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Preface

Up to the present, three different mathematical frameworks have been developed for the
study of the Boltzmann equation. They are the theories in the L, L2 and L> spaces. Their
principal ideas and methods are quite different from one another, but have been success-
fully employed for establishing the existence theorems of global solutions and revealing their
various deep structures.

For the further development, however, it will be fairly desirable to merge these different
theories. Some attempt has started already. Recently, it has been shown, [47], that an ap-
propriate combination of the L? and L® theories gives rise to an almost optimal convergence
rates of solutions for the case with the external force.

To pursuit this direction, the authors believe that it is useful to provide clear and brief
introduction to each theory. Thus, the aim of these notes is to present the fundamental ideas
and methods in the frameworks of the L? and L* theories. Due to the limitation of pages,
the introduction to the L! theory is not included in these notes.

The authors would like to express their sincere thanks to Professor Philippe G. Ciarlet
for his suggestion to write these notes. The authors would also like to express their sincere
gratitude to Professor Roderick S. C. Wong for his support and hospitality. In particular,
the first author would like to thank Professor Roderick S. C. Wong for his invitation to work
in the Liu Bie Ju Centre for Mathematical Sciences.
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Chapter 1

Introduction

1.1 Overview

1.1.1 Mathematical Aspects of the Boltzmann equation

The kinetic theory of the gas is a theory devoted to the study of evolutionary behaviors of
the gas in the one-particle phase space of position and velocity. To fix the idea, consider
a mono-atomic (one species) gas. In the kinetic theory, its state is described by a scalar
function f(t,z, ) which stands for the mass density function of gas particles having position
x € R3 and velocity ¢ € R? at time ¢t € R. By definition, f is a non-negative function such
that for any region D of the one-particle phase space R x R3, the integral

/ /D F(t, v, €)dde

gives the expectation value (statistical average) of the total mass of gas contained in D at
time ¢t. In some context, f happens to be taken as the number or probability density.

Recently, the kinetic theory is getting more and more recognized to be significant both
in mathematics and practical applications as a key theory connecting the microscopic and
macroscopic theory of gases and fluids. In this sense, the kinetic theory is in-between or
mesoscopic.

In gas and fluid dynamics, there are many famous equations of motion, which have been
derived by focusing the attention on different aspects of gases and fluids in different physical
scales. Most of them are classical, dating back to the 19th century or earlier.

In the macroscopic scales where the gas and fluid are regarded as a continuum, their
motion is described by the macroscopic quantities such as macroscopic mass density, bulk
velocity, temperature, pressure, stresses, heat flux and so on. The Euler and Navier-Stokes
equations, compressible or incompressible, are the most famous equations among governing
equations proposed so far in fluid dynamics.

The extreme contrary is the microscopic scale where the gas, fluid, and hence any matter,
are looked at as a many-body system of microscopic particles (atom/molecule). Thus, the
motion of the system is governed by the coupled Newton equations, within the framework of
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the classical mechanics. The number of the involved equations is 6N if the total number of
the microscopic particles is V.

Although the Newton equation is the first principle of the classical mechanics, it is not
of practical use because the number of the equations is so enormous (N ~ the Avogadro
number 6 x 10%3) that it is hopeless to specify all the initial data, and we must appeal to
statistics. On the other hand, the macroscopic (fluid dynamical) quantities mentioned above
are related to statistical average of quantities depending on the microscopic state. Thus, the
kinetic theory that gives the mesoscopic descriptions of the gas and fluid is noticed to be
a key theory that links the microscopic and macroscopic scales. The Boltzmann equation,
which is the subject of these notes, is the most classical but fundamental equation in the
mesoscopic kinetic theory.

Except for the Newton equation, all the equations mentioned above are nonlinear partial
differential equations which are of different types in the classification of partial differential
equations, that is, elliptic, hyperbolic, parabolic type or a mixture, and whose structures of
nonlinearity are also different. However, they can be used to describe the motion of one and
the same gas/fluid, which means that they are interrelated to one another in certain ways.
The mathematical theory on their relations is, indeed, one of the most important issues in
gas and fluid dynamics, raising various problems in the asymptotic analysis and theory of
singular perturbations, which reveal interesting mathematical relations between the equations
of different types that clarify the physical regimes of validity of individual equations.

In physics, the asymptotic diagram in Figure 1.1 has been believed to be true for a long
time.

M —0
R vC'NS — ICNS C: compressible
N — o e 7 IC: incompressible
Newton ——> Boltzmann _ l v—=0 l v—=0

\ NS: Navier-Stokes
Vlasov Ii‘\ .
7 CE — ICE E: Euler

M —0

microscopic | mesoscopic | macroscopic

Figure 1.1: N: number of particles, x: mean free path, v: viscosity, M: Mach number

However, it is only in these decades that this diagram has been established with a mathemat-
ical rigor. The proof shows how the equations in lower scales can be derived from equations
in higher scales, and also gives a mathematical explanation of the development of the initial
layer. It should be stressed, however, that although the results obtained so far are many,
they are yet far from satisfactory because they are mostly for the Cauchy problems. Little is
known on the diagram in Figure 1.1 for the boundary and initial boundary value problems
and therefore the theory of the boundary layer is not yet fully developed. Certainly, the
analysis of these asymptotic relations is a significant issue in the mathematical theory of gas
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and fluid dynamics. Although this important issue is out of scope of these lecture notes,
some fundamental references on this and related subjects are found in the bibliography given
at the end of these notes categorized as “Boltzmann-Grad limit” and “Multi-scale analysis”.

Another important issue to be worked out is the elucidation of mathematical structures of
individual equations. There are still many fundamental open problems on the existence and
properties of solutions of those equations. Needless to say that the question on the existence
of smooth solutions to the incompressible Navier-Stokes equations is one of seven “Millen-
nium Prize Problems” selected by Clay Mathematics Institute (http://www.claymath.org/
millennium/). The equations mentioned above and many other related equations appear-
ing in gas and fluid dynamics are rich resources raising challenging mathematical problems
promised with fruitful results. They are strong driving forces for the development of the
theory of nonlinear partial differential equations.

1.1.2 Existence Theory for the Boltzmann Equation

The first existence theorem of the solutions to the Boltzmann equation goes back to 1932
when Carleman [22] proved the existence of global (in time) solutions to the Cauchy problem
for the spatially homogeneous case. It should be stressed that this is two years before the
incompressible Navier-Stokes equation was solved by Leray [34] on the existence of global
weak solutions. On the other hand, the research on the spatially inhomogeneous Boltzmann
equation started much later. It is only in 1963 when Grad [27] constructed the first local
solutions near the Maxwellian, and it is in 1974 when the first author of these notes con-
structed global solutions that are also near the Maxwellian, extending Grad’s mathematical
framework, [40].

The progress made afterward was remarkable, however. Up to the present, three different
methods have been developed for establishing the global existence theory. The difference
is due to difference of function spaces used for solving the Boltzmann equation, and conse-
quently, the methods of proof employed are also different. At the present, it does not seem
to be easy to merge these three different methods. It is a big open problem to characterize
the “mathematically optimal” space for the Boltzmann equation. Here is a short summary
of the solutions established so far.

1. Solutions in L* framework.

Grad’s scheme was extended to construct global solutions in the L*° space for various initial
and initial boundary value problems. See, [40], [41], [37], [38], [44], [21]. The method is a
combination of the spectral analysis of the linearized problem and the bootstrap argument
based on the smoothing effect of the collision operator. An advantage of this method is
that it can be applied to a variety of Cauchy problem, initial-boundary value problems and
boundary value problems to provide global classical or strong solutions near Maxwellians. At
the present, this is the only effective method applicable not only to the whole space but also
to the domain with boundary. The disadvantage is that it does not work for large amplitude
solutions which are far from Maxwellians.

2. Solutions in L' Framework. DiPerna-Lions [25] constructed global L' solutions without
smallness assumption on initial data. These solutions are called the renormalized solutions
because they are the weak solutions to the Boltzmann equation in the renormalized form.
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The method of construction is based on the celebrated H-theorem (see §1.2.2 below) and the
velocity averaging lemma ( see e.g. [32]). This method was developed by many authors, [18],
[24], [39], [49], and is often called the entropy dissipation method. It should be emphasized
that the uniqueness of the solutions is an open problem which now seems to be a problem as
big as Clay’s Millennium Prize Problem on the Navier-Stokes equations.

3. Solutions in L? Framework. Recently, the L? energy method, which is familiar in the the-
ory of nonlinear PDE’s, became available for the Boltzmann equation by introducing a new
decomposition of the equation and solutions, called the macro-micro decomposition. This
was intiated by Liu-Yu [53] and developed by Liu-Yang-Yu [35]. The flexibility is a well-
known feature of the energy method in the theory of PDE’s and has been also demonstrated
for the Boltzmann equation. The method has been exploited not only for constructing global
strong solutions near Maxwellians, but also for analyzing the stability of wave profiles [53],
[54], solving the Vlasov-Poisson (Maxwell)-Boltzmann equation [28], [48] and the external
force problem [46], etc. Guo [29] developed a different setting of the energy method. Also,
Liu-Yu [36] constructed the green function and revealed fine structures of the solutions.

The macro-micro decomposition has been found to have another significance than for the
energy method. As will be seen in Chapter 3, it provides a systematic procedure to derive
various asymptotic relations depicted in Figure 1.1 between the Boltzmann equation and
fluid dynamical equations and also can capture non-classical fluid dynamical equations, just
like the classical Hilbert and Chapman-Enskog expansions but without truncation, which
facilitates the asymptotic analysis of the fluid dynamical equations.

These notes are concerned with the solutions in the frameworks 1 and 3, which will be
presented in Chapter 2 and Chapter 3, respectively.

1.2 Boltzmann Equation

We will deal only with the Boltzmann equation for the monoatomic gas, i.e. the gas of
identical particles, but most of mathematical techniques developed here will be applicable
to the case of the mixture gas which can be described by coupled Boltzmann equations
whose number is equal to the number of species of different gas particles, [3]. The original
Boltzmann equation is formulated in the physical space of dimension 3, but we consider it
in the space of arbitrary dimension n, which will reveal where and how the space dimension
intervenes in the theory.

1.2.1 Boltzmann Equation

The Boltzmann equation for the monoatomic gas in a domain 2 C R" is

N €V PV QUL (L ERXx QxR (1.21)

Here, f = f(t,x, &) is the unknown scalar function which stands for the mass density function
of gas particles having position x = (z1,---,2,) € Q and velocity £ = (&, ,&,) € R" at
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time ¢ € R. (1.2.1) is a balance law for it. The first two terms on the right hand side
gives the rate of change of f due to the motion of gas particles in the external force field
F = F(t,z,§) = (Fy,---,F,) in which m is the mass of the gas particle, - stands for the
inner product of R™ and

- 0 - 0
v, =YL Fve=SFRZ.
3 ;ékaxk ¢ ; b oE,

On the other hand, the last term on the right hand side gives the rate of change of f due to
binary collisions of gas particles, where @) is the nonlinear collision operator defined by

Q(f,9) = 1/Rn s q(v,0)(f'g9. + flg' — fg. — feg)dé.dw, (1.2.2)

2
f:f(t7x7§)7 f/:f(t7x7€/>7 fﬂizf(t7x7§:<)7 f*:f(t7x7€*)7
and similarly for g, and
E=E6—(E-&)ww, &=L+ (E-¢&) ww,
where w € S ! and .
v=lE—gl cosh=(E-&) v,

while &, &, are the velocities of gas particles before collision and &', & are the velocities after
collision, see Figure 1.2.

|
%
N

Sphere 2

6*

Figure 1.2: Elastic Collision

Notice that the conservation laws of momentum and energy hold through the collision:

E+&6&=8+¢ (momentum)

PP = [EP+IEP  (cnergy) (12.3)
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The function q is the collision kernel which is determined by the interaction potential between
two colliding particles. Two classical examples are the hard sphere gas for which, ([27]),

q(v,0) = qov| cos ], cos0 = (£ — &) - w/v, (1.2.4)
where qq is the surface area of a hard sphere, and the potential of inverse power s for which
(3], [27))

2(n—1) n—1

q(v,0) = 0| cos O] q(0), v=1-— — Y =1+ b (1.2.5)

where ¢o() is a bounded nonnegative function which does not vanish near § = 7 /2. The
interaction potential is said hard if s > 2(n — 1) and soft if 0 < s < 2(n — 1).

Finally, the number x > 0 is the mean free path (mean free time) of gas particles be-
tween collisions or Knudsen number that represents the ratio of the mean free path to some
characteristic length of the domain containing the gas. As will be seen in §3, it plays an
essential role in the analysis of asymptotic relations between the Boltzmann equation and
macroscopic fluid equations shown in Figure 1.1. Also, some references are given in the cat-
egory “Multi-Scale Analysis” of the bibliography on related topics that are not discussed in
these notes.

For the existence theory, on the other hand, x may be fixed, say, to be 1, without loss of
generality:.

1.2.2 Properties of ()

The existence theory we develop in this note relies largely on the properties of the operator

. Most of them were deduced by Boltzmann himself. History of the Boltzmann equation

(1.2.1) is nicely summarized in the book [3]. Here, we present three fundamental ones.
Define the inner product

<fg>= - f(&)g(&)de. (1.2.6)
A function (&) is said a collision invariant if
<@, Qf, f)>=0  (vf € C7° (R, Ry)). (1.2.7)

The first property of @) is

[Q1] @ has n+ 2 collision invariants,

eo(§) =1, wi(§) =& (=12, n), 4,0”+1(§):%|£|2. (1.2.8)

This leads to the conservation laws of the Boltzmann equation (1.2.1) as follows. Since
f(t,x, &) is the mass density in the (z,£)-space, that is, the microscopic mass density in the
one-particle phase space, its moments with respect to £ are quantities in the x-space, that is,
the macroscopic quantities in the usual physical space. The first few moments are

1% =< @0, f(tvl‘) ) >,
pU; =< Qi f(tvl‘v ) > (Z - 1a 27 e 7n)7 (129)
pE =< ¢n+1>f(t7$’ ) >
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Here, p is the macroscopic mass density, u = (uy,ug, - ,u,) is the macroscopic (bulk)
velocity, and F is the average energy density per unit mass, of the gas. The temperature 6
and the pressure p are related to E by

1
E=luf+ ge. p = Rpb. (1.2.10)

Here, R is the gas constant (the Boltzmann constant divided by the mass of the gas particle).
The last equation in (1.2.10) is called the equation of state for the ideal gas.

Consider the case @ = R" and F' = 0. Let f be a smooth solution to (1.2.1) which
vanishes sufficiently rapidly with (z, £). Multiply (1.2.1) by ¢; and integrate it over R} x Rf.
By virtue of (1.2.8) and by integration by parts, we have

— <, flt,z,)>dx =0, i=0,1,--- ,n+1, (1.2.11)
dt Jgn
which are, in view of (1.2.9), the conservation laws of total mass (i = 0), total momenta
(1=1,2,--- ,n) and total energy (i = n + 1), of the gas.

It is seen that similar conservation laws can hold for the case Q # R3 and F # 0 if some
appropriate assumptions are imposed on the boundary conditions on the boundary 92 and
on the external force F'.

The second property of () to be mentioned is
[Q2] Q(f. f) =0 & <log f,Q(f,[) >=0 & f=M() where

2
M(E) = Myp0(8) = m exp (— ‘%RZ' ) . (1.2.12)

M is called the Mazwellian and is known to describe the velocity distribution of a gas in an
equilibrium state with the mass density p > 0, bulk velocity u = (uy, us, -+ ,u,) € R, and
temperature # > 0. Here, (p,u,0) are taken to be parameters, and if they are constants,
M is called a global (absolute) Maxwellian while if they are functions of (z,t), it is called a
local Maxwellian. Evidently, the global Maxwellian is a stationary solution of (1.2.1) if the
external force F' is absent.

It should be stressed that the Maxwellian (1.2.12) was discovered independently of the
Boltzmann equation (1.2.1). In fact, it is in 1857 when J. C. Maxwell [9] first obtained (1.2.12)
while it is in 1872 when L. Boltzmann [1] established (1.2.1). To obtain the Maxwellian,
Maxwell relied on physical reasoning whereas Boltzmann solved the equation Q(f, f) = 0.
Thus, the Maxwellian is built-in in the Boltzmann equation.

The final property of () to be presented here is

Let f be a density function of a gas. Since it is nonnegative, we may define the H-function,

H(t) = /R N flog fdade, (1.2.13)
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which gives, according to Boltzmann who is the founder of Statistical Physics, the minus of
the entropy of the gas. Consider again the case {2 = R™ and F' = 0 and let f be a non-
negative solution to (1.2.1) with rapid decay properties in (x, ). Multiply (1.2.1) by log f
and integrate in (z,y). Integration by parts, together with [Q1], yields,

% + | Dlt,wydz =0, (1.2.14)
where
D(t,z) = — < Q(f, f)log f > (1.2.15)
[ alle el s 1 tos e

This integral, called the entropy dissipation integral, is non-negative as seen from the elemen-
tary inequality,

(a —b)(loga —logb) >0 (a,b>0).
A consequence of this is the celebrated H-theorem
dH
<0 1.2.16
Mo (1.2.16)

where the equality follows if and only if f is a Maxwellian. This theorem provides many
physical implications. First, it says that the entropy increases with time. Second, as far as
the total entropy dissipation integral [ Ddx is bounded in ¢, the H-function may play a role
of the Lyapounov function, to prove that the solution of the Boltzmann equation converges
to a limit. [@3] then asserts that this limit should be a Maxwellian. In other words, the
H-theorem asserts that the Maxwellian is the only possible asymptotically stable stationary
solution of the Boltzmann equation. Physically, this can be rephrased as the equilibrium state
of the gas is uniquely described by the Maxwellian, not by any other distribution functions.
Thus, one can say that the Maxwellian is built-in in the Boltzmann equation. As noted above,
Maxwell derived the Maxwellian based on the physical argument, much before Boltzmann.
Of course, the above argument is just heuristic. Only deep mathematical analysis of the
Boltzmann equation can justify this theorem, and the research is still continuing.

Remark 1.2.1 Having discovered the H-theorem, Boltzmann declared that he constructed
the foundation of the second law of the thermodynamics, that is, the law of entropy, based on
the classical mechanics. It is a famous episode in the history of science that lots of objections
were then raised against him by his contemporaries. The controversies were very keen but it
should be stressed that they motivated later developments of various ergodic theories, and
it is Boltzmann who eventually won, though more than 100 years later: He was endorsed
by Lanford [15] who established the convergence of the Newton equation to the Boltzmann
equation depicted in Figure 1.1 as well as by many people who proved the existence of global
solutions.

The main point of the controversies raised against Boltzmann is that the H theorem
contradicts to the Newton mechanics because the mechanical law is time reversible. This well
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known time reversibility of the Newton mechanics is phrased for the many-particle system as
follows. If we reverse the velocities of all particles at time t = t5 and follow their evolution,
we find that all the particles return to their initial positions (the positions at ¢ = 0) with the
minus of initial velocities, after a lapse of time t,.

This would be rephrased for the Boltzmann equation as follows. Suppose that a solution
f(t,z, &) of the Boltzmann equation be obtained. Solve the Boltzmann equation again but
with f(tg, z, —&) as the initial data. If this solution is denoted by ¢(¢, z, ). then, g(to, z,&) =
f(0, 2, —&) would hold. Of course, this is false because it contradicts to the H theorem applied
to both f and g,

H(f(0)) = H(g(to)) < H(9(0)) = H(f(to)) < H(f(0)),

unless f, g are Maxwellian. On the other hand, it has been expected in physics for a long time
that, as suggested in Figure 1.1, the Boltzmann equation could be derived from the Newton
equation by letting N, the number of particles, tend to co. This was eventually justified with
a mathematical rigor by Lanford [15], although only for a short time. Therefore, it is not
surprising that Lanford’s theorem gives a mathematical reasoning of the emergency of the
time irreversibility. Lanford’s result is one of the most important results established so far
in association with the asymptotic diagram in Figure 1.1. See e.g. [3] for a detail.

Remark 1.2.2 The non-negativity of the integral D in (1.2.15) indicates that the Boltzmann
equation is a dissipative equation. This dissipativity is essentially used in the L! theory and
its linearized version plays an important role both in the L> and L? theory.

1.2.3 Grad’s Angular Cutoff Potential and Estimates of ()

Needless to say that all the properties of () stated in the previous subsection are valid only
when the relevant integrals are convergent. On the other hand, the examples of the collision
kernel ¢(v, #) given in §2.1 have two different singular properties. One is the strong singularity
at 0 = m/2 in (1.2.5) due to the grazing collision and the other is the unboundedness for
large velocity |£] — oo.

The former does not guarantee the convergence of the integral over S™! in (1.2.2) under
a mild assumption on f, g such that they are bounded. Actually, it is observed in [75]
that Q(f, g) is well-defined only for sufficiently smooth f, g as a nonlinear pseudo-differential
operator. However, this is a too strong restriction to solve the Boltzmann equation in full
generality. In order to avoid this difficulty, Grad [27] introduced an idea to cut off the
singularity at = 7/2 assuming that ¢o(f) vanishes near § = 7/2. This assumption was
highly successful for the existence theory of the Boltzmann equation in the sense that almost
all progresses made after Grad is indebted to his idea. It is now called Grad’s angular cutoff
assumption.

Throughout this note, we assume that g(v, #) is a non-negative measurable function sat-
isfying

/ q(v,0)dw > qov”,  q(v,0) < g1 (1 +v)7|cosb, (1.2.17)
Sn—1
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for some constants qo,q; > 0 and v € [0,1]. Clearly, this is satisfied by the hard sphere
gas (1.2.4) with v = 1 and by the inverse power law (1.2.5) under the Grad’s cutoff with
v=1-2(n—1)/sfor s > 2(n—2). Thus, (1.2.17) is a slightly generalized version of Grad’s
cutoff hard potential.

Under this assumption, ) becomes well-defined. To see this, let M = M(&) be any
Maxwellian and introduce the function

aa(€) = [ alle ~ €1 OMIE. . do (12.18)

which satisfies under the assumption (1.2.17),
vo(1+1€])7 < vm(§) < w1+ [€])7, (1.2.19)
for some positive constants v, 1.

Theorem 1.2.3 For any p € [1,00] and o € [0,1], there exists a constant C > 0 such that

[4552], < (it il + Lsel S22
where || - ||, is the norm of the space LP(RY).
Proof. Write
QU.9) = S@u(1.0) + @0, /) ~ @o(,0) ~ ol ). (1.221)

with

Qulf,g) = / 41 — £.1.0)(€)g(€)de. dow,
RS (1.2.22)

Q)= [ ale= L0l s,

First, we prove the theorem for Q;. Put f = M'/?u, g = M'/2v. Note from the conservation
laws of collision (1.2.3) and the definition of Maxwellian (1.2.12) that

M(S)M(EL) = M(§M(E.)
holds. The Holder inequality gives

Qi(f,9) s/

R

(I = &, OIMI(E)MI(E) 2 (€[ (€1) | dgedw
1/p

< ([ atie = elormemie ) deds) ([ u€)plo)ris.ar)
< Ouma@M©"2( [ (@) Plo(E)lPde.dn) "

Rn

with p € [1,00),1/p+ 1/¢ = 1. The last line comes from

| alle = €1.0MI€) g do < OO+ [€)7 < Conale)",
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which holds by virtue of (1.2.17) and (1.2.19), and C' is a positive constant depending on
41, G2, V1, V2, p, u, 0. Consequently,

J.

By virtue of (1.2.3) and (1.2.19),

nal€) MO PO A< C [ @€ Plo(€) P

R7 xR™ S§n—1

vm(§) < C(1+[E])7 = CA+[€" = (¢ = &) - wiw])
< CR+[ET+ 16D < Clom(E) +vm(€D)-

Since the Jacobian of the change of variable (&, &, w) < (£, &L, —w) is unity, we finally have

J.

v (€)M 2Qu(f, g)(f)’pdg
< C/ <VM(§/>(1—a)p + VM(&)(I—a)p) |u(€/)|p|v(§l>|pd€/d€>/kdw.
R xRnSn—1

This proves (1.2.20) for @ for the case p € [1,00). The case p = oo can be proved similarly,
and the proof for ()5 is also similar but much simpler. Now, the proof of the theorem is
complete.

The function (&) is bounded if ¥ = 0 and unbounded of order O([¢|7) if v > 0. As a
consequence, Theorem 1.2.3 asserts that () is a bounded operator if v = 0 whereas it is
well-defined but unbounded with the weigh loss of order O(|£]”) if v > 0.

Remark 1.2.4 Theorem 1.2.3 was first proved in [27] for the case p = 0o, = 1 and will be
used in Chapter 2. The case p = 2, = 1/2 is due to [26] and will be used successfully in
Chapter 3.
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Chapter 2

Solutions in L°° Framework

This chapter is devoted to the L theory of the Boltzmann equation based on the spectral
analysis of the linearized equation around a global Maxwellian. One of advantages of the
spectral analysis is that it gives an optimal rate of decay (in time) of the solutions of the
linearized equation. Our method for constructing solutions for the nonlinear problems in
this chapter is a combination of the good decay estimates for the linearized equation and
the contraction mapping principle. Thus, after deriving the sharp decay rate of the semi-
group generated by the linearized Boltzmann equation, the global solutions to the Cauchy
problem and time-periodic solutions for the case with the time-periodic source term will be
constructed. The same decay rates are used coupled with the contraction mapping principle,
but of course, in different context. This method has been developed also for the case where
the domain () has a boundary. Actually, at the present, this is the only effective method
for the boundary value problems. In this note, however, we will restrict ourself just to the
case without boundary, that is, the whole space case {2 = R™ and the torus case 2 = T".
Moreover, we deal just with the case without external force F. This makes the spectral
analysis much easier.

