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Abstract

A unified framework for studying the existence and stability of kinetic shock
profiles is presented. This includes small amplitude waves for the situation when
the macroscopic model is a hyperbolic system of conservation laws with genuine
nonlinearity. For the case of scalar conservation laws, also large amplitude waves can
be understood. Applications range from BGK-models for general scalar conservation
laws and for gas dynamics, to an equation for fermions in a scattering background
under the action of an electric field and to the Boltzmann equation of gas dynamics.
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1 Introduction

This work contributes to the mathematical theory establishing the connection between
kinetic transport equations and hyperbolic systems of conservation laws, occurring as their
macroscopic limits. Shock waves are basic weak solutions of nonlinear hyperbolic conser-
vation laws featuring a discontinuity. The main question considered in this work is the
existence and dynamic stability of kinetic shock profiles, i.e. smooth travelling wave so-
lutions of the kinetic equation, sharing the far-field states with the shock wave. Several
recent results are reviewed and presented in a unified way.

For systems of nonlinear conservation laws only results for small amplitude shock waves
are available. In this case, the Chapman-Enskog approximation, i.e. a diffusive regular-
ization of the conservation laws, can be expected to provide a good approximation for
solutions of the kinetic equation. Kinetic shock profiles can be constructed close to vis-
cous shock profiles. The classical result on the existence of small amplitude kinetic shock
profiles for the gas dynamics Boltzmann equation is due to Caflisch and Nicolaenko [11].
In Section 4, a modified and generalized version of their approach is presented, leading to
more accurate approximation results. Stability of small amplitude kinetic shock profiles
is the issue of Section 5. An approach based on energy (actually entropy) estimates in
the spirit of the work of Liu and Yu [28] is presented. The main idea is to start from an
approach for the system with diffusive regularization. This can actually be extended to
proving convergence to rarefaction waves [16].

For scalar conservation laws, stronger results are possible. An approach for the con-
struction of large amplitude kinetic shock profiles is presented in Section 6. The main
ideas originate from the work of Golse [22] on the Perthame-Tadmor model [35]. Finally,
dynamical stability is discussed, based on ideas from [5].

We consider a kinetic transport model for plane waves in the form

Ohf +v0.f =Q(f), (1.1)



where f(t,z,v) is a particle distribution function at time ¢ € R and position x € R. The
components of the 'velocity’ vector v = (v,w) € V C R x [0,00) can be interpreted as
the velocity component v in z-direction, and as an abbreviation w for (v3 + --- + v2)!/2,
where (v, v9, . ..,v4) € R?is the particle velocity. Thus, we assume z-axisymmetric velocity
distributions. The set V' of velocities is equipped with a measure du(v). Discrete sets V'
and, thus, hyperbolic relaxation models are permitted.

The so called collision operator @) is assumed to act on the velocity variable v only.
Equations of the form (1.1) can be derived from fully d-dimensional kinetic transport
equations, if the collision events are invariant under rotations (at least around the z-axis).

The collision operator is assumed to be nonlinear and to have the conservation property

| emiatnauty) ~o. (12)

The (linearly independent) components of the vector ¢p(v) € R™ are called collision invari-
ants. As a consequence of (1.2), the macroscopic moments of f, collected in the vector

Ustt.) = [ onf(t.v)in(v),

are the macroscopic densities of conserved quantities:
Uy +0,J; =0, with Jf ::/vqﬁfd,u. (1.3)
v

As expected, the zero set of () will be assumed to be n-dimensional and parametrizable by
the macroscopic moments:

QUf)=0 = [flv)= M(Uf,V) ) (implying Umwy=U )

The generalized Mazwellian M(U) is the equilibrium distribution of the collision processes.
It is plausible that the dynamics of close-to-equilibrium solutions of (1.1) is approximated
by the system of conservation laws

8th + 8J;J(Uf) =0, J(U) = JM(U) , (1.4)

obtained by replacing f by M(Uy) in the second term of (1.3). This approximation can
only be expected to be physically relevant under a stability condition: We assume the
existence of a kinetic entropy density H(f,v), satisfying

[ omnawin<o. (15)

where H is continuous in v and twice differentiable and convex in f. We also assume
definiteness in the sense that equality in (1.5) only holds if f = M(Uy). This leads to the
kinetic entropy inequality

) /V H(f)dp + 0, /V VH(f)dp < 0. (1.6)



The macroscopic system (1.4) will be assumed to be strictly hyperbolic meaning that

for every U, the Jacobian J'(U) of the macroscopic flur J(U) has n distinct eigenvalues

AM(U) < -+ <A\ (U), and the corresponding left and right eigenvectors I;(U) and, respec-

tively, 7x(U), k =1,...,n, are assumed to be normalized such that [;(U) - r,(U) = d,y.
Piecewise constant weak solutions of (1.4) of the form

U_ forx < st,
U, foraxz > st,

o) =

are called shock waves. Here s is the shock speed and UL are the constant left and right
states, which are related by the Rankine-Hugoniot jump conditions

s(Uy —U_) = J(Uy) — J(U) . (1.7)

For a fixed left state U_ the Hugoniot locus is defined as the set of all U, such that (1.7)
is satisfied for an appropriate s. In a neighbourhood of U_, the Hugoniot locus consists
of n curves intersecting in U_. At U_, the k-th curve is tangent to ri(U_) and the shock
speed s takes the value A\, (U-) (see, e.g., [26]). If U, lies on the k-th curve of the Hugoniot
locus, we refer to {UL, s} as a k-shock.

If the k-th field is genuinely nonlinear, i.e. r, -V Ay # 0, then the Lax entropy condition

/\k(U+) < s < )\k<U_) (18)

is a stability condition for k-shocks (see, e.g., [26]) and we assume a normalization of 7
such that r, - VA, = 1.

An alternative approach to entropy conditions starts from the kinetic entropy inequality
(1.6) and uses the close-to-equilibrium approximation

om(Uy) + 0, ¥(Uy) <0, (1.9)

as a side condition for weak solutions of (1.4). Here the macroscopic entropy density and
entropy flux (satisfying VU (U) = Vn(U) - J'(U)) are given by

n(U) = / HM@)du,  W(U) = /V H(M(U))dp. (1.10)

It can be shown that for small amplitude shock waves, i.e., small enough values of U, —U_|,
the conditions (1.8) and (1.9) are equivalent.

Remark 1.1 Further properties of the kinetic entropy density will be used below. The
above implies the minimisation principle

n(U) = / HM(U))du = min / H(f)dp, (1.11)

fV ofdu=U

which has the further consequence that 0y H(M(U)) is linear in the collision invariants, i.e.
there exists a vector by € R™ such that O H(M(U)) = by - ¢. If we take the gradient of the
first relation in (1.10) it turns out that by = Vn(U), such that 0fH(M(U)) = Vn(U) - ¢.
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For later reference, we collect the assumptions on the collision operator made so far.

Assumption 1 The collision operator Q has n linearly independent collision invariants
$1(V), ..., 0n(v), and its zero set is given by {M(U,v): U € R"}. There exists a strictly
convez kinetic entropy density H(f,v) satisfying the inequality (1.5) (with equality iff f =
M(Uy)). The macroscopic system (1.4) is strictly hyperbolic.

2 Examples

Not all collision operators can be interpreted as appropriate models for microscopic collision
processes. In many cases they are just constructed as relaxation models towards a desired
equilibrium. The so called BGK-models [7], [9] of the form Q(f) = M(Us) — f belong to
this class. All the examples presented below satisfy Assumption 1.

2.1 BGK-models for scalar conservation laws

A family of generalized Maxwellians for an arbitrary scalar hyperbolic conservation law
with flux J(U) is given by

M(U,v):/OUm(U—J'(T))dr, veV =R,

(see [18]), where m(v) > 0 can be any even function satisfying [*_ m(v)dv = 1. The
conservation law is conservation of mass with ¢(v) = 1 and Uy = ffooo fdv. Noting that
M is strictly increasing as a function of U, we define kinetic entropy densities by inverting
it:

f
) =U o MU =, H(fo) = [ 0cla s, (2.)
where 7 is an arbitrary convex function. Then the entropy inequality
| oMy - fido = [ WD) = HONMUs) — fldv <0

holds, since the equality follows from mass conservation and the inequality is a consequence
of the monotonicities of {(f,v) with respect to f and of 7. The corresponding macroscopic
entropy density is given by n(U). So all the macroscopic entropies can be recovered from
kinetic entropies.

There are of course also many other choices such as discrete velocity models, the sim-
plest with two velocities: du(v) = (6(v + a) + 6(v — a))dv and

M(U, +a) = %(aU +IU)),



the corresponding BGK-model being equivalent to the standard relaxation model [24]
U+ 0,j=0,  Oj+a’0,U=JU)—7j,

with U = f(—a)+ f(a), j = a(f(a) — f(—a)). Kinetic entropy densities can be constructed
as above, if the generalized Maxwellian is strictly monotone in U, i.e., if the subcharacter-
istic condition |J'(U)| < a holds for all relevant values of U.

2.2 A BGK-model for isentropic and isothermal gas dynamics

The following class of generalized Maxwellians has been introcuced in [27]. Here n = 2,
U= (p,pu), V=R, and

9 ;
M) =a (g - 0 -?)
7_1 +
with 1 <y < 3,
3—~ 1 2 —1/(v=1) 1 ,
B=—", Oé=—<—> , J:/ 1—2%)%z.
2(v-1) Jsg \7v—1 o _1( )

The collision invariants ¢(v) = (1,v) correspond to conservation of mass and momentum
(in the z-direction), and the macroscopic flux vector is given by

s = [~ () ) Mipmsa = () 22

o0

Thus, the system (1.4) is the p-system of isentropic gas dynamics with adiabatic exponent
. The eigenvalues of J'(p,m) are given by

Mg = uFcp), where ¢(p) = ﬁp(V—l)/2_

For p > 0 (away from vacuum) A; < Ay holds everywhere and the system is strictly
hyperbolic. With the corresponding right and left eigenvectors

Tll - (17 )‘1)7 Té = (17/\2) ’ lll - ()‘Qa _1)7 l/2 = (_)‘17 1) s

one can see that the system is also genuinely nonlinear. The primes indicate that the
eigenvectors are not scaled as assumed in Section 1. Moreover one can show that the Lax
admissibility condition for a 1-shock reduces to

p— < py (2.3)

and for a 2-shock to p_ > p,.
A kinetic entropy density is given by

02 f1+1/ﬁ
HU0) = 5% e 1/8)




leading to the macroscopic entropy density

2 2
_p P
n(p,u) = = o

whose physical interpretation is, of course, energy.

From the Maxwellians
P _-w?
e 2 where v € R
/27-(- b )

we recover the isothermal gas dynamics, where the flux is given by (2.2) with v = 1. Then
the eigenvalues are as above with ¢ = 1. Here the kinetic entropy

M(p,u,v) =

H(fv) =+ flnf

leads to the macroscopic one
2
u
n(p,u) = 'OT + (pInp — pln v2r),

see e.g. also [9].

2.3 The gas dynamics BGK-model

In the general d-dimensional Maxwellian

P exp (_(”—U)2+(’Uz—uQ)2+---+(vd—ud)2>

(2r T2 T

with density p, mean velocity (u, us, . .., u4), and temperature T, the axisymmetry assump-
tion is equivalent to vanishing transversal mean velocities, us = --- = ug = 0, and leads
to

p (v —u)? + w?
M(p,U,T;’U,U)) = WGXP (—T .

The integration measure is defined as du(v,w) = w?2S"dvdw = d(v,vs,...,vq),
where |S971| is the surface of the (d — 1)-dimensional unit sphere. Conservation of mass,
momentum in the z-direction, and energy is required, i.e., ¢(v,w) = (1,v, (v? +w?)/2) and

Ps 1
Uf = ,Ofod :/ v fd,u
pfufc/Q—l—Eprf Vo (v 4 w?)/2

The macroscopic flux is given by

pu
J(p,u,T) = pu? + pT
u(pu?/2 + 4pT + pT)



The macroscopic system (1.4) are the compressible Euler equations for a d-dimensional
ideal gas, reduced to one dimension by assuming plane wave solutions with vanishing

transversal velocity components.
The Jacobian

J(U) = Sou’ (3 —7)u y=11], 4

has the eigenvalues
AM=u-—c, A=, A3 =u+c,

with the sound speed ¢ = +/yT. The corresponding right and left eigenvectors are given
by

1 —
Ty = (17)\167— (37,)/“2_ (3-’7)@6)\]{4—)\%)) 3

v—1
1 1 v—=3 9 3 u 1
ek = —|—|=7——7ON— —Du’ —vE— ), —— (M — 1
= (o (G e = et = 1 =B ) = 1)

satisfying (I - 7)3_; = (1,—2,1). In view of further calculations we give r; explicitly:
r = (1,u — ¢, %(u —¢)? + 2= ]> c?). The first and third field are genuinely nonlinear,

2(y—1
y degenerate, i.e, ro - Vg = 0.

whereas the second field is linear
The kinetic entropy density is the classical H(f) = f1In f, and

LL@MﬂMM@—HWZKﬁﬁ—mMWMMMM—ﬂwﬁm

the equality being a consequence of the fact that the logarithm of the Maxwellian is a
linear combination of the collision invariants. The macroscopic entropy density is given by

Subtracting a multiple of the conserved quantity p and dividing by a constant factor gives
the classical ) = —pIn(pT/p?) with v = (d + 2)/d.

