ay —ad !t 2 3,

(o + AA™ ' 1)* = (1o + A~ (o — ab))* < o?b>.
This immediately yields
I3 = 302h — fa2b? > 0. (6.30)

In summary, we have shown that Eg(0) < 0 in all the cases. Since the boundary
estimates for the higher-order derivatives can be obtained in exactly the same way,
the rest of the analysis for the derivation of the priori estimate for the solution of
(6.17), as described in Proposition 5.1, can be carried out in the same way as in §5.2
with a few slight modifications, so that the proof of Theorem 3.1 in this case is
similar to those in §5.2. Details are omitted.

Finally, one can prove Theorem 3.2 in the case of diffusive-reflexive boundary
conditions as in §5.3 combined with the modification in this subsection. We note
that all the conditions on the structure of the boundary layer and the technical
assumption made in the previous analysis can be avoided by using the fact that the
boundary layers are weak for short time. Thus the proof of Theorem 3.2 is
complete.

Appendix A. Proof of Lemmas 2.1 and 2.2

Proof of Lemma 2.1. Assume that a > 1/3, b <2/3, and o < 1/\/5. We show that
there is a unique solution u, to

c+u)(l+a—o(l —a)=(o(u) +ou)(1 —a—oa(l +a+>b) (A1)
such that
luy| < 1, Ai(up) < —a. (A.2)
Since 4, (u) is monotone in u, it is easy to check that (A.2) is equivalent to

—1l<u<u,, (A.3a)
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where
—do + /1602 + (1 — 3e2)3(1 + o?)
u, =
" (1 — 302)? ’
which is the solution of 1, (u,) = —« satisfying |u,| < 1.
Setting

ap=1—a—a(l+a+b),
a,=o(l—a—al+a+b)—(1+a+ ol —a),
az =o(l +a—oa(l — a)),
we can then rewrite (A.1) as
ayo(uy) + au, = das,
or equivalently,
2a,/1 + 3u® = a; + 3a; — 3a,u.
Squaring (A.5) leads to
(9a3 — 12a})u® — 6(a; + 3as)a,u + (a; + 3as)* — 4ai = 0.
Equation (A.6) has real roots if and only if
122a%(a3 + 2a,a5 + 3a3 — a}) = 0,

and the two roots are

a(ay + 3as) + 2|a1|\/a2 + 2a,a3 + 3a% — al
3a3 — 4a3

Uy =

101

(A.3b)

(A.6)

(A.7)

(A.8)

We now show that u, satisfies both (A.3a) and (A.5). First, we check (A.7). Since

dy = ady — —ds,
o

we have

1

a5 + 2aya; + 3a3 — ai = — (a3 — o’ai + 30%a3 + a*ai).

o
On the other hand,

Ya — oa*b? + 203b(1 — o — a(l + a))
= 4a2(1 — a?)a + b2a* + 20°ba,

> 4o%(1 — o?)

=o?(1 — o?)(da — b?) — oa*ai

a3 — o?a} = 402(1 — o

a + b2a* — 0?b? — o*a3

(A.9)
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where we have assumed that b < % and a > 3. It follows that
a3 + 2a,a; + 3a5 — a3 = 3a3 = 0, (A.10)
which proves (A.7). In the following argument, we use the fact that
a, < 0. (A.11)
In fact, due to (A.9) this is trivial in the case a; < 0. For a; > 0, one has

1 302 — 1
a =o0a; ——dz =
o

a; <0

provided that 3a; — a; = 0. When 3a; — a; <0, it follows from
a3 + 2a,a; +3a3 — a3 =a3 + (a; +as3)(Baz; —a;) =0 (A.12)
that a, # 0. Moreover, at o = 0, we have
a,=—1—a<0, 3a;3—a;=a—1<0.

Note further that 3a; — a, is an increasing function of « on the interval (0, 1/\/5).
Consequently (A.11) holds.
To show (A.3) for u,, we rewrite u, as
"w, = (ay + a3)(zas —ay) . (A.13)
ay(ay + 3as) = 2lasl /a3 + (ay + a3) Bas — ay)

One checks easily that the denominator in (A.13) is always negative. Indeed, when
either (i) a; > 0, or (ii) a; < 0 with a; + 3az = 0, this follows trivially since a, is
negative. The case that a; + 3a; < 0 never occurs for o € (0, 1/\/5), which follows
by a simple calculation.