2.1 The Linearized Boltzmann Operator

Recall that if the external force F' is absent, any global Maxwellian M is a stationary solution
of the Boltzmann equation (1.2.1). We will look for the solution f near M, that is, the solution

having the form
f=M+ M2y, (2.1.1)

By a suitable Galilean translation and scaling of the velocity variable £, M can be taken,
without loss of generality, to be the standard Maxwellian,

1 2
M = M1 ,0,1(§) = e eXp(-%)- (2.1.2)

Plug this into (1.2.1). If F' =0, the equation for the new unknown u = u(t, z, £) becomes

% = Bu+T[u,u], (t,z,§) €R xQ xR", (2.1.3)

17
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where
Bu = —¢-V,u + Lu, (2.1.4)
Lu = 2M'2Q(M, M"?u), (2.1.5)
D, v] = M~Y2Q(MY2u, MY/?v). (2.1.6)

Here, L, the linearized collision operator, is a linearized operator of () around M whereas I,
being its remainder, is a bilinear symmetric operator. The operator B is called the linearized
Boltzmann operator.

In the rest of this section, we summarize some properties of L and I" which hold under
the cutoff assumption (1.2.17). For the proof, see, e.g. [3], [10], [27]. Define the spaces

Lr=1"Rg)  (pell o),
Ly = L*([Ry; (1+ [¢)7d) (B ER).
Note that Lg® = L.

Proposition 2.1.1 Under the assumption (1.2.17), the following holds.
(i) L has the expression

Lu = —v(§)u + Ku, (2.1.7)
where v(£) is a nonnegative measurable function of £ satisfying
L+ 6 < v(©) Sm(L+ ), R, (2.18)

for some constants vy,v1 > 0 and v € [0, 1], while K is a linear integral operator in & and is
bounded as the operators

K:L*— L*NL>, Ls — Lgyr (VB >0). (2.1.9)

(ii) In the space L?, if v <0, the operator L is a linear bounded operator while if v > 0, L
18 a linear closed unbounded operator with a dense domain

D(L) ={u e L? | v(&)u € L*}.

Moreover, it is self-adjoint and non-positive in L* whose null space, denoted by N, is (n+2)-
dimensional and spanned by collision invariants weighted by M2,

1
N = span{M"? &MY? (i =1,2,--- n), 5|g|21\/11/2}. (2.1.10)
Let {1;}12) be an orthonormal basis of N in L? and put
n+1
Pu =Y (u,1) 20, (2.1.11)
i=0
which defines an orthogonal projection
P:L* = N. (2.1.12)
We have,
PLu=0 (Yue D(L)). (2.1.13)

(iti) P : L* — L¥ is a bounded operator for any 3 > 0.
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The decomposition (2.1.7) is due to [27]. The function v(&) is nothing but the function in
(1.2.18) and is called the collision frequency. (2.1.9) provides smoothing properties of K
which will be useful in the sequel. For the hard sphere gas, the function v(£) and integral
kernel of K have the following explicit expressions for n = 3, see, e.g. [3], [27].

§

(€)= 2 2 {(el + 1617 [ exp(—u2)du + exp(- D)} 2.1.14)
K(6,6) =(2n) 2 - & exp(~g = - e - ) 2.115)

1 2 2
— 5le = &l exp (= (I + [&I2)/4).

Finally, the property of [' needed in the sequel is

Proposition 2.1.2 (i) Letp € [1,00] and o € [0,1]. There is a constant co > 0 such that
for any u,v € L, it holds that

v=Tfu, ]l 2o < co(lA=ullzellellzo + l[ullos A ~20] 1), (2.1.16)
(ii) PI'[u,v] =0 for any u,v € LP.

Proof. (i) is just Theorem 1.2.3 while (ii) is a simple consequence of [Q1].

2.2 Spectral Analysis of the Linearized Boltzmann Op-
erator

The main goal of this section is to establish the decay rates of the semi-group generated by
the linearized Boltzmann operator B defined by (2.1.4), which will be used in an essential
way in the next sections for solving the nonlinear Boltzmann equation.

2.2.1 Semi-group ¢'Z.

First, we shall recall the celebrated Hille-Yosida theorem which is the core of the theory of
semi-groups. See [107], [108], [109] for the detail. To this end, we introduce some notation.
Let X be a Banach space with norm || - ||, and C*(J; X) the set of continuous functions
defined on the interval J C R with value in X having continuous Fréchet derivatives up to
order k = 0,1,2,---. Let T be a linear operator having the domain of definition and the
range both in X, and denote its domain of definition by D(T'). The set of complex numbers

p(T) = {\ € C | M — B has a bounded inverse (A —T)* (2.2.1)
defined on the whole space X'}
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is called the resolvent set of T and the inverse (Al —T)~! is called the resolvent of T at \ €
p(T). Here and hereafter, I denotes the identity operator and will be omitted occasionally.

A family {S(t) }+>¢ parametrized by ¢ is called a strongly continuous semi-group, or simply
Cy semi-group, of operators if the following three conditions are fulfilled.

(a) For each t > 0, S(t) is a linear bounded operator on X.

(b) S(0) =1, S(t+s)=S(t)S(s) (t,s>0).

(¢c) S(h) — I as h — +0 strongly in X.

It is easily seen that under these conditions, S(t)u € C°([0,00); X) for any u € X. The
second property of (b) is called the semi-group property.
The generator of a Cy semi-group {S(t)} is the operator T" defined by

D(T)={uve X |3s— hlirilo %(S(h) — Iu (strong limit in X)}, (2.2.2)
1
Tu:s—hli)riloﬁ(S(h)—I)u, ue D(T).

If T is a generator and if ug € D(T), then, u = S(t)ug is in D(T') for all £ > 0 as well as in
C'((0,00); X) and solves the Cauchy problem,

du

o =Tu (t>0),  u(+0)=uo. (2:2.3)

Since this can be regarded as the initial value problem for the first order linear ordinary
differential equation in the Banach space X, it is customary to express the solution operator
S(t) by the exponential function eT. The following is the most fundamental theorem in the
theory of semi-groups.

Theorem 2.2.1 Let M > 1 and \g € R. The following two properties are equivalent.

(1) T is a linear, densely defined, closed operator in X with p(T) D (Mg, 00),
and the resolvent satisfies

[N =)~ < M(A = Xo)7",
forall A > Xg and k =1,2,---.
(2) T is a generator of a Cy semi-group S(t) satisfying
ISE)ull < Me*|Jul, (2.2.4)
foranyt >0 andu e X.

The case for M =1 and Ay = 0 is due to Hille and Yoshida and the corresponding semi-group
is called the contraction semi-group. The general case is due to Fellar, Miyadera and Phillips.
See e.g. [109].
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Now, we shall consider the linearized Boltzmann operator B in (2.1.4) in the space L? =
L€, x RE) where Q = R" or T". More precisely, under the cutoff assumption (1.2.17), we
define the operator B by

DB)={uel’|{ Vou, vQueL®}, (2.2.5)
Bu=—-¢-Vyu+Lu=—-¢-Vou—v(§)u+ Ku, ue D(B),

where V, is taken in the distribution sense.

Theorem 2.2.2 Under the assumption (1.2.17), B generates a Cy semi-group e'® satisfying
(2.2.4) with M =1 and A\ = —vy + || K||, where vy is the constant in (2.1.8) and || K]|| is the
operator norm of K.

For the proof, first, note from Proposition 2.1.1 that K can be taken to be a bounded
operator on L?. Let A be the operator obtained by dropping K from (2.2.5),

Au=—&-Vyu—v(é)u, (2.2.6)
DA)={ueLl?|¢ -V, v(ue L*}.

Proposition 2.2.3 Let vy be the constant in (2.1.8). The operator A fulfills the conditions
of Theorem 2.2.1 with M =1 and \g = —1y. The semi-group e'* has an explicit expression,

ey = e Olyg(x — L€, ), t>0, (2.2.7)
and the estimate (2.2.4) reads
et o]l < e~ a2 (223)
Proof. Write the right hand side of (2.2.7) as
S(t)ug = e " Otyg(z — t€,€), t > 0. (2.2.9)

We now show that this S(¢) is a Cjy semi-group and its generator is just given by (2.2.6).
Evidently, the estimate (2.2.4) holds for S(¢) with M = 1,\y = —1p, implying that the
condition (a) is fulfilled. It is easy to check (b). To check (c), introduce

u(k,&) = F(u)(k, &) = (2%)"/2/Qeik'xu(:c,§)dx, (2.2.10)

which is the Fourier transform for the case {2 = R" and the Fourier coefficient for the case
Q =T", of a function u(z,§) with respect to x, where k = (ki, ko, -+, k,) € Q is the dual
variable to x, - is the inner product of R", and {2 = R" or Z". Obviously, we get

F(S(t)uo) = s(t, k, &) F(uo)(k, ), s(t k, &) = e~ ket (2.2.11)

This is seen to be a function in C°([0, 00); L*(Q x R™) if F(ug) € L*(Q x R™). In fact, note
that for any z € C with Rez < 0,

let* — e | =0 (1 — 1), e —ef?| <2 (1,1 >0),
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holds. Then, it suffices to put z = —(ik -+ v(£)) and use Lebesgue’s dominated convergence
theorem. Parseval’s relation then shows that S(t)ug is in C°([0, 00); L?) if ug € L?. Thus,
S(t) is a Cy semi-group on L? satisfying the estimate (2.2.4).

[t remains to prove that its generator is just (2.2.6). Observe for any z € C with Re(z) < 0,

1 1
E(ez}‘—l)—z—ﬂ) (h —0), |E(62h—1)—z| <2z (Vh>0).
Again, put z = —(ik - £ + v(§)) and use Lebesgue’s dominated convergence theorem, to see
that
1 1
F(5(S(h) = Duo) = 7 (s(h, k,§) = 1) F(uo) (k. €) (2.2.12)

converges to 0 = —(ik - £ + v(§))F(uo) as h — +0 in the norm of L2(Q x R") if and only if
0 € L*(2 x R"), or since v(€) is a real function, if and only if

k- F(uo), v(€)F(ug) € L*(Q x R™),

which is equivalent, again by Parseval’s relation, to the condition uy € D(A). Thus, we are
done.

Proof of Theorem 2.2.2. Since K is a bounded operator on L? (2.1.4) can be rewritten as
B=A+K, D(B) = D(A). (2.2.13)

Thus, B is a bounded perturbation of a Cy semi-group generator A, and hence [108] implies
Theorem 2.2.2 with M =1 and A\g = —1 + || K|

We shall study the asymptotic behavior of e!®. According to the theory of semi-groups,
if B is a Cy semi-group generator, the resolvent and semi-group are related to each other by
the Laplace transform,

A-B)'= / e MeBdt (ReA > Xg), (2.2.14)
0

and by the inverse Laplace transform

o+i0o
B = i MA—=B) A (0> o). (2.2.15)
27T Joiso

It is also known that the resolvent set is an open subset of C and that the resolvent is an

analytic function of A on the resolvent set in the operator norm, so that the formula (2.2.15)

can provide information on the asymptotic behaviors of e/ if information on the singularities
of (A — B)~! is available.

The set of singular points of the analytic function (A — B)~! is called the spectrum of

B and denoted by o(B), which is the complementary set of the resolvent set p(B) in the

complex plane C. A customary classification of the spectrum (e.g. [106]), is,

(a) Point spectrum: The set of eigenvalues of B. The point A is an eigenvalue if and only
if A — B is not one-to-one. Moreover, an isolated eigenvalue is a pole of the resolvent.
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(b) Continuous spectrum: The set of points A for which A — B is one-to-one and the
image (A — B)D(B) is dense in X but (A — B)D(B) # X

(c) Residual spectrum: The set of points A for which A — B is one-to-one but the image
(A — B)D(B) is not dense in X.

In order to study the asymptotic behavior of €', we use the Fourier transformation
(2.2.10). For u € D(B), we obtain

F(Bu) = (=i - k + L)i. (2.2.16)

For w = w(§), put
B(k)w = (—i¢ - k + L)w. (2.2.17)

Here, we regard k € Q) as a parameter and consider B(k) as an operator in the space L*(RE)
with the domain of definition

D(B(k)) = {w € L*(R}) | k- éw, v(§)w € L*(RY)}. (2.2.18)

This generates a Cy semi-group for each k € Q, with M = 1 and \g = —1py + || K|, as seen
by a similar but much simpler argument to that for Theorem 2.2.2. Set

O(t, k) = eB®), (2.2.19)
Clearly, it follows from (2.2.16) that
e = f—l{cb(t, k:)}f. (2.2.20)

Now, we shall establish the asymptotic behavior of ® by use of (2.2.15) applied to B(k),

1 o400 .

Bt k) = 7/ MO — BN (o> Ao). (2.2.21)
T Jo—ico

If we can shift the integration path into the left half plane, we will be able to deduce a decay

property of ®(¢, k). This will be possible by the Cauchy’s integration theorem because the

resolvent is an analytic function of A on the resolvent set and has poles at isolated eigenvalues.

Thus, we need to study the resolvent and spectrum of B(k) near the imaginary axis of the

complex plane C.

2.2.2 Resolvent and Spectrum of B(k)
We start by the study of the operator

~

AlRyw = (—ik - & —v(€))w,  D(A(k)) = D(B(k)), (2.2.22)

which comes from (2.2.17) by dropping K.
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Lemma 2.2.4 Theorem 2.2.1 (2) holds for A(k) with M =1 and \g = —vy. Furthermore,
we have

p(A(E)) D{NeC | Re A > —1p}, (2.2.23)

and the explicit expressions
A — A(E) ™ w = (A + ik - € + v(€))) tw, (2.2.24)
ARy = o= (RETv(O)ty, (2.2.25)

Proof.  Note that (2.2.24) and (2.2.25) hold , at least, formally. The right hand side of
(2.2.24) becomes a bounded operator on L*(R}) when ReA > —vg, whence (2.2.23) follows,
which ensures the rest of the lemma.

To go further, we need some properties of the integral kernel of K.

Proposition 2.2.5 Under the cutoff assumption (1.2.17), K is an integral operator
Ku(§) = | K(&&)uE)de,
]Rn

with an integral kernel satisfying
(1) K is real, measurable, and symmetric with respect to &, &'

2) / K(€,€)|de’ < ko(1+[¢])"
/|Kss VPde' < i,

with some constants kg, k1 > 0.

For the proof, see [27].
In the below, we write A = 0 + i7 with o, 7 € R. The following is a key proposition in
the sequel.

Proposition 2.2.6 There is a constant C' > 0 such that the following holds.
(1) For any k € R" and 6 > 0, we have

sup || K (0 + it — A(k)) Y| < C6I/ G (1 ||y~ Gnta)
o>—vp+0,TER

(2) For any 0, kg > 0, there is a constant 7o > 0 such that if |T| > 19, we have,

sup || K(o + it — A(k)) Y| < C5H 0D (1 4 |7 |)"H D),
UZ_VO+5,‘I<J|§/§O

Here, || - || is the operator norm of L*(R}).

Remark 2.2.7 (1) of the above states that if u = u(x,£) € L2 »¢ 1s a solution of the transport
equation

AN=Au = f(z,8) € ng,
then, Ku = K(A — A)~'f gains a regularity in z in the sense that Ku € L*(Rg, H.) with

¢ =2/(3n +4), where H’ is the usual Sobolev space. This property was used first in [40],
[41] and its various versions are now called the “Velocity Averaging Lemma”, see, e.g. [32].
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Proof. Put G(\ k) = K(A— A(k))™" and let (D) be the characteristic function of the
domain D C R™. We get by virtue of Proposition 2.2.5 (3),

/
GO (el < Rl <B2( [ heikegra@l )

|€|<R

Denote the last integral by J. Set
Yi={EeR"[[{| <R, [r+k-&[<elk]}, Za={{eR"|[{| <R} -5,
for any € > 0. It is easy to see that there is a constant C' > 0 such that for any k, R, €, T,
mes ¥y < CeR™ 1, mes Yy < CR",

mes being the Lebesgue measure in R". Let ¢ > —vy + 9. Then, we get,

J:/+/mga5%ml+mw2my
1 Yo

Choose € = RY3(5/|k|)?/? to deduce
IGO B)x(€] < R)|| < Co22 REn=2/0 |71,
On the other hand, by virtue of Proposition 2.2.5 (2),
GO R)x(IEl > R)| < G5 R

Choosing R = (|k|/0)? 34 leads to (1) of the proposition.
To prove (2), let |7| > 2k R for which

[T+ k-l =2 |7l = RIS =2 7] = kR = |7]/2,
whenever |k| < kg and [¢| < R, whence
J <O+ |7 'R
Choosing R = (|7]/8)%™+2) leads to (2) with the choice 75 = (2k0)'*?/"§72/". Thus, we are

done.

We can write

B(k)=A(k)+ K,  D(B(k)) = D(A(k)). (2.2.26)

It is now clear that B (k) is a semi-group generator. Let us discuss its spectrum. For any
a € R, set

Ci(a)={ e C|o>a}, C_(a)=C—-Ci(a). (2.2.27)
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Proposition 2.2.8 For any 0 > 0, there exists a positive number 7, > 0 such that the fol-
lowing holds for all k € R".

A

(1) p(B(k)) DCL(0)U{AeC|o>—-vy+0, |T| > 7}
(2) o(B(k)) N Cy(—vy + ) consists of a finite number of eigenvalues of B(k).

(3) When k # 0, B(k) has no eigenvalues on the imaginary axis. When
k =0, the point A = 0 is the only eigenvalue on the imaginary axis and
its eigenspace is just N (null space of L in Proposition 2.1.1).

Proof. We write the second resolvent equation for A(k) and B(k),

A=BE)T=AN—AKk) "+ N =B)TK\ - A(k) 7, (2.2.28)
which holds for X € p(A(k)) N p(B(k)), and implies that, with G(\, k) = K (A — A(k))"",
A=Bk) =0\ = Ak) M — G\ k)™ (2.2.29)

~

is valid if A € p(A(k)) and if I — G(\, k) has the bounded inverse. Now, Proposition 2.2.6
proves that for each 6 > 0, there exist positive numbers oy, 7 > 0 ( 74 > 79) such that
|G(X\ k))|| <1/2 holds for all k, 0 > o1, and |7]| > 71, so that the Neumann series gives the
inverse (I — G(\, k))~!. This shows

A~

p(B(k)) DCy(o)U{AeC|o>—-vy+9, |T| > 7}
On the other hand, since K is a compact operator on LZ(R?), B (k) is a compact perturba-

tion of A(k), and so, thanks to [108, Theorem IV. 1.9] and Lemma 2.2.4, o(B(k)) NC.(—1)
consists of discrete eigenvalues with possible accumulation points only on the boundary of
C4(—vp). And, we proved already that

c(Bk)NCyo(—p+0) C{AeC| —py+d<o<o,|r|<n}
Since this is a compact set of C(—14) and since it does not touch the boundary of C(—1p),
the number of eigenvalues in it is necessarily finite. This proves (2) of the proposition.
Finally, we shall show that there are no eigenvalues with non-positive real part for all
k € R, except for A = 0 eigenvalue for £ = 0. Let A = 0 +i7 and w be an eigenvalue and
its eigenfunction, respectively:

~

(=B =0, peDBK), ¢#0. (2.2.30)
Recall that L is non-positive self-adjoint and compute

0=Re (A= B(k)p, )2 = ollel® = (L, 0) = ol

which is a contradiction if ¢ > 0. Suppose, in this turn, ¢ = 0. The above computation
shows that (Ly, )2 = 0. By virtue of Proposition 2.1.1, this means ¢ € N. Then, the
eigenvalue equation (2.2.30) is reduced to

(T+k-&p=0,

which is impossible for ¢ # 0 unless 7 = 0 and &£ = 0. This completes the proof of both (1)
and (3).
Now, we shall study the eigenvalues stated in Proposition 2.2.8 (2).
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2.2.3 Eigenvalues of B(k) near Origin.
We shall consider the eigenvalue problem (2.2.30) for small k£ and A\. We start with

Proposition 2.2.9 For any oy € (0,1,), there is a positive number ry such that B(k) has
no eigenvalues in C,(—oy) if |k| > k1. Moreover, Ky — 0 as o1 — 0.

Proof. By virtue of Proposition 2.2.6 (1), it holds that ||G(\ k)| < 1/2 if A € Cy(—0q)

A~

and if |k| is large, proving A € p(B(k)). The second assertion of the proposition comes from
Proposition 2.2.8(3).
Thus, we shall solve (2.2.30) for small £ € R™ near A = 0. We put

k = kk, k= |kl k=k/|k|

and for r > 0, S1(r) ={k € R* | |k| <r}, Sa(r) = R™ — Si(r).
The following theorem is due to [62].

Theorem 2.2.10 There exist positive numbers kg, 0y, and functions
Ai(k) € C([—kKo, ko)), j=0,1,--- ., n+1,
such that for any k € Si(ko), the following holds.
(i) o(B(k) NCy(—0p) = {\(m)}145.
(i) Aj(k) has the asymptotic expansion,
N(k) = idV e = AP 10k (8 —0),

with the coefficients
A e R, AP > 0.

(iii) Denote the eigenprojection and eigennilpotent (see, e.g. [108] for the
definition) corresponding to the eigenvalue X\;(k) by P;(k) and Q;(k)
respectively. It holds that

P;(k) = PV (k) + kP (K), Q;(k) =0,

forj=0,--- ,n+1, where Pg.o)(l;:) are orthogonal projections on Lg with

n+1

P=>"P),
=0

P being the orthogonal projection in Proposition 2.1.1. Further, the op-
erator norm ||P§1)(k)|| is uniformly bounded for k € Sy(ko).

Proof. 1t is know [27] that L is invariant with respect to the rotation R of £ € R™. Therefore,

RB(I{:) = B(Rflk)R holds, which, applied to (2.2.30), shows that the eigenvalue A depends
only on x = |k|. Now we consider our eigenvalue problem in the form

B(k) = kn(k)ep. (2.2.31)
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Decomposing ¢ = Py + (I —P)p = ¢ + ¢! and applying P and P! = I — P to (2.2.31), we
get

—iP¢ - k® —iPE - ko' =y,
—iPk - £ —iP'k - £o + Lt = k',

where we have used properties of L in Proposition 2.1.1. Since L' exists on N'*, and since
k can be assumed small in our situation, the second equation can be solved as

o' = i(L — kP! —iP'kk - EPYH) PRk - €00
Insert this to the first equation to get

ng’ = iA (k)" — ikPk - EPY(L — iknP! — iPlkk - EPY) TPk - £P0, (2.2.32)
where 3 3
A(k) = Pk - ¢P. (2.2.33)
If we plug the forms
1N =in + KN, ¥ = ¢ + k! (2.2.34)
and put x = 0, we get the eigenvalue problem for A(k):
A(R)el = meeb. (2.2.35)

This eigenvalue problem can be solved explicitly. To state this, introduce an orthonormal
basis of the null space N defined by

w0(€> = M1/2(§)7
Un1(§) = 7= (€1 — ) M2(E).
Note that it suffices to solve the above eigenvalue problem on N.

Lemma 2.2.11 Put

2
PR il (2.2.37)
n
The eigenvalues and normalized eigenfunctions of A(l%) on N are given by
( N 1 N
Mo = ¢, ©0.0(k) = —= (o + k- " +ynt1),
f/ic
771,1 - 07 908,1(]?) = E(’}/}Z)O - ¢n+1)7 (2238)
My = 07 ()08,]“{) = C](kl) ’ wl (] = 27 T 7n)7
= e () = o (o — F 4 ),
\ M n+1 ©0,n11(k) \@C(% V' 4+ Yni1)

where ' is the vector valued function

W = (1/}17 T 7wn) = &/’0(5)7 (2'2'39)

while C* are n-dimensional normalized vectors such that

Cik)-CIk)=k-CI (k) =0 (i,j=2,---,n, i #j). (2.2.40)
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Proof. 1f we write P explicitly in the form

n+1
Pw =" <w,; >1(¢), (2.2.41)
=0
we have a matrix representation of A,
0 k0
k0 Ak (2.2.42)
0 vk 0

where v = /2/n, and k is taken to be a row vector and * denotes its transpose. It is easy to
compute its eigenvalues and normalized eigenvectors. The detail is omitted.

Proof of Proposition 2.2.10 continued. =~ We have obtained 7 = n;; and o) = @87]-, J =
0,1,---,n+ 1. Expand (2.2.32) in the power series of x. Then, the term of order x gives

n20) 4+ im @ = iA(k)g) — iPk - EPILTIPY - £Py). (2.2.43)
Take the inner product in L*(RR}) of this and ¢f ; in (2.2.38) to arrive at
=1y =—<L'Plw-lg) ,Plv-g),> (=0, ,n+1). (2.2.44)
Since L is negative definite on N+, we have
My > 0, j=0,1,,n+1. (2.2.45)
Now, the theorem follows with
Aﬁ-l) = M4 )\5-2) = N2,5> P§0) =< %0, > Po,j-

Remark 2.2.12 It is possible to show that

2,0 = M2n+1 = K, Mo =V (j =1, ,n).