2.4 Fermions in a background medium and a constant electric
field

Semiclassical modelling of the scattering of fermions with an equilibrium background
medium leads to collision operators of the form [30]

Qs(f)(v) = /Ra(vav’)[f(v')(l — f)M(v) = f(v)(1 = () M),



where the collision cross section o(v,v') > ¢ > 0 is symmetric, M(v) = (27) /2e /2

is a normalized Gaussian, and the occurrence of the factors (1 — f) is a consequence of
the quantum mechanical Pauli exclusion principle. The zero set of (), is one-dimensional
(corresponding to the conservation of mass) and consists of the Fermi-Dirac distributions
(14 ¢/M)~', ¢ > 0. The action of a constant electric field with the z-component E is
included in the total collision operator

The only conserved quantity is mass (¢(v) = 1), and it has been proven in [3] that the zero
set of () can be parametrized by the density:

Q) =0 < [flv)=Mlpsv),

where the generalized Maxwellian is a strictly increasing function of p; = fR fdv. With-
out the lower bound on the collision cross section the existence of nontrivial equilibrium
distributions is not guaranteed (see [37]).

The somewhat surprising result that the definition (2.1) yields a kinetic entropy density
for the operator ) (including an acceleration term) has been proven in [5].

3 Macroscopic and small wave approximations

3.1 The hydrodynamic limit

The macroscopic approximation (1.4) for the kinetic equation (1.1) can be formally derived
by rescaling position and time by z — z/e, t — t/e, and passing to the limit ¢ — 0 in

0, f° + cvd, f7 = Q(f). (3.1)

Assuming a strong enough convergence f¢ — f as ¢ — 0, passing to the limit yields
Q(f) = 0 and, thus, f(t,z,v) = M(U(t,z),v) with U = lim._,o U-. Passing to the limit
in the conservation laws

leads to the macroscopic system (1.4). This limit can be justified for all examples of
Section 2 in the following sense: If the initial data f;(z,v) = f°(0,z,v) are smooth and
possess smooth moments Uy, (), then a unique smooth solution of (1.4) taking these initial
data exists for a short enough open time interval. The unique solution of the initial value
problem for (3.1) converges to M(U), where U is the solution of (1.4), on any compact
subinterval of the existence interval of the latter (see, e.g., [10] for the case of the Boltzmann
equation of gas dynamics).

The harder question of global convergence to weak entropy solutions has also been
answered for all the examples except for the gas dynamics BGK-model (Section 2.3).
Proofs working for all cases in Section 2.1 can be found in [33], [34]. For the isentropic
gas dynamics model (Section 2.2) it has been carried out in [6], and for the fermion model
(Section 2.4) in [5].



3.2 The linearised collision operator

The properties of linearizations of the collision operator at equilibrium distributions will
be needed throughout the rest of this work and, in particular, in the following section for
the construction of a more accurate macroscopic approximation. For a fixed vector U, the
linearisation of the collision operator around M := M(U) is denoted by

Lf:=Q(M)f.

The motivation for introducing a suitable functional analytic framework for the operator
L comes from the entropy inequality

%/Q(M+5f>afH(M+€f)dlLL§O
e Jv

Since d;H(M) is a linear combination of the collision invariants (see Remark 1.1), the
limit as € — 0 of the left hand side is equal to (Lf, f)y with the weighted scalar product

9)v Z/Vfg(?f«H(/\?l)du- (3.3)

The induced Hilbert space and its norm are denoted by (L2,].||v). The operator L is
assumed to be bounded and symmetric and, by passing to the limit in the above entropy
inequality, it is negative semidefinite in L2. By the symmetry assumption, the functions
¢;/0FH(M), 1 < j <n, (where ¢; is the j-th collision invariant) lie in the null space N of

L. We assume that they span N, but use the alternative basis 8UjM(U, v),j=1,...,n,
having the useful property

(UBUM (9(]/q§Z 0)dp = by, 1<4,5<n.
Since

(f.0/OFH(M))y = Uy ,

L+ = {f € L2 : Uy = 0} holds, where N'* is the orthogonal complement of N in L2.
We assume that £ : Nt — N is invertible. In other words, U, = 0 is the solvability
condition for the equation £f = g, which has a unique solution f € N*. Finally, the
orthogonal projection from L2 to A is given by f — Uy - VyM(U).

In this section, we have posed further assumptions on the collision operator:

Assumption 2 The linearized collsion operator () (M) 18 symmetric with respect to the
scalar product (5.3). Its kernel N is n-dimensional, and its restriction to N'* is invertible.

For BGK-models the linearized collision operator is given by Lf = Uy - VoM — f,
immediately showing dim(N') = n, L|y1 = —id, and implying

(Lf gy —(Lg, [)v = /V (gUy — fU,) - VoM OZH(M)dp .
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Symmetry of £ is now a consequence of the identity
VoM(U) FH(M(U)) = V*n(U)é, (3.4)

derived by computing the gradient of O;H(M(U)) = Vn(U) - ¢ (see Remark 1.1). The
identity (3.4) has other useful consequences. Taking its tensor product with vVyM(U)
and integrating it with respect to v shows that the matrix V?n(U)J'(U) is symmetric.
This in turn implies that V?n(U)r(U) is a left eigenvector of J'(U) corresponding to the
eigenvalue \,. Thus,

Vn(U)r(U) = ke (U)(U),  with ki (U) = V*n(U) (rx(U),rx(U)) > 0,
implying the following relation between elements of N:

ro(0) - VoM = ()0 - aHL;M) (3.5)
f

3.3 The Chapman-Enskog approximation

There are two basic strategies for improving the approximation quality of the macroscopic
limit M(U) as an approximation for f. The idea of the Hilbert expansion [23] is rather
straightforward and amounts to constructing an asymptotic expansion for f¢ in terms of
powers of e:

folt,z,v) = MUt ), v) + > _e"fult,z,v) + O™,
j=1
Substitution of this ansatz in (3.1), (3.2), and in the initial conditions, and comparing
coefficients of ¢ leads to equations determining the sequence { f,,} recursively.
The second approach does not concentrate on solving arbitrary initial value problems for
(3.1), but to approximate a solution manifold parametrized by the macroscopic moments
U = Uy-. It starts with the micro-macro decomposition

fo=MU") +ef*,

and tries to compute f+ in terms of U¢ and the dynamics of U¢, such that f¢ solves (3.1).
When, in this program, O(g?)-errors are accepted in the equation for Uy, an approximation
up to O(e)-errors is needed for f+. From (3.1) we obtain

Q' (MU f+ = VyM(U?) - (9,U° + v9,U°) = VyM(U®) - (v — J'(U%))0,U*

where O(e)-terms have been neglected. Computing the gradient with respect to U of the
relation J(U) = [, voM(U)dp shows that the right hand side satisfies the solvability
condition mentioned at the end of the previous section such that f* can be computed
uniquely in terms of the approximation U of U¢:

[HU] = QMU) T VeM(U) - (v = J'(U)]0.U - (3.6)
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Using this in (3.2) gives the Chapman-Enskog approzimation [12]
U + 0, J(U) = €0, (D(U)0,U), (3.7)

with the diffusivity matrix
D) = - /V 06 ® Q(M(U)) [VoMU) - (v — J'(U))du,

where the symbol ® denotes the tensor product. For BGK-models, Q'[,,, = —id and a
more explicit representation can be found:

D(U) = /Vv?qs ® Vo M(U)dp — J'(U)?.

The diffusion dissipates the macroscopic entropy, which is reflected by the fact that
V(U)D(U) = —(Q'(M(U))x @ x)v > 0
holds, where the identity (3.4) and the notation y = VyM(U) - (v — J'(U)) have been

used.

Remark 3.1 For the BGK-models for scalar macroscopic equations (¢ = 1) in Section
2.1, OyM > 0 holds, implying

J(U)? = (/V ”U(?U./\/l(U)d,u)z < /Vv28UM(U)du,

since [, OuM(U)dp = 1. Thus, the diffusivity D(U) is strictly positive.
For the BGK-model for isentropic gas dynamics in Section 2.2,

D(p,u) = (3—7)p"" ( 0 0 )

—u 1

holds, leading to the Navier-Stokes model

D(p,u)0, ( p[; ) = ( M(p())axu ) ’

with the viscosity u(p) = (3 —)p". This example shows that the diffusivity is in general
not reqular, such that diffusion does not act on all components of U.
The gas dynamics BGK-model in Section 2.3 gives

0 0 0
D(p,u,T) =T R ) g
(d+2) 3(d—2) (d—4) d+2

— 5T - =5 o S
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leading to

p 0
D(p,u, T)0, pu = 1(p, T)0zu 7
p(u? +dT)/2 up(p, T)0pu + K(p, T)0, T
with viscosity p(p,T) = Q(df;l)pT and heat conductivity k(p,T) = “2pT. Note that with
v = ‘%2 and with the isentropic relation pT = p?, the viscosity of the previous example is
recovered.

Remark 3.2 Similar results as those described in Section 3.1 are also available for the
vanishing diffusion limit € — 0 in (3.7) (see, e.g., [20], or [8] for a recent result).

3.4 Weakly nonlinear approximation for small waves

In this section we consider the slow modulation of travelling wave solutions of the lineariza-
tion of the hydrodynamic system (1.4) at a constant state U_. Modulations are caused by
nonlinearity and by the dissipative terms in the Chapman-Enskog system (3.7).
We choose k such that the k-th field is strictly nonlinear (74 - VA, = 1) and introduce

a moving reference frame and a long time scale by x = n + A\, (U-)t and ¢t = 7/¢ in (3.7):

e0.U + (J'(U) = \(U-))0,U = £0,(D(U)d,U) . (3.8)
This motivates the ansatz

U(r,n) = U_ + ey(r,n)ri(U_) + 2Us(1,n) + O(?),
which annihilates the O(1)- and O(e)-terms in (3.8). At O(g?), we obtain

Oy i+ yOuyJ" (ri, i) + (J' = M), Uz = Dridy

where all functions of U are evaluated at U_. A solvability condition for this equation for
U, is obtained by taking the scalar product with the left eigenvector [ of J' (satisfying
lk T = 1)
Ory + yOpy = Dp(U-)02y , (3.9)
with Dy (U) = lx(U) - D(U)ri(U), where the relation
1 = Tk . V)\k =Tk V(lk . J/Tk) = lk . J”(T’k,’f’k) + Tk ()\krk . Vlk + )\klk . Vrk)
= lk . J”(Tk,rk) + )\krk : V(lk : Tk) = lk : J”(Tk, Tk) (310)
has been used.
Approximately, the modulation of travelling wave solutions is described by the viscous

Burgers equation (3.9). Positivity of the scalar diffusivity Dy, will be assumed. It has to
be checked example by example.

Remark 3.3 For scalar conservation laws we obviously have Di(U) = D(U). For the
isentropic gas dynamics model we obtain Dy, = (3 —)p?" /2 for both k = 1 and k = 2,
and for the full gas dynamics BGK-model D, =T for the genuinely nonlinear fields k = 1
and k = 3.
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3.5 Viscous shock profiles for weak shocks

Let the k-th field of (1.4) be genuinely nonlinear and let {Ux, s} denote a k-shock, where
the shock speed can be written as

s=A_+c¢e0o,

with ¢ < 0 and a small perturbation parameter 0 < ¢ < 1. The sign conditions are
due to the Lax entropy condition (1.8). Then the difference of the far field states has an
asymptotic expansion

U, —U_ =2cor_ +0(e%),

where r_ =1, (U_) and A_ := A\ (U_-). A travelling wave solution U = Uyp(§), £ = x — st
of the Chapman-Enskog equations (3.7), satisfying the far-field conditions U,s, — Uy for

& — o0, will be called a wviscous shock profile. It can be seen as an heteroclinic orbit of
the ODE system

eD(UV)OU = J(U) — J(U_) — s(U -U_). (3.11)

General results on the existence of viscous shock profiles are not available (even for artificial
viscosity of the form D(U) = I). For small shocks, i.e. € small enough, U,, can be expected
to stay close to the constant state U_, and therefore the asymptotics of the previous section
can be used for an approximation. This leads to a travelling wave problem for the viscous
Burgers equation (3.9) with wave speed o and with the far-field values y_ = 0 and y, = 20.
A travelling wave solution y,s,(n — 07) = Y45, (£) can be computed explicitly.