We now show that —1 < u . Since the denominator in (A.13) is negative, it
suffices to show that

(ay + az)(Baz — ay) < |ay|(ay + 3az) + 2|a1|\/a§ + (ay + a3)(3az — a;). (A.14)

There are two cases:
Case 1: a; > 0. In this case, it is sufficient to prove (A.14) for 3a; —a; = 0.
Assuming that 30> < 1, we compute that

1 1
3a; —a; < ;(3a3 —ap) < &(3(13 — 302a;) = 3a,). (A.15)

Consequently, we obtain the estimate
(ay + as)(3as — ay) < 3las|(ay + az) = |az|(ay + 3as) + 2a4la,|, (A.16)

which yields (A.14).
Case 2. a; < 0. When a; + a3z <0, (A.14) holds trivially. To deal with the case that
a; + as > 0, we observe that

lasl(ay + 3asz) + 2|al|\/a§ + (ay + a3)(3a; — ay)
2 |azl(ay + 3as) + 2|ay||as| = —a,(3az — ay). (A.17)
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Thus (A.14) follows provided that
aq + as < —d;. (AIS)

However, inequality (A.18) is a direct consequence of a; < 0 and o < 1.

Next we show that u, < u,. Consider first the simpler case: a; < 0. Observe
that u, > 0 for o < 1/\ﬁ. Furthermore, we can easily check that the numerator in
(A.13) vanishes at a; + a3 = 0 which occurs only for o > l/ﬁ, and hence u; < 0.
Thus the conclusion follows in this case. Next, we deal with the case a; > 0. It can
be easily seen that we need only consider 0 < o < o*, where o* €(0,) is the only

root of 3a; — a; = 0 on (0, 1). Note that u, > 3 at o = +. It thus suffices to verify for
o €(0,*) that

uy <3, (A.19)
which is equivalent to
a2 + wyat < (1 + 4o — 30®)aaz + (6o + 3)a3. (A.20)

Observe that 2aa; < as for 1 > a > 3. It follows that
—302a,a; + (60 + 3)a3 > 0,
a2 + o)a? <31 + a)aja; < (1 + da)a,a;.

This ensures (A.20), and hence (A.19) follows.
Finally, it remains to show that u is a solution of (A.5). Thus we must verify
that

a, + 3(13 - 3a2U+ g 0. (A21)
Simple manipulation shows that (A.21) is equivalent to

3ay(ay + az)(Baz — ay)

> (ay + 3as)(as(ay + 3as) — 2las|\/a3 + (ay + az)(3az —a;).  (A.22)

As before we separate the two cases according to a; > 0 or a; < 0. In the case
a; > 0, it need to be clear that we need only prove (A.22) for 3a; — a; = 0. Then

3a,(ay + az)(Baz — a,) = 3a,(ay + 3as)(a, + 3as)

= (ay + 3as)(az(a, + 3az) — 2ay|a,|)

> (ay + 3as)(ax(ay + 3as) — 2a;4/d3 + (a, + a3)(3as — ay)),

which ensures (A.22). Consider now the complementary case a; < 0. Our assump-
tion then implies that when a; + a3 > 0,

3ay(ay + az)(Baz — ay) Z ay(ay + a3)(3ay — ay)

= (ay + 3as)(az(ay + 3az) — 2|aq||a,|)

2 (ay + 3az)(az(ay + 3as) — 2|a, |\/a§ + (ay +a3)(3az — ay)).
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If a; + a3 <0, then (A.13) shows that u, > 0. Hence, since a; + 3a; > 0 remains

valid for o €(0, 1/\/5), it follows that (A.21) holds. The proof of the lemma is
completed.

Proof of Lemma 2.2. It follows from the structure of the boundary layers (2.33) that
we only need to prove the first statement in the lemma. Equation (2.30) implies
that £°., < £.2 can be written in the form

200 1
WP(“ +0) <2fy = Ep(l — a(u),

or equivalently,

(1 + 362 /1 + 3u® < 2(1 — 3aw). (A.23)

On the other hand, the assumption that 1_(u) < —u yields

u+ a1+ 3u? < Jou). (A.24)

In the case that

u+o/1 +3u?=0,

we obtain from (A.24) that

(1 + 30 (1 + 3u?) < 2(1 — 3ua) /1 + 3u?,

which immediately gives (A.23). For the complementary case

u+o1 +3u?<0,

we estimate directly that
2(1 — 3om) > 2 + 60> /1 + 3u?

> (1 =362 /1 + 3u? + 60 /1 + 3u?

= (1 + 362 /1 + 32,
where we have used the inequality

22 /14322 (1 —30%)/1+ 37

which follows from |u| < 1. This completes the proof of the lemma.
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