Physically, ¢ in (2.2.37) is the sound speed in the equilibrium gas governed by the Maxwellian
M, while p and v are the thermal diffusivity and the viscosity coefficient corresponding to
M.

2.2.4 Asymptotic behaviors of etB(%).

We shall now use the inverse Laplace transformation (2.2.21). To this end, we need,

Lemma 2.2.13 For any w € L and 0 > —1y, it holds that

/ (o + it — A(k:))_lw||2d7' <m(oc+ VO)_1||w||2.

e}
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Proof. Recall that the resolvent (A — A(k))~! is the Laplace transform
(A= A(k)™! = / e MeA® gt X e Cy(—wp),
0

which can be rewritten as

(0 +i7 — A(k)) ™' = (2m) V2 / N e~ { (2m) A (t)e e O L,

—00

where x(t) =1 (t > 0), = 0 (¢t < 0). This is a Fourier transform, so that by Parseval’s
equality, we get

o0

/ l(o +ir — A(k)) wlPdr = / 1(2m) 2 x (£)e AW |2t

oo —00

_ 27_(_/ 6_20t||€tA(k)w||2dt < 271'/ 6—2(U+V0)tdt||w||2’
0 0

which proves the lemma.
We now recall (2.2.21):

N 1 Ao+ioco
Ot k) = ePW = —
um

M\ — B(k)) " dA. (2.2.46)

Ao —100
Combining (2.2.28) and (2.2.29), we have,

A=BE) =0\ =AER) T+ Z(N), (2.2.47)
Z(A) = (A= A(R) I = G TG,
with
G\ = K(A—A(k))~%.
Proposition 2.2.8(1) says that this is valid if ¢ > 0. Substitute this into (2.2.46) to deduce

i 1
O(t, k) = P 4 lim —U, ,(t, k), (2.2.48)

a—0o0 2T

Uso = / ot Z (g 4 iT)dr,

The main ingredient is to shift the integration path from the line Re A = o > 0 to Re A =
—0og < 0 where oy > 0 is the constant in Theorem 2.2.10. Let 7, > 0 be the constant of
Proposition 2.2.8(2) and choose a > 7. Proposition 2.2.6 says that Z(\) is meromorphic
in C;(—op) with only a finite number of singularities at the eigenvalues A;(k) in Theorem
2.2.10, so that the contour integral of e*Z(\) on the rectangular path connecting the vertex

o—1ia, o0+1ia, o09+ia, O0y—1ia
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can be computed, thanks to Residue Theorem, to deduce

n+1

Uso = 27?2'2 Res{e)‘tZ(/\); A= /\j(k)} +H+U_gq, (2.2.49)

=0

where Res means the residue and
o+ia o—ia
H= (/ —/ )e*tZ()\)d)\.
—op—1ta

—oo+tia

A

First, since \;(k) € p(A(k)) and by [108, p.181], we find,
Res{eAtZ(/\); A= )\j(k:)} — Res{e”(/\ ~Bk) A= /\j(k:)} = N 0IP k),
for k € S1(ko) and otherwise this residue is 0.
Second, from Proposition 2.2.6, it can be seen that
IH| =0 (a— o0).
Finally, we can assert that
(I —G(—0o +i7)) || <C1,  TER,

holds for a positive constant 4 independent of 7. This is seen from Proposition 2.2.6 for
large 7, while for small 7, it comes since we can assume Re);(k) # —op by taking a smaller
ko if necessary and since G is a compact operator. Hence, for any u,v € L2,

a
| < U_ppatt,v > | < g oot | < Z(—0o + iT)u,v > |dr
—a
a

< ClIIKlle_““/ IO = AR) " ull[|(A = A*(k) " olldr, A = —oq +iT,

where * means the adjoint. Since Lemma 2.2.13 applies to A*(k‘) as well, we have,
| < U—gpatt, v > | < Co—00 + 10) ™' e Julf||v]|.

This implies not only that U_,, , converges as a — oo in a weak operator topology, but also
that the limit operator satisfies the estimate

|U_gp.00(t)]| < Coe™", ¢ >0.
Summarizing, we have proved the

Theorem 2.2.14 The semi-group ®(t, k) = etB®) has the following decomposition.

n+2
Ot k) = (L k), (2.2.50)
j=0
where
@](t’ k) :e)\](k)tP](k)X(|k:| < KJO)’ j :Oa]-) an—‘f_]-) (2251)
|@nia(t, k)| < Ce 0 t>0. (2.2.52)

Note that we put ®,,o = etAk) 4 U—_pg.00(t, k).
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2.2.5 Decay Rates of ¢/” in R”

In Theorem 2.2.2, B in (2.1.4) was shown to be a Cj semi-group generator in the space
L? = L*(R} x R). The formula (2.2.50) enables us to establish explicit decay rates of this
semi-group in various function spaces, which are used in an essential way for solving nonlinear
problems in later sections. All the decay estimates are derived by bootstrap argument starting
from the decay estimates in the L? Sobolev space that are established in this subsection. The
cases () = R" and €2 = T" will be discussed separately. Most of computation is the same for
both cases, though the resulting decay properties are quite different.

Let H* = HY(R"), ¢ € R, be the usual L? Sobolev space. Define a space of functions

u = u(z,§) by

H, = L*(R; Hy), (2.2.53)

with the norm

1/2

falln, = ([ 1t Olee) ™= ([ (0 Py fath, ) Pakae)

It is seen that B is a Cj semi-group generator also in H, for any ¢ € R if it is defined by
(2.1.4) with L? replaced by H,. The proof is similar and omitted. Now, we derive various
decay estimates of ¢'B. First, substituting (2.2.50) into (2.2.20), we have the decomposition,

P = Ei(t) + Ex(t), (2.2.54)

n+1

Ei(t) = Zfl{cbj(t, k)}]—“, Bs(t) = f’1{®n+2(t, k)}]—“.

Both components are continuous functions of ¢ with values in the space of bounded operators
on Hy. We shall show that Ej(¢) has the algebraic decay while Fs(t) has the exponential
decay, as t — oc.

To this end, introduce,

CY:(OQ,OQ,-..,OM)EN", |a‘:a{l—'—a{2—'—.-.+a{n’
o — ooz 0.
As usual, o < « for a, ' € N” means that o < «; foralli =1,2,--- n. For g € [1,2] and
m > 0, set
‘n<1 1>+m (2.2.55)
Ogm = 9 q ) 27 2.
and

2= PR, oz, = ([ ([ teora) )" 2250

All the decay estimates to be derived in this subsection relies on the



2.2. SPECTRAL ANALYSIS OF THE LINEARIZED BOLTZMANN OPERATOR 33

Theorem 2.2.15 (i) For any q € [1,2] and { € R, Ei(t) can be regarded as a bounded
operator from Z, to Hy for each t, and for any a,o € N* with o/ < « and for any u
satisfying 0% u € Zyg,

185 By ()ull 2 < br(1+ )77 105wl ,, (2.2.57)
102 By (8)(T — P)ul g2 < bo(1 + ) 770102 ul| 5, (2.2.58)

hold fort > 0 with m = |o— o/| where P is the orthogonal projection (2.1.11) while by, by are
positive constants depending on q and m only.
(i) For any o € N, Ey(t) satisfies

107 Ex(t)ull 2 < bse™™"|| 05 ull Lz, (2.2.59)
where og and by are positive constants independent of o, u, and t.

Remark 2.2.16 The part (i) shows that higher derivatives in x of E)(t) decay faster than
lower derivatives as t — oo. The derivatives in &, on the other hand, have no such property.
It will be shown in §3.4.2, that this feature is inherited by the nonlinear problem. The fact
that the constants oy and b3 are independent of « is crucial for the proof. Notice that the
heat kernel enjoys the same theorem.

Proof of Theorem 2.2.15. Write k* = k"' k{* - - - k5™ and note that
k*®,(t, k)u(k, ) = @;(t, k) (k*a(k, ), j=0,1,--- ,n+2
hold point wise for £ € R™ in the space Lg. Put
Lt k) = [[@5(t, k)a(k, )l 2p)-
It follows from (2.2.52) and by the aid of Parseval’s relation that
1E* Lsa(t, k)l r2ryy < Cre” ™[k i]| p2rpxry) = Cre” |05 ul| p2rpxmy)

which proves the part (ii).
On the other hand, for j =0,---,n+ 1, we have from Theorem 2.2.10 (iii),

1P (k)ak, )l p2ep) < colla(k, 2@y (k] < ro),
and choosing rq sufficiently small if necessary,
Red;(k) = AP k(L + O(|k]) > —aolk*  (|k] < r0), (2.2.60)

with some constants ag, co > 0 independent of k, so that

It By < <o [

|k|<ro

’ / 1/p/ ’ ’ 1/‘1,
< ¢y (/ |k;|2p me=2p ao\k|2tdk;> </ ||k;04 {L(k:, ')Hiq?(R")dk) ,
|k|<ro R ¢

|0 [2e2ReX (R) | oy k., ) H%?(Rg)dk (2.2.61)
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1 1
where m = |a — o/ and p’ € [1,00) with — + — = 1. Note that
p g

/ |k|2p’m6—2p’ao|k\2tdk < 62(1 _l_t)—n/2—p’m’
|k|<ro

and that, by the well known property of the Fourier transformation,

1 1

/ 1/q
a s 2 o 2
</n |k a(k, -)||L(12(Rg)dk) < 1|02 u||Zq, p + 27 = 1.

Thus, (2.2.57) follows.
Similarly, if Pu = 0, we have Pu(k, &) = 0 for all k, and hence from Theorem 2.2.10 (iii),

1B (R)ak, )l omg) < colklllik, Mzzeyy (K] < o).

Consequently, the same computation as above with m replaced by m + 1 gives (2.2.58). This
completes the proof of the theorem.

In (2.2.58), the extra decay rate 1/2 is obtained under the assumption v € A*. This will
be used in an essential way in later sections for nonlinear problems, in conjunction with
the property (2.1.2) of the nonlinear operator I". The same extra decay rate can be obtained
under a different assumption, which will be also essential in §2.3 for constructing time-periodic
solutions for the case n = 3, 4.

Proposition 2.2.17 Suppose that u satisfy
(1+|z))u € Zy, / Pu dx =0, a.e. £ €R™. (2.2.62)
R3

Then, for any o € N™,
107 Ey(t)ul[r2 < ba(1 + )70 (1 + |z )ullz, (2.2.63)
holds for t > 0 with a positive constant by independent of u and t.

Proof. The first assumption in (2.2.62) implies that 4 is Lipschitz continuous in £,
la(k, ) — k', )z < Colk = K1+ [z])ul 2,
and the second assumption implies that Pu(0,-) = 0, so that
1P (R)alk, )|z = 1P (k) @k, -) = (0, )l 2me) < col klII(1+ |z ])ull 2.

Hence, (2.2.63) is obtained by a similar computation as in the proof of Theorem 2.2.15 (i).
Thus, the proposition was proved.

The decay estimates in the Hilbert space H, established above, however, are not applicable
directly to the nonlinear problems which are usually manipulated in a Banach algebra that
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is a property that H, does not possesses. One of the Banach algebras which are suitable for
the Boltzmann equation is

fﬂﬁ:{u€lﬁngﬂb|HMMﬁ<oq1mwmﬂ1+KDWUR£WHW=U}> (2.2.64)

€[00

lulles = sup (1 + [€1) N, )l .
geR™

Actually, this is a Banach algebra if £ > n/2 and § > 0. The condition

limsup(L + [€])°[lu(-, )]l e = 0 (2.2.65)

€| =00

in the above is introduced to ensure the continuity property of the semi-group e'”.

We shall now reestablish the previous decay estimates in this space. This is possible by
bootstrap argument based on the smoothing property (2.1.9) of K. First, let us show that
the operator B is a Cy semi-group generator also in the space H, 03, if D(B) is defined by
(2.2.5) with L? replaced by Hy .

Proposition 2.2.18 For any /,3 € R, B generates a Cy semi-group ‘B in Hw.

Proof.  Proposition 2.1.1 says that K can be taken to be a bounded operator on Hé,ﬁ-
Therefore, as before, it suffices to show that Proposition 2.2.3 holds for A in this new domain
of definition. We proceed just in the same way. Recall S(t) in (2.2.9). It satisfies (2.2.8) also
in Hw. To prove its continuity in ¢, note, first, from (2.2.65) that Hg/ﬂ/ is dense in Hgﬂ as
long as ¢/ > ¢ and 3’ > 3. Therefore, the continuity of S(t) on Hgﬂ follows if

1(S(t") — S(t)ulles — O (t, ' >0, t' —1t) (2.2.66)

holds for each u € Hy g. For this, let w(t, k, £) be the Fourier transform (2.2.11), that is,

w(t, k&) = s(t,xz, k)u(k, &),  s(t,z, k) = e REHEO! (2.2.67)
We get,
I(S() = S(®)ullz s
< 5;1]13(1 +1€)* /Rn(l + K]t K, &) — s(t', k, &) Plak, ) *dk
< b(t, 1) |ullf g
where

FoE€) — s(t k)]
b(t, 1) = |t &, , o W61
) = S T TR AL+ €7 P

By a simple computation, we get for any § € (0, 1),
e — e < O(R|IE]] 1)),

e — O < O((L+ ) 1)),
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for some constant C' > 0, where (2.1.8) was used. Choosing a sufficiently small ¢ concludes
(2.2.66). The rest of proof is the same as in Proposition 2.2.3.
To derive decay estimates of e'® on Hy g, apply Duhamel’s formula to (2.2.13) to deduce

e = e 4 (e K) % €'P, (2.2.68)

where * means the convolution in ¢,

gxh= /0 g(t — s)h(s)ds.

Iterate this to deduce

for N € N where
Go(t) =¢",  Gy(t) = (" K) x Gya(t) = Gy (t) * (Ke) (5 =1,2,---).

Lemma 2.2.19 Let / € R and 3 > 0.
(i) Foranyj e N, G;(t) is a bounded operator on Hé,ﬁ: and for any € > 0, there is a constant
C > 0 such that

1G5 (#yulles < Ce @ ullrg.

(ii) There is an integer N € N such that Gy (t)K is a bounded operator from H, to Hg”@,
and for any € > 0, there is a constant C' > 0 such that

IGn () Kulles < Ce™ " |lull g,
(i) G;(t) commutes with OF.
Proof. Note that for any €,k > 0,
e g e = et < Ol (Ot

holds for a constant C' = C, such that C. — oo (e — 0). Then, (i) is an easy consequence of
the estimate (2.2.8) in Hgﬁ since K is a bounded operator on Hgﬁ in virtue of Proposition
2.1.1. Further, the same proposition says that K can be also taken to be a bounded operator
from Hyp_1 to Hyp as well as from Hy to Hyo. This proves (i) with N > [] + 1. (iii) is
obvious from (2.2.7).

Substituting the decomposition (2.2.54) into the last term of (2.2.69) yields a decompo-
sition of ' in the space Hyg:

= Du(t) + Dy(t), (2.2.70)

Dy(t) = (Gn(E)*Ei(t),  Da(t) =Y Gi(t) + (Gn(t)K) = Ex(1),

k=0
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with N > [3] + 1.
By virtue of Lemma 2.2.19, the L? decay estimates in Theorem 2.2.15 can be transferred
into the space Hyg. Recall the definitions (2.2.55) and (2.2.56) for o, ,, and Z,, respectively.

Theorem 2.2.20 Let/ € R and 3 > 0. ‘
(i) For any q € [1,2], Di(t) is a bounded operator from Z, to Hyp for each t, and for any
a,a’ € N* with o/ < a and for any u satisfying 0% u € Z,,

102 Dr(t)ull, , < bu(L+ )77 |07 ullz,, (2.2.71)

105 D1(8)(1 = P)ullg, , < ba(L +8)"71 [0 |z, (2.2.72)

hold for t > 0 with m = |« — &'| where by, by are positive constants depending on m, €, 3, q,
but not on a, o themselves nor on u, t. .
(ii) Dso(t) is a bounded operator from Hy N Hy into Hy g, and for any o € N, it satisfies

105 Da(t)ull s, , < boe™ ™ (02ull, + 120l 5, ) (2.2.73)
where oy and by are positive constants independent of o, u, and t.
Proof.  Notice that for any numbers x; > 0 and kg > 0,
e a (1 4+1)" < C(1+1t)7"2, e e < Ce™ (kg > Ky)

hold for ¢ > 0 with some positive constant C' > 0. Whereas the second inequality comes by
a direct computation, The first inequality can be concluded by the computation,

t t/2 t
/e’“(ts)(l + s)""2ds :/ +/
0 0 t/2

t/2 t
< e~ft/2 / / (I1+s)™ds+ (1+1t/2)7" / e "1(t=9) g
0 t/2
<CA+1t) "™

Take k1 = vy —e€ and k9 = 0, Or = 09, and combine Theorem 2.2.15 with Lemma 2.2.19.
whence follows parts (i), (ii). For (ii), og is to be taken smaller than in Theorem 2.2.15 (ii),
if necessary.

The following theorem summarizes the decay estimates of €' that are used for solving
the nonlinear problems in the later sections. All the part except for (2.2.77) is a direct
consequence of the above theorem with o/ = 0, and (2.2.77) is obtained by noticing that
D (t) enjoys a similar estimate to that of Proposition 2.2.17, with a due modification. The
estimates for o/ # 0 are essentially used in §3.1.2 where the decay of space derivatives of
solutions to the Cauchy problem is discussed.

Theorem 2.2.21 Let g € [1,2], ¢ € R and 3 > 0. Then, there is a positive constant by such
that for any w € Hy g N Z,, it holds that

lePulles < o1+ 1) ulles + ull 2, } (2.2.74)

1€ (I — P)ulles < bo(1 + t)_aq’l{HUHe,ﬂ + ||U||Zq}> (2.2.75)
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while if in addition,
(14 |x|)u € Z4, / Pu dx =0, a.e. £ €R”, (2.2.76)
R3

it holds that
leulless < bo(1+8)~ L fulles + 11+ 2l | (2:277)

Note that for ¢ = 2, (2.2.71) does not assure the decay because o2y = 0. However, the
following decay property is still available.

Theorem 2.2.22 Let ¢ >0 and 3 > n/2.
leBullps — 0  (t— o0) (2.2.78)

holds for any uw € Hy.

Proof. Note that Z, = L?. Hence, for ¢ = 2, (2.2.71) asserts that ¢'? is a uniformly bounded
semi-group in the space L? ﬂHw for any € R, and hence so is in Hw if ¢ >0and 3 >n/2
since then L? O Hy . On the other hand, it is easy to show that for any ¢ € [1,2) (q # 2), the
space H, 3N Zg has a subset which is dense in H, 8, Whence, together with (2.2.71), follows
the theorem.

2.2.6 Decay Rates of ¢! in T"

The computation in the previous subsection leads to the exponential decays for the case
Q = T", under some extra restriction on u. To see this, note that the spaces H, and Hy g
are still defined respectively by (2.2.53) and (2.2.64), except the Sobolev space H’ which is
to be defined on T, H* = H*(T"). Thus, the norm in (2.2.53) is to be replaced by

i = ([ et @lts)” = (3 [ @ wpyiamorae)”, @2

kezr
where u(k,€) is the Fourier coefficient defined by (2.2.10). This changes Theorem 2.2.15.
Indeed, now, the computation (2.2.61) for j = 0,--- ,n + 1 should be modified as

L) g = D>, KLk (2.2.80)

kezm,[k|<ro

< 015\a|,0HP’&(07 ‘)H%?(Rg) + ¢ Z €2Re/\j(k)tHka'&(ka ')”%Q(Rg)'

keZ™,0<|k|<ko

Here, ¢y, c1,cy are positive constants independent of w,?, and 0jo),0 is Kronecker’s symbol.
And we used Theorem 2.2.10 saying A;(0) = 0 and Z"H P;(0) = P. Recall (2.2.60). Then,
the rest of the computation in the proof of Theorem 2 2.15 leads to
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Theorem 2.2.23 (i) Ei(t) is a uniformly bounded operator on H, for any ¢ € R, and for
all « € N, it holds that

10° By (t)ul| 2 < by|0%ulle (¥t > 0). (2.2.81)

Furthermore, either if u satisfies an extra condition
/ Pu dx = Pu(0,-) =0, a.e. £ €R", (2.2.82)
T3

or if a # 0, then, E\(t) enjoys the exponential decay
10%Ey (t)ul| 2 < boe™ )0 | 12 (Vt >0, o <a). (2.2.83)

Here, a1, by, by are positive constants independent of u,t, c.
(ii) For any o € N, Ey(t) satisfies

109 By (t)ul| 2 < bse™ 7| 0%u)| 2 (Vt > 0), (2.2.84)
where oy and by are positive constants independent of ., u, and t.

The remaining argument in the previous subsection then yields the counterpart of Theorem
2.2.20.

Theorem 2.2.24 For any { € R and > n/2, there are positive constants by and oy such
that for allw € H; g, it holds that

HetBun S bOHuHM (Vt Z O), (2.2.85)

and if, in addition, either u satisfies (2.2.82) or has a form u = 0,,v for some j, it holds that

le“ulles < b (fulles or lolles) (v 2 0). (2:2.86)
Here, 01 = min(ay, 0g) where ay, 0¢ are those in Theorem 2.2.23.

Remark 2.2.25 In contrast to the case {2 = R", the non-trivial decay follows only under
the condition (2.2.82). No analogue to Theorem 2.2.22 is possible.

2.3 Global Solutions of the Cauchy Problem

The decay estimates established in the previous section have many applications to the non-
linear Boltzmann equation. This sections shows that they can be used to construct global
solutions to the Cauchy problem and also time-periodic solutions for the case with time-
periodic external source. This is done by combining with the contraction mapping principle,
but in quite different contexts. Also, they will be used to establish a new decay property of
space derivatives of the global solutions to the Cauchy problem.

In this subsection, we construct global solutions to the Cauchy problem for the the Boltz-
mann equation (2.1.3) and then discuss some decay property of their space derivatives.
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2.3.1 Global Existence

We discuss the Cauchy problem

0

gu Bu + T'u, ul, t>0, xe€&eR",

ot (2.3.1)
ulimo = up(x, ), re £eR™

for the case (2 = R™ and 2 = T". Throughout this section, we assume

n>3, £>g, 5>g+1. (2.3.2)
Recall o, of (2.2.55):
B n(l 1) n k
Tak =9V T2 Ty

The existence theorem to be proved here is,

Theorem 2.3.1 Assume the cutoff hard potential (1.2.17). Then, there are two positive
constants ag, ay such that the following holds.
(1) The case R™. For any initial data uy € Hy g satisfying

|luolle,s < ao,

then, (2.3.1) admits a global unique solution u in the function class

BC([0,00); Hy3) N BC([0,00); Hy15-1). (2.3.3)
It has the estimate
[u()lles < arlluolles, € 10,00). (2.3.4)
and the decay property
[u(®)lles =0  (t— o0). (2.3.5)

Further, non-trivial decay rates are possible provided the initial data ug satisfy additional
conditions.

(a) Suppose that for q € [1,2], ug satisfies
Uy € Hgﬂ N Zp, ||U()||g7ﬁ + ||U0||Zp S ag. (236)

Then, u has an algebraic decay

lu(®)les < ar(1+ 070 (Juolles + uollz, ), t€0,00)  (23.7)

(b) If further Puy = 0, the decay rate o, in (2.3.7) can be replaced with o, .
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(c) Suppose that

uy € Hy g, (14 |x|)uo € Z4, / Puydx = 0,

[uolles + 1T + |z)uollz, < ao.

Then, the decay estimate (2.3.7) is replaced by

lu®lles < ar(t+ 87 (luollos + 11+ [2uollz, ), ¢ € [0,00).

(2) The case T". For any initial data ug € Hgﬂ satisfying
[uolles < ao,
(2.3.1) admits a global unique solution u in the function class
BC°([0, 00); Hw) N BC'([0, 00); Hg_l’ﬁ_l),
and satisfies the estimate

lu@lles < arlluolles, T €[0,00).

/ Pugdx =0,

the solution u has an exponential decay

If, in addition, ug satisfies

lu@)lles < are™||uolles, ¢ € [0,00).
where the constant oy > 0 is the same as in (2.2.86).

Remark 2.3.2 In part (2), the counter part of (2.3.5) is not available.
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(2.3.8)

(2.3.9)

(2.3.10)

(2.3.11)

(2.3.12)

(2.3.13)

Remark 2.3.3 For the space dimension n = 1 or 2, i.e. € R or R?, (1.2.1) has a physical
sense only if the velocity variable € is kept three-dimensional, i.e. & = (£,&,&3) € R, In
this case, £-V, is to be taken &0, (n = 1) or £,0,, +&£20,, (n = 2). Then, the above theorem
also holds. However, the proof of Theorem 2.3.1 will be given only for the case n > 3, since

the case n = 1,2 can be proved with a slight modification.