To make this approximation rigorous is a nontrivial problem of the theory of singularly
perturbed ODEs. The details of the justification depend on the properties of the diffusivity
matrix D(U). A general rigorous treatment is, thus, impossible and we state the result as
an assumption.

Assumption 3 Let the k-th field of the macroscopic flux J(U) be genuinely nonlinear, and
let Dp(U-) = lx(U-) - D(U-)re(U-) > 0. Let, for € small enough, (3.11) have a solution
Upsp(€) = U_ + eyusp(E)ri(U-) + £2U5(€), satisfying limg_.4oo Uysp(€) = Uy, such that U
and all its derivatives are uniformly bounded with respect to .

We verify the assumption for the BGK-models of Section 2. For the case of a scalar
conservation law (Section 2.1), genuine nonlinearity, w.l.o.g. J” > 0, has to be assumed.
In this case, by D(U) > 0, viscous shock profiles obviously exist, iff the entropy condition
U, < U_ is satisfied. Smallness of the shock is not needed.

For the case of isentropic gas dynamics (Section 2.2), both fields are genuinely nonlinear.
By the form of D(p, m) the first equation in the system (3.11) is algebraic, and the system
can be reduced to the scalar ODE

P’ = ppl
p-(s—u-)

ep(p)

Oep=(p—p-)(u-—s) +

14



It is easily seen that s —u_ is negative for a 1-shock and positive for a 2-shock. Obviously,
this sign determines the convexity of the right hand side, and a viscous shock profile exists,
whenever the entropy condition (p, > p_ for a 1-shock, p, < p_ for a 2-shock) is satisfied.
Again smallness of the shock is not needed.

For the full gas dynamics BGK-model (Section 2.3) again one equation in (3.11) is
algebraic. However, after elimination of one unknown, a singularly perturbed second order
system remains. Existence of viscous profiles for small shocks (in the genuinely nonlinear
fields k = 1, 3) has been shown for various applications.

4 Existence of kinetic profiles for weak shocks

In this section we shall present an approach for the construction of small amplitude travel-
ling wave solutions of the kinetic equation (1.1). The macroscopic moments of their far field
limits are connected by genuinely nonlinear entropic shock waves of the hyperbolic system
(1.4). The main ideas are generalizations of the work of Caflisch and Nicolaenko [11] on the
gas dynamics Boltzmann equation. Our approach is slightly different in several details. In
particular, starting from a formal asymptotic approximation, a perturbation equation for
the correction term is considered. This leads to a sharper error bound in the final result.
Also the problem is in general not linearized around the far-field state. This is necessary
for treating problems with equilibrium velocity distributions with compact support (like
the BGK-model for isentropic gas dynamics in Section 2.2), in order to guarantee that the
support of the state we linearize around contains the support of the travelling wave.

In the following two subsections, the general procedure is outlined. Applications to
several examples are contained in the last subsection.

A kinetic shock profile is a solution f = f(&,v) of

ev—s)0f=0Q(f),  Jim f(§v)=Mx(v):=M{Usv). (4.1)

Considering (3.11) as an approximation for (4.1), an approximative kinetic profile for a
small k-shock is given by

fas = M<Uvsp) + 5](1_ [Uvsp] ) (42)

where the microscopic correction term is defined in (3.6).

4.1 The micro-macro decomposition of the correction term

We start by analyzing the formal approximation properties of (4.2). The residual is given

by

eh = elv— $)O¢ fas — Q(fas)
= £(v—8)0:M(Uysp) + 52(“ - 5>a£fL[Uv8p] — QM (Uysp) + 5fJ_[Uv8p]) . (4.3)
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Using the asymptotic expansion of U, given in Assumption 3, it is straightforward to
show that the scaling of the residual is justified in the sense that, as a function of &, h and
its derivatives are bounded uniformly with respect to ¢.

Also the system (3.11) implies that the macroscopic moments of the residual vanish:
U, = 0. Finally, f,s satisfies the far-field conditions in (4.1) exactly.

The problem (4.1) rewritten in terms of the correction term eg = f — f,, reads

e(v — 8)0¢g — Lasg = e R(g) — ch, (4.4)
with L,s = Q'(fas) and R(g) = e Q(fus +%9) — Q(fas) — €2L4sg), subject to
g(F£oo,v) =0 forall veV. (4.5)

By computing the moments and integration with respect to &, we derive the property

/(v—s)¢gdu:0. (4.6)
v

The collision operator has been linearized around the approximation f,s. This has the in-
convenience to depend on the spatial variable £&. Therefore we shall also use the linearization
L := Q' (M(U)) around the constant-in-¢ state M, chosen such that U = U_ + ¢U (with
U bounded uniformly in ¢) and, consequently, f,, = M+ O(e) and L,s = L+ O(e). Here
and in the following, we use the abbreviations

M=M®U), A=x0), F=r(U), [=1(0).
The correction term is split into a macroscopic and a microscopic part:
9(&,v) = 2(§)2(v) +ew(§, v), (4.7)

where the macroscopic variable is scalar and corresponds only to contributions from the
k-th field. The choice of the profile function ® is motivated by the work of Caflisch and
Nicolaenko for the Boltzmann equation [11]. It is chosen such that it approximately solves
a generalized eigenvalue problem:

LD =cer(v—5)P+ O(?),

for a constant 7 and, additionally has the moment property of g:
/(v—s)¢<bdu=0 = /(U—s)qﬁwduzo. (4.8)
1% 1%

Hence expanding ® = @ + ¢®; and decomposing the wave speed as s = A + e6 with
6 =0—U-VA+0(e), we determine the components &, and ®; and the eigenvalue 7 such
that

LDy =0 and / (v — A)p Do dp = 0, (4.9)
|4

LD =7(v— NPy and /(U —5)p Py dp = &/ O Podp. (4.10)
v v
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Considering that the null space of £ is spanned by the components of VUM, the problem
(4.9) is solved by &g =7 - Vi M. Note that the second equation in (4.9) is the solvability
condition for the first equation in (4.10). We choose a solution of the form

Oy =1L (v = N)Po] + Y Bri(U) - VuM.
J#k

The second equation in (4.10) then becomes

—rD(U)# + > BN (U) = s)r;(U) = 67,
i7k

which can be solved for 7 and the 3; by

A

" D) b= WZJ(U)'D(UV, £k,

As a consequence of (3.5) and of (4.9)
. A
v (o)

is well defined. In order to make the decomposition (4.7) unique, we pose the orthogonality
condition

((v=s),w)y =0. (4.11)

The computation

-D = <(U - S)¢7 (I)>V = <U¢’ q)0>v + 0(5)
= - [ w6l (v~ Vi - VuMldu+ O() = ~Du(0) + O(e)
v
shows that, for € small enough, D > 0 and the decomposition (4.7) is well defined.

We now write the perturbation equation (4.4) in terms of the decomposition (4.7) and
divide by e:

1
(v —5)POcz — Zgﬁasq) +e(v—5)0cw — Losw = eR(2P + cw) — h, (4.12)

It is part of the method of Caflisch and Nicolaenko that for projecting the equation to its
macroscopic and microscopic parts, the alternative decomposition

(v— $)<I>

is used. This definition and the property (4.8) of ® imply Up, = U,. Application of II to
(4.12) gives the macroscopic equation

— D¢z 4 W(€)z = el'w + elIR — TIh, (4.13)
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where
1 1
U =—-IIL,® and IN'w=-1IL,w.
€ €

These terms are (formally) O(1). This might not be obvious for the last one: The con-
struction of v, the symmetry of £ and (4.8) imply

M asw = (L1, w)y +O() = i - /V(v ~S)éwdp+ 0e) = Oe).

In the limit € — 0, z satisfies a linear equation independent from the microscopic solution
component w. The following result shows that it is a small perturbation of the linearization
of the travelling wave version of the viscous Burgers equation (3.9).

Lemma 4.1 Let Assumption 8 hold. Then, formally, V(§) = y,sp(€) — 0 + O(e).

Proof. We shall use the formula
Q"(MU))(VuM(U), VyM(U)) = =Q'(M(U))VEM(U), (4.14)

which can be derived by computing the Hessian with respect to U of Q(M(U)) = 0. Since
® is in the null space of L,

Los— L

éﬁasq) = (I)O + Easq)l (415)
holds. By the definition of &4,
L, = (U, LO1)y + O(e) = 7(¢h, (v — 8)P)y + O(e) =5+ O(e) . (4.16)

The definition of f,s and the expansion of the viscous shock profile U,s, imply fos =
U_ + eypspri(U-) + O(e?) and, thus,

Eas - L Q/(M(U— + Eyvsp’rk(U—))) B Q/(M)

= + O(e)
€ € A
= Q"(M)(ypsp? —U) - VgM + O(e).
With (4.14) we therefore obtain
Eas - E ~ A N
Oy = —LVHEM(ypspy — U, 7) + O(g),
implying, with the symmetry of L,
Los— L - . 9 4~ R,
I Oy = - [ (v—XN)dViMdu (ypspt — U, 7) + O(e)
1%

= - J"U) (Yosp? — U, 7) + O(€) = —yosp + U - VA + O(e),
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where the last equality requires a computation analogous to (3.10). Combining this with
(4.15) and (4.16) and recalling 6 = o — U - VA + O(e) completes the proof. O

The microscopic projection P is used to derive from (4.12) an equation for w. The
linearized collison operator is now approximated by L:

1 .
g(v—8)0w — Lw = ngEasq) +el'w +ePR — Ph, (4.17)
where
~ 1 (v—235)P 1

The operator I' is formally O(l). Like g, its micro- and macro-components z and, respec-
tively, w have to satisfy homogeneous far-field conditions

z(+£00) = w(doo,v) =0. (4.18)

The problem (4.4), (4.5) for g is equivalent to the (z,w)-problem (4.13), (4.17), (4.18).
The basic idea for the solution is to produce a fixed point problem by considering the
right hand sides of (4.13) and of (4.17) as given. This is made difficult by the nondefiniteness
of L. The following procedure of removal of the null space is again based on ideas from
Caflisch and Nicolaenko [11].
We introduce a negative definite perturbation of £, which coincides with £ on the set of
functions w satisfying the moment conditions (4.8) and the orthogonality condition (4.11):

il
Kw=Lw—(v—:s)Y((v—s)Y,w)yy —(v—8)———- v—s)pwdpu. 4.19
(v = s)¢((v = )Y, w)y — ( )8]%H(M) V( ) (4.19)
We already know that £ is negative definite on N+, Writing the general element of the
null space of £ as w =37, a;r;(U) - VyM € N, we compute

—(Kw,w)y (Z%z D(U )

The limits (A, (U_) = \e(U_))7;(U-), j # k, as e — 0 of the vectors (\;(T) —s)r;(U), j # k,
in the last term are linearly independent. Therefore this term controls the coefficients o,
J # k. The coefficent of oy in the first term on the right hand side is equal to Dk(ff ), whose
limit Dy(U_) as ¢ — 0 is positive. So this term controls «ay, showing that I is negative
definite.

We now replace the operator £ in (4.17) by K:

T](U)

1 g
e(v—8)0w — Kw = zgpﬁasfb +el'w+ePR — Ph, (4.20)

and look for a solution of (4.13), (4.18), (4.20) in the following. The equivalence of the
problems is not obvious:

Lemma 4.2 For given z(§), the problems (4.17), (4.18) and (4.20), (4.18) for w are
equivalent.
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Proof. Since any solution of (4.17), (4.18) satisfies (4.8) and (4.11), it also solves (4.20),
(4.18).

Let on the other hand w be a solution of (4.20), (4.18). Multiplication of (4.20) by
the components of ¢ and integration with respect to velocity as well as taking the scalar
product of (4.20) with 1 results in a system of n + 1 linear homogeneous first order ODEs
for the quantitites

/(v —s)pwdp and (v — s)Y,w)y .
1%

Due to the homogeneous far-field conditions, these quantities vanish for all &, implying

(4.8) and (4.11) and, thus, (4.17). O

4.2 The existence result

The solvability of the nonlinear problem (4.13), (4.18), (4.20) is deduced by using a fix-
point argument. Hence we first consider the leading linear system, where we regard the
right hand sides of (4.13) and (4.20) as given inhomogenities:

e(v—8)0qw — Kw = hy,,  subject to w(+oo,v) =0, (4.21)
Ddez —U(€)z =h,, subject to z(do0) =0. (4.22)

Taking the scalar product of (4.21) with w and integrating with respect to £ gives

- [kwwyde= [ thuwydc. (4.23)

This shows that the definiteness of K implies uniqueness of the solution of (4.21), whereas
equation (4.22) has a one parameter set of solutions, which reflects the translational in-
variance of the travelling wave problem. Therefore we pose the initial condition

2(0) = 2, (4.24)

with an arbitrary zp € R. Lemma 4.1 and the far-field behaviour of y,, imply ¥(oco) < 0
and U(—oo) > 0. Therefore the fundamental solution Z satisfying

DOZ —W(&)Z =0, Z(0)=1,

decays exponentially for £ — +o00, and the solution

_ 1 [f2Q
(6 = 20+ 5 [ Zughendn

of (4.22), (4.24) is bounded for bounded h,.

