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Preface

The Boltzmann equation is a milestone of classical and quantum kinetic theory of
gases [1-6]. It describes the evolution of a dilute gas, initially prepared in a
nonequilibrium state, by means of a statistical approach which allows to disregard
the detailed knowledge of the motion of the single particles. In the absence of
external forces, the gas undergoes a process of relaxation to equilibrium, whose
mathematical essence is captured by the celebrated H-Theorem, which also
marked the first clear onset of irreversibility in classical particle systems. On the
other hand, a different perspective in the behaviour of a fluid is offered by the laws
of continuum physics, which found a self-contained settlement in the equations of
hydrodynamics. This work is concerned with the ambitious and long-standing task
of linking the two different levels of description, the kinetic and the hydrodynamic.
The question arises as to whether this is actually an original ambition. The Grad’s
moment method, for instance, which still spreads its influence on the modern
theory of Extended Irreversible Thermodynamics [7], dates back to the late 1940s
of the last century. Earlier attempts are represented by Hilbert’s procedure and by
the Chapman-Enskog expansion, which constitute an important success in kinetic
theory, as they allowed to derive the hydrodynamic laws from the Boltzmann
equation and provided consistent expressions for the transport coefficients. How-
ever, almost a century of effort to extend the hydrodynamic description beyond the
Navier—Stokes—Fourier approximation failed even in the case of small deviations
around the equilibrium, due to the onset of instabilities which prevent the use of
the hydrodynamic solutions [8, 9]. A different route, in kinetic theory, is repre-
sented by the recent Invariant Manifold method [10]. This technique, based on the
computation of a slow invariant manifold in the space of distribution functions,
provides hydrodynamic equations which are stable and remain valid also at short
length scales, provided that the condition of local equilibrium holds. Thus, the
purpose of this work is to offer a short survey over a field of active research, which
aims at bridging time and length scales, from the particle-like description inherent
in the Boltzmann theory up to the hydrodynamic setting. Our plan is to perform a
bottom-up approach, which steps from the statistical foundations of the Boltzmann
equation to the spectral properties of hydrodynamic fluctuations. Our natural

vii



viii Preface

inclination is to shape things as they were rooted and naturally emerging each from
the other: i.e., by showing, for instance, how typical kinetic equilibration rates
affect the normal modes of hydrodynamic fluctuations and, also, how the hydro-
dynamic setting may be successfully extended to length scales comparable with
the mean free path. A great scientist of our times, J. L. Lebowitz, expressed, in
[11], his own surprise in considering that, in spite of the hierarchical structure of
Nature, characterised by a variety of time and length scales, it is still possible, to
some extent, to discuss the various levels of description independently of one
another. “Thus, arrows of explanations between different levels always point from
smaller to larger scales, although the origin of higher level phenomena in the more
fundamental lower level laws is often very far from transparent”. Our overall
impression, which we would like to share with the reader, is that a unifying
approach is finally starting to take shape.
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Chapter 1
Introduction

A certain number of techniques have been designed in the kinetic theory of gases
to derive macroscopic time evolution equations from the Boltzmann equation. Most
of these methods require the single-particle distribution function to be parameter-
ized by a set of distinguished fields, such as the hydrodynamic ones: the number
(or mass) density, momentum vector, and temperature. This is a plausible assump-
tion as long as the microscopic dynamics enjoys a vast separation of time scales and
local thermodynamic equilibrium exists. Moreover, the derivation of hydrodynamics
from kinetic theory is often concerned with the hydrodynamic limit of the Boltzmann
equation. Loosely speaking, one is interested, typically, in the scaling of the Boltz-
mann equation with respect to some reference macroscopic length and time scales,
which are expected to largely dominate the intrinsic kinetic scales. Nonetheless, it
makes sense to consider the extension of the hydrodynamic description beyond the
standard domain, considering reference scales comparable with the kinetic ones.
This is the subject dealt with by generalized hydrodynamics [1, 2]. There are several
delicate aspects hindering this line of investigation. A first, natural, objection points
to the fact that below a certain length scale, the notion itself of “local equilibrium,”
which is brought about by a sufficiently large number of particle collisions, is ques-
tionable. Moreover, from the technical side, one typically deals, in this context, with
perturbative methods, such as Hilbert’s procedure or the Chapman—Enskog (CE)
technique, which, at a certain order of truncation, may give rise to artificial instabil-
ities [3, 4]. In particular, the CE method introduces an expansion of the distribution
function in terms of a parameter, the Knudsen number, defined as the ratio of the mean
free path to a representative macroscopic length. For small values of the Knudsen
number, the CE method recovers the standard Navier—Stokes—Fourier (NSF) equa-
tions of hydrodynamics. In more refined approximations, referred to as the Burnett
and super-Burnett hydrodynamics, the hydrodynamic modes become polynomials
of higher order in the wave vector. In such an extension, the resulting hydrody-
namic equations may become unstable and violate the H-theorem, as first shown by
Bobylev [3] for a particular case of Maxwell molecules. This indicates that the CE
theory cannot be immediately trusted away from the hydrodynamic limit. Thus, while
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2 1 Introduction

the mathematical framework concerning the hydrodynamic limit of the Boltzmann
equation is well established [5, 6], there is no consolidated counterpart addressing
the short-wavelength domain. On the other hand, recent technological trends in the
emerging field of microfluidics [7, 8] demand an extension of hydrodynamics to the
short scales and enable the development of novel methods. In this work, we dis-
cuss the invariant manifold theory, which makes it possible to derive the equations
of exact linear hydrodynamics from the Boltzmann equation. The adjective “exact”
stems from the fact that the method leads to an exact summation of all the terms
occurring in the CE expansion. We will show, through the analysis of some solv-
able model, that the divergences of the hydrodynamic modes are actually removed
by additionally taking into account the very remote terms of the expansion. This is
made possible by solving a closed integral equation, called an invariance equation,
that connects the microscopic evolution of the distribution function with its dynamics
triggered by the set of hydrodynamic fields.