The rest of this subsection is devoted to the proof of Theorem 2.3.1. First, we rewrite (2.3.1)

in the form of the integral equation

u(t) = ePug + /0 eI u(s), u(s)]ds,

(2.3.14)
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which is deduced by means of Duhamel’s formula. We shall show that this has a global
solution in the function class BC?([0, 00); Hy3). Once it is proved, it follows from the defi-
nition of domain D(B) in (2.2.5) that the right hand side of (2.3.14) is differentiable in ¢ in
the space BC'([0, 00); Hg,L[@,l), which implies that, in turn, the solution u of the integral
equation (2.3.14) is a classical solution of the Cauchy problem (2.3.1).
Now, we set .
Blu](t) = 'Pug + / By (s), u(s)|ds. (2.3.15)
0
This defines a nonlinear map and (2.3.14) is written as u = ®[u], that is, the solution u to
(2.3.14) is a fixed point of the map ®. We now show that the decay estimates obtained in
the previous section ensures that ® is a contraction map if ug is small.
In the sequel, we assume (2.3.2). For o > 0, set

1447,  Q=R",
iy ={ L0 Q- (2316

Y

and introduce the function space
Xepo = {u €BCO(0,00); Hep) | [llullssr < +00 }, (2.3.17)

e =sup (2 (6) ()l )
t>0

Recall the function v(§) in (2.1.8), and as before, denote the multiplication operator by
this function by v. Given a function h = h(t, z,§), define the integral

Ulh] = /Ot e 9B (uh(s))ds. (2.3.18)

Lemma 2.3.4 Let 0 > 0 and assume (2.3.2). Put

« | min(oy4,0), Q=R",
where 011 =n/4+1/2 from Theorem 2.2.20 and oy from Theorem 2.2.24.
(1) I
heXopoo, polt)(vh)(t) € BC([0,00); Z1), P(vh)=0, (2.3.20)
then, W[h] € Xy 3.+ and
H[TR][lesox < Collh]]ep.20, (2.3.21)

holds for a positive constant Cy where

[Rlle.s.20 = [[[Allle5.20 + SUP pao (B)[|VA(E) ] 2,

(2) For the case Q =R", if 0 = 0" =0 but [[x(t > R)h]]ss0 — 0 (R — 00), it holds that
lx(t> RYUAllopo—0 (R — o0), (23.22)

where x(t > R) is the characteristic function of the interval [R, c0).
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Remark 2.3.5 (1) A point here is, among others, that although the function v(§) is an
unbounded function as is stated in (2.1.8), there is no loss of weight (14 [¢])? in the space
Hy 5, thanks to the smoothing effect of K stated in (2.1.9).

Proof of Lemma 2.5.4. First, by virtue of Theorems 2.2.20 and 2.2.24, we get

IR es 0 < C / Dot — $)p20 ()5 [W]]e 20 (2.3.23)

for some positive constant C' and o, is 011 = n/4 + 1/2 for Q@ = R” or 0 from Theorem
2.2.24 for 2 = T". Note that we have used

[vhllleg-1.20 < Cll[A]le.20,

which comes from (2.1.8), showing the loss of the weight 5 mentioned in the above remark.

Compute
t t/2 t
/pa*(t—s)pza(s)dsz/ +/ (2.3.24)
0 0 /2
/2 t
<0 t/2) [ paas)ds+ pult2) [ gt = )i
0 t/2
S CpU(t)a

whence follows
IWTR]e,6-1,0 < Col[R]]e,520-

The loss of weight is to be recovered by the smoothing property (2.1.9). To this end,
substitute Duhamel’s formula (2.2.68) into (2.3.18) to deduce

t t
Ulh] = / e DA (vh(s))ds + / AR WA (s)ds = 1) + L.

0 0

Using the explicit formula (2.2.7) of e, we get

(L +1ED7 M1l e (€, 1) S/O e~ Ou(E) py (5)dsl[|A|e.p.0-

Compute

t t/2 t
/e(ts)l/(é)y(é‘)pg(s)dSZ/ +/
0 0 t/2

‘ t
< et [0y (8)ds 4 p, (t/2) / e Oy (€)ds
0

S~

S COpJ* (t)a
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where we assume, without loss of generality, og < 14/4 for 2 = T™. Then,

H1llle.s.00 < ColllAllles.0-

Finally, by a similar computation and (2.1.9), we have
12/llesor < CHIK[A]|]ep,00 < ClIYIAle-1.0%

Combining all of these estimates completes the proof of part (1).
For the proof of (2), take ¢t > R/2 and write (2.3.23) as

R/2
[WR](E)e5-1 < 01/0 Po. (t = s)ds[h]]ep0 (2.3.25)

e / po (t = $)ds[[x(t > R/2)A(1)]]e0
R/2

Take t > R and note

R/2 ¢
/ Po.(t — s)ds = / Po.(8)ds < / Po.(s)ds — 0 (R — o0)
0 t—R/2

and

t o8]
/ Po. (t — 8)ds < / Po.(8)ds < +o0,
0

R/2

which yields
x> R)¥[A][|lep-10—0 (R —o0).

The loss of weight can be recovered similarly. The detail is omitted.
Finally, we need

Lemma 2.3.6 Under the assumption (2.3.2),
(1)  for any u,v € X5,

[~ Tlu, vlles2e < Culllulllesolllvllles.o

holds with some constant Cy > 0 independent of u,v, and
(2) PI'[u,v] =0.

Proof. (2) was already stated in Proposition 2.1.2. (1) is proved by 3 steps.
Step 1: Recall Q;,7 =1,2in (1.2.21) and define

Tiu,v] = M~Y2Q; (MY 24, MY?).

Obviously, it suffices to prove (i) for these operators separately. H is a Banach algebra, so
that

T3 [, 0] (E, - )l are < |T5[u”, 0] (8, )]
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where uo(ta E) = HU(t, K g)”H‘
Step 2: Proposition 2.1.2 (1) applies to I'; so that

[T [ 0t )y < Cllu(ts Mz 0O, ez

By definition,
[u”(t, ey = llul)]les.
Step 3: By Schwartz’s inequality, we have

HFj[uvv](t’ "g)HLl(Rn) < |Fj[ulavl](ta§)|’

where ul(t, &) = ||u(t,-,€)| r2mny, and since L? D LY for By > n/2 and owing again to
(R™) Bo
Proposition 2.1.2,
lv ™ Tyt v )lze < Ol Tyt o] g, < Cllutllg v g, -

And, HulﬂL%M < Cl\ul|¢p if £ >0 and B > [y + . Therefore, we can conclude
1T, v]l|z, < Cllulleslvlles- (2.3.26)

Combining these estimates and recalling the definition of the norm [[-]]s 5, in (2.3.21)
complete the proof of the lemma.

Now we are in the position to prove Theorem 2.3.1. We start with
Proof of Part (1)(a). Note that we can write

®u] = ePug + V(v 'T[u,u).

We now use Lemma 2.3.4 with ¢ = 0, in (2.3.19) so that ¢* = o0, holds. Combine this
lemma with Theorem 2.2.20 and Lemma 2.3.6, to deduce

H[®@[ulllleson0 < Colo + CilllullZ 500 Uo = lluolles + lluollz,
and

l1[u] = @[]llles00 < Crllllullleso,o + vlllese0llle = vl 50,0

for some constants Cy, C7 > 0 independent of u,v. In the last inequality, we used the fact
that I' is bilinear symmetric, or,

Clu,u] — Tv,v] = Tu + v, u — v].
Now, choose Uj so small that
D=1- 40001U0 >0

can hold, and put
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which is a smaller positive root of the quadratic equation
C’la2 —a-+ CQU() = 0.
With this a4, set
W={ue Xigo,o | lllulllepo,, < ar}

Clearly, W is a complete metric space with the metric induced by the norm |||-||¢,0,,. From
above estimates, it follows that for any u,v € W,

1@ [ulllle5.000 < Colo + Chlllulll? 5,0, < Colo + Crai = as,
and

112[] = ®lllles00 < Collllulllesono + 10lllesegll16 = vllE50,,
< 2Chaq||Ju — UHl&ﬁﬂq,O'

The first inequality shows that ® maps W into itself whereas, since 2Cha; = 1 — VD < 1,
the second inequality proves that ® is a contraction mapping. Thus, we are done.

Proof of parts (1)(b),(c) and (2).  The same proof gives the remaining parts of Theorem
2.3.1 except for (2.3.5) by using different decay rates in Theorems 2.2.20 and Theorem 2.2.24
conforming to the relevant assumptions.

Proof of (2.3.5). We shall show that the same proof is still valid if the space X3, is
replaced by the space

Koo = {u € Xogo | IIx(t > R)ullleso — 0(R — o) }. (2.3.27)

For this, in view of (2.2.78), it suffices to show that ¥ (v~'T'[-,-]) maps X4 into itself, which
comes, in turn, from Lemma 2.3.4 (2).

2.3.2 Space Regularity and Decay Rate

An analogue of Theorem 2.2.20 is possible for the solutions obtained in Theorem 2.3.1 for

the case 2 = R". Recall
_ l) + ﬁ
2

( 2

Oqk =

-3
Q|

from (2.2.55).

Theorem 2.3.7 Let Q2 = R" and assume (2.3.2). Suppose that the initial data ug satisfy the
condition (2.3.6) for some q € [1,2), and further that for some N € N,

uy € Hyyn s (2.3.28)
Then, the solution u in Theorem 2.3.1 satisfies

u € BC([0,00); Hpyn 5), (2.3.29)
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and for each k =1,2,--- /N,

105u(t)]|epg < Co(l+1t) %0+, |a|=Fk (Vt>0), (2.3.30)

holds where Cy is a positive constant independent of t.

Remark 2.3.8 (1) In contrast to the space derivatives dgu, the velocity derivatives Jfu
have not faster decay than O(t~7¢°). Thus, the regularity of solutions diffuses fast in the
r—space but not in the {—space. As noted already in Remark 2.2.16, the linearized Boltz-
mann operator has a smoothing property similar to the space Laplacian A,, but has not a
counterpart for &.

This is a feature of the Boltzmann equation to be compared with other kinetic equations
having a smoothing property in £ such as the Fokker-Planck-Boltzmann equation

0
a—{+§-vxf+uvg'(ff)—’/ﬁff:@(f)’

the classical Landau equation which is the same as the Boltzmann equation except
QN = Ve { [ o= NFWTes ) = F0)Ver €)'}

with ¢ (&) = %(52-]- — %), and so on. It is also open whether the same holds for the Vlasov-
Poisson (Maxwell)-Boltzmann equation.

(2) A point of Theorem 2.3.7 is that in (2.3.28), any smallness condition is not imposed on
higher derivatives of ug. This is in contrast to the recent result by Guo [29] on the almost
exponential decay of u for the case T" with the cutoff soft potential: Let N > 4. For any k,

it holds that if ax = ||uol| N is sufficiently small, then
(AED) u(®lls, < Car(1+ 1)+,
Here, it is required that ay — 0 as kK — oo.

Desvillettes-Villani [24] also established (AED) but in a quite different context: (AED)
holds if u is a smooth global solution satisfying

u(t) € BC([0,00); HE ()

for sufficiently large ¢ > k. The smallness condition on u, is not assumed, but the existence
of such smooth global solutions is a big open problem at the present moment.

Remark 2.3.9 Theorem 2.3.7 does not cover the case ¢ = 2. However, we can recover the
decay rate oy y if we choose ag smaller with N. The point here is again that the derivatives
of the initial data need not be small. For the proof, see Remark 2.3.10 below.
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The proof of Theorem 2.3.7 will be done by induction with respect to N. The case k = 0
is just Theorem 2.3.1. Suppose that Theorem 2.3.7 is true up to k = N — 1 and that (2.3.28)
is fulfilled for £ = N. For the map ® in (2.3.15), put

¢
00®u) = 0%ePug + / 2B [u(s), u(s)|ds = ®F + B5.
0

The first term ®¢ for |a| = N is evaluated by combining parts (i) and (ii) of Theorem 2.2.20

as
1D les < (br 4 b3) (1 +£) =7 ([|0%uolle.p + [luollz,) < e(1+ )77, (2.3.31)

Here and hereafter, ¢ denotes various positive constants that may depend on N and the
norms ||0%uolle,s + |luol|z, for |af < N.
Decompose @ using (2.2.70) as follows.

cI>‘21 = @31 + <I>‘212 + (I)gfia

t/2
a3, = / 02 Dy (t — $)T[u(s), u(s))ds,

o7, = 09Dy (t — s)Tu(s), u(s)]ds,

t/2

o, = /0 0YDy(t — s)Tu(s), u(s)]ds.

Use Theorem 2.2.20 (i) with |a| = N and o/ = 0 to deduce
t/2
195 [le5 < 52/ (L4t = )77 | Tuls), u(s)]l| 2 ds (2.3.32)
0
t/2
< c/ (1+t— s)_alvN“Hu(s)H?ﬂds (by (2.3.26))
0

t/2
<c [ Qw9 s sy, (Theorem 23.)
0 ,
< C(l + t/2)*01,N+1+max(0,172aq’0).

Note that oy ny1 — max(0,1 — 20,0) > g4n-
Use Theorem 2.2.20 (i) again, but this time with @ = o/, |a] = N, to deduce

t
1955108 < b2 D / (14t =)~ [T05 uls), 95 u(s)] ]| 2, ds (Leipnitz)
t/2

o' <a

t
<bh ) / (L4t =) 710 u(s) o]0 uls)lepds  (by (2:3.26))
t

o' <a /2

— bQ(Jl + JQ),
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where the constant by is independent of N because m = |a — /| = 0 (see Theorem 2.2.20),

and
Ji= > B= Y . (2.3.33)

a’=0,0/=a 0#a/' <«

By virtue of Theorem 2.3.1, we get

t
J1= 2/ (L+t —s)77 1 |0%u(s)leplluls)lepds
t/2

t
<2 / (14t — )1 (14 5) =00 ds]|0%ulle ol [l es5ers
t/2

< c(o)(1+8)77 (|07 ullepoll[ullles.o000

for any o > 0. Here and herafter, ¢(o) stands for various constants which depend only on o.
On the other hand, by the induction hypothesis for £ < N — 1,

N-—1 t
Jo < c Z / (1+t—s) 7 (1+s) Tem 9aN-mdg
m=1 /2

t

< (1 + £/2)~7eN—7a0 / (14— s)7ids
12

<e(l4t)7 %N,

In the last line, we used o7 > 1.
Furthermore, by Theorem 2.2.20 (ii) for |a] = N,

t
LANEEYSS / e I T[0 u(s), 02 u(s)]|les-1ds (2.3.34)
o' <a 0
t
<bs ) / e 0% u(s) o0 uls)lepds (Leipnitz)
o' <a 0
= b3(J5 + Ju),

where b3 is also independent of N (see Theorem 2.2.20 (ii)), and

Js= > Ji= Y . (2.3.35)

o' =0,0/=c 0#a/<a

By virtue of Theorem 2.3.1,

t
B<2 [t sy o a1 0Fullsolllullso (2.3.36)
0
< (o) (1 + )09l ol lall e = T

while by induction hypothesis,

N—-1
Ji<c Z / e~ 00U (1 4 ) "TaN-mOam s < (1 4 ) %N = JI. (2.3.37)
m=1"0
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Finally, the weight loss in (2.3.34) can be recovered in the same way as in the previous
subsection so that

[P%5]les < bs(J5 + J1) (2.3.38)

holds with another constant b3 independent of N.
Now, combining these estimates yields

D) les < e(L+ )77 + c(o) (1 +8)~ 77 |[|07ullep ol [ullle,s.00.0, (2.3.39)

for || = N. For simplicity of notation, fix ¢, 5 and and write

[u]le = Ilullles.q

Since u is a fixed point v = ®[u] and since |||u|||¢5,0,, < a1Uy < apar, (2.3.39) implies

(07 ulloto,0 < ¢+ c(0)aoa[[07ulls (2.3.40)

for o > 0 such that o + 0,9 < o4 n. First, we put o = 0 and choose the constant ay smaller
if necessary so that ¢(0)apa; < 1 holds. Then, we get

c
Bullg < ———.
[19zullo < 1 — ¢(0)apay
On the other hand, since ¢ € [1,2) is assumed, we know o, > 0 and therefore, we can solve
the recurrence inequality (2.3.40) and after a finite number of steps (actually, [0, n/040] + 1
steps) we get
[02ulle, < 1 + calloull

Combining these two estimates confirms the induction hypothesis for £ = N, and the proof
of Theorem 2.3.7 is now complete.

Remark 2.3.10 The proof of the statement in Remark 2.3.9 follows directly from (2.3.40).
If ¢ =2, then 0,9 = 0. Take 0 = 0y 5y and assume that q¢ is so small that c(og y)aga; < 1
holds. Then, (2.3.40) gives

C

(07wl v <

2N — 1— C(O'ZN)OJOal '

2.4 Time-Periodic and Stationary Solutions

2.4.1 Existence and Stability

The aim of this subsection is to study the Boltzmann equation (2.1.3) with an inhomogeneous
term,

% — Bu+Tluul+S, (t2,6) €RxQxR", (2.4.1)
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for Q = R3 or T". Here, S = S(t,x,€) is a given function. Our main goal is to show the
dual applicability to (2.4.1) of the decay estimates derived in the previous section: It will
be shown that if S is a time-periodic (resp. time-independent) function, (2.4.1) possesses a
unique time-periodic solution (resp. stationary solution) and that the time-periodic (resp.
stationary solution) is asymptotically stable. Both will be done with a combination of the
decay estimates and the contraction mapping principle, of course in different contexts.

The inhomogeneous term S stands for the distributional density of an external source
of gas particles. Thus, in the case where S is time-periodic, (2.4.1) is the most basic model
problem in the study of the generation and propagation of sound waves in a gas with an oscil-
lating source. The problems of sound waves have been studied deeply in the fluid mechanics
[111], but little is known in the kinetic theory. The result given here is from [43].

Assume (2.3.2) again, that is,

n>3 £>g+1, B>g+1. (2.4.2)

Recall the spaces Hgﬂ and Z, as in §2.2.5, and define, for functions u = u(t, z, §),

Y}, = BC*(R; Hyp), k=0,1,2,--, (2.4.3)
and the norm for k = 0,

[[ullle,s = sup [[u(t, -, )l es- (2.4.4)

teR

Further, set

7%= BC"(R; Z,), ||l za = sup [Ju(t, -, )|l z,- (2.4.5)

teR

The norm (2.4.4) must not be confused with the norm (2.3.17). Our first result is the existence
theorem of periodic solutions.

Theorem 2.4.1 Assume (2.4.2). Then, there are two positive constants ay and a; with
which the following holds. In the below, S = S(t,x,§) is a periodic function in t and its
period is denoted by Ty.

(1) The case Q2 = R™.

(a) The case n =3,4. Suppose
SeYs (A+lal)SeZl, |ISlles+ 111+ 12])S]|2r < ao, (2.4.6)
/R (PS)(t,2,6)dr =0,  ae. (1) €R xR (2.4.7)

Then, (2.4.1) admits a solution u?®" = uP*"(t,z,£) which is periodic in t with the same
period Ty and satisfies

W eY NYL 5, (2.4.8)
1l lles < ax (1S Hlles + 101+ 2)S 11 ). (2.4.9)

Moreover, this is a unique Ty-periodic solution in the function class defined by (2.4.8).
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(b) The case n > 5. Suppose
SeYnZ',  IISlles + 1SNz < ao. (2.4.10)

Then, (2.4.1) admits a solution uP*" = uP*"(t,x, &) which is periodic in t with the same
period Ty and satisfies

W e Y NY, 5, (2.4.11)
" [les < ar(ll[Slle,s + 151 21)- (2.4.12)

Moreover, this is a unique Ty-periodic solution in the function class defined by (2.4.11).
(2) The case Q2 = T". Suppose

Se¥ih ISl < an. (2.4.13)

/ (PS)(t,x,&)dx =0, a.e. (t,§) e RxT" (2.4.14)

Then, (2.4.1) admits a solution uP*" = uP*" (t, x, &) which is periodic in t with the same period
Ty and satisfies
uT e YR NYE 5, (2.4.15)
11" lle. < ar[IS]]les- (2.4.16)

Moreover, this is a unique Ty-periodic solution in the function class defined by (2.4.15).

Remark 2.4.2 As will be seen in the proof below, the extra condition (2.4.7) is necessary
for the case n = 3,4 because of a shortage of the decay rate o, in Theorem 2.2.20. This
condition is not necessary for n > 5 because 019 > 1. In contrast, the condition (2.4.14)
cannot be dropped for any space dimension n.

In order to study the stability of the periodic solutions u?*", we shall consider the Cauchy
problem to (2.4.1) without fixing the initial time ¢, that is, we shall consider

ou

— = Bu+T|u,u]l + S(t), t > to,

ot ut Iluu] +5) 0 (2.4.17)
U(to) = Ug,

for each ty € R. We shall solve this Cauchy problem in the function space
‘/g,[gﬂ‘/O = BCO([to, OO), Hgﬁ) N BCl([to, OO)7 Hg,lﬂfl). (2418)

Note that the periodic solutions v in Theorem 2.4.1 is in V} g, for any ¢y € R, if restricted
to the time interval [tg, 00).

Theorem 2.4.3 Under the same condition of Theorem 2.4.1, let u?" = uP*"(t) be the time-
periodic solution obtained there. Then, for each ty € R, there are positive constant &y, 61 such
that the following holds.
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(1) The case Q@ =R™. For any initial data ugy satisfying
Uy € Hgﬁ, ||U() — uper(to)Hgﬂ < 50, (2419)

a global solution u exists to the Cauchy problem (2.4.17) which is unique in the function

class
u="u(t) € Vigs, (2.4.20)
and satisfies
u(t) = " (1) l5 < dulluo — 0" (to)lles (¢ > to), (2.4.21)
||u(t) — uP"(t)]] — O (t — 00). (2.4.22)

If the assumption (2.4.19) is strengthened to
Uy € Hg’g N Zq, Uo = ||UQ — uper(to)Hgﬂ + ||U() - uper(to)qu S 50, (2423)
for some q € [1,2), u enjoys an algebraic decay,

u(t) — wP ()]|es < 01(1 +t — to) 00Uy,  (t > to), (2.4.24)

where 04 is the same as before;

(

).

0q,0 =

o3
DO | —

|

(2) The case Q =T". For any initial data ug satisfying

Uy € Hgﬁ, ||U() — uper(to)Hgﬂ < 50, (2425)
a global solution u ezists to the Cauchy problem (2.3.1) which is unique in the function
class
uw € Vit (2.4.26)
and satisfies the estimate
[Hw = uP[[les < 01fuo — u™" (to)]les- (2.4.27)

If, further, ug satisfies an additional condition

/ (Pug)(z,§)dr =0 a.e. &€R", (2.4.28)
™

u enjoys the exponential decay

lu(t) = u" (®)lle,s < dre™""|Juo — uP*" (to)ll¢,s- (2.4.29)
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Remark 2.4.4 (2.4.22), (2.4.24), and (2.4.29) imply the asymptotic stability of the periodic
solution u?*" but not the orbital stability because (2.4.17) is not an autonomous system. In
the case T™, if the condition (2.4.28) is dropped, (2.4.29) does not hold, and u?*" is stable
but not asymptotically stable, a contrast to the case R".

Remark 2.4.5 Any time-independent function can be regarded as a time-periodic function
with arbitray period. Thus, even if S is t-independent, the above two theorems apply,
implying the existence and stability of stationary solutions.

Remark 2.4.6 The above two theorems are valid also for the case 2 = T" with the space
dimension n = 1, 2, but it is not true for 2 = R". See Remark 2.3.3.

As already stated, the decay estimates obtained in §2 can be successfully used in the proof
of these two theorems, but in different usage.

2.4.2 Proof of Theorem 2.4.1

A method for establishing the existence of time-periodic solutions to the evolution equation
is to solve the boundary value problem under the the periodic boundary condition in t. This
strategy has been adopted by many authors for many nonlinear problem. However, it does
not seem to work for our problem. Instead, we use again a combination of the contraction
mapping principle and time decay estimates obtained in §2.3. Our method is applicable to a
wide class of semi-linear evolution equations.

Our setting start from the Cauchy problem (2.4.17);

{ W Bt Tuu)+ S) (> 1), (2.4.30)

dt
U(to) = Uy,

for ty € R. Recall the integral formula (2.3.14). The corresponding integral equation for
(2.4.30) is,

u(t) = et-Byg /t B lu(r), u(r)] + S() br, ¢ > (2.4.31)

to

Now, suppose that there exists a periodic solution uP*" = uP*(t),t € R, with the period Tp.
Then, it solves (2.4.30), and hence (2.4.31), with the particular initial data uy = u?*"(¢,) for
each ty € R. Choose to = —kTj for k € N. Clearly, uy = v (—kTy) = u?*"(0) and (2.4.31)
is written as

t

uper(t> — e(t—l—k;To)Buper(O) +/
—kTy

e(t=)B {F[W(T), u ()] + S(7) }dT. (2.4.32)

Let k — oo. Then, the first term on the right hand side tends to 0 owing to Theorem 2.2.20.
Therefore, we get

uP(t) = /t e(t_T)B{F[up”(T),u””(T)] + S(T)}dT, (2.4.33)

—00
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provided that the last integral converges. Admit this for the time being and define the
nonlinear map,

Nlu|(t) = /too €(t_T)B{P[u(T),U(T)] + S(T)}dT. (2.4.34)

Then, (2.4.33) indicates that u?*" is a fixed point of N.

Conversely, suppose that N have a fixed point. It may not be time-periodic. But, let us
suppose that the fixed point of N is unique. Then, we can claim that if S is periodic in £, so
is this fixed point with the same period as S. For the proof, denote this unique fixed point
by @ = u(t) and the period of S by Ty. Put v(t) = u(t + Tp). We have,

t+To

o(t) = N[a](t + Tp) = / BT la(r), (7)) + S(7) pdr

—00

_ /t e(t’T)B{F[fa(r +To), u(r + To)] + S(7 + T‘))}dT

— 00

- /t e(t*T)B{F[v(T), o(T)] + S(T)}dT (by periodicity of S)

—00

= Nvl(t).