At this point it is necessary to choose a functional analytic framework for the further
development. Different choices are possible and have been made in different situations in
the past. In this general treatment, we stay abstract and assume that two norms || - || and
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| - ||I£* for functions of the spatial variable £ have been chosen, where the first one is used
for solutions of (4.22) and the second one for the right hand sides. Similarly, the norms
|- 1lf, and [| - [[£%, for functions of (£, v) are used for solutions of (4.21) and, respectively,
right hand sides. In the following, C' denotes (possibly different) e-independent constants.

Assumption 4 A solution of (4.21) exists and the solutions of (4.22), (4.24) and of (4.21)
satisfy estimates of the form

I2lle < Clzol + 1h=lE) Nlwlley < Cllhwlle, -

Caflisch and Nicolaenko use weighted L>°-norms for the Boltzmann equation [11], whereas
for BGK-models, as we will see later, L?-based norms turn out to be convenient. In view
of (4.23), an L2-approach seems natural. However, for the control of the nonlinearities
regularity with respect to £ is needed. Control of nonlinearities is straightforward in a
L*>-approach. Estimating the solution of (4.21) in terms of L>°-norms on the other hand,
requires much more sophistication than the derivation of L?-estimates.

The approach for the existence proof of a solution of (4.21) is based on spectral theory
in [11]. In [17] the proof relies on a discretisation of the velocity component.

The existence and uniqueness proof of solutions of the nonlinear problem (4.13), (4.20)
and (4.24) is now a contraction argument. Therefore we need estimates for the right-hand
sides of (4.13) and (4.20). Corresponding to the spaces of the solutions and inhomogenities
of the linear problem we define the norms

[z w)lI” == llzlls +ellwllew, N ha) ™ =[R2l + ellhwlley (4.25)
weighted according to the decomposition g = &z + cw. In the following we identify g with
the pair (z,w), i.e., [[g]]* = [[(z, w)[]*.

The following assumption contains rigorous statements concerning the formal properties
of the terms on the right hand sides of (4.13), (4.20):

Assumption 5 (i) The linear terms appearing in the right hand sides of (4.13) and
(4.20) can be bounded as follows:

1 *k * *k a *k *

SIPLas®2lgy < Cllzlle, [Twlle” + Twllgy < Cllwlley - (4.26)
(ii) The residual terms are uniformly bounded:

ITIA|[E" + [|PhllEy < C. (4.27)

(111) The nonlinear term R(g) is quadratic:

ITLR(g1) — TR (g2)ll¢" + [PR(g1) — PR(g2)ll¢y

< CUlgall™ + g2l g = g2l Jor flgull”s Nlg2ll™ < (4.28)
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Before stating the existence and uniqueness result we note that in terms of the original
unknown f = f,s + €%g, the condition z(0) = z, reads

<(U - 3)% f - fas>v(£ = 0) = _5220[) . (429)

Theorem 4.3 Let the Assumptions 1 — 5 hold. Then for every zy € R and every small
enough € > 0 there ezists a solution of (4.1), (4.29), which is unique in a ball {f : ||f —
fas|| < 0} with & independent of . It satisfies

Hf - M(Ump)”* < 0527
or, more precisely,
f=M(Uysp) + efL[Uvsp] + 202 + Sw,

where Uy, is the solution of (5.11) and ||z||§ and |[w||f, are uniformly bounded as e — 0.

Proof. It remains to prove the existence and uniqueness of the full nonlinear problem
(4.13), (4.20), (4.24). As a consequence of assumption (4.26), the estimates from assump-
tion 4 can be extended to the full linear problem

DOez —V(£)z = elw+h,,
1 3
€(v —s5)0gw — Kw — ng,CaSq) = el'w+ hy,

with given inhomogenities h., h,, and z(0) = zp. In terms of the norms defined in (4.25)
the estimate on the solution of the linear problem can be written as

1z, w)l[* < Cllzo] + ([ (s ) [[7) -

Applying the solution operator for this system to (4.13), (4.20) implies a fixed point prob-
lem of the form

2 = eR.(z,w)+h., (4.30)
w = eRy(z, W)+ hy, (4.31)

where R, and R, share the property in (4.28), and ﬁz, h, are the terms containing the
residual, hence given and bounded due to (4.27). Using (4.28), the fix-point operator can
be estimated by

I(eRx(2,w) + hay Ry (2,w0) + b)) [* < o1+ e([| (2, w)[[*)?)

for a constant ¢ > 0.

This implies that for € small enough both the ball with radius 2¢ and the ball with
radius e! min{1/(2¢), Cy} are mapped into themselves by the right hand side of (4.30),
(4.31). Due to the properties of the nonlinearity, the fix-point operator is a contraction
on a ball with an O(e™!) radius. And we conclude that for e small, (4.30), (4.31) has a
solution with ||(z,w)||* < 2¢, which is unique in a ball with an O(e™!) radius. Knowing
this and returning to (4.31), also the boundedness of [[w][f , follows. O
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Lemma 4.4 Let the assumptions of Theorem 4.3 hold and let the norm ||-||f , be such that
[Unlloe < Cllwllz,. Then the macroscopic moments Uy ;(§), j = 1,...,n, of the solution
fof (4.1), (4.29) are strictly monotone. Due to the asymptotic expansion of the travelling
wave solution f, sgn(0cUs ;) = sqn(ri(U-);0cyuvsp) follows.

Proof. We proceed as in [17]. One can easiliy extend the proof of Theorem 4.3 to show
that the difference of two solutions (z,w) and (Z,w) is depending Lipschitz continuously
on the initial data

l2— 2l < Clzo— 2, Jlw— 1], < Clzo— 4l.
For the corresponding solutions f and f of (4.1), (4.29) the relation

Uf,k(O) — Uf}k(O) = €2Uq>7k(20 - 20) + 53(Uw,k(0) - Uw’k(O))
holds. The assumption ||[Uyx — Ug klloo < Cllw —@||f , now implies

|Uw,k<0) - Uw7k(0)| S C|ZO - ?:’0| .
Since Ug j, # 0, the map zy — Uy (0) is invertible for ¢ small, meaning that the travelling
wave can also be made locally unique by prescribing the value of Uy ;(0) instead of zy. This
argument can of course be repeated with Uy (&) for every & € R instead of the origin.

Now assume Uy (&) is not strictly monotone. Then there exist two {-values &, and
& + 0 with an arbitrarily small positive d, such that Uy (&) = Urr(§o + 0). Now also

f(§v) = f(§+6,v) is a travelling wave with Uz, (&) = Uy (§o). By the uniqueness result

we obtain f = f . Consequently f must be periodic, which is a contradiction to the far-field
conditions. U

4.3 Examples

For the BGK-models introduced in Section 2, it only remains to check Assumptions 4 and

5. The standard norms and spaces of functions of & we denote by (L, |.Il¢), (H¢", [k

(L& ]-]loc) and recall the definition of the inner product in v in (3.3). Then the Hilbert
2 .

space L is naturally defined by the scalar product

(f19)ev = /R(f, g9), d€,  where supp f,supp g CV,

with the induced norm | - ||¢ . Similarly the spaces Hf(L2) of functions, whose derivatives
in £ up to order k are in L2, are defined by

1
W llseny = (B - IBEFI2L)*

In terms of these norms we have to make some assumptions on the Maxwellians and kinetic
entropies. We require that for a fixed v € V the equilibrium distribution M (U, v) with
support in V' is five times continuously differentiable in U and

/ |6(v)* VI M(U,v)|dp < C, / lp(v)°] (ng(U, v))2 OFH(M)dp < C,  (4.32)
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where o and § are multiindices with |o| < 4 and |8] < 5 and U is O(e)-close to M.
Moreover we assume

/ cb(V)“fdM‘ <Clfly,  forlal <3, (433)
implying
1Usillay < Cllfllapaz),  k=1,....n. (4.34)

We are now prepared to investigate the existence of a solution to the linear problem corre-
sponding to (4.21), (4.22). We shall mention that for the existence proof H{-based norms
are sufficient. In this case we would only need the moment conditions in (4.32) up to
|3| = 3. But since showing the asymptotic stability requires L>°-bounds on the macro-
scopic profiles of the travelling wave and also on their derivatives up to second order, we
shall rather look for solutions in the spaces HZ, respectively HZ(L3):

e(v — 5)0cw — Kw = hy,, with h, € H?(L%) ) (4.35)
DOez — V(€)z = h, with h, € HZ . (4.36)

As we have already indicated before, there exist constants v , ¢ > 0 such that
U(E) < —y foré>¢, W(E) >y for <€ (4.37)

Using this property of ¥ it was shown in [17] that the solution z of (4.36) with z(0) = 2
satisfies the estimate

2l < Clzol + lsllg)

Additionally, based on a discretisation of the velocity component v, it was proven in [17]
that there exists a unique solution w € H(L3) of (4.21) satisfying

1
[0fwllew < E||a§hw||§,v, for k=0,...,3.

Here the positive constant « is the one from the coercivity estimate —(Kw, w)y > s||wl|2.
This coercivity estimate in particular holds for the negative definite operators C appearing
in the examples under consideration.

If we can also verify the bounds on the linear and nonlinear terms in assumption 5
the contraction argument can be carried out. Using the boundedness of IT : L2 — R and
P: L% — L2, the moment conditions (4.32), (4.33) and the smoothness of U,s,, we obtain
the desired bounds on the linear terms

1 -
EHP'Cas(I)ZHHg(L%) < CHZHHg, ||Fw||Hg + ||Fw||Hg(L3) < CHU’HHg(L%,)- (4.38)

We observe that for the particular examples under consideration the behaviour of Uy, is
exponential as ¢ — do0o. This allows us to integrate the derivatives in &, and enables us
to deduce the boundedness of the residual-terms

| Phll sz + TTAL2 < C. (4.39)
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Here we have again additionally used the smoothness of U,s,, the boundedness of P and
IT and the moment conditions (4.32), (4.33).
Now it only remains to control the nonlinear term

1
R(g9) = 6—4[M(Uysp +&°U,) — M(Upsp) — 2V M (Usgp) - U]
= UgM”(Uvsp + “5279U9>Ug )

forav € (0,1). By differentiation, the moment conditions in (4.32) and the one-dimensional
Sobolev imbedding, the estimate

18(91) = B(92)ll e rz) < Cllgnllag sy + Ng2llgra))llor — gallmprs) (4.40)

2 in general. If V is

can be deduced to hold for all g;, go with HQIHHg(L?,)a ||g2||H§(L3) < Ce~
compact, the ball of admissible functions g1, go has to be reduced to a ball with a radius
Coe™t. Due to the construction of V' this guarantees that the supports of the Maxwellians
resulting from Taylor expansions stay in V.

We shall give the norm of g according to (4.25) explicitly:
lgll™ = Gz w)lI" = Nzl + ellwll g rs) - (4.41)

Hence obviously | g|| mry < C lg|l*, and the existence and uniqueness result is an imme-

diate consequence from Theorem 4.3.
For the oncoming examples it now only remains to give a concrete setting for the
Maxwellians and the kinetic entropies, such that (4.32)-(4.33) hold.

BGK-models for scalar conservation laws

We have already mentioned that the monotonicity condition on the Maxwellian, oy M > 0,
provides a kinetic entropy. Considering V' = R, we linearize around the left states and hence
the inner product in v can be written as

I
Oy M_

<f7g>v: d,u

As long as the Maxwellians satisfy the conditions corresponding to (4.32) and (4.33), the
existence result is an immediate consequence.

The BGK-model for the isothermal system and the gas dynamics

In both cases we have smooth Maxwellians with V' = R. The conditions (4.32) and (4.33)
can be checked by direct calculations.
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The BGK-model for the isentropic system

In this example the Maxwellians under consideration have a compact support. Hence
we have to construct a Maxwellian M := M(p, ) with a bigger support than all other
functions appearing in our calculations. For simplicity we denote in the following v =
1 4 2c. Then the support of M(py, us) is bounded by

Cr Cr
up— —=<v<u+—. (4.42)
Va Va
As we have already seen, the macroscopic profiles of the travelling wave will be monotone,
ie.

Spy — pru s(p- — p-u-) p-
agpf > 0, (9§uf = %agpf = —Zagpf = —(C_ - 60’)—285pf <0.
Py Py Py

Now one can see that the left hand side of (4.42) is strictly decreasing. An expansion
shows that also the right hand side of (4.42) is decreasing, and hence neither M_ nor M
provide a large enough support. We choose

u=u_, c=cp(l+¢/ps), (4.43)

defining p and @ uniquely. Then for £ small M has the desired properties, i.e. the support of
M includes the supports of all M(py, uys) plus an additional range of order e. And thus we
linearize from now on around the Maxwellian M with the support V := |u — \%, U+ \/ia] .

The inner product (3.3) reads

(f.9), : for supp f,suppg C V.
Now it only remains to check (4.32), i.e. for M(p, u) with supp M(p,u) C V:

sup ‘/ (205, M ))2M%_1dv < C, (4.44)
for j+k=0,...,5. In order to guarantee that this holds, we have to make a technical

assumption and restrict in the following « to the values

1 2
0<a<1—7, or equivalently 1<7<1—1—1—7

It is sufficient to show the uniform boundedness of

2 2(B—n) a2 1-8
/ (— — (v — u)2> (— —(v— 7))2) dv, forn=0,...,5. (4.45)
supp M(pu) \ a

The assumption supp M(p,u) C V implies

(é%+u—v)(é%—u+v)§(é%+ﬂ—v><§%—ﬂ+v)a
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for all v € supp M(p,u) and £ € R, and hence, assuming for the moment 5 > 1, the
integral in (4.45) is bounded by

/ (%2 _ (- u)2> iﬂ_zn dv.

A transformation of variable leads to the Beta-function and hence (4.32) is valid only if
B+1—2n>—1,ie [ > 8 orequivalently 0 < a < 1/17.

5 Stability of kinetic shock profiles for weak shocks

5.1 Stability of viscous shock profiles

Goodman [21] shows the asymptotic stability of viscous shock profiles for hyperbolic con-
servation laws with a positive definite visosity. Kawashima and Matsumura investigated
the asymptotic stability of traveling wave solutions of some systems for one-dimensional
gas motion [25]. In particular a decay rate for the scalar conservation law and a stability
proof for the Navier-Stokes equations in Lagrangian coordinates are given. The stability
for the isentropic gas dynamics in Lagrangian coordinates was derived by Matsumura and
Nishihara in [31].

We consider a viscous regularization of the conservation law in terms of travelling wave
coordinates and of a parabolic time scale:

QU + (J'(U) — 5)0eU = eDOZU ,

where, for simplicity, the diffusivity matrix is considered constant. A viscous profile U,
satisfies the stationary version

(J' (Ussp) = 8)0eUssy = eDO2U,gp .

We introduce the perturbation by eUg(t,§) = U(t,€) — Uysp(§) and assume the "well-
preparedness’ condition

/_Oo Ua(0,€)de = 0, (5.1)

for the initial data. This should fix the shift of the asymptotic travelling wave such that
we expect convergence of Ug to zero. The equation for Ug can be written as

1 .
oUqg + gag[(J/(Uvsp> - S)Ug] + agT(Ug) = DagUg, (5.2)
with the nonlinearity 7(U) = [J(Uysp + €U) — J(Uy,sp) — €J'(Uysp)U] /€% One of the basic
assumptions of the analysis we present here, will be the existence of a symmetric, posi-

tive definite, U-dependent matrix A(U), such that A(U)J'(U) is symmetric and such that
A(U,sp)D > K > 0 is positive definite. A possible candidate is the Hessian V21(U) of the
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entropy density, which satisfies the symmetrization property, and the matrix V2n(U)D(U)
with the Chapman-Enskog diffusivity is always symmetric and positive semidefinite (com-
pare to [29]). Positive definiteness cannot be expected in general, as the examples in
Section 3.3 show. For the case of non-definiteness, the details of the stability estimates
will depend on the structure of D(U). An example is carried out below.

Positive definiteness of V?1(U,s,)D(U,sp) is of course preserved, when D(U,g,) is re-

A

placed by a constant approximation, say D = D(U ).

Assumption 6 For every U € R" there exists a symmetric positive definite matriz A(U),
smoothly depending on U, such that A(U)J' (U) is symmetric and A(Uysp)D > k> 0.

Taking the scalar product in L7 of (5.2) with A(Uys,)Us gives

1d 1 ,
§E“UGH?\ — £<UG> (0N —s) — N0 ' |Uc)e — (0:(AUG), 7(Ug))e
= —(0:(AUG), DOUg)e , (5.3)

where we used the weighted L*norm ||U|3 := (AU, U)¢. It is well known that stability
cannot be proven based only on this equation. The main reason is that the bracket in the
second term has the unfavourable definiteness in general. An example is the scalar case,
where A = 1 and J' is a decreasing function of £ along a shock profile.

We shall still extract some information from an estimate based on (5.3). Using the fact
that 0:U,s, = O(e), and that r is quadratic in the sense that |r(U)| < C(|U|)U? (with an
increasing function '), standard estimation leads to

d
el + £l19eUclls < C(I1Ual) 1Us - (5.4)

It is by now a standard method to introduce the primitive W(¢,¢) = ffoo Ug(t,&)de' .
The assumption (5.1) on the initial data and the conservation property imply the far field
conditions

Wi(t,£00) =0. (5.5)
Integration of (5.2) gives
1 .
As above, we test with A(U,sp)W:
1d 1 ,
S IWIR — oW, BALT — )W) + (AW, (Us))e
= —(0W, ADOW )¢ — (W, 0:ADOW )¢ (5.7)

Now it is reasonable to assume that the second term has the favourable sign. The last
term we estimate as

. K
(W, OADOIV )| < ZY0 |2 + | 9cAWW 2.
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A somewhat stronger version of the above assumption is that
1
2¢e

With the properties of the nonlinearity we obtain

(W, 0¢[A(" = 5)]W)e — | O:AW [ = 0.

d
S W1 + (5 = COUGlIW I )12 < 0. (5.8)

For our estimates (5.4) and (5.8) to be useful we need pointwise-in-time control of ||Ug||sc-
This will be provided by an L*-estimate on V := 9:Us and Sobolev imbedding. The
derivative of (5.2) with respect to £ can be written as

1 A~
&V + gaé ((J/(Uvsp) - S)V + a&‘], UG) + 8§2T(Ug) - D@gv, (5'9)

We treat this equation similarly to (5.2) and (5.6), but omit the details. The result is the
estimate

d
10Ul + £l10:Us ¢ < C(IUsll)(1Us e + 19:Us ) - (5.10)

The stability proof is completed by a combination of (5.4), (5.8), and (5.10). For positive
constants 7y, 72, we define

I(t) = [[W][} +nllUsllz + 72l10eUc|3 -
Then, by Sobolev imbedding,
[Wlleo + [IUglloc < eI

With M := ¢I(0), we assume that M is small enough, so 7; and ~2 can be chosen such
that

/<J>C(M)(M+’Y1+”)/2), li’}/1>C(M)’)/2.

Then there is a positive constant A such that

dl
o< 2
< ~AlUalys

Thus, I is a Lyapunov functional. By integration with respect to time, Ug converges to
zero as t — oo in the sense that

o)
0 13
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5.2 A Lyapunov functional for BGK-models

Now the ideas of the preceding section will be carried over to kinetic shock profiles. Here
the L2-energy methods for the macroscopic system will be extended to also control the
microscopic part. Similar techniques have been used by Liu and Yu for the Boltzmann
equation [28].

We start with the kinetic equation, written in travelling wave variables and a macro-
scopic diffusion scaling:

828tf + 6(1} — S)agf = M(Uf) —f.
Let ¢ denote a kinetic shock profile:
S(v— 8)0ep = M(U,) — .

The perturbation eG = f — ¢ satisfies
1
e20,G + (v — 5)0:G = E[M(U@ +eUg) — M(U,)| — G. (5.11)

The micro-macro decomposition of the perturbation is defined by G = Ua-VuM +eg, where
Uin M = M(U) is a constant approximation of U,, and eg = —LG is the microscopic
projection with the linearization £ of the collision operator around M. Computing the
macroscopic moments of (5.11) gives

oUqg + %(J/(U) —3)85UG+8§J9 =0. (5.12)

Like in the previous section, we obtain an equation for W (t,¢) = ffoo Ua(t,&)dE" by
integration:

1 N
OW + =(J'(U) —s)OW + J, =0. (5.13)
€
An equation for the microscopic part is derived by applying the microscopic projection to
(5.11):
e%0hg — eL((v — 5)deg) + VuM - (v = J'(U))0Uq

= g+ 1Us - [VoM(U,) ~ VoM + R(UG), (5.14)

R(U) = 8—12[M(U¢, 4 eU) = M(U,) — U - Vi M(U,)] .

The next step is to compute the last term in (5.13) in the spirit of the Chapman-Enskog
approximation by computing ¢ from (5.14):

1 X
oW + E(J’(USO) — 8)0:W — Dagw = %0,y — €0c I £ ((v—s)g) — T (Uc) (5.15)
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with D = D(U) and
1
r(U) = Jrpwy = g[J(Us@ +eU) — J(U,) —eJ'(U,)U] .
In the same way we derived (5.8) in the previous section, we obtain
d
ZIWIR + [& = CUITG )W lloo] 1Usllg < &* (AW, 0iTg)e — (AW, OeT(w-s)g) e
The first term on the right hand side we rewrite using (5.13):

d o
<AW7 ath>§ - _<AW7 Jg>§ + E<A(‘] (U) - S)UG’a JQ)f + ”JQHIQXa

dt
leading to
d
= (IWIR = (AW, Jo)e) + [k = (UGl W llo] 10 ¢
< e(AJ'(U) = $)Uq, Jg)e + 1|13 + (AU, Teto-9g))e (5.16)

where an integration by parts has been carried out in the last term. An estimate for the
microscopic part of the perturbation is derived by taking the L27v—sca1ar product of the full
perturbation equation (5.11) with G:

1d
S| IUGl3 + <Nl ] + gl

< VyM(U,) — VM
— UG : )

€

g> + (R(Uc), e » (5.17)
Ev

with A = V%((j ). Now we assume that the factors in the scalar products on the right
hand sides of (5.16) and (5.17) are bounded linear maps of Ug and of g with the exception
of the quadratic term R(Ug):

d K
213 = 2w, e + (5 = CUUGl)IW ) 102 < ellgllZ, -

d
2 IUGIE + <912, | + llgl, < CUUGl) U2

Adding these inequalities after multiplying the second by a positive constant § gives
d
2 IW I3 = AW, J)e + <28llgl12, + ollUal3]
K
+ (5 = O+ IW)CUUsl) ) 1Ua]E + (6 = ) gl, < 0.

For fixed ¢ and ¢ small enough, the term under the time derivative can be bounded from
below by

[IWIZ + 10612+ g1, |
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with a positive constant c¢. So it controls ||W ||, but not ||Ug||co-
By taking the derivatives of (5.11) and (5.15) with respect to £, we obtain equations
for G and for H := 0;G = 0:Uq - VyM + ¢h:

1 .
0Uc + ~0c((J(U,) = $)Us) = DORUg = 20, = 2D e(o-om — Oer(Ua)
1
SOH + (v — $)0cH = —0 <M(U<p +eUg) — M(Uw)) —H.
Treating the first equation like in the previous section and the second like (5.11), we obtain
d
= IUGI3 = (AU, Ji)e] + rl0eUs ]2 < C1Uallo) 1UG]12 + ellAllZ,
d
p [H&:UGHQA + 62\|hH§,v] + 11112, < CUIUallo) (1Ue]IF + [10:Ucl?) -

Now we take a linear combination of these inequalities like above:

d
7 [HUGH?\ — & (AUc, Jogg)s +£70/|0¢glle v + 0110Vl
+(k = 0C(|Uclle)) 110eUcllg + (0 — e*0)[1 9l v < CUIUG o) 1Vl -

Again, the term under the time derivative is positive definite. Finally, with v > 0 we define
the Lyapunov functional by

1) = (W = (AW, Jy)e + 2 gl12, + ollUG]2
7|10l = 2(AUg: Jog)e + 20110eg2,, + 319Ul

and obtain
dl K 9 9 9
o+ (5= G+ IWI)CGl)) 1062 + (3~ 20 lglE,

+7</< - 6C(||Uclloo)) 10eUcIZ + (6 — £%¢)[|0egll, < 0.

The functional I controls [W 2+ [|Uc ||z + [|0:Usllf +£°ll9l1 , +€°[10:gllZ - So, by Sobolev
imbedding,

Wlleo + U lloo < el

holds. With M := ¢I(0), I is indeed a Lyapunov functional, if

g> (6+~v+M)C(M) and J>¢c’c.