Thus, v is another fixed point but then, the uniqueness assumption says v(t) = u(t) for all
t € R, proving the periodicity of @ with the period Tj. It is evident that if this unique fixed
point is differentiable with respect to ¢, it is a desired periodic solution to (2.4.17).

In order to substantiate this formal argument, first, we shall show that an integral similar
to (2.3.18),

w[h] / C 9B () ds, (2.4.35)

— 00

converges. Define also the function

1
min(20,ﬁ + o), Q=R",
P(o) = 42 (2.4.36)
min(2c, 0y), Q=T

where oy is that in (2.2.52).
Lemma 2.4.7 Suppose (2.4.2). There is a positive constant Cy and the following holds.

(1) The case Q = R". Suppose that h € Yz?ﬁ N Z' and that one of the following three con-
ditions 1s fulfilled.

(a) n>5,
(b) P(vh) =0, or

() (14 |e|)wh e 2V, / Po(vh) = 0.



56 CHAPTER 2. SOLUTIONS IN L* FRAMEWORK

Then, the integral (2.4.35) converges in the norm of Yg?ﬂ and the estimate
T A]l[es < CollllAllles + [lvhl 21) (2.4.37)
holds for the cases (a) and (b), and
T R][lles < CollllAllles + (1 + |2[)vhl 21). (2.4.38)
for the case (c).

(2) The case Q = T". Suppose that h € Y}); and

/nP(yh) = 0.

Then, the integral (2.4.35) converges in the norm of Yz?ﬁ and the estimate
[T A]l]es < ColllAl]es- (2.4.39)
holds for some constant Cy > 0.

Remark 2.4.8 The conditions (1)(b), (c¢) are introduced especially for the case n = 3, 4.

Proof of Lemma 2.4.7. First, set

1+t Q=R",
p(t) - { efoot’ Q _ r]rn’
where
n n 1
o= for the case (a), =1 + 3 for the cases (b), (c),

and oy is as in Theorem 2.2.20. This choice is made so that p(t) € L'(0,00) holds for all
cases in the lemma. Below, we will give the proof of the lemma only for the case (1)(a), since
the proof of the other cases is the same.

First, define

U [h] = /t 9B (yh(s))ds, (2.4.40)

for any ¢ <t. Let ¢ < ¢ <t. By virtue of Theorem 2.2.20,

/

[Welh] = e[hlllep-(t) < C/C p(t = s)ds([[[vhlllep-1 + [[vh]|21)

<c / p(s)ds(|[[vhllleg- + Al 1),
t

—c

which indicates that {¥ [h]} is Cauchy in H,z_; when ¢ — —oco. Thus, the limit W[h] exists,
and by a similar computation, the estimate

A lep-1 < Colll[Allles + Ivhll21)
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follows. The weight loss  — 1 can be recovered again by appealing to Duhamel’s formula
and proceeding as in Lemma 2.3.18, to deduce (2.4.37). The detail is omitted.

Proof of Theorem 2.4.1. Tt is easy to see that Lemma 2.4.7 applies to vh = I'[u,v], which,
together with the estimate (2.3.6), gives,

11" Tlu, v]lllles < C(lly Tlu, vlllles + 1T, vllll|20) < Callulllesllv]l]es,

with some constants C,C; > 0. Similarly, under the assumption on S imposed in Theorem
2.4.1, Lemma 2.4.7 applies to vh = S, with the estimate,

[~ S]llle,s < CoSo,
where Cy > 0 is a constant and

So = { 1151113 for the cases (1)(a)(b) and (2), 5 4 41)
0 1S ]e.6— + [|(1 + |x])S]| 21, for the cases (1)(c), o

where ~ is as in (2.1.8).
Combining these two estimates yields

1IN [u]llles < CoSo + Calllulllz s,
and by a similar computation and the bilinear symmetry of T',
HINTu] = N[v]llles < Cilllu+vllleslllu = vll]es-

Choose Sy so small that
D=1- 4000150 > 0,

and set

1
=—(1-vD

which is the smaller positive root of the quadratic equation
010,2 —a-+ O()SQ = 0.

Set
W ={ue Y| |[|lullles < ar},

which is a complete metric space with the distance induced by the norm ||| - |||,3. Now, for
any u,v € W, the above estimates yield,

I Nulllles < CoSo + Craf = ay,
I[N[u] = N[o)|lles < plllu—vllleg,  p=2C1a; =1-VD <1,

showing that N is a contraction on W. Thus we are done.
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2.4.3 Proof of Theorem 2.4.3
This is almost the same as in §3.1. We shall put

v =u(t) —uP(t), (2.4.42)

and rewrite (2.4.17) as

dt (2.4.43)

d
{ Y Bu+t LP (t)v + T[v, v] (t > to),
v(tg) = vo = ug — uP ().

Here, the inhomogeneous term does not appear, at the cost of the extra linear term
LP"(t)v = 2T [uP*" (1), v].

Without loss of generality, it suffices to prove Theorem 2.4.3 for ¢ty = 0. Then, the integral
equation to solve is,

t
u(t) = Py + / e(t_T)B{LPET(T)U(T) +F[u(7’),u(7’)]}d7’. (2.4.44)
0
Recall the space and norm in (2.3.17).
Xopo = {u €BOU[0,00); Hep) | Illulllass < +o0}, (2.4.45)
ol = sup (oo (0~ (0 1)-
£>0
As in §3.1, we will show that N is a contraction map. Write
Nu] = ePog + Uy LP (t)u] + Ul 'T[u, u]].

The estimates of the first and last terms in N are derived in §3.1. The second term is
estimated as follows.

t
1= L2 ()u]lllep.0 < C/ po. (t = 8)ps(8)ds|[u"[|e.0ll|ullles.0
0
< CaSops(o) (D)|[[ulllep.0

where 0, = n/4 +1/2, ¢(0) = min(o,,0), and Sy is as in (2.4.41).
Take 0 = n/4. Then, ¢(c) = 0. Now, we get,

INTulllle.r < Collvolles + CoSolllullleso + Cilllulllz g0
and by a similar computation and the bilinear symmetry of T',

INTu] = N[vlllepe < CaSolllu = vllles + Cul[lu+vllleslllw = v[les-
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Choose Sp, ||vo||s,s so small that
1— CQSO > O, D = (1 — CQSO)Q — 40001”’00”@,5 > O,

can hold. Then, set
1
" 20,

which is the smaller positive root of the quadratic equation

(1— 8y — VD),

a1

Cra® = (1 = C2Sp)a + Co||vo|le,s = 0.

Set
W ={ue Yy | [|lullleso < a1},

which is a complete metric space with the distance induced by the norm ||| - |||,3. Now, for
any u,v € W, the above estimates yield,

IIN[ulllepe < Collvolles + C280a1 + Crat = ay,

IIN[u) = N[o]llleo < pllle = 0lllepo,  1=2C1a1 =1=CaS —VD <1,

showing that N is a contraction on W. Thus we are done.
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Chapter 3

Solutions in L? Framework

This chapter concerns the solutions to the Boltzmann equation in the Sobolev space Hi?:’vlfg’b.
One of the main reasons to study the solutions in this space is to apply the well-established
theories on the conservation laws to the existence and stability analysis of the fluid dynamical
wave patterns and solution profiles for the Boltzmann equation. In fact, this approach is now
shown to be robust and recent progress has been made on various problems.

In what follows, we will start with the local existence of solutions in the above Sobolev
space for the Boltzmann equation without forcing. Then the basic ideas of the Hilbert and
Chapman-Enskog expansions are reviewed. In the same spirit of these two classical expan-
sions, a new decomposition of the solution into the macroscopic and microscopic components
by Maxwellian is introduced and the Boltzmann equation is reformulated into a system of
conservation laws in the framework of the Navier-Stokes equations with a source term de-
termined by the microscopic component, coupled with a time evolutional equation for the
microscopic component. By rewriting the Boltzmann equation into this form, the time evo-
lution of both the macroscopic and microscopic components are clearly presented. Moreover,
there is no truncation in this reformulation which is unlike the Hilbert and Chapman-Enskog
expansions. Hence, the analytic techniques from the study of the fluid dynamical systems
can be fully used together with the dissipation on the microscopic component through the
celebrated H-theorem. The stability of wave patterns for the Boltzmann equation by using
energy method was initiated by the study of the shock profile in [53] through a rigorous
analysis of the Chapman-Enskog expansion where the macro-micro decomposition is defined
around the local Maxwellian given by the Chapman-Enskog expansion. The reformulation
of the Boltzmann equation using the macro-micro decomposition with respect to the local
Maxwellian defined by the solution itself was introduced in [35] which will be explained in
§3.2.3. With the local existence given in [46], now the discussion on the existence and stability
in various situations can be found in the references [54, 51, 46, 84], etc.

In the sections following the decomposition, we will present the recent results on the
stability of the global Maxwellian and various wave patterns. Even though the above results
are closely associated with the classical fluid dynamical systems, that is, the Euler equations
and Navier-Stokes equations, there are some solution behaviors described by the Boltzmann
equation which are not governed by the classical fluid dynamical systems. Therefore, in
the last section, we will discuss some preliminary ideas on the non-classical fluid dynamical

61
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systems derived from the Boltzmann equation in some physical settings. The study of this
kind of phenomena called “ghost effects” is so far limited to the numerical computations,
asymptotic analysis and some linearized models. It will be interesting if some nonlinear
theories on this subject can be established by energy method.

Throughout this chapter, we will concentrate on the Cauchy problem even though some of
the analysis can be applied to the initial boundary value problem. The essential phenomena
associated to the boundary is the boundary layer. Note that the existence of boundary layer
has been proved in the L*> framework in some physical settings. To study the time evolution
problem with boundary effect, it is natural to investigate the stability of the superposition of
the boundary layer and the basic wave patterns or non-trivial solution profiles. However, the
stability analysis given here on the wave patterns and solution profiles is in the L? framework.
It is not clear, at least up to now, how to combine these two methods to study the problems
associated with boundary layers.

3.1 Local Existence

Even though the solution to the Boltzmann equation does not fit in only the L? space because
of the binary collision operator, it is well suited in L? space together with its derivatives.
That is, one can consider the solution in some Sobolev space Ht{\;{ for some positive integer
N. For illustration, we only consider the Boltzmann equation without forcing here. However,
the local existence can be proved in more general situation, such as, the Boltzmann equation
with an external force F'(t,z,{) and a source term S(t,z,¢):

Je+ & Vo + F-Vef =Q(f, ) + S(t,2,), (3.1.1)

as long as F(t,z,§) and S(t, x, &) are in some suitable spaces and the bi-characteristics are
smooth and one to one from R* x R? to itself.
Consider the Boltzmann equation

with initial data

f(07x7€> :fO(x7€>' (313)

In what follows, we will show that if the initial data fo(z, &) is a small perturbation
of a global Maxwellian M({) = Mj;;4(£), then there exists a local classical solution to
(3.1.2)-(3.1.3) in the space:

0 (0,7) = gt,z,8) | VM@ (10,7, L ( ) . (3.14)
lgllx <M, |a|+|3] <N

where NV is an integer not less than 4 and M_ = My g4  Is a fixed global Maxwellian. Here
g(t,z, &) = f(t,z,&) — M(&), M and T are some positive constants, and the norm |[|g||x is
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defined by

x = su |8a’fg(m§ dédx
g p
0<t<T \a|+\ﬁ|<N R3 JR3

la|+|BI<N JO R3 JR3 M*(f)

Without loss of generality, in the following discussion, we assume N = 4. The main idea
of the proof is to rewrite the Boltzmann equation into an integral equation and then apply
the contraction mapping theorem with the norm defined above. For this, we first define the
backward bi-characteristic starting from a given point (fg, 7o, &) € RT x R? x R3, denoted

by (X(t), (1)) = (X, 2)(t; to, 20, &o):

, (3.1.6)
(X(8),E())le=ty = (w0, &0),

which simply gives (X (t),Z(t)) = (zo+&o(t—to), o). For simplicity, we denote (X, Z)(0; to, zo, &)
by (Xo,Zp). Notice that

0Xi(t;to,x0,60) _ 9Ei(tito,z0,60) 5

Dz - 0o — Y% i, =123, (3 ] 7)
axi(té?o,jzo,so) = (t — to)dy;. aEi(tét;(;jo,fo) =0, 4,7=123,
which implies that
(X, =)
det ——~ =1. 3.1.8
d(xo, o) ( )
Now we turn to the equation for the perturbation g(¢,x, ) which solves
9t + & Vag =Ly + Q(9,9),
' MY+ Q(9:9) (3.1.9)
9(t, 2, 8)le=0 = go(, §),

where Lj; is the linearized collision operator.

For the hard potentials with angular cut-off and the hard sphere model, the linearized
collision operator takes the form:

(Lah) (©) =~ (@) + MO K (=) ). (3.1.10)

where K5;(-) = — K 57(+) + Ko5z(+) is a symmetric compact L?-operator. In particular, for the
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hard sphere model, the collision frequency vy4(€) and K 54(-) have the following expressions

4 , ,
€)= () v<s>,v<s>:v<|5|>=f{(% 1) / exp(—%)dwexp(—%)},
Fistl6.6) = JEle— &lew (-1 - 5.
Foa(€6) = B2e — & Loxp (—IEE - WHGER)

\

(3.1.11)
where kg7(€, &) (i = 1,2) is the kernel of the operator K3;(i = 1,2) respectively.
Slnce

(1]

(1) =Z2(s),  wvm(E(E) = w1 +[E@)), (3.1.12)

by using the explicit expressions of kgz(, &) (7 = 1, 2), straightforward calculation gives the
following lemma.

Lemma 3.1.1 If0< 5 < 0_, then fori=1,2

N[

sup { [ Ikelas. b <o),

e (3.1.13)
sup { [ K. elde} <00
£«€R3 R3
Here
M, ME)
Ki(€, &) = M_(&)k‘m(f,é*) MO =1,2. (3.1.14)
Consequently

NI
N|=

/R3 ()(\/_K (T))Udg gO(l)( h_2d§> (43&—2_d§>_, (3.1.15)

M_(¢) ws M
/RS (\/MKI\;/I(E/;M)) (€) <o) | I\Z—Q_dg (3.1.16)

With the above estimates, the local existence of solutions to the Cauchy problem (3.1.2),
(3.1.3) in ﬁi{([(), T')) can be proved by using the following iteration sequence {¢" (¢, z, &)}~
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solving

9°(t, x,€) Igo(x £),

gt € Ve = Lgg™ ! + Qg7 97)
= —ugr(§)g" T + VMEy (\;—1) +Q(g",9"), S
L 9" (2, €)li=0 = go(, §).
Integrating (3.1.17), along (X, Z)(t; to, o, &) gives

9" (to, o, o)

- xp( / var(E( >>ds) (X, Zo)
/ exp( / EC ) (\/_K (\/%)) (n, X (n),E(n))dn
o[ e (= [ ) Qg X S0 (3119

Now we need an estimate on the nonlinear collision operator Q(f, f) given in Theorem
1.2.3.

Lemma 3.1.2 For hard sphere model and hard potentials with angular cut-off defined by
(1.2.17), there exists a positive constant C' > 0 such that

VM(f)iiQ(fvg)Qd < C /VM(ﬁ)f2d / Ly /ﬁd / VM(§)92d 3.1.19
[ peguetac < cf [ lfac. [ gac [ L [ =024 @9)

where M and M are any Mazxwellians such that the above integrals are well defined. Note
that vam (&) = O(E]) (€] — oo) for any Mazwellian M.

It can be shown by induction that if ||go|x < 25, then ||g"|[x < M for all n provided

that M and T are sufficiently small. In fact, if ||¢"||x < M, we have from (3.1.18) that

|g"7L1 lg™ 1 (t0,20,£0) |2 l90(X(0),Z(0)|?
\/R?) \/R3 M_ (%) dfodl’o < 2/ /3 M_ (o) dfodl’o

2

w2 [ ][ e ([ s ) (Visg (£2) ) X0 Zonin| it
S RTACICT AT )Q(g",g")(n,X(n),E(U))dnrff°—‘f§;3- (3.1.20)

The estimates given in the above lemmas and the Cauchy-Schwarz inequality then give

/ / O ded < AC / / ool O deda + O(1) (M* +T?)
R3 JR3 N R3

+4C / /R 3 /R 3'9";“(@)5 d¢dadt. (3.1.21)
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By choosing T > 0 sufficiently small such that exp(4CT) < 2, the Gronwall inequality then
implies

/ Ra%d&m = 80/[[@3 Rs%dgdl‘ i O(l) (M4 ' T2) . (3.1'22)

Similar argument gives

/ / / g CrOF e dpdt < C2 / / Lot g do
R3 JR3 R3

) (M*+T7?). (3.1.23)

Combining (3.1.22) with (3.1.23) yields

n+1 x, V% ntl ,r
/ / lg M(t(§)§ d€d$—|—/ / / M(§)|li7/[ (5(; 412 dfdxdt
R3 JR3 R3 JR3

< 402/ / %dfdm +O(1) (M* +1T7?). (3.1.24)

R3 JR3 -

For the estimates on 920 g™+ (¢, x, €) with |a| + |8 = j,1 < j < 4, we write

((e0fg+) + & V. (200gm)

— anlB n+l
e —V—(g)agaﬂg’rri’l_’_\/MK_ (azatg
AR RV (3.1.25)
S DR 4, <3§“ o g" 00" g”>'

|| +]8'1<j

= 929 (x,€),

t=0

| 920/

where the initial data g (x €) (B # 0) are determined through gy and the compatibil-
ity conditions coming from the iteration equation (3.1.17). Similarly to the estimation on
g" Tt z, &), we have

/ / g0 g7 (o) d€dx+/ / / @020 9" L8 ge dgedy
.y © o s ©

< 402 g 43%97%;’54&195 +O(1) (M*+1T?). (3.1.26)

Thus, (3.1.24) together with (3.1.26) implies

lg™ % < 4C%lgollx + O(1) (M* +T7)

< A 4L O1) (M +T?) < M?, (3.1.27)

provided that we choose M > 0 and T > 0 sufficiently small. Moreover, for each |a|+|5| < 4,
by using (3.1.27), the integral formula for 8297 g1 (t, z-, ) along the bi characteristic can be
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aqB n+l
solved in the Neumann series for small T;. Hence, 229 (.29 ¢ B, ([0,T), L2  (R® x R?))

M_(¢)
o B n
rovided that 229028 4 in the same space. This, together with (3.1.27), implies that
P \/m P g ( ) P

=4
gn+1(t7$a§) € Hm,f([OaT)) .
To show that {¢"(t,z,€)} is a Cauchy sequence in H, ([0, 7)), set

Wt 2, §) = g™ (t @, &) — ¢"(t2,€), n>0. (3.1.28)
Then A" (t,x,&)(n > 1) solves

B+ € Vbt = =g (Oh" + VMEKy (h—> +2Q(g", b7 + QA" b,

NG (3.1.29)
hn(ta €, €>|t=0 =0.

By (3.1.29), it can be deduced from (3.1.27) that
1
1"l < S1P"Hlx, n>1 (3.1.30)

provided that M > 0 and 7' > 0 are sufficiently small. Thus {¢"(¢, z,£)} is a Cauchy sequence

in ﬁig([o, T')) which converges to a unique solution locally in time. We can summarize it
into the following theorem.

Theorem 3.1.3 (Local existence) For any sufficiently small constant M > 0 and integer
N >4, there exists a positive constant T*(M) > 0 such that if

Efo)= )

lo|+[BI<N

020, (fol, &) — M(€))
M_(¢)

< (3.1.31)

M
3C"

L2 (R®xR?)

for some global Maxwllian satisfying the condition in Lemma 3.1.1., then the Cauchy problem
(3.1.2), (3.1.8) admits a unique classical solution

f(t2,€) € Hy (10.7°(M))) (3.1.32)
such that f(t,x,&) > 0 and
0207 (f(t,2,6) = M(£))[?
déd M. 3.1.33
L 2 L e s (139

3.2 Expansions and Decomposition

In this section, we will use the decomposition of the solution into the macroscopic and micro-
scopic components to reformulate the Boltzmann equation as a system of conservation laws
for the macroscopic components coupled with an equation for the microscopic component.
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As mentioned earlier, this kind of thinking is similar to the Hilbert and Champman-Enskog
expansions where the leading term is a local Maxwellian with its macroscopic components
governed by the conservation laws, either the Euler equations or Navier-Stokes equations.
The main difference between the reformulation introduced here and the classical expansions
is that there is no approximation or truncation in the reformulation so that it is equiva-
lent to the Boltzmann equation. Moreover, the system of conservation laws for the local
Maxwellian has the framework of Navier-Stokes equations with a source term determined by
the microscopic component.

For the completeness and the convenience of the readers, the Hilbert and Chapman-
Enskog expansions are reviewed in the following two subsections before the decomposition
and reformulation are given.

3.2.1 Hilbert Expansion
Consider the Boltzmann equation,
1

where « is the Knudsen number which is proportional to the mean free path. Here, we assume
k is a small constant and use it as the parameter for the expansion. In 1912, Hilbert [64]
introduced the following famous expansion of the solution to the Boltzmann equation:

F=Y K" (3.2.2)
n=0

By putting this expansion into the Boltzmann equation (3.2.1) and comparing the terms by
the order of x, one has the following equations for f,:

QO = 07
(fn—l)t + g : szn—l - Qrm n Z 1, (323)
where
QO = Q(f07f0)7
n—1

i=1
Hence, thanks to the property [Q2] in §1.2.2, the first equation in (3.2.4) implies that fj is a

local Maxwellian, i.e.,

0 012
(%;TO)% exp{—u}, (3.2.5)

fO = Mo = M[p07u0790] = 2RO

where p°, u® and ¢° are functions of (¢,z). And fy satisfies

Jor +&- Vafo= Q1. (3.2.6)
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Here, ()1 is a microscopic component which is orthogonal to the five collision invariants
Vo (§),a=0,1,--- 4, given by [@Q1] in §1.2.2:
Yo(§) =
Vi(§) = & i=1,2,3, or(§) =¢, (3.2.7)
Pa(§) = %‘5‘2-

The solvability condition for (3.2.6) gives the system of conservation laws

—_

Y

. Vol for +& - Vafo)d§ = 0, (32.8)
which are exactly the compressible Euler equations
L+ Vo (p%u?) =0,
(P'u®); 4+ Vi - (pu® @ u®) + V,p* = 0, (3.2.9)
P55+ €] + V- {0 (15 + €°) + 1"} = 0,
where the pressure function is given by p’ = Rp0° and the internal energy is £ = %R@O.

For n > 1, if we denote
n—1

Sp =Y Qfr: fat), (3.2.10)
i=1
and
LMoh = ZQ(h> fO)a (3211)

which is the linearized collision operator with respect to the local Maxwellian M, then under
the solvability condition for (3.2.3),

X Qﬁa((fn—l)t + 5 : va:fn—l)d£ =0, (3212)
R
fn can be represented in terms of f; forv=0,1,--- ,n—1 by
4
Fo = catlaMo + Lf {(fac1)e + €+ Vafao1 — Su}. (3.2.13)
a=0
Thus, the conservation laws
R3

are the system of linearized Euler equations around the fluid variables (p° u° 6°) for the
macroscopic components in f,.

Since to determine the value of f,, in the Hilbert expansion involves the differentiation of
fn_1, by induction, the convergence of this expansion can only be expected when the solution
is infinitely differentiable and bounded with respect to the Knudsen number . Therefore,
usually, the Hilbert expansion does not converge, especially in the present of initial layer,
shock layer and boundary layer where the value of the differentiation grows when x decreases.
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3.2.2 Chapman-Enskog Expansion

The Chapman-Enskog expansion was introduced by Chapman and Enskog in 1916 and 1917
independently. The main idea in this expansion is to expand both the equation and the
solution, but to keep the conservative quantities unexpanded. The advantage of this expan-
sion is that the first order correction yields the Navier-Stokes equations for the macroscopic
components so that the viscosity and heat conductivity are correctly represented. However,
the drawback of the Chapman-Enskog expansion is that the higher order approximations
give differential equations of higher order, such as the Burnett and super-Burnett equations
for which there is no satisfactory mathematical theory. In other words, there is basically no
established mathematical theory on this expansion beyond the Navier-Stokes level.
Formally, we can write

Z n)f" (3.2.15)

Since the conserved quantities are unexpanded, the consistency requires that for n > 1,
Vo frndé = 0, a=0,1,2,3,4, (3.2.16)
R3

which implies that all the function f, for n > 1 are microscopic. By substituting (3.2.2) and
(3.2.15) into the Boltzmann equation, we have

Qo = Q(fo, fo) =0, (3.2.17)

and for n > 1,
n—1
a fn i—1
=0 o
where the notation has the same meaning as in the last subsection. However, one should

notice that here each f, is a functional of the conserved quantities which are not expanded.
Again, the equation (3.2.17) implies that fy must be a local Maxwellian, i.e.,

€ — ul?
=M=M,,, . 3.2.19
fo ) = o RV Re) exp{——557} (3.2.19)
Therefore, the equation (3.2.18) for n = 1 can be written as
o0
atfo +& - Vofo=Lmh. (3.2.20)
The solvability condition for (3.2.20) immediately gives the following Euler equations
( 8(0),0 o
ot Ox; (pus).
0Oy, Ou; 1 09p
L g i =1.2.3 3.2.21
ot 4 dx;  pox;’ At ( )
00 200 2 0Ou,
= U — 2020
\ ot (%Z 3 8902
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where p = Rpf, here and in what follows, the summation is over any repeated indices. By
plugging the expression of the local Maxwellian of f into the equation (3.2.20), we have

"B+ L (2 23 MBo L B, = Lagf (3.2.22)
- | ==-= — ;B u; = 2.
s P\ oRe T 2 ReGT M T ML
where ¢ = ¢ — u is the random velocity and B? is the following linear operator
o0
B' =
v +&-V,.
Now we can substitute the time derivative %—t of (3.2.21) into the equation (3.2.22) to have
c? 5 ¢ 00 1 u;
— — — | M= ; 28, | M— = Ly f1. 3.2.23
(2R9 2> 00n RO (C %= C J) oz, — LM/ (32.23)
By using the Burnett functions defined by
2
_5
e !

2 (3.2.24)

o -
Bw(i) - glé“] - §6U|§|2a 1,] = 15 273a

00 c ou;
. Al VMY B (- Y ME ) 2.2
M (\/E Z(me) B ”(me) &vj) (3.2:25)

Notice that we have used the fact that the operator Ly is invertible in the microscopic space
which is the space orthogonal to the null space of Lyy.
Before going further, let’s review the properties of the Burnett functions.

we have

Proposition 3.2.1 Denote
A =Ly A, B' = LuB. (3.2.26)
Then there ezist positive functions a(r) and b(r) defined on [0,00) such that

A'(€) = —al([ENAE),  B(&) = =b(I€)) B(S). (3.2.27)

And the following properties hold, where (-,-) denotes the inner product of L*(R3?).

—A;, AY) is positive and independent of i.

Z,A’) =0 for anyi # j.

Bly) =0 for any i, j, k.

,;l) (B, Bi;) = (Bji, By,) holds and is independent of i,j for any fived k, 1.
( Bj;) is positive and zndependent of 1,7 when i # j.

—(B; ) is positive and independent of i, when i # j.

(B”, B ) is positive and independent of 1.

(Bi;, By, ) = 0 unless either (i,7) = (k,1) or (I,k), ori=j and k = 1.

(Bii, Bi;) — (B, B;) = 2(Byj, Bi;) holds for any i # j.

| /-\/-\/-\/-\

Udbd*’
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The proof of this proposition is quite technical and can be found in [56].
With the Burnett functions, the viscosity p(#) and heat conductivity coefficient s(#) can
be represented by

1(0) = —I{RQ/RS B;; (\/%) Ly (BZ-]- (\/%) M) A€ >0, i# 7,
(0) = —HRQH/R3 A (\/%) L] (Al (\/%) M) d¢ > 0.

Note that these coefficients are independent of the density function p.
Now if we put f; into the conservation laws to include the first order approximation, then
the conservation laws take the form

(4J%Kh%+f-VAh++#ﬂM£:0 (3.2.29)

Since f; is microscopic, its contribution to the conservation of mass is zero. And its contri-
bution to the equations of conservation of momentum and energy is represented by the stress
tensor and heat flux:

(3.2.28)

Py’ zn/ ccihde, ¢V = g/ eic frde. (3.2.30)
R3 R3

With Proposition 3.2.1, it is straightforward to calculate the stress tensor and heat flux in
terms of the fluid variables:

ou;  Ou; 2 ou
M — _ : J 2o s

My (3.2.31)
O _

In summary, the first order approximation in the Chapman-Enskog expansion is the com-
pressible Navier-Stokes equations:

[ e+ Ve (pu) =0,

{p (%W +5)L +V,- ({p (%W +5) +p} u) (3.2.32)
\ = p(O)u’ (u;] +ul — %%vz . u) - (2(0)6,,).

Again, similar but tedious calculation can be used to find the next terms, fo, f3, -+, in
the Chapman-Enskog expansion, however, without good mathematical theory. In the next
section, we will give a decomposition and reformulation of the Boltzmann equation without
any expansion so that the structure of the systems for fluid dynamics together with the effects
from the microscopic component become clear. In fact, one can compare it with the Hilbert
and Chapman-Enskog expansions so that some similarities and subtle difference can be found
as explained in the next subsection.
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3.2.3 Macro-Micro Decomposition

In this subsection, based on the decomposition of the solution into its macroscopic (fluid
dynamic) and microscopic (kinetic) component, we reformulate the Boltzmann equation into
a system of conservation laws for the time evolution of the macroscopic variables and an
equation for the time evolution of the microscopic variable. The main idea is not to have
any approximation, but a complete description of the solutions to the Boltzmann equation
so that the analytic techniques from the theory of conservation laws can be applied in the
study of the Boltzmann equation.

To be precise, let f(t,x,&) be the solution to the Boltzmann equation. We decompose
it into the macroscopic component in the form of the local Mawellian M = M(z,t,§) =
Mi,.6(&), and the microscopic component G = G(x,t,§):

f(t,z, &) =M(t,z, &) + G(t, x,§). (3.2.33)

Here, M(¢, z,£) is the local Maxwellian with its five fluid parameters (p, u, 6) defined by the
five conserved quantities, the mass density p(t,x), momentum m(t,z) = p(t,x)u(t,z) and
energy density E(t,x) + |u(t, x)|/2:

[ olta)= [ 76

mit,z) = pu= | i(€)f(t,z,€)dE, i=1,2,3, (3.2.34)
R3

p(E+3P)] ()= [ wn(e)(ea.€)as

To have an orthogonal basis for the subspace of the macroscopic components, we first
define an inner product in the space Lg with a weight. For this, let M = M; .4 be any
given Maxwellian. Define

\

(h,9)x1 = /RS Mdé, (3.2.35)

for functions h and g of £ such that the integral is well defined. Using this inner product,
the subspace spanned by the collision invariants has the following set of orthogonal basis:

A= xo(&;5,1,6) = =M,

) -
=

) 6 ( RO

L O g = Gag, fora, #=0,1,2,3,4.

(

S

B

SEM, i=1,2,3,

(3.2.36)

2

™
‘H

X4 = X4(§7ﬁaﬂ7 _3> 1\7-[7

ST

With this basis, define the macroscopic projection Pg/l and microscopic projection Plf/I by:
4

PYh= 37 <h,X§“>MX§“,

a=0

(3.2.37)
PMp = h—PMp,
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Notice that the operators Pg/I and Plf/l are projections, that is,
PY'Py =Py, PYPY =P, PYPY = PP =0.
Now, the system of conservation laws
/ Galfi 4 €-Vof)dE=0, a=0,1,-- 4, (3.2.38)
R3
takes the following form
( pr +div, m =0,
my+ | > uwm’ + o+ [ (€ <§ . VxG>d§ =0, 1=1,2,3, (3.2.39)
j=1 , R3

(549 (50 o), - [iefe vy

J

\

The equation of the state is for the monatomic gas, with the gas constant R chosen to be %
without loss of generality, given by

2

p= gﬂe-

And the macroscopic entropy S can be defined as:
2 4
S = —glnp+ln (gﬂﬁ) + 1.

The microscopic equation is obtained by applying the microscopic projection PM to the
Boltzmann equation (3.2.1):

1 1
G, + Pﬁ“(f V.G o+ € va) — ~LuG + -Q(G, G), (3.2.40)

where Ly is the linearized collision operator around the local Maxwellian M.
From (3.2.40), we have

G = rly (PM(£-V.M)) + Ly (8 (%G +PYE- (V,.G)) - Q(G, G))
= kLy (PM(£-V.M)) + ©. (3.2.41)

Substituting (3.2.41) into (3.2.39) yields the following fluid-type system for the macroscopic
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components:

[ p, + div, m =0,
mi + (Jém) j Fro s | (€ (€ Veag (PY(E-VaM))) dS

"‘/I;wi(f) (f : Vz@>d€ =0, i=123, (3.2.42)
o (55 )]+ S [p (F v ) 4]} 4w @) (6 oLs (P (6 T.nm))

+ [ wul©)(¢-V.0)de = 0.

\ R3

A straightforward calculation by using the Burnett functions as in the previous section, the
fluid-type system (3.2.42) becomes

pr + div,m = 0,
i+ 32 () s = 32 [0) (uy o = 3],
j= j=

[ v V.0, =123
(3.2.43)

[p(L]ul? +5)L + il (uj <,0 (3ul*+ &) —I—p))
Z {n(O)u’ (uy; +ul — 30;diveu) }

zJ

i / Ual€) (€ V,0) de.

\

From this fluid-type system, one can easily see the structure of the compressible Euler and the
compressible Navier-Stokes equations. For instance, when the Knudsen number x and © are
set zero, the system (3.2.43) becomes the compressible Euler equations. On the other hand,
when O is set to be zero in (3.2.43), it becomes the compressible Navier-Stokes equations.
These fluid equations as derived through the Hilbert and Chapman-Enskog expansions are
approximations to the Boltzmann equation. However, the above system is part of the Boltz-
mann equation. Nevertheless, this reformulation is consistent in spirit with the Chapman-
Enskog expansion in that the higher order terms beyond zeroth order in the expansions
must be microscopic. Therefore, it is interesting to notice that the first order approxima-
tion in Chapman-Enskog expansion f; is just the leading term in the microscopic component
expression (3.2.41), that is,

fi = Lyt (PY(E - VM),
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Throughout the rest of this chapter, the system consisting of the equation (3.2.41) and the
conservation laws (3.2.43) will be used to study the behavior of the solutions to the Boltzmann
equation. It is shown that the forthcoming energy method based on this decomposition is
robust in the stability and the convergence rate analysis on the non-trivial solution profiles
to the Boltzmann equation.

3.3 Perturbation of Global Maxwellian

With the reformulation of the Boltzmann equation, the energy method which is useful in
the study of nonlinear partial differential equations can then be applied to the study of
the Boltzmann equation directly. As the first step in this direction, we will illustrate this
approach by considering the case of a perturbation of a given global Maxwellian. It will
be shown that the stability argument mainly depends on the analyzing conservation laws
(3.2.43) by treating the extra terms beyond the Navier-Stokes equations as source terms.
Moreover, the estimation on the microscopic component is obtained by using the H-theorem.

We should point out that for the perturbation of a global Maxwellian, the analysis can
also be carried out by using the decomposition around the global Maxwellian. However,
for perturbation of a non-trivial solution profile such as a wave pattern, the decomposition
around the local Maxwellian is more useful and the description of the time evolution of the
macroscopic and microscopic components in the solution is clearer.

Since the solutions considered here is a small perturbation of a given global Maxwellian
M(¢), in the following discussion, the Knudsen number « is chosen to be 1 for simplicity.
And for later use, we recall some Sobolev inequalities in the following lemma.

Lemma 3.3.1 For g(z) € H'(R?), we have

lg(2)|| Lo @3y < CollVag(@)ll, (3.3.1)

where Cy is a positive constant independent of g(x). Consequently, for g(x) € H*(R?), there
exists a positive constant C independent of g(x) such that

l9(@) || @2y < C1l|Vag(@)]]1,
(3.3.2)

lg(@)llras) < CillVag(@)l[3llg()]|5.

Here and in the sequel, || - || and || - ||s denote the standard L*(R*)—norm and H*(R*)—norm
respectively.

As pointed out before, to perform the energy method for the Boltzmann equation (3.2.1),
for PllvIO f, the microscopic projection of its solution f(¢, z, &) with respect to a given Maxwellian
M, the dissipative effect through the microscopic H-theorem should be used. In short,
the microscopic H-theorem states that the linearized collision operator Ly, around a fixed
Mawellian state M, is negative definite on the non-fluid element Pllvlo f,ie.,

PY° fLn, (PYf) o (€) [PM £
B /R M, =0 /R M,

dg,
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for a positive constant o. Furthermore, one can vary the background Maxwellians for lin-
earization and the weight function. That is, we also have the following dissipative estimate
coming from Lemma 3.1.2.

Lemma 3.3.2 [fg < 0 and the assumptions in Lemma 3.1.2 are satisfied, then there exist
two positive constants @ = o (u, 0;,0) and ny = no(u, 0;a,0) such that if |ju—a|+]0—0| < no,
we have for h(¢) € N2,

hLMh _ l/M(g)hz
—/R3 2 dgza/m S e, (3.3.3)

Here M = M, .,9(£), M = M[Mé] (€) and

Nu::{ﬂ@; z;¢xﬂf@M£=0,j=0¢LZ&4}-

Remark 3.3.3 The constant 1y is some positive constant depending on the first non-zero
eigenvalue of the linearized operator L. Note that ng is not necessary to be small.

A direct consequence of Lemma 3.3.2 and the Cauchy-Schwartz inequality is the following
corollary.

Corollary 3.3.4 Under the assumptions in Lemma 3.3.2, we have for h(§) € N,

71h2
/ M) ) g <52 / &) 1) e (3.3.4)
rs M R3 M
To view the H-theorem in the fluid dynamical variables, we first set
3
—=pS = | MlogM d¢. (3.3.5)
2 R3
It is easy to see that log M and &WM are collision invariants and so:

oM
GlogMdgz/ G d¢ =0,
/3 R3 M

[ QU f)log Mg =0.

(3.3.6)

Multiply the Boltzmann equation by log M and integrate in &:

3/ (M+G) logM dé +V, - | &M+ G) log Md¢
R3 R3

ot
(M + G)M, (M + G)¢
a /R3 M dc = /Rg M

Mg = [ QU sbde (337
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Use (3.3.6) to simplify this into:

% MlogMdf—i—Vx'/ EMlog Md§ 4V, - EG log M d¢
R3 R3 R3

_ v _ [ G V.M
Mudg = V.- | €M /R e (338

R3
Note that, from the continuity equation,

—/ Mydé -V, [ eMds = —p,— V. - (pu) = 0. (3.3.9)
R3 R3
Also from (3.3.5),

3
EM log Md§ =u | M log Md¢ +/ (& —u)M log Md¢ = _§U'OS +0, (3.3.10)
R3

R3 R3
we have

3 3
_i(pS)t — §Vm - (pSu) + V. - ( g fGlogMdf) = /RS

Plugging (3.2.41) into the right-hand side of (3.3.11) gives,

G¢ -V, M

A (3.3.11)

_ g(ps)t _ gvx (pSu) + V, - (/R ¢Glog Mdg)
-/ S (P VMg
+ / S (G P V.G - QUGG e, (33.12)
that is,
_ §<ps>t - gvx (pSu) + V., ( | &Glog Mdé)
-/ P (P V.M

PV, M
e M
Note that from (3.3.5), we have

Lyt (G + P£-V,G - Q(G,Q))d¢. (3.3.13)

3 3 1
_st =plogp— éplog(ZﬁR(‘)) — 5P (3.3.14)

Before performing the energy estimates for the Boltzmann equation (3.2.1), we first give
the function space for the solutions considered in this section

( P92 g(t2.€) 2 3 3 )
%09t ¢ B, ([0, 7], L2, (R® x R
AT (10, 7], L ¢ ( )
N _ 08 9%t
H, ¢ (0.7]) = g 9(t,2,8) | v M(i’/atﬁfz;g“’ 9 e 12, ([0,T] x R x R?), for |a] + || > 0
\ 0<t<T, o] +]8 <N J
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Here g(t,x,f) = f(t,l’,f) - M(f)

The estimate on the conserved quantities

m(t,x) = (,0, p(t, x)u(t, z), p(t, x)(%uQ(t, x) + E(t, x)))

can be obtained by using the analytic techniques for the systems of conservation laws cf.[97,
102], based on the following a priori assumption
— ‘2

020 (p(r,x) — pou(r,2),0(r,x) — 0)| de

Ner= sp 2 [

0<7<t |af +[5|<4

80‘8’6 7,2,§)—M
+ sup // B =) M(e))? deda
0<T<t‘a|+‘,@|<4 R3 JR3

< g2 (3.3.15)

Here the discussion is in Hj ([0, T]) space which can be readily generalized to the H, ([0, 7))
space for s > 4.
The a priori estimate (3.3.15) and the conservation laws imply that

N(0) < O(DE(fo) (3.3.16)

ewr= ¥ [,

loof+B]<4

with
9207 (fola f) M(¢))

and

sup 2

0<7<t, z€R3 <a|+ﬁ|§2

80‘8 -M
+  sup > / |07 ¢ vaf @ d¢
0<7<t, zeR3 \ |a|+|8]<2 JR3

< O(1)ex (3.3.17)

85‘8? (p(T, x) — pyu(T,x),0(T,x) — 5)

The lower order estimate on the macroscopic components can be given by a convex

entropy functional defined as follows. Let m = (m° m,m*)" = (m° m!, m? m3 m*)! =

(p,m.p (3u*+€) )t, we now construct a pair of convex entropy-entropy flux pair (7, ¢) around
the global Maxwellian M. First, we denote the conservation laws (3.2.42) as:

m; +V, -n=0. (3.3.18)

Set the entropy pair as:

{77 = —3pS+ 55+ 5 Vin(pS) o - (m — 10

),
o . (3.3.19)
q= __pSU + %,OSU + % Vi (pS) | e - (n —0).
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That is,

(3.3.20)
g =wn+u; (pd—pf),j=1,2,3.

It is straightforward to check that 7 = n(m) = 0, V\u7 = Vun(m) = 0, and the Hessian
9%

son- equals to
i0m
507+ glult —qwlul? —jusluf —Juslu® Slu* -6
. —suq|uf? 0+ u? UrUs U3 T
2P —2us|ul? Uy 0 + u3 Ugls —Us ,
—%u3|u|2 U Us Ugls 0 + u? —us
Slul* -0 —u —Ugy —ug 1

which is positive definite for any m satisfying p, § > 0. Thus, in any closed bounded region
DcCcY¥={m:p>0,0>0}, there exists a positive constant ¢ depending on D such that

¢'m—m)* <y <cjm-—m] (3.3.21)

The equation for the entropy can be derived as follows. From (3.3.13) and (3.3.18),

M+ Ve q+ V- ( galogMdg)
]RS

P&V, M
[ P e

PV, M

i Lyt (Gi+ P& -V,G - Q(G,Q)) d¢. (3.3.22)
RS

In the above identity, the term

PV, M

A I (PG VM)dE = (PA& VM. L (Pig - VM)

represents the entropy dissipation. Since the non-fluid functions P1£-V, M belong to a finite
dimensional space in the £ variables, we have from the microscopic version of the H-theorem
that the term satisfies, for some positive constants o; and o,

|Py& -V, M| P¢-V.M | / |P.& -V, M|
2 el < f 2B r R el (pie -V MdE < 2 Yl
al/Rg M =T LT M m(Pre-VoM)dE < 0 | M £
(3.3.23)
Simple calculation shows that
P& -V, M| : ) )
P el ode=0(1 § 10, 17, 3.24
g M 3 O()' [[Opsul” 4+ [ V0|7 (3.3.24)

Jj=1
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for some positive function O(1). Notice that in the macroscopic version (3.3.22) of H-theorem,
the dominant term on the right hand side is the first integral, which, as we have just seen,
represents the dissipation, and the second integral consists of only higher order derivatives
and the quadratic term of microscopic component GG. Therefore, it captures the dissipative
effect of the fluid components in the solution of Boltzmann equation, and this is useful for
the energy estimates.

Precisely, by the conservation laws (3.2.43), (1, q1, ¢2, q3) satisfies:

3 ,
ne 4 diveg = > Mo (m) [p(0) (ul; +ul, — §5ijdivxu)}mj

ij=1
3 . 3
+ 30 m(m) [1(O)a (u; 4+, — 25;div,u)] | + > s (m) @(9)99&)9&
— [ Fumn(m) - (0,61(6),42(6). vl v4(6)) (¢ - V.0 e (33.25)
Since
an(m):—g§ (S+%—§,—%,—%—“§,—%), (3.3.26)

integrating (3.3.25) with respect to t and x over [0,] x R3, and using the Cauchy-Schwarz
inequality and (3.3.21) give

H(P - ﬁvuae o §>H2 (t) _'_/0 Hvx(uve)”2 (T)dT

— 2N 12 !
< 0 |ipn(o) ~ pruate).tule) =D + o) [ [ [ eptePpacdnar. 3320
0 Jr3 JR
When ¢ is chosen sufficiently small such that
I
e < mm{ D 0} , (3.3.28)
then for any #_ satisfying

0<0_<0+e, (3.3.29)

we have

0<O0+|0—-0<0+e<20<20_,
_ _ (3.3.30)
| + 10— 0_] < <|u|+|0—0|> YO8 <2 <

Denote M_ = Mp; 0 ], we have from Lemma 3.1.2, Corollary 3.3.4, (3.1.19), (3.3.21),
(3.3.15), (3.3.17) and (3.3.30) that

(6| Lag (GAPM(6V.6)-Q(G.@)) [’
[ [ ereragas < o [ [ melai(Geris i

< 0(1)/@ /Rﬁ(Ger IV.G|* + £2G?) dédu. (3.3.31)
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Putting (3.3.27) and (3.3.31) together gives

H@—nuﬂ—?w%w+lnvxmmmef

I

< O |(pol) = 7, uo (), Bo(x) — B)
1)/t/3/3%(G§+ \V.G|* + £2G?) dédxdr. (3.3.32)

To obtain the higher order estimates on the conserved quantities, we first note that the
system (3.3.27) can be rewritten as

(

pr = —(p — p)diveu — Va(p —p) - u — pdiv,u,

3
7 0,0 =N (V20
o S, (o0 70),, = - [ HElag

3
p ;{ (0 )( x z 374 )}x (3.3.33)

3 .
6+ 3 (wihs+ 30u]) = — [ #€0(c. 9,00
R3

=1

1,7=1

%{i(ﬂ m+@@§m%+@f—@@@wm}

Similar to the analysis for the compressible Navier-Stokes equations, by applying 07 =
920 (1 < |a| + 18] < 3) to (3.3.33), and (3.3.33)s, multiplying the resulting identities by
pdu; and 5870, taking the summation with respect to ¢ from 1 to 3, and integrating the
resulting equations with respect to ¢ and x over [0,¢] x R3, for j = 1,2, 3, we have

2 t
> aﬁ@f(p—me)) we > [
lo|+8]=5 J/ R? ||+ 8|=j R3

a 9B a 5b
< O(L)E(fo)? / / / (ETs ”m 2Cl) gedrdr
|’Y| =j R3 JR3
L) T / /
1<la+AI<j+1 /o Jrs

t o nB 2
De 3O / / / %dﬁdmﬁ (3.3.34)
ol +151<iJo Jrs R

It is worthy to pointing out that, compared with the estimates for the Navier-Stokes equa-
tions, the only difference comes from the terms containing ©. This can be estimated suitably
as in the proof of (3.3.31) by using Lemma 3.1.2, Corollary 3.3.4, (3.1.19), (3.3.21), (3.3.15),

2
V0208 (u, 9)] drdr

agatﬂ (p - P, 9)) dzdr
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(3.3.17), (3.3.30) and the following basic estimate on the collision operator Q(f, g)

t
(@) 1020/ QGG g 1o
b fo fesesst

t ;A
< 0 ¥ // /%dedxdr (3.3.35)
lo/|+]8'|<4 /0 JR3 JR3

Here |a| + || < 4.
To get the L7, estimates on 9207 (p —p) for 1 < |a| + || < 4, we use the conservation
laws (3.3.27) as in the study of Navier-Stokes equations to deduce that

t
s [ [ eeaio-pPasar
la]+]8]=j+1/0 JR3

< mmaﬁV+mn/

R3 \ |a|+|8|=j+1 loe|+|8|=j4

( >k e-pP+ X |3§;8§’ul2>dx

t
Loy % / 0000 (u, 0) [2dwdr
0 R3

1<]al+[B1<5+1

t
DS (/ 0208 (p — ) Pdedr
0 R3

1<]a|+|8]<g

t
+0(1)‘ | %} / /R /Rs%lwdfdxdﬂ j=0,1,2,3. (3.3.36)
a|+|B|<j+1J0

A suitable linear combination of (3.3.32), (3.3.34) and (3.3.36) yields an estimate on the
conserved quantities (p, m, p (%|u|2 + 5)) which is controlled by G besides the initial data.

Lemma 3.3.5 Under the a priori assumption (3.3.15), we have

2 t

O+ >

1< +|B8|<4 /0

> 020 (p—Byu, 0 - 0)

o +]8]<3

< O(Ef)?+0(1) Y /t / %dwdr (3.3.37)
laj+131<aJo Jr3 JR3

0207 (. .0)| (r)ir

Since we want to close the energy estimates for the solution f(¢,z,¢) of the Boltzmann
equation by performing the energy estimates on the original equation (3.2.1) with respect
to the global Maxwellian M, we need to transform the estimates on G, the microscopic
projection of f(t,x, &) with respect to the local Maxwellian M into PMf, the microscopic
projection of f(t,z, &) with respect to the global Maxwellian M. For this purpose, by noticing

PMG =G, PMf=aG+PMM, (3.3.38)

we need to obtain an estimate on PlﬁM which is presented in the following lemma.
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Lemma 3.3.6 Under the assumptions of Lemma 3.3.5, we can deduce

de <o) |(p—p,u,0—0)[". (3.3.39)

— 2
(1+ I¢)* [PYM|
L
Here k > 0 is any positie constant and My = M|, 4.0, can be any Mazwellian satisfying
Oy > %max {9,5}.
Consequently, we have for all |a| + |G| < 4 that

t ek t 0y pM ¢
/ / 298] e quar < / / / [£A P dedrar
0 JR3 JR3 0 JR3 JR3

+0()e > t

1<]al+|8]<4 /0

2
agaf(p,u,e)H (r)dr.  (3.3.40)

Proof.  We only prove (3.3.39) since (3.3.40) follows immediately from (3.3.38), (3.3.39),
Lemma 3.3.1 and the a priori assumption (3.3.15).
To prove (3.3.39), first notice that PMM is a smooth function of p, u, 6 and

Voo PYM = PM (V(,, 9 M) .