This can of course be achieved by choosing d, v, M, and € small enough.
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5.3 Stability of weak kinetic profiles for the isentropic gas dy-
namics BGK-model

The model of Section 2.2 satisfies the assumptions used in the previous section except the
regularity of the Chapman-Enskog diffusivity. Therefore the main steps of the analysis will
be recalled from [15].

To derive estimates for the macroscopic part we adapt ideas from [31], where the stabil-
ity of travelling waves for the isentropic system for a compressible viscous gas in Lagrangian
coordinates is proven by L?-energy estimates. Control of the microscopic terms will be ob-
tained like in the previous section.

As in the previous section, we start with the kinetic equation in diffusion scaling:

20, f +e(v—8)0cf = M(ps,my) — f, (5.18)

with the far-field conditions f(¢,§ = +oo,v) = M(px, ms,v). As in Section 2.2 we shall
switch between the momentum density and the mean velocity, connected by m; = psuy, as
second macroscopic variable. Let ¢ be the travelling wave solution. The well-preparedness
condition for the initial data now reads

[ =padc=0. [ (mg,—m)ac o (5.19)
Introducing the perturbation G

eG=f—p, p:=pa m:=mgqg,

we obtain
1
e20,G + (v — 5)0:G = B (M(py, + ep, my +em) — M(py,my)] —G. (5.20)

As in [15] we apply a micro-macro decomposition to the deviation G

G = VyM(p, ) - ( Ti ) +eg, (5.21)

where as before U = (p, m). Observe that —LG = €g. Then the norm of G satisfies

Lr, A\ (12
G2, = 5 |@lpll + 16m = pa) IE] + gl (5.22)

Macroscopic equations for p and m are obtained by computing the zeroth and first order
moments of equation (5.20)

€0+ 0c(m — ps) =0, (5.23)
edym + O (VU]'(,@, m) - ( T/:L ) - sm) —|—58§/v2gdv =0. (5.24)
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Next we apply —L to (5.20) to get an equation for g

0 -0 (VM- (7)) (£))]) =e0cL(o-0) = Rlpm) - 0,(5:25)

with the nonlinearity

1 R
R(p,m) = 2 [/\/l (pp +€p,my +em) — M(py,my,) —eVyM - ( npl )1 )

Using equation (5.25) we calculate
[ gdv = alpm) - =S(9) ~ Doy pi). (5.26)
R
with the constant D := (3 —~)p"~! > 0, the nonlinearity ¢(p,m) := [, v2Rdv and

S(g) = / v? (0,9 — L((v — 8)0¢g))dv . (5.27)
R
The stability of the shock profiles will be investigated by introducing primitives of the

macroscopic variables. According to (5.22) and the diffusion term in (5.26), it is convenient
to use

13 13
W, (t.€) = / p(t.E)dE . Walt€) = / (m(t,€) — plt,€)i)dE'.

—00 —00

Integrating (5.23),(5.24) with respect to £ gives the macroscopic equations
1
8th + g [(‘9§Wu + (é — €5’)8§Wp] =0, (528)
1 .
oW, + — [(é —e6)0: W, + 6285Wp] +q-— D@gWu =¢e5(9g). (5.29)
€

Observe that the second equation is obtained by a linear combination of (5.23),(5.24). We
expand ¢ as follows

o) = AVuilpm) = Vi) (1) + dlom),

- e . :
o) = % (0 2pam, 4 em) = (o)~ Fuitonm) - (2.

and note that ¢ is purely quadratic in (p, m).
Now the system (5.28),(5.29) can equivalently be stated as

&J/Vp + é [8§Wu + (é - 86’)85Wp] = O, (530)
1 .
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where

Ki(p) := ¢ — (uy —0)?, Ky(p) =¢—eo+2(u,—1u). (5.32)

We will need the signs of K;, Ky and of their derivatives. From Lemma 4.4 we know that
the travelling wave is strictly increasing, which also implies d¢u, < 0. Then for ¢ small we
get

62

7 < Ki(p) < 262, K1 (p) > 0, 9 (K1(p)™") <0, (5.33)

~

g < Kylp) <26, 0:Ka(p) < 0. (5.34)

Recall from Theorem 4.3 that 0. K (), 0¢K2(p) are O(e) uniformly in €.

We start with the derivation of estimates for the macroscopic parts. For controlling
the nonlinear terms, Lg°-bounds of p,m are needed, which we shall control in Hsl. This
means we need to control the H, g—norm of W,, W, and therefore we give integral estimates
for their derivatives up to second order in the following.

Expanding (p,, m,) around (p,m) gives p, = p_ +ey = p+cy; and m, = m_ +esy =
m + €y and we can write the nonlinearity as

Rlpm) = Gnin) HOM0)- (1) 4 o) riata) (1) (5.35)

where My = M(p+ethir, m+ethyz), Mo = M(p,+etap, my+edam) and 0 < 94,95 < 1.
For ||R||, to be well defined we have to guarantee that supp My, supp My C supp M. Due
to the construction of M this holds for M;. For M, this is only true for sufficiently small
plloos [ ]|cc-  We make this smallness assumption for the moment and prove it in the
stability result at the end of this section. By differentiating (5.35) and using (4.32), we
obtain

VBRI 1) < C [10Wol3e + 10Wallde | for k= 0,1,2, (5.36)
implying together with (4.33) the same bound for ¢

lali3e < C [10eW, I3 + N0cWallZe | for k= 0,1,2 (5.37)
Here and in the following C' depends on ||p||s, [|72]|so-

Lemma 5.1 Let W,, W, be the solution of the system (5.28), (5.29). Then there exists a
constant C' and C(||poo, [|m|loc) such that the following two estimates hold for any oy >
0,k =0,1,2:

d ¢ ~ ~
gt [ nomzas+ (a0 (G -20) - CImille ) o,

2¢2

D . .

+ ( —eC = C||[Wylloo — o <1+8C>> |0W. Iz

< 5/ (Ki(0) "Wy + eagdeW,) S(g) de, (5.38)
R
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where

Jo = % /]R (W24 K ()7 W2+ 20o(eD(0W, ) + 20 W,)Wa) | de (5.39)
and
5(68) = 5 [0uale) Ka() ™) — 22 Dlo(K ()] > 0.
and accordingly for the higher order derivatives k = 1,2:
d R N ) 0 A i 12
il (5 —€ (J) |0 W12 + (5 —ap(l+e C)) [0 W2 (5.40)

~C 106, s + 106 ] < /R (KW, + cay W) 955 (g) d.

where
1

J = §/R P (GEW,)? + (W) + can(eD(@ W) + 206 W,0W,) | de. - (5.41)

Proof. We start with the proof of (5.38) and split it into two steps. First we derive
estimate (5.38) with g = 0 and in the second step we prove the inequality for the remaining
terms containing ay.

Step 1: We test (5.30) with W, and (5.31) with K;(¢) 'W, such that the integrals
containing W,0.W,, and W,,0:W, cancel out. Here we also take advantage of the properties
of K7 and Ko, see (5.33), (5.34):

1d

s [z oWz de L [ o (<K)o) "ot + [ Kato) W g

+D/[K1 Woa)? + 0 (Ki(p)™ )ag—]dg_g/m )~ W, S(g) dé.

In the third term we estimate the quadratic term by

[

The triangle inequality is used for the fourth term

< C[10W 2+ lloWallE] (5.42)

/ e (K1(p)™") (0cWo) W, df' [|aE (Ki(p)™") | W2 +eC(0:W,,)?] dE.

From this estimate we cannot control ||3,5Wp|| ¢- Therefore we will combine it with the next
one.
Step 2: Testing the first derivative of (5.30) with J;W, we obtain

1d

1
S (0:W,)%d¢ + - / W, 0:W,dE = 0,
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and we observe that

d
7 (OW )W, dE = /(@Wu oW, — oW, 0:W,,) d€.

By combining the equations in the corresponding way we get
1d
2dt

+ /(KQ(gp) — (¢ —€0))0:W,0:W,dE + g/agwpwg = 52/8§Wp S(g) d¢.

2D, + 220 W) de+ [ Ko(e)@av, e — [@ev.)2ae

For the fourth term on the left hand side we use the triangle inequality together with
Ky(p) — (¢ —e6) = 2(u, — ) = O(e). Finally applying (5.42) gives the estimate.

For the bounds on the higher order derivatives we proceed as above. First we differentiate
the system (5.28), (5.29) k times and test it with 628§Wp, respectively 8§Wu. Applying

. D 1
/8§q8§Wud§: _/ag lqaéf—i-qung _E ||6§+1Wu||§+§”qn2

k—1
Hy

the inequality for a; = 0 is straightforward. The remaining part is analogous as Step 2
above. .

Now we concentrate on bounds for the small terms on the right hand sides in (5.38) and
(5.40). Here the estimates from [17] are extended.

Lemma 5.2 Let W,,W,,, g and S(g) satisfy (5.26)-(5.29). Then there exists a constant C
such that

: [ KatorWas(o) d — [ stz (5.43)
S62%/K1(¢)‘1Wu/v29dvd§+ec[||g||§,v+ 10,12 + ll0eWullE]

and additionally for k= 0,1,2
£ / OEWLOES (g) dE (5.44)

d
<o / oW, / v20kg dvdg + £C [||0kg|2, + 1057 W, |12 + 0F Wi 1Z]

Proof.

/ K(9) W, S(g) de

:5%/[(1(90)1Wu/v29dvd£—|—5/[(1(go)1 (/v2gdv)2d£
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/Kl (POW, + (¢ — 26)0: W, )/’l)di’U d¢
+/ [Kl(go)f OcW,, + O (Kl(gp)’l) Wu} /v2£((v —s)g) dvdg

d _
< 6%/1(1(90) W, /Uzg dvdé + C (|lgll., + [|10W, |7 + [|0:Wl[?)

+/ % (_2K11(90)> [(/ ”%((”_S)g)dv):Wi

For the first equality we used (5.26) and (5.29), moreover (4.32) and (4.33), which also
implies [ v?L((v—s)9fg)dv < C||9¢gllv. Finally to control the last term the function ()
is needed. We multiply the above inequality with € and use k(p) + 0¢ (K1(p)™") /2 > 0.
The proof for the second estimate is similar. O

d¢.

Lemma 5.3 Let W,, W,,g and S(g) satisfy (5.26)-(5.29). Then there exists a constant C
and a C such that for k =0,1,2

Dd -
62/32““%8?5(9) d¢ < a%aHaﬁ“WpH? +eC [Ilé’ngHiIg + ||05WuH?qg] +eC||0Egl .-

Proof. These estimates cannot be derived in the same way as before, since the derivatives
in the bounds would get too high and could not be controlled by the macroscopic estimates
anymore. Here we take advantage of €. We use equation (5.26) for S(g)

e0rS(g) = ¢ (aé“q — DOFPW, — /v%fgdv) .

Now we substitute 8§+2Wu according to (5.28) implying

k+1
W,
/ak“W S (g)d /a5 GOl W, d + ¢ /Dat—) de

—€ / / v*Of gOf W, dv dE.
O

For getting control of the microscopic terms we derive estimates from the full kinetic
perturbation equation.

Lemma 5.4 Let G, decomposed as in (5.21), be the solution of (5.20). Then there exists
a C such that for k =0,1,2

d1,, .
pr E(02||3§“Wp||§+IIC’?é““WuH?)+€2||3§g||§,v + 110912, < C |10WllZ + [106WallZys | -
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Proof. The kth derivative of (5.20) is tested with 9fG. For more details see [17]. O

Now we are able to prove the main result of this section.