Since

P (VipuoM)

_ =0,
(pﬂuve):(ﬁ70a6)

we can easily deduce that PlﬁM is quadratic with respect to (,0 —p, u, 0— 5) and (3.3.39)
follows immediately. This completes the proof of Lemma 3.3.6.

The following corollary is a direct consequence of Lemma 3.3.5 and Lemma 3.3.6.

Corollary 3.3.7 Under the assumptions in Lemma 3.3.2, we have

2 t

O+ >

1< +|B8|<4 /0

> 020 (p—B,u, 0 — 0)

o] +]8]<3

O(E(f)? +0(1 t it 3.3.41
O B e e (3.3.41)

0207 (p,.0)| (r)ir

Now we can finalize the energy estimates on the solutions f(t,z,&) of the Boltzmann
equation. To this end, since g(t,x,&) = f(t, x, &) — M() solves

g+ €- Vag = Ly (PYg) +Q (PYg, PYy)
(3.3.42)
+2Q (PN, PY (M~ M) ) + @ (P (M — M) , P (M - M) ),
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by applying 8297 (|| + |8] < 4) to (3.3.42) and integrating its product with
0,1] x R? x R3, we have that
1 \aaafg| déda aaafga a Ly (PD g)d dud
2/]1@3 R3 : rR3 JR3 sdudr
a B gagB M
+ / / / 8”8t98”8f%P1 9PV i dudr
0 Jr3 Jrs

t o
+2/ / / agafg-aﬁan(ng’Pgﬂ(MfM))dgdxdT
0 JRr3 JR3

. /t / / agafg-agan(Plﬁ(gﬂ)vPoﬁ(M*M))dgda:df
0 JR3 JR3

4
= Z I;
j=1

920)g
M

85

over

(3.3.43)

Here I;(i = 1,2,3,4) are the corresponding terms in the above equation without any ambi-

guity. o
Since M is independent of ¢ and x, we have

P (020 9) = 020 9Py,
020 g (PMg) = Lyg (920 9PMy)

Thus from Lemma 3.1.2, Lemma 3.3.2 and (3.3.15), I; and [, satisfy

t J— J—

020 PMg-Lyz (050 PM

I = /// 20 PV o L (%80PYS) e gy iy
0 JR3 JR
t SpM,, |2
030 P
< o [ [ e e
0 JR3 JR

t J— J— J—
020/ PMg-020/ Q(P}My,PMyg
12:/// Py 00 QPO PHY) e gy
0 JR3 JR3

t y o g pM 4|
R3 JR3
85 PM ‘
+0 / / / dédxdr.
|a||+\m<4 R3 JR3
Here we have used the inequality
/ / / " o2t 9PV PY" Yol e drar
R3 JR3
/gl T |2
t Pllvlg‘
< O(e > / / / dédzdr.
afl+8'|<4 SO JRS JR3

(3.3.44)

(3.3.45)

(3.3.46)

(3.3.47)
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For I3 and I, we have

t y o gfpM 4|2
Iy < %/ // MOPEOPH] e gr
0 JR3 JR

t 1% t/PIM :
+o(e Y /// MO WP g
lo/|+|3'|<4 /0 JR3 JR3
t , 9
+0(e . / / ' op (p,u,@)‘ dxdr, (3.3.48)
1<|o/|+|#|<4 o JR3
and
t , BN |2
I < %// / MO e gy
0 JR3 JR3
t , 2
+0(1)e > // 9707 (p,u,0)| dudr. (3.3.49)
1<|/|+|p/ <40 JR3

Now substituting (3.3.45), (3.3.46), (3.3.48) and (3.3.49) into (3.3.43) yields

o 1€}
/ lozoce 8”' dédx +// / ©lozore; ol de ddr
R3 JRR3 R3 JR3
< OMEf)? +0()e ¥ / / / a6
lo|+181<4 Jo Jr3 JR3
t
o) ¥ / /
1<loii@)<aJo Jrs

80‘83 2 t U aaaﬂpﬁ 2
> / el geie + // / MOWEPR] e gy
lo|+|8]<4 /R3 JR3 lo|+]8]<4 R3 JR3

< O(ME(fo)* + 1<|a+|ﬂ<4/ /R3

Multiplying (3.3.51) by a suitably large positive constant C; and adding the result to
(3.3.41) yield

Z / Wdfdij Z /

lol+|8|<4 / R3 JR3 |o|+|3]<4 J R3
¢ y a5fpM |2
+ ¥ /// @RI e e
la|+[g|<4J0 JR3 JR3

t

i ]
1<]al+|g|<4 o JRS

O)E(fy)?. (3.3.52)

8 oM |°
acatPIIVI

d dédadr

, 2
90 (p,u, 9)} dxdr. (3.3.50)

Thus

20 (p,u, 0) ’ dxdr. (3.3.51)

_ 12
020, (p—p,u, 0 —0)| dx

2
920 (p,u, 9)) dxdr
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This closes the a priori assumption (3.3.15) provided that we choose dy > 0 sufficiently small
such that

{ E(fo) < do, (3.3.53)

O(1)82 < £2.

The above analysis yields the following energy estimates for the solution f(¢,x,&) of the
Boltzmann equation with initial data fy(z,§).

Lemma 3.3.8 (Energy estimates) Assume that f(t,x,§) € H, ([0, T]) is a solution of
the Cauchy problem (3.2.1) and (2.3) for some constant T > 0. Then there exist two suffi-
ciently small positive constants e, 0y such that if E(fy) < do, we have

N(T) <e. (3.3.54)

By combining Lemma 3.3.8 and the local existence theorem, the global existence theorem
can be stated as follows.

Theorem 3.3.9 Let N > 4 be an integer and M(€) be any given global Mazwellian, then
there exist two sufficiently small positive constants oy and € such that if

2

029y (fol, &) — M(€))

> /R /R ~ ded < b, (3.3.55)

la+[BI<N

£(fo)

the Cauchy problem (3.2.1) and (2.3) admits a unique global classical solution f(t,z,§) €
HY (R") satisfying f(t,z,£) >0 and

0292 (f(t2.0)-M(©)|’
> sup/ [0z = dédr < e,
lal 151 <N teR+ Jr3 JR3 M

(3.3.56)

> |aga) (f(t.x.6)-M(€))

e —
e % =0

lim sup
t=00 2R3 |a|+|B|<N-3 JR3

3.4 Stability of Wave Patterns

Through the Hilbert and Chapman-Enskog expansions or the decomposition, it is clear that

the Boltzmann equation has close relation to the systems of fluid dynamics, such as the Euler

and Navier-Stokes equations. For these systems of fluid dynamics, it is well known that the

solution contains three basic wave patterns. Hence, it is natural to study the corresponding

wave phenomena in the solutions to the Boltzmann equation. For this purpose, we will first

review some basic concepts in the fluid dynamics, especially the systems of conservation laws.
The study of hyperbolic conservation laws in the form of

U, + F(U), =0, (3.4.1)
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has a long history and the earliest mathematical work can be traced back to Euler in 1755 on
the study of acoustic waves. And the pioneer nonlinear formulation on the fluid dynamics was
done by Riemann through the consideration of two stationary gases separated by a membrane
when the membrane was suddenly removed. This fundamental work born the name of the
Riemann problem is so essential that it plays an important role on the existence and stability
theories. As a typical example of hyperbolic conservation laws, the system of compressible
Euler equations has three basic wave patterns in the solution to the Riemann problem. They
are two nonlinear waves, called shock and rarefaction waves, and one linearly degenerate wave
called contact discontinuity. These dilation invariant solutions and their linear superposition
in the increasing order of characteristic speeds, called Riemann solutions, govern both the
local and large time asymptotic behavior of general solutions to the FEuler system. Since the
inviscid system is an idealization when the dissipative effects are neglected, thus it is of great
importance to study the large time asymptotic behavior of solutions to the corresponding
viscous systems in the form of

U, + F(U), = (B(U)U,),, (3.4.2)

toward the viscous versions of these basic wave patterns. As a basic system for the viscous
fluid, the compressible Navier-Stokes equations which include the effects of viscosity and heat
conductivity, have the above wave phenomena which are smoothed out by the dissipative
effect. Furthermore, coming from statistics physics for rarefied gas, the Boltzmann equation
which describes the macroscopic and microscopic aspects in the non-equilibrium gas motion,
has similar wave phenomena in the macroscopic level.

In this section, the stability of the above three wave patterns for the Boltzmann equation
will be illustrated. It is worthy to pointing out that even though the stability of each wave
pattern is now well understood, the stability of the wave pattern to the Riemann problem
consisting of these basic wave patterns is still not known. It is somehow due to the differences
in the analytic techniques used for different wave patterns and the different properties of the
basic wave patterns in terms of monotonicity and decay rates. Notice also that these three
wave patterns are the basic components in the wave patterns for general systems (3.4.1) and
(3.4.2).

In the level of the compressible Navier-Stokes equations, there have been intensive studies
in the respect of wave phenomena in the development of the mathematical theory for viscous
systems of conservation laws since 1980’s, started with studies on the nonlinear stability of
viscous shock profiles. Deeper understanding has been achieved on the asymptotic stability
toward nonlinear waves, viscous shock profiles and viscous rarefaction waves; and the linearly
degenerate wave, contact discontinuities. They are shown to be nonlinearly stable with quite
general perturbations for the compressible Navier-Stokes system and more general system of
viscous strictly hyperbolic conservation laws (3.4.2). Moreover, some new phenomena have
been discovered and new techniques, such as weighted characteristic energy methods and
uniform approximate Green’s functions, have been developed based on the intrinsic properties
of the underlying wave patterns. Precisely, when the solution to the corresponding Riemann
problem of the compressible Euler equations consists of only shock waves, the smooth solution
profile to the compressible Navier-Stokes equations is the so called shock profile satisfying a
system of differential equations with two given end states. Since shock wave is a compression
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wave, the monotone decreasing property of the characteristic speed in the shock profile plays
a crucial role in the stability analysis. In different settings, the nonlinear stability of the
shock profiles with smallness assumption on its wave strength has also been established.

When the solution to the corresponding Riemann problem consists of only rarefaction
waves, the corresponding nonlinear stability results are also obtained in different settings.
Notice that the rarefaction wave is an expansion wave and the monotone increasing property
of the characteristics is also crucially used in the stability analysis. In particular, the stability
of strong rarefaction wave can be studied. Moreover, it shows that, for the general gas, a
global stability result holds for the non-isentropic ideal polytropic gas provided that the
adiabatic exponent v is close to 1. Furthermore, for the isentropic compressible Navier-
Stokes equations, the corresponding global stability result holds provided that the resulting
compressible Euler equations is strictly hyperbolic and both characteristic fields are genuinely
nonlinear. Here, global stability means that the initial perturbation can be large. Since it
does not require the strength of the rarefaction waves to be small, these results give the
nonlinear stability of strong rarefaction waves for the one-dimensional compressible Navier-
Stokes equations.

The problem of stability of contact discontinuities is more subtle because of its degeneracy.
The contact waves for the systems of viscous conservation laws with uniform viscosity was
shown to be metastabe. Moreover, the point wise asymptotic behavior toward viscous contact
wave by approximate fundamental solutions leads to the nonlinear stability of the viscous
contact wave in L,-norms for all p > 1.

For the compressible Navier-Stokes equations, the nonlinear stability of a viscous contact
wave to the free boundary value problem was proved in the sup-norm and then to the Cauchy
problem with zero excessive mass condition which excludes the possible presence of diffusion
waves in the sound wave families. The rigorous mathematical proof of the stability of contact
wave for general perturbation was obtained recently which gives a satisfactory answer to the
stability of this linearly degenerate wave.

Notice also that for the contact wave, a convergence rate of the order of (14 ¢) 1in sup-
norm is by-product of the stability analysis. However, there is no convergence rates obtained
so far for the two nonlinear wave, i.e., shock and rarefaction wave.

Based on the knowledge on the Navier-Stokes equations, the stability of wave patterns
for the Boltzmann equation can be studied accordingly.

For the Boltzmann equation with a non-trivial solution profile connecting two different
global Maxwellians at x = 400, it is reasonable and better to decompose the Boltzmann
equation and its solution with respect to the local Maxwellian. As presented in the last
section, the governing system for the fluid components is of fluid-type so that the techniques
for the compressible Navier-Stokes equations can be applied with some extra terms coming
from the non- fluid component. Moreover, the dissipative effect of the linearized operator
on the non-fluid component helps to close the energy estimate for the Boltzmann equation.
Similar to the compressible Navier-Stokes equations, the dissipative effect in the Boltzmann
equation also spreads out the basic wave patterns so that the energy method can be applied.
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3.4.1 Basic Wave Patterns

In this subsection, we first review some concepts and definitions of basic wave patterns to the
system of fluid dynamics, that is, the systems of Euler equations and Navier-Stokes equations.

To have the picture of basic wave patterns, one can consider the Riemann problem for
the one dimensional compressible Euler equations

.
vy — Uy = 0,

U+ pa =0, (3.4.3)

u?
(e + —) + (up), =0,

\ 2 t

with Riemann data

.2 (u)? <'U,,u,,e, + %) , x <0,
(v,u,e+ ?) (0,2) = (vg,ug,eg + 2 ) (x) = (3.4.4)

2 2
<v+,u+,e+ + %*) , x>0

For simplicity of presentation and the consistency with the Botlzmann equation for
monatomic gas, the gas is assumed to be ideal and polytropic so that the pressure p and
the internal energy e have the following constitutive relation:

JE - -
p(’U, 0) = " = AU exXp ( ” S> s 6(1), 0) = 5 1, (345)

where R > 0 is the gas constant, v > 1 the adiabatic exponent and A a positive constant.
In thermodynamics, by giving any two of the five thermodynamic variables, v, p, e, 6, and s,
the remaining three are determined.

Denote the conserved quantities by

t
_ vl o
m(t,z) = ('U,u,(9+ 55U ) : (3.4.6)

By finding the eigenvalues of the Jacobi matrix of the flux function with respect to the
conservative quantities, the characteristic speeds of the Euler equations are

)\1 - — ﬁ, )\2 - 0, )\3 - ﬁ, (347)
v v
with the corresponding right eigenvectors
R —1
ro(m)=1 0 |, ri(m) = Ai , 1=1,3. (3.4.8)

p (7;{1)17 + (W—R})U)\i
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The first and third characteristic fields are genuinely nonlinear which give rise to rar-
efaction and shock waves, while the second characteristic field is linear degenerate which
gives rise to contact discontinuities. We will assume in the following that the solution
m”(t,z) of the above Riemann problem consists of only one single type of waves. More
precisely, we assume that m_ and m, can be connected either by a contact discontinuity,
ie, my €CD(m_)={meR>®: p=p_, u=u_}; or by one 1—rarefaction wave and one
3—rarefaction wave, i.e., there exists a unique m € R?® such that m, € Ri(m_) U R3(m),
where

Ri(m_) = {m eR¥: s=s_, u— / V=pu(z,8_)dz = u_ —/ _\/—pv(z, s_)dz, v < v} ,
and

Rg(m):{meR?’: s=7, u—i—/v\/mdz:ﬂ—i—/v\/mdz, vz@};

or by one 1—shock wave and one 3—shock wave, i.e., there exists a unique m € R3 such that
my € S1(m_) U S3(m), where

o(m_,m)lv] = —[u], ofu] = [p]
Sim_)=<{mecR? o(m_,m) [e + %] = [up] )
A(m) < a(m_,m) < \(m_)
and
o(m,my)l] = —[u], o(m,my)u] = [p
Ss(m) = ¢ m e R? o(m, my) [e + %] = [up)

Aa(1m) < o (T, my) < Aa(77)

Corresponding to the above three cases, we simply write the Riemann solution m” (¢, x) to
(3.4.3) and (3.4.4) as mCP(t,x), mR(t,z) = m™(t,z) + m®(t,x) — m, and m®(t,z) =
mS(t, z) + mS(t,z) — m respectively. It is worthy to pointing out that to guarantee the
solvability of the Riemann problem (3.4.3) and (3.4.4), |m, — m_| is not necessary to be
small.

In the Navier-Stokes level, the dissipation from the viscosity and heat conductivity spread
out the discontinuity so that the shock and contact discontinuities become smooth shock
profile and contact wave profile. Without any ambiguity, in the sequel, we sometimes still
call such waves in the Navier-Stokes or Boltzmann level as shock and contact discontinuity
to adhere to its original property in the Euler level.

The one-dimensional compressible Navier-Stokes equations in the Lagrangian coordinates
takes the form

vy —u, =0,
utpe = (1), (3.4.9)
(e+%) + (e = (% + p2e),
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where p and k are the coefficients of viscosity and heat-conductivity.
Now we assume that the initial data satisfy

u? u? u3
(Ua u, e+ 5) (O,l') - (U())an €o + EO) (l’) - (U:bu:l:) et + %) as & — £00. (3410)

Here vy > 0, e4, us are constants. Depending on the values of these two states, the solution
profile has the above three basic wave structures as illustrated below.

For the case when m, € S;(m) U S3(m), (3.4.9) admits viscous shock profiles M (x —
61(m_,m)t) and M5 (z—o3(m, m, )t) which are unique up to a shift and satisfy M5 (—o0) =
m_, M5 (+00) = m, MS3(—o00) = m, M%*(+00) = m,. Here the j-th characteristic speed
Aj(m) is monotone decreasing along the j-th viscous shock profile M%i(z), ie.

0N (M (x))
ox
Notice that the above monotone property of the characteristic speeds along viscous shock
profiles is crucially used in the nonlinear stability analysis of viscous shock profiles.
Since the shock profile is orbital stable, for any constant vector («, 3) € R?, the shock
profile with two shock waves of different families takes the form

<0, j=1,3 (3.4.11)

M3(t, x; o, 3) = M (x — Ul(m_,m)t+a> + M3 <x — o3(m, m+)t—|—ﬁ) —m. (3.4.12)

Both for Navier-Stokes equations and the Boltzmann equation, the rarefaction wave profile
is not defined as an exact solution, instead, it is an approximate profile with monotonicity
property. One way to construct the smooth approximate rarefaction profiles is to use the
inviscid Burgers equation for the characteristic functions. That is, when m, € Ri(m_) U
Rs(m), let w;(t,z)(j = 1, 3) be the global smooth solutions to the following Cauchy problem

{ )\jt + )\j)\jx = 0,

= D e NP N Vi . (3.4.13)
Ai(0,2) = Njo(x) = 252 + 5= tanh(ew), j=1,3,

where A\ = A(m_), A\ = M (M), 3= = A\3(M), A31 = Ag(my), and € > 0 is a suitably
small but fixed constant which is introduced here to control both the possible growth of the
solution caused by the nonlinearity and the interactions of rarefaction waves from different
families.

Since Ajo(x) is increasing, (3.4.13) admits a unique global smooth solution w;(t,z). By
using w;(t, z), the smooth j-th approximate rarefaction profile (V% (¢, z), U%i (t, ), S%i (¢, z))
can be constructed as follows:

( Sti(t,x)= SM(t,z)=s_=s,,

Aj (VRJ'(t, x),s,) = w;(t,x), j=13,

VL (t,x) v_
Uli(t,z) — / V=pu(z,8 )dz= u_ — / V =po(z,5_)dz,
VRS (tx

) vy
UBs(t,z) + V—Du(z,82)dz = uy +/ V —Du(z,5-)dz.

(3.4.14)
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Then the smooth functions (V% (¢, x), UR (t,z), ST (t,z)) are globally well-defined and
solve the Euler equations (3.4.3) exactly. Moreover, they satisfy that the j-th character-
istic speed Aj(m) is monotone increasing along the j-th approximate rarefaction profile

(VB (t,x), U (t,x), ST (t, x)), i.e.

O\ (VRJ' (t,z),s-)
ox

>0, j57=1,3, (3.4.15)
and

N R, R, (R R, _ -
tllgrnooiler%’(v i(t,x), U (t,x) — (VY (), W™ ()| =0, j=1,3. (3.4.16)
Finally, the contact wave corresponding to the contact discontinuity can be defined as a

nonlinear diffusion wave approximately as follows. When m, € m®P(m_), the contact wave
profile (VP (t,x), UP(t, z), 0P (t,z)) can be constructed as

VCD(t,x) _ R@(t,yc)7 UCD(t,x) _ aRO,(t, )

P+ p+O(t, z)

2

0Pt a) = Ot z) — L1 (UCP(t,2))°.
(3.4.17)

2R
Here O(t,z) = © ( = ) is the unique self-similar solution to the following diffusion equation

t+1
o 0s _ kp+(y=1)
{Qt_(ae)m’ a="p— >0,

f(—o0) =6_, 0(+00) = 6.

It is straightforward to check that (VEP(t,z), UP(t,x), O“P(t, 1)) satisfies
[(VEP (@), UP(t, 2), 0P (t,2)) = (vP(t, ), uP(t, ), 0P (t, 2)) || Loy
~0 (/ﬁ) (1+1)%, (3.4.18)

which implies that the nonlinear diffusion wave (VEP(t,2),UP (¢, 1), 0P (¢, z)) converges
to the contact discontinuity (v°P (¢, z),uCP (¢, x), 0°P(t,z)) to the compressible Euler equation
(3.4.3) in LP(R) norm for each p > 1 on any finite time interval as the heat conductivity
coefficient x tends to zero.

With the above preparation, in the following subsections, we will discuss the stability of
the above three basic wave patterns to the Boltzmann equation respectively.

3.4.2 Basic Ideas in Stability Analysis

Before discussing the stability of basic wave patterns in the Boltzmann equation, we now
review some basic ideas on the stability analysis of the wave patterns in fluid dynamics by
considering the viscous Burgers equation:

w2
up + (E)m = €Uy, (3.4.19)
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where u(t,x) € R and € > 0 is a constant.

Given a background solution ¢(¢,z) with definite sign on ¢,(t, ), the following simple
calculation shows that anti-derivative should be taken when the sign of ¢,(t,z) is negative,
cf. [92].

When ¢, (t, x) > 0 which corresponds to the case of rarefaction wave, set
u=¢+n.

The equation for v becomes
2

v
Uy + (5)1

By assuming v vanishes at infinity, direct energy estimate yields

¢
/v2dx—|—/ /(qﬁva—I—Qevi)d:pdt:/vgdx,
R 0o Jr R

which is the lower order estimate. Here, vy is the initial data. And the higher order estimates
follow straightforwardly for this simple example.

However, when ¢,(t,z) < 0 corresponding to shock wave, the above calculation does not
give any desired energy estimate. To cope with the sign of ¢, appropriately, one should
consider the anti-derivative of the perturbation. Since the shock wave is orbital stable, up to

a shift, we can assume
/ (u— ¢)dx = 0.
R

Then by defining V' = ffoo(u — ¢)dzx, the equation for V' becomes

+ (9V)s = €Vga. (3.4.20)

2

Vi + oV, + %“ =V, (3.4.21)

Then direct calculation yields the lower order estimate

t
/ Ve + / / (= V? + 26V2)dadt = / V2dz + h.o.t.,
R 0 R R

where 1} is the initial data and h.o.t. represents the higher order terms which can be closed
by higher order estimates.
Finally, for contact wave profile, there is no definite sign of ¢, (¢, ), the above analysis does
2

not apply. For this, let’s assume ¢ = \/61—67 W40 is a linear diffusion profile satisfying
47 (1+t)
(bt = ¢zza

where 6, = [p u(0, 2)dx. Then, since [, (u — ¢)dz =0, we can set V = [*_(u — ¢)dx which
satisfies

1 1
Vit GV 4 0Ve + 567 = Vo (3.4.22)
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Under the a priori estimate ||V|[ze 4 [[V|lzee < 02 with 6 = [01] + d2 << €, we have the
following lower order estimate by direct calculation

Lk V2d$+€/‘/902d1’S05(1+t)_1/V2d$+05(1+t)_%, (3.4.23)
dt Jg R R

where ¢ > 0 is a generic constant. This immediately implies that the L? norm of V satisfies
V]| < ed(1+t)3. To close the L2 estimate, one can combine this with the estimate on the
derivatives. That is, by differentiating the equation for V' with respect to x and multiplying
it by V., we have

d
— [ VZdx + e/ VZ2dr < cd(1+41)7" / V2dz + ed(1 + t)_%. (3.4.24)
dt J R R

This gives ||V,|| < ¢6(1 +¢)"4. Hence, the V|| can be closed. In fact, a priori estimate
on the H' norm on V, together with ||V e can be closed by similar estimates on higher
derivatives. The convergence rate for contact wave is a by-product of the stability analysis
even though it is an almost open problem for shock wave and rarefaction wave.