Theorem 5.5 Let the assumptions of Theorem 4.3 hold and let ¢ be the travelling wave
solution. Let fo(&,v) be the initial datum for (5.18) and let

3
Woo(6) = © / (€)= po(€)] de

e
Wuo(§) = B /_ [(myg, (&) —my (&) — ulps, (&) — pe(&))] dE’

Moreover we assume fo — o € HZ(L2) (implying fo(£00,v) = p(£o0,v)) and W, Wy €
Lg, which ensures assumption (5.19). Let

1
Woollzz + IWaollzz + g||f0 — pllmzrz) <6 (5.45)

for a § small enough, which is independent from e. Then for e small enough equation (5.18)
with initial data fo has a unique global solution. In particular, small amplitude travelling
waves are locally stable in the sense that

tim [ 17(5,) = 00 Byaquayds = 0.

t—o00 t

Proof. The main idea is to construct a Lyapunow functional, which is decaying in time.
Recall (5.39), (5.41) and define

I:= Iy + 1y + 21,

where
1,
I = Jot=Co {5 (2106, 2 + 0eW.]12) + ezuguz,v}
2 -1 2 ﬁ 2
—c Kl(gp) v gWu dvdf + &05"8&Wp”§ y
and for £k =1,2
1,
I = Ji+eCy {5 (@10 W, |1 + 10 W) + EQH@é“gHév]

D
—¢? [//zﬂaggagwu dvd§+aqua§+1wpy\§] :

Here the constants C},7 = 0,1,2, are positive and independent from e. Then for any
71,72 > 0 the functional H(t) is bounded from above and below by

IWollzz + Wullzz + € [106W,ll¢ + 110 W2lle] + €%llglz 1),
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respectively by
Wl + IWalls + €G-

We combine the estimates from Lemmata 5.1-5.4 to get a final one for the time derivative
of I and write all terms on the left hand side. For an initial data and ¢ small enough,
one can show that there exist constants v;,72 > 0 and a; > 0, j = 0,1,2, such that
the coeflicients of ||8§+1Wp||§, ||8§+1Wu||g, k = 0,1,2, are positive initially. Since by
the Sobolev-Imbedding I controls the Lg"-norms of W, W, and their derivatives, these
coefficients stay positive, if 7(0) is small enough, which is guaranteed by assumption (5.45).
Hence

d
al(t) <0, for all ¢t > 0,
and the proof is completed by integrating with respect to t. O

Remark 5.6 (Isothermal Case) There is one difference in the isothermal case impor-
tant to be mentioned. Since the sound speed c is constant, the derivative of Ki(p) corre-
sponding to (5.32) is now of O(e?) and has a different sign

0: Ky () = —2(up — u_)Oeu, < 0.

Therefore the macroscopic estimate corresponding to (5.38) with ag = 0 has to be derived
differently. We test equation (5.30) with Ki(@)W, and (5.31) with W, to obtain

1d D
Sd (K1 (@)W + W2)dE + eC|W,|IZ + §||WUH§

~ClIWulloc (10Wol1E + 106Wall?) + 2110 WalIZ 28/5(9) OgW, d€

Observe that here we do not need estimate (5.43).

6 Shock profiles for strong shocks of scalar conserva-
tion laws

The first existence proof of large kinetic shock profiles is due to Golse [22] for the Perthame-
Tadmor model. The proof for other kinetic models for scalar conservation laws follows
similar steps. It consists of obtaining the shock profile as the limit of profiles for £ on a
finite interval [—L, L] as L — oo. Since the shock profile problem is translation invariant
in the ¢ direction, care has to be taken with fixing the profiles before taking this limit.

In this section we consider (1.1) and assume that its macroscopic limit is a scalar
conservation law. Furthermore we assume throughout this section that V' = R and du = dwv.

We start by giving some ingredients that are common to the examples that follow and
that allow a way of proving existence and stability of strong shock profiles. A description
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of the proofs is then done in Section 6.1 and 6.2. This section is completed in Section 6.3
by presenting the program for the examples in sections 2.1 and 2.4.

We assume that the equilibrium distribution M (U, v) is continuous in v and has con-
tinuous derivatives with respect to U. The macroscopic flux is assumed to be genuinely
nonlinear and, without loss of generality, strictly concave:

J'(U) <0. (6.1)

A key property of M is its invertibility with respect to U: we assume that there exists a
¢(f,v) such that

U=C((fv)<= f=M(U,v). (6.2)

To be more precise, we shall assume that the function M(v) : U — M(U,v) is C*(R)
and that there exist Uy, U_ € RU {—o00, 400} such that

OyM(U,v) >0 forall UelU_,Uy]. (6.3)
We continue by briefly describing some of the additional features of the equations.

Existence and uniqueness and the maximum principle:
In general, local (in time) existence and uniqueness of the initial value problem

Of +vo,f =Q(f), on RTxRxV .
f0,2,v) = fini(z,v) for (z,v) eR XV (6.5)

follows by considering the mild formulation of (1.1)

F(t) = T() foni () + / T(t - )Q(f (5. ) ds. (6.6)

where T'(t) denotes the continuous group generated by the linear transport operator v0,.
Thus, well-posedness follows if Q(f) is Lipschitz continuous in the domain of T'(t) by a
fixed point argument.

We shall assume that Q(f) allows a form of comparison principle, which relates the
solution to the distribution M at constant values of U: Let U_, U, € R be given, then if
the initial condition satisfies

MU_,v) < finir(x,v) < MUy, v) (6.7)
then the solution of (6.4)-(6.5) satisfies
M(U_,v) < f(t,z,v) < M(Us,v) forall t>0 (6.8)

and thus also
U_ <Us(t,x) <Uy forall t>0. (6.9)

The general result for smooth initial data is the following:
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Proposition 6.1 Let fiiy € CH(R x V), such that there exists U_, U, € R with (6.7),
then there exists a unique solution f € C'(RT x R x V') satisfying (6.8) and (6.9).

Kinetic entropy inequality For any increasing function x the following holds
| xctronaman<o. (6.10)
1%

Le. (1.5) holds with H(f,v) = f){ X(C(g,v))dg. All convex entropies 7 are recovered from
a kinetic entropy density H by taking x = 7, and so (1.10) holds.

Additionally, we assume that for n(U) = U?/2 the entropy dissipation can be quantified.
Namely, that there exists a constant C' > 0 independent of € such that

/V S(f0)Q(f) dv < —C /V (f = M(U))*w(v) dv (6.11)

where the function w only depends on v and is positive and uniformly bounded.

L'-contraction

Another property that is satisfied by scalar conservation laws is the L!-contraction. For
the kinetic equation we shall assume that for two given solutions of (6.4)-(6.5) such that
f—geL}RxV)forallt>0

/V (QUF) — Qg))sign(f — g)dv < 0. (6.12)

We also assume that the equality holds if and only if sign(f — ¢) is constant (independent
of v). The L'-contraction property now follows from (6.12). Subtracting the equations for
f and g and multiplying by sign(f — g) implies that

00 [ 11 = gldv0. [ 7 = glav <o. (6.13)
1% v
Or integrating with respect to x:

d
—// |f —gldvdz <0. (6.14)

Also a comparison principle (that generalizes Proposition 6.1) follows easily from (6.13)
(by the Crandall-Tartar-Lemma [13]). Two solutions f and g with f —g € L'(R, x V) for
all ¢ > 0 clearly satisfy

/R/V(f_g)dvdg:/R/V(fimt—gmit)dvdf forall t > 0.

Then if fii > gini then also f > g for all ¢t > 0.
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6.1 Existence of kinetic profiles for strong shocks

We now look for traveling wave solutions with speed s connecting different equilibrium
states. The traveling wave variable is defined by

E=x—st. (6.15)

and we look for functions f(&,v) that satisfy

(v —5)0:f = Q(f) (6.16)
Jm f(&v) =M(U_v) T f(Ev) = MUy, v) (6.17)

with Uy € R, where the far field conditions hold almost everywhere in v.
Indeed, integrating (6.16) with respect to v over V gives

85/‘/(0—8)de:0

and integration with respect to £, using (6.17), implies that

/(v CSfdv=J(U ) —sU_ = J(U,) - sU, (6.18)

thus we recover the Rankine-Hugoniot condition.

Observe that if a solution of (6.16)-(6.17) exists then (6.1) implies that U_ < U, and
no solution exists if U_ > U,. This is a consequence of (1.6): multiplying (6.16) by y and
integration with respect to v gives

85/‘/(U—S)H(f,v)dv30

(this is the traveling wave version of (1.6)). Integration with respect to £ and (6.17) implies

J(Uy) = J(U-)

U, — 0. (n(Us) —=n(U-)) <0. (6.19)

(W(Us) = (U-)) =

It is now a standard exercise of scalar conservation laws to prove that U_ < U, : since this
inequality holds for all convex entropies, we choose to write if for n(U) = U?/2, and v now
satisfies ¢/(U) = U J'(U). Defining

LU) = (p(U) = p(U-)) = %(J(U) —JU) U +U-)
the inequality (6.19) becomes L(U,) < 0. We now compute L(U_) = 0 and observe
L) = Sl (0)U ~U-) ~ ()~ JU-)] <0,
which holds by the concavity of J, thus U_ < U,.
The general result is the following
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Theorem 6.2 There exists a traveling wave solution (unique up to translations in &) such
that

glirin f(€v) — MUy, v)  weakly in L (w)

Its macroscopic density is continuous and monotonically increasing.

We describe the steps of the proof in some detail.

Step 1: The slab problem First one constructs profiles on the intervals [—L, +L] for all
L > 0, by solving the equation

(v =)0 f" = Q(f"), €e(~L,+L), veV (6.20)
subject to the inflow boundary conditions

fH(—=L,v) = M(U_,v), forv>s (6.21)
fE(+L,v) = M(Uy,v), forv<s. (6.22)

The definition of a fixed point map will depend in each case on Q(f), and is similar to the
fixed point map defined to prove existence of the evolution equation. In particular, this
fixed point map iteration will preserve the maximum and the comparison principles. In
general, regularity of the macroscopic slab profiles might need to be proved additionally
by means of averaging lemmas, for instance.

A general result can be formulated as follows

Proposition 6.3 With the assumptions (6.3) and that the collision operator admits a
mazximum principle and that (6.10) hold, the slab problem (6.20)-(6.22) has a solution
fle Lglw((—L, L) x V) with continuous macroscopic density UL, and satisfying

MU_,v) < fH(&v) K MUy, v) forall EER, veEV, (6.23)
then also U, < UF < U_.

The analogous for the Boltzmann equation is still open. Some results on a slab appear
in Arkeryd, Cercignani, and Illner [1], Arkeryd and Nouri [2] and Ukai [38]. A maximum
principle is not available here.

Step 2: Centering the profile The limiting problem for L = oo is translation invariant
with respect to . For this reason, before taking the limit L — oo, we normalize the shift
of the profiles fL. First we observe that by (6.23) and the inflow boundary conditions

UL(—L):/S fE(—=L,v) dv + me(—L v) dv

S +oo
g/ MU, ,v)dv+ M(U_,v)dv <U*(L).

S
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Then, for all L > 0, by continuity of U* we can take ¢ € [—L, L] such that

S +oo
Utely =ur ::/ MU, v)dv + MU_,v)dv.
Next we shift the point £” to the origin. Before that we first need to extend the ¢ domain
of f¥ to R:

fL(—L,U) E<—L
flEv) =< fiEv) —L<E<L
fL(L,v) L>¢.

For a sequence L, — 0o as n — oo we let &, := & and f,(€,v) == fim(€ — &,,v), and
U, := [, fdv. Clearly now U, (0) = U* for all n.

Passing to the limit L — oo in the equation will differ in each case. But, the bound
(6.23) extends trivially and holds for f,. Then f, converges weakly* in L, (R x V) to
some f satisfying (6.23). Applying velocity averaging one obtains that U,, — U uniformly
on compact sets and Uy(0) = U*. The weak limit f of f{ solves the limit equation in the
distributional sense (the limit of the non-linear terms is treated in a similar way as for the
existence proof; it depends on the specific form of Q(f)). It is yet necessary to prove that
the shifted intervals [—L,, + &,, L,, + &,] tend to R.

Proposition 6.4 L+ ¢5, L — ¢4 — oo as L — oo. And there exist sequences &, — 00
and 1, — —oo such that the solution of the limit problem satisfies

f(fm?/) - M(U+,U), f(nn,v) — M(U,,U) vV — a.e..

In the proof one argues by contradiction, assuming that for a sequence L, — oo,
&N —L, — & > —oo0 as n — oo. Then, by passing to the limit in the equation in
the distributional sense, the limit f of f, satisfies a half-space problem for ¢ > &* with
equilibrium inflow data:

(v—=25)0f=0Q(f), for £>¢&
flv)=M(U_,v), for v>s.

One then proves that f(£*,v) = M(U-,v) also holds for v < s v-a.e. and actually that
f(&v) = M(U_,v) for £ > & v-a.e..

With the aid of (6.11) and the continuity of U; one proves that Uy — U, as £ — oo,
and that, restricted to a subsequence &, f(&,,v) = M(Uis) v-a.e. Using the maximum
principle and the inflow boundary condition it can be shown that U_ < U, < U, and
that

/< (v—=23)(f(&v) = MU_,v)dv=0, J(Uts)— Usoo =J(U-)—sU_

then, by (6.23),
f(&,v)=MU_,v) v—ae., (6.24)
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as anticipated. It is next shown that
/V(Q(f) — Q(M(U_)))sign(f — M(U_))dv =0

and (6.12) gives that sign(f — M(U_)) is constant, actually zero by (6.24), thus f(&,v) =
M(U_,v) for all £ > &*. This is in contradiction with U;(0) = U*, then —L + ¥ — —cc.

A similar argument shows that L + & — oo and that there is a sequence &, — —oo
as k — oo such that there exists U_o, with f(&,v) — M(U_,v) as k — oo v-a.e. The
entropy inequality again implies that U_, < U, . Finally, J(U_)—sU_o = J(Uy)—sUy,
as before, hence U_o, = U_ and U, = U,.