3.4.3 Stability of Shock Profile

Now we come to the stability of basic wave patterns for the Botlzmann equation. Since
the wave patterns considered here are one dimensional profiles, we consider the Botlzmann
equation with slab symmetry,

fit&fe=Q(f. f), (fit,2,6) €Ry xR xR xR, (3.4.25)

According to the decomposition and reformulation in Section 1.2.3, the system of conservation
laws governs the macroscopic components becomes

(

pr+ (pur)e = 0,
(ue+ (i +), = $(u0yun) - ([ ) .
x R3 .

_( 5152@1(15) )
x R3 >m

(pus)s + (puiuz), = (M(G)U:«‘)z)x - ( R3§1§3@1d§

(puz)s + (puru)s = (ju(0)us:)

[P Gluf* +€)], + (u (p GluP +£) +p)) = (+@)6:) + 5 (pOpmu)
+

where

0, = L} (G, +P1(6,G,) — Q(G, G)). (3.4.27)
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And the equation for the microscopic component is
G, +P(&5M,) + P1(&G,) = LG + Q(G, G). (3.4.28)

Since the problem considered here is one-dimensional, it is more convenient to use the
Lagrangian coordinates as in the study of the conservation laws. That is, consider the coor-
dinate transformation:

r = / py,t)dy, t=1t.
0

We will still denote the Lagrangian coordinates by (x,t) for simplicity of notation. Then the
equations (3.4.25), (3.4.26), (3.4.27), (3.4.28) and the initial condition can be rewritten in
the Lagrangian coordinates as

ft_ u_vlf.x"_%fz :Q(faf>7
(3.4.29)
f(0,2,8) = fo(z,§) — M[vi,uiﬂi}(@a as & — £00.
1 1

G — %Gz +-Pi6M,) + ~Pi(6G.) = LuG + Q(G. G), (3.4.30)

with
1
G = Ll(/ll (;Pl(flMx)> + O,
and
1

9, = Ly} (Gt - %Gx +-Pi(6G.) - Q(G, G)) , (3.4.31)

and
( vy — U, = 0,
wntpa= (1 / £0,,de.
L (#0) O,..d = 2,3,
Uit v uzx glgl 2x 57 1= (3432)
ul? (0 7]
(%), e (210 ] ()
3
+> (@uzuzz) — / 561/€[7Oa,dE.
\ 1=2 T R3

When (py,uy,04) € Si(p_,u_,0_) USs;(p,u,0), as for the compressible Navier-Stokes
equations, one first needs to construct the shock profile ¢(x—st, £) to the Boltzmann equation
(3.4.25). It is proved in [50] that (3.4.25) admits a travelling wave solution ¢, (x — o1t, &)
and ¢3(x —o3t, {) which connect Mj,_,_ 4 ) and M[ﬁ,ﬂﬁ}’ M[pu 7 and M,, ., o.] respectively.
Here oy = o1(p_,u_,0_;p,w,0) and o3 = 03(p, @, 0; p1,us,04).

Set

(b(t,l', f) = (bl(l' — O'lt, f) + (bg(l’ - Ugt, f) - M[ﬁ,ﬂﬁ](g)' (3433)
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Assume that the perturbation of fy(x, &) around ¢(0, z, £) has zero mass, i.e.,

/ %@wﬁKﬁ@ﬁ)—M&a@y@mzo,i:OJ@ﬁA. (3.4.34)
R JR3

Then it is easy to verify

/ %u@fmﬂuaﬂ—¢@LQ%mM:0,i:QLZ&Q
R JRS3

so that we can introduce the anti-derivative of the macroscopic components

Wita) = [ [ Bt (F0.0 - oty )y, i=01.234  (3.435)
Here, ¢, (t, 2,£)(i = 0,1,2,3,4) given by

@ (t x 5) —Uz(t,:L‘),
Uit &) = v(t,n)&, i=1,2,3,

Ualt, @, 8) = Fu(t 2)|Ef’,

are the collision invariants in the Lagrangian coordinates.

To estimate the macroscopic components W;(t, x), one can apply the techniques for the
compressible Navier-Stokes equations. Notice that the compressibility property of the viscous
shock profiles, i.e. the inequality (3.4.11) plays an essential role in the analysis. However,
the profile ¢(t, z, &) may not have this monotonicity property. Fortunately, ¢(¢,x,&) can be
well-approximated by ¢™V5(t, z,£). Here

¢Ns(tax7€> = M[VS,US,@S} (taxag)a (3436)

is defined by using the shock profile for the compressible Navier-Stokes equations with the
corresponding fluid components equal to V(¢ z), (Us(t, x),0, O) and ©°(¢, 7). Recall that
the functions V°(t, z), U%(t, z), and ©%(t,z) are uniquely determined by M?*(t, z;a, 3) de-
fined by (3.4.12) through the relation

M3(t,z) = (Vs(t,x),US(t,x),@S(t,x) + % }Us(t,x)’2) :

Notice that in the present case, v = %, R = %, A = 2%@7 and « = # = 0. And the
monotonicity property of the characteristic fields in the present case implies that U; < 0 for
r € R.

With the above notations, the nonlinear stability of the Boltzmann shock profile proved

in [53] can be stated as follows.
Theorem 3.4.1 (Boltzmann shock profile) Assume that

(/0+7u+79+> € Sl(p,,u,,e,) U 83(ﬁ7 U, 5)
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and (8.4.34) is satisfied, then there exist small positive constants oy and €g, a global Mazwellian
M. such that if |(py,us,04) — (p—,u_,0_)| < dy and

S IWi0.2) ey + D |5 (foa:@ o0.2.9)

0<i<2 Lz <L5<\/M—))

< €0, (3437)

then the Cauchy problem (3.4.25) admits a unique global solution f(t,x,&) satisfying f > 0
and

lim sup Hf (t,z,€) gb(t,x,f)‘ L

t—o0 z€R 5(\/&4—*)

= 0. (3.4.38)

As a consequence, the positivity of the Boltzmann shock profile ¢(t,z,&) can also be verified.

Here and in the sequel, f(§) € L (\/Lﬁ) means that \ﬁ) e L? <R3>

The proof of this theorem is based on the following a priori estimate

N(t)* = sup {Z Wi, @) | 2 )

0<r<t

// ( + Y EMAES) 4 v 8f)(r)d£dx}§5%.
R? al=1 al=2

where §; > 0 is a sufficiently small constant, and 0% = %. Here, G = G — G with

. {m o1 (S es e vz )Mt } (3.4.39)

G(tv Z, 5) = RO (t,x)

With this a priori assumption, the following estimate can be obtained

- G? (0°M)* + (9°G)? (9°)?
; (Wit )77z + /R/R M T 2o N + D | dde

|af=1 * |a]=2 -

+/Ot/R((—U£)i4 t:p|2+z S Wit o)) dedt

=0 1<|a|<2
' va(§)G vm(§)]0°GJ?
+ (S N IS 2 et
L L 2 M

< ¢(67 + N(0)?),

which leads to the stability of the shock profile in the theorem.
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3.4.4 Stability of Rarefaction Wave

For the other two cases, unlike the Boltzmann shock profile, we use the time-asymptotic wave
patterns for the compressible Navier-Stokes equations to construct the time-asymptotic wave
patterns for the Boltzmann equation. In fact, for the case when

(p+7u+70+) € Rl(p—au—ae—) U R3(ﬁ7 u, 5)7

let VE(t,z), UR(t,z), and SE(t,x) be the functions defined by (3.4.14) and

Of(t,z) = %exp (7—};153(75,1;0 (VE(t,z))~0-D,

and set

V(t,z) =Vt z), Ult,z) = (U"(t,2),0,0), O(t,z) = O%(t,z).

By using the monotonic property of the characteristic fields, it is straightforward to check
that U > 0 for z € R which is used in the energy estimate. For the Boltzmann equation,
we have v = %, R = % and A = 2%@ as in the case for shock profile. Then, define

M(t,z,&) = Myr yronr(t, 2, €). (3.4.40)
The following result from [54] is about the stability of this rarefaction wave.
Theorem 3.4.2 (Boltzmann rarefaction wave) Assume that
(prsuy,04) € Ra(p—,u_,0-) URs(p,u,0),

and § = |u_ —uy| + |0- — 04| satisfying

sup  OFf(t,z) < inf OF(t ). (3.4.41)

0 < !
77 ) S
’ 2 (t,x)ER4+ XR (t,z)eR4 xR

If the initial data fo(z,€) is close to the local Mazwellian M defined in (3.4.40):

HfO(xag) - M(Oaxvé)}

(12 ) S 0 (3.4.42)

*

then for sufficiently small positive constants €9 and €, there exists a global Mazxwellian M,
such that the Cauchy problem (3.4.25) admits a unique global solution f(t,x,&) which for
some positive constant §g = O(1)(gg + €) satisfies

Hf(t,:c,f) - M(t,x,ﬁ)’ < . (3.4.43)

12 (22 (r))

Moreover, the solution tends to the Euler rarefaction wave time asymptotically:

tg}r& Hf(t,:c, ) — M,z % g7 HL;O (L?( 1 )) =0. (3.4.44)
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The proof of this theorem is based on the following a priori estimate

N(t)? = sup {/ (v—VE u—UR 0 —08)2(r, x)da
R

0<r<t

[ < Y MGl g )(r,x,@d&dx} <.
R3 lal=1 |ar|=2

Here 6; > 0 is a suitably chosen small constant. Here, again G = G — G with

L5 {m o1 (e oty U )Mt } (3.4.46)

G(tv Z, 5) = R0 (t,x)

(3.4.45)

The following energy estimate can be obtained by some technical calculations

*

lal=1 |al=2

Jolv = VE u—UR G- @R2da¢+//< Y @MEHENGT s (@0 )dgdx

t
+/ /(Uf(v—vR,u—UR,e—@R)2+ > 10w —VEu—U"0—0"))drdt
0 JR

1<|81<2
v (§)G? vm(§ |5"”‘ ?
+ Yd€dxdt
///R?’ M. 1<|§<2

< cles + N(0)?),

which gives the theorem.

3.4.5 Stability of Contact Wave

Finally, for the case
(p+7 Uty (9+) S C’D(p,, u—, 9*)7

we first need to define a wave profile consisting the contact wave and two diffusion waves
in the other two characteristic families so that the mass of the macroscopic components in
the initial perturbation can be uniquely distributed. Precisely, let @( ) be the unique
self-similar solution of the following nonlinear diffusion equation

O, = (a(©)0,),, O(—00,t)=0_, O(+oco,t) =10,

where the function a(s) = gpiers(s) > 0. Here we have used v = 2, R = % and x = k(f). Then

the contact wave profile defined in Section 1.4.1 gives

2 2a(0)
VCD — _@’ UCD —
3p+ ' 3p+

1
0., UP =0 i=23, @CD:@—§|UCD|2.
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To introduce two diffusion waves in the sound wave families, let

0 -1 0 0 -1 0
_ 2 2

A= _Z_, 0 3v_ , Ay = _Iqj_i 0 30y )
0 p_ O 0O py O

be the Jacobians of the flux function of the corresponding Navier-Stokes equations at the
states (v_,0,0_) and (v, 0, 0, ) respectively. It is easy to check that A\ = —, /gﬁ—: is the first
eigenvalue of A_ with r;7 = (—1,\],p_)" being the corresponding right eigenvector. And

A = g% and r{ = (—=1,\],py)! are those values in the third family of A,. Since 77,

(vy —v_,0,0, —60_)" and r; are linearly independent in R? by strict hyperbolicity, we have
/ (m(x,0) —m(x,0))dr = 01r] + 0(vy —v_,0,0, —0_)" + 031,

with unique constants 6;,7 = 1,2,3. Here m(x,t) and m(z,t) are the conserved quanti-
ties in the solution to the Boltzmann equation and the Navier-Stoke contact wave profile
(VP UCP ©P) without the momentum in the y and z directions. The time asymptotic
wave pattern in the conserved quantities can then be defined as

m(r,t) = m(z + 0, t) + 0,0,r] + 030577,

where

1 (@=A7 (141)? 1 _ @A atn)?

01(x,t) = —/———=¢  F | Oi(x,t) = —/——=e = F |
(@) NZTE) (1) An(l+ 1)
satisfying 01y + A 012 = 0100, 03¢ + N5 03, = Os,, and ffooo O;(z,t)dx = 1 for i = 1,3 and all
t > 0. Thus, we have [~ (m(z,0) —m(z,0))dz = 0.
Let VCD(t, x), UCD(t,x) and @CD(t,x) be the corresponding fluid components in the
above time-asymptotic wave pattern. The whole time asymptotic contact wave pattern in
the fluid components can then be defined as:

Vit,e)= V()
U(t, ) = (UCD(t,x),Ug(t,x),Ug(t,:c)>, (3.4.47)
o(t,z)= 87"t 1),

with

: — O __z | —
Ui(t, x) mexp( 4(t+1)>, i=2,3,

_ (3.4.48)
9i+2 = /UZ(O,JZ')dl', 1= 2, 3.
R
The time asymptotic wave pattern for the Boltzmann equation is,
M(t, x, &) = M[VCDﬁCDECD] (t,z,€), (3.4.49)
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which satisfies
/ it 2,) (f(t 2,6) — M(t,x £)>d§dx —0, i=0,1,2,34. (3.4.50)
We can then Eeﬁne the anti-derivatives of the fluid components
Wi(t, ) / st (t, v, §)<f(t y, €) — M(t, y, 5))d§dy, i=0,1,2,3,4.  (3.4.51)

The following stability result from [51] is on the stability of contact discontinuity.

Theorem 3.4.3 (Boltzmann contact discontinuity) Assume that

(p+> U, 0+) € CD(p—7 U—, 0—)
and let 6 = |0, — 0_|. Then there exist two small positive constants &y, €9 and a global
Mazwellian M, = M, ... g1, such that if § < 0g and the initial data fo(t, x,§) satisfies

4
om0 5
=0 TR s £2(2% (7))
then the Cauchy problem (3.4.14) admits a unique global solution f(t,x,&) satisfying
1 1
Hf (b, -Mtz©)| <O (e+a7) L+ (3.4.53)
L (12 () ( )

For the contact wave, the a priori estimate can be set as:

(fo(:c §) — M(0, 2 f)) <ep, (3452

N(T) = sup. {Z (IWill2oe + Wizl 32)

//R M. |\ a;f) D W 0 f) )dédzr} < 6. (3.4.54)

1 * o] =2

Here, G = G — G with

Lyt {P1 {51 <%90D(t w)+§1'U§D)M(t=$)} } (3.4.55)
G(t,z,¢) '

Rvl(t,x)

Under this a priori assumption, one can have the following energy estimates. Denote

A= annm [y G 5 O e,

* *

o \ 1 jal=2
9G)2
B Wl [ [ (MEE s~ mlO@C?
Z H /R/R3 M* 1<;|§2 M*
4 aaG2 o 2
C = Z||vmx||H1+//R3 D DA S LaT

i | \ 1 laf=2

D=>"| m|!H1+//R3 (ale *G + 3 m(i)v[ﬂ)dfdx.

0
4
i=0 1<|a| <2 ¥
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Basically, the energy estimates can be written as:

=

A+ B <c(do+e)(1+t) A+ c(do+ed)(1+1) 2,

Njw

Ci+D<cldo+e)1+t)'C+c(do+e)(1+1) 2.

These two inequalities imply

N

t
A+/ Bdt < c(6g+ €5)(1 + 1)z,

0
C<c(fo+e)1+1)2,

which give the desired estimate in the theorem.

3.5 Discussion

Besides the results presented above, the energy method has also been applied to the study
on the Boltzmann equation in different settings. For example, a lot of work has been done on
the Boltzmann equation with forcing, such as the case with external force, Vlasov-Poisson-
Boltzmann and Vlasov-Maxwell-Boltzmann systems.

However, so far the energy method is mainly used to describe the solution behavior in the
Boltzmann equation which has counterparts in the classical fluid dynamical systems. For the
solution to the Boltzmann equation, there is an interesting and important phenomenon called
“ghost effect” which is captured by the Boltzmann equation, but not by the classical fluid
dynamical systems. So far, it is not clear even though it is very hopeful that the combination
of the analytic techniques from the Boltzmann equation and the systems of conservation laws
can also be applied to the investigation of this interesting phenomenon.

To present the ghost effect in the Boltzmann equation, we write the Boltzmann equation
in its non-dimensional form

Shfy+&-Vaf + F-Ve- f==Q(f, f), (t,2,6) € Ry x R® x R?, (3.5.1)

1
K
Here F'is the vector for the external force. There are two parameters Sh and £ in the above
equation which are called Strouhal and Knudsen numbers respectively. Their product Sh - k
is 24/ times the ratio of the mean free time to the reference time. And the non-dimensional
parameters k and Sh -k not only characterize the different effects coming from the molecular
collisions, but also give the weight of the spatial and temporal derivatives with respect to the
collision operator.

In the previous sections, the relation between the Boltzmann equation and the classical
systems of fluid dynamics was presented in the Hilbert and Chapman-Enskog expansions
when Sh = 1 and k is small. And the study on this kind of relations was raised as the
Hilbert’s sixth problem, i.e., the “Mathematical treatment of the axioms of physics 7, in his
famous lecture “Mathematical Problems” at ICM in 1900.
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On the other hand, one can also establish some mathematical theories for the phenomena
described by the Boltzmann equation where the time evolution of the macroscopic compo-
nents are not captured by the classical fluid dynamical systems. This happens, for example,
when the parameters Sh and k as well as the macroscopic velocity are small while the density
and temperature are of the order 1, such as in the thermal creep flow. Unlike the Poiseuille
flow induced by the gradient of pressure and described by the Navier-Stokes equations, the
thermal creep flow is induced by the gradient of the wall temperature and can not be modeled
by the Navier-Stokes equations. There have been a lot of studies on this kind of phenomena
which is called the “ghost effect” in the Boltzmann equation. However, most of the previous
results are mainly built on the asymptotic expansions and numerical computations, or the
stationary linearized problems. Therefore, the time evolutionary and nonlinear problems on
this kind of phenomena provide a lot of challenging mathematical topics which have not been
well solved.

For the “ghost-effect”, since the fluid dynamic systems governing the time evolution of
the macroscopic components in the solutions are not classical, the well-posedness theory for
these systems by itself is already an interesting problem. In fact, we have found a new way
to derive these non-classical systems systematically. That is, we can use the decomposition
and new reformulation of the Boltzmann equation in Section 3.2.3 and the known and new
analytic techniques to study the limit process when s tends to zero. In other words, the
non-classical systems for the time evolution of the leading order in the macroscopic variables
provide a good description of the solution behavior when x is sufficiently small. Furthermore,
since most of the physical models have boundary and sometimes have external forces, one
should also investigate the effects of the boundary and the external forces on the solution
behavior.

For illustration, we now focus on the problems when the macroscopic velocity (i.e., flow
velocity) is of the order of k7 for 4 > 0 such as in the case for the thermal creep flow. The
problems related to the geometry of the boundary will not be discussed here.

To give a clear presentation of the problem, let’s rewrite the Boltzmann equation under
the following scalings:

1
ROJi+€-Vof + 1V (Ff) = ~Q(f, f). (3.5.2)
Here o and 3 are positive constants and the scalings just mean that the parameter Sh is
of the order of k® and the strength of the external force is of order of x”. Furthermore,

we assume that the solution to the Boltzmann equation has the following macroscopic and
microscopic decomposition:

f = M[p,/ﬂuﬁ] + /€5G, (353)
for some positive constants v and §. Here M, xvy ) is the local Maxwellian and G is the

microscopic component. Moreover, the local Maxwellian M, v, ¢ is again defined by the
five conserved quantities, that is, the mass density p(¢,z), momentum density m(t,x) =
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K7 p(t, x)u(t, z) and energy density & (t,x) + 5 |u(t, )| given by:

pltoa) = | f(ta.8)ds, wpu'(ha) = | Gil©)f(tw,€)de for i =1,2,3,

(e + 5] () = [ w200

_ _ o)
M= M08 = Rty (
As usual, 0(t, x) is the temperature related to the internal energy £ by €& = %RG with R being
the gas constant, and kYu(t, x) is the flow velocity. Here u is the scaled flow velocity which
appears in the equations for the macroscopic variables p and 6.

When k£ — 0, equation (3.5.3) implies that the solution converges to Mj, 4 formally.
Mathematically, the “ghost effect” means that the equations governing the time evolution of
the functions p and € depend actually on the scaled velocity v even though the macroscopic
velocity tends to zero. Therefore, the resulted system of equations for these macroscopic
variables, p,u and # are not given by either the classical Euler or Navier-Stokes equations.
Instead, different systems of equations arise from different settings. Even though they are
approximations, these systems provide the right description of the time evolution of the
macroscopic variables of the solutions in different physical settings. However, these systems
are not classical so that the known theories for Euler and Navier-Stokes equations can not
be applied.

Let us consider the typical case considered by Sone through Hilbert expansion, when
a=v=090=1and F = 0. In this case, the system for the time evolution of the leading
terms of p,u and 6 can be given as follows.

Firstly, we expand all the variables in the power of x and let (p° u°, 6°) be the leading
order of the variables (p,u,0). (Note that the zeroth order of w here is the first order in
Sone’s description because we put a factor « in front of u) Then formal expansion gives that
the zeroth and first order of the pressure function, denoted by p® and p', should be functions
of ¢ only. And then the system for (p°, u",6°) is:

( pg + Ve - (p"u’) =0,
(p"w)e + Vi - (pPuiul)

€ — KTu(t, @)
~ 2RA(t,x) )

= =32 + 3T (00 (ud)a, + (u9)a, — 2V - u06)]a, (3.5.4)
+2,%[F2(9)(92i02j - %|v$00|25ij]zj> 1=1,2,3,

5(P°0°) + 3V - (0°0°u°) = 3(T5(6°)62, )
where 5

P’ =00 p*=p’+ 3—]9()(F4(90>9gk)xk7
and p? is the second order term in the expansion for the pressure function, the summation
is over all the repeated indices. Here, all T;(0%), i = 1,2,3, 4, are positive smooth functions,
and we do not give their explicit expressions here for brevity.
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If p** is replaced by p°, the system (3.5.4) is similar to the compressible Navier-Stokes
equations even though there are some extra nonlinear terms in the momentum equation.
However, the pressure function in (3.5.4) is p? which is not given only by p® and 6° in the
system. Instead, the system is given under the constrain that the product p°6° is a function
of t only. Usually, the function p° is given by the boundary condition. Therefore, the well-
posedness of the above fluid dynamic system does not follow from the classical theory and
thus remains unsolved.

There is a systematic method to derive the leading order system for the macroscopic
components under the assumption (3.5.3) by using the Hilbert expansion described in Sone’s
book. However, this method does not give a clear presentation of the truncated terms which
need to be estimated in the limit process analysis. By using the macro-micro decomposition
and the reformulation introduced in Section 1.2.3, the derivation of these systems could be
more direct and useful when we study the limit process x — 0.

For the well-posedness theory of the non-classical fluid dynamic systems, let’s use the
system (3.5.4) to explain our ideas on solving these problems. As mentioned before, the
main difficulty in solving system (3.5.4) is that the pressure function p?* is not given by p°
and #° through the traditional equation of state. Instead, it should be solved by using the
constrain that p° = p°#° is a given function of ¢ only. Notice that both p° and 6° are functions
of x and t so that the constrain that their product should be a function of ¢ only is very strong.
One way to overcome this is to use the classical technique in the study of incompressible fluid
dynamics. That is, we set w® = V, x (p°u?), and then derive a closed system only for w®°
and 0°. Notice that when one takes “V,x” on both sides of the momentum equation in the
system (3.5.4), the pressure term V,P?** vanishes. In fact, the system for w® and ° can be
obtained by firstly noticing that

pPu’ = ATV, x w® + ATIVL(V, - (p'u?))
. . (3.5.5)
= AV, x w® — AV, (B — 00,
By using (3.5.5) in the momentum equation after applying V,x, together with the energy
equation, the system for (w?, 6°) takes the form:

w) = Myw® + By, 09 = My0° + By, (3.5.6)

where M, and M, are some elliptic pseudo-differential operators when V,0° is small, and E;
and F, are some nonlinear funtionals of (w", #°) and its spatial differentations together with
the operator A_!. Since the system (3.5.6) is very complicated, we will not give its explicit
expression here for brevity. It is hopeful to solve this system because the main structure
in (3.5.6) is parabolic. After solving (3.5.6), the values of p and p** can be determined
accordingly. Notice that the non-classical fluid dynamic system is different for different
setting so that some other analytic techniques could be needed for other cases.

After solving the non-classical fluid dynamic systems, one can try to justify the limit
process when x — 0. This justification can be based on the energy method to obtain the
uniform bounds on the macroscopic components (p, u, #) and microscopic component GG. The
enegy method is useful because the system has the dissipative structure similar to the Navier-
Stokes equation so that the techniques from the theory of conservation laws can be applied.
And the microscopic component G can be estimated through the celebrated H-theorem.
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Finally, physical models are usually accompanied by boundaries and/or external forces.
In fact, the “ghost-effect” usually comes from the effect of the boundary, such as in the
thermal creep flow. And the effect of the external force also yields new phenomena in the
solution behavior such as bifurcation. In summary, there are a lot of interesting mathematical
problems for the non-classical fluid dynamic systems related to the “ghost-effect” of the
Boltzmann equation, especially with boundaries and/or external forces. And it will be our
next research project to establish some mathematical theories for this kind of phenomena, in
particular, for the time evolutional and nonlinear problems.
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