Step 3: monotonicity with respect to &
Monotonicity of the macroscopic profiles now follows as a consequence of (6.12). And
in particular implies that the far-field conditions hold in the stronger sense of Theorem 6.2.
First we observe that the following holds

Lemma 6.5 Let f and g be two solutions of (6.4) such that there exists sequences &, — 0o
and n, — —oo with

lim (f(émv) - g(émv)) =0 lim (f(nmv) - g(n?”L?U)) =0

n—o0 n—oo

then sign(f — g) is independent of v.

This follows by subtracting the equations of f and g, multiplying by sign(f — ¢g) and
integrating with respect to v and & (as in (6.13)) gives

0= [ [w=sr=al= [ [ (@)~ Qasisn(s —g)avir,

thus sign(f — ¢) is independent of v.

This means that if we consider a traveling wave solution f, any translation of it f (& v) =
f(€+a,v) with a > 0, f is clearly a traveling wave solution as well, and the above lemma
applies, giving that sign(f — f) is independent of . In particular, that f is monotone with
respect to & holds if an expression of the form [ w(v)f dv for any positive w, is monotone.
This step can be performed in the examples and w1ll depend on the form of Q(f).

We can now state the general result:

Theorem 6.6 If J"(U) < 0 and U_ < Uy, there exists a traveling wave solution f (unique
up to translation in £) such that

ghin f(&v) = M(Ux,v)  weakly in LL(V).

Moreover, its macroscopic density is continuous and monotonically increasing.
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6.2 Stability of kinetic profiles for strong shocks

We now study dynamic stability of the traveling wave just constructed. We prove that
solutions of the Cauchy problem (6.4)-(6.5) approach a traveling wave solution as ¢ — oo
if the initial condition has the same far field behavior of a shock profile.

We let (&, v) be a kinetic shock profile, i.e. a solution to (6.16) and (6.17). We also
let it, by a shift in £ if necessary, be chosen such that for the initial datum f;,;(&, v)

[ =) dwac =o. (6.25)

We denote the difference between the solution of the initial value problem and the shock
profile by h(t,&,v) :== f(t,&,v) — p(§,v), so h satisfies

Oh -+ (v~ $)%h = Q) — Q). (6.26)
Bt = 0) = fot — 6, /R/Vh(t,g,v) dvde = 0. (6.27)

Multiplying (6.26) by sign(h) and integrating with respect to v and £ we get

// |h|dvd§<// ©))sign(h) dvdé <0.

And so limy . [|2]| 2, < o0, and also

// |h|dvd§§// |Pinie| dvd€  for all t > 0.
rRJV rRJV

For each t, — oo we define h,(t,&,v) = h(t, + t,£,v) — hoo(t,&,v). The sequences
{hn}n are bounded in L>(0,00; Lg,, N L, (R x V). Then (restricted to a subsequence)
hn — he as m — oo in L (R x V) weak®. Because of the translation invariance in §
we get equicontinuity in the ¢-direction; by applying the L! contractivity to the difference
h(t,&+ h,v) — h(t,&,v). Thus we can conclude that there is a subsequence of t,, such that

hn — hoo asn—oo in L& (RxV) weak".

Also since [; |0:(Uy — Uy)|d€ < [o [, 10(f — g)| dv d€, there exists a Uy such that
/ hypdv = Uy, — Uy strongly in LE(R) . (6.28)
v

We now observe that

/OOO/R V(Q(fn) — Q(y)) sign(hy) dv d€ dt
_ / " /R QU ~ @l () dodedt — 0 asn — o
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The term Q(f,) — Q(¢) can be rearranged in the examples and one can take the limit in
the weak formulation of the equation satisfied by h,, using (6.28) in the nonlinear term.
In addition the above implies that the sign(hs) does not depend on v, and it is easy to
check that [ [ hoo dvd€ = 0, since this property is preserved in ¢. The limit equation is

Othoo + (v — 5)0choo = Qhwo
sign(heo) = sign(Up..) //h dvdé =0

and holds in the weak sense. Here Q results from the linearisation of Q(f,) — Q(y) and
taking the limit n — oo.

Let us see that hoo = 0. We argue by contradiction, first we assume that there is a
(to, €0, Vo) such that hoo(to, £, v9) > 0. There must be a (&1, v1) such that he(to, &1, v1) < 0.
This implies hoo(to, &0, v) > 0 and heo(to,&1,v) < 0 for all v, because sign(hs,) does not
depend on v. In fact sign(hs) does not change along characteristics. So taking & =
& + (vo — s)(t1 — to) and ty # to, we get h(t1,&,v) > 0. Now we can choose vy such that
& =& + (ve — 8)(tg — t1), implying heo(to, &1, v) > 0, a contradiction.

The stability result can now be stated

Theorem 6.7 Let f be a solution of (6.4)-(6.5), with M(U_,v) < finir < M(U,v), such
that limy 400 finie(x,v) = M(Uy,v). Let ¢ be a traveling wave solution such that (6.25)
holds, then for every sequence t, — oo, f(t,+1t,&,v) — (& v) in L0, T xR x V') weak".

6.3 Examples

BGK-model for scalar conservation laws
The above program has been carried out in [14], [18] for the BGK-model of scalar conser-
vation laws described in Section 2.1.

Kinetic entropy inequalities are obtained from (6.3) by letting ¢ be the inverse of
M(U,v) as we already described in Section 2.1. For this model (6.11) readily holds with
w(v) = (supy_<py<p, rM(U,v))".

In several of the arguments that follow a subsequence of distribution functions will
converge in L (R x V') weak* as a consequence of the maximum principle. Then either by
an averaging lemma or a uniform estimate derived from the equation, the corresponding
sequence of macroscopic densities Uy converges strongly in some LP(R) with 1 < p < oo
or uniformly in C,(R). Passing to the limit in the equation can be done easily in the weak
formulation because the only nonlinear term M (Uy,v) involves f through Uy.

Let us briefly see why Proposition 6.1 holds. The mild formulation (6.6) which now
reads

flt,z,v) = e folx —vt,v) + /te(s_t)M(Uf(s,x —o(t—9)),v)ds,
0

and a standard fixed point argument gives local existence in time. A comparison principle

follows easily from the mild formulation too. Let f}l. and f2, be two initial conditions
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such that fl, < f2., and let f* and f? denote the corresponding solutions, let also

Ginit = finit = finie and g == f* — f', then g satisfies

g + 0pg + g = Oy M(U,v)U,,

for some U. Thus by (6.3) the positivity of the initial condition is preserved in time. This
can be applied to steady solutions M(U*,v) where U* is constant, and so the maximum
principle follows.

We observe that in this case the mild formulation gives a self-consistent formulation in
terms of Uy:

Uf(t,:c):e_t/vfg(a:—vt,v)dv+/Ote(s_t)/v/\/l(Uf(s,x—v(t—s)),v)dvds.

A similar formulation is used to solve the slab problem associated to the traveling wave
equation, as we shall see.

Let us now check that the L!-contraction property holds. We just need to show that
(6.12) holds for any two solutions of the initial value problem, with different initial condi-
tions, f and ¢ and such that f — g € Lijv(R x V). We compute

[ MO0 = MUy = (= signlr = g) o =

/V{|M<Uf>,v>—M<Ug,v>r—|f—g|}dv= |Uf—Ug|—/V|f—g|dvso.

where we have used (6.3).

We now sketch the proofs of existence and stability of traveling waves. We recall that
with the traveling wave variable (6.15) we look for solutions of the problem (6.16) subject
to (6.17), where the traveling wave speed s is given by (6.18). That U_ < U, under the
assumption (6.1) follows from (6.19), as before.

Let us turn now to the existence of traveling waves. To solve the slab problem (6.20)
subject to (6.21) and (6.22), the following fixed point map can be used

T:ULH/dev,
1%

where f% solves (6.20), for a given UL, subject to the boundary conditions (6.21) and
(6.22). So the proof is an application of the Schauder’s fixed point theorem. The special
form of the collision operator allows to define a fixed point map that is in fact an operator
of macroscopic densities and that maps a subspace of the locally continuous functions
into itself. The compactness of the operator holds by applying an averaging lemma. The
definition of the operator implies that there is a unique f¥ that solves the equation and
whose macroscopic density is the fixed point, giving the existence.

The passage to the limit L — oo after the profile has been centered can be carried out
in the same way as above and the proof of Proposition 6.4, in particular, follows similarly.
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The only thing left to check in order to conclude that Theorem 6.6 holds is the mono-
tonicity of the profiles. By Lemma 6.5 we only need to prove that if f is a traveling
wave solution which satisfies the far field conditions in the sense of Proposition 6.4, then
J, w(v) f dv is monotone increasing for a positive function w. In this case we can take
w(v) = (v —5)% we let g = f — M(U_,v) and multiply the equation satisfied by g by
(v —s). Integrating with respect to v yields

O¢ /V(v —8)2gdv=J(U,+U_) — J(U.) — sU, — /V(v —s)gdv. (6.29)

But integration with respect to v of the equation for g implies that fv(v—s) g dv is constant,
and further, after taking the limit along the sequences &, and 7, that fv(v —s)gdv = 0.
Finally, by (6.1) and U_ < Uy < Uy,

O /V('U —$2gdv = J(U) — J(U_) = s(U; —U_) > 0.

The proof of stability of the shock profiles can be readily adapted and we shall not
comment further on it.

Fermions in a background medium
We now consider the kinetic model for fermion-phonon interaction in the presence of a
large electric field E described in Section 2.4 and review the results from [5]. In one space
dimension, numerical computations of J(U) suggest that for E # 0 then sign(J"(U)) =
sign(F), see [5] and [19]. Let us assume without loss of generality that £ > 0 and that
J'(U) > 0.

Existence and the maximum principle are proved by noticing that Q4(f) can be split
into a linear and a nonlinear part

Qs(f) = M(f) + Xa(f) f (6.30)

where the operators A;(f) and \y(f) are linear integral operators. The fixed point iteration
is defined by solving at each step the linear equation

8atfn—'—l + Evaxfn—H + Eavfn-H - )\Q(fn) fn+1 = )‘1 (fn) ) (631)
with
JO = finie € Ly(R; W, (R))

where (6.31) can be solved by the method of characteristics or by semigroup theory. Pos-
itivity of solutions f" follows by observing that if f > 0 then —Ao(f) > 0 and A (f) > 0.
That f* < 1 for all n also follows, by writing the equation in terms of ¢" = 1 — f” and
using that Q,(1 — ¢g") = —Q.(g") gives the equation (6.31) with f"*! and f" replaced by
g™ and by ¢, respectively. So ¢g" > 0 for all nif g =1 — f9 > 0.

Thus, the sequence f™ is uniformly bounded in L* and there is a subsequence that
converges weakly* to some f € L. It has been shown, Mustieles [32], that the sequence

20



f" converges strongly in L>([0,T7]; L} ,(R?)), by deriving L' estimates of the form || f** —
e < CIf™ = "1, and the existence holds.

That (6.10) and (6.11) hold has been shown by Ben Abdallah, Chaker and Schmeiser
[5]. We do not go into the proof here, we just remark that (6.11) holds for any convex
entropy 7, not only for n = U?/2, namely

/R (Qu(f) — EOuPX(C(fo0)) dv < —C / (f — F(Ty))? M(v) dv

holds for any strictly increasing function x € C*', with (, as before, defined by (6.2) and
with Uy := [ ((f,v) M(v) dv. The inequality (6.12), and hence L'-contraction, was proved
by Poupaud [36].

To prove the existence of the slab problem (6.20)-(6.22) one can proceed as in [4] for
the Milne problem. Using the iteration, analogous to (6.31),

(U o S)agfn-i-l + E&,f”ﬂ - Az(fn)fn-‘rl — Al(fn),

for £ > 0 the iteration procedure is started with f© = M(U,,v), thus clearly f! < f°, the
comparison principle implies that f"*! < f" for all n, thus the sequence defined by the
iteration is decreasing, and f* € L*([~L, L] x Q)N L>®([—L, L] x Q). The existence of fixed
points is achieved by passing to the limit n — oo; the convergence is strong in L' by the
monotone convergence theorem, and weak* in L°°, this allows passing to the limit in Q.
An additional argument that uses the inequality (6.12) is needed to prove the uniqueness
of the fixed point. For F < 0 the iteration procedure is started at f© = M(U_,v) instead.

The rest of the existence proof now follows as in Section 6.1. We only remark that the
monotonicity of f with respect to ¢ is directly proved for Uy (here w(v) = 1), it requires a
technical lemma that follows by analyzing the collision term, we refer to [5] for details.

The proof of stability follows the same lines. We only remark that the splitting of the
operator (6.30) and averaging lemmas are used here to pass to the limit in the h equation
(6.26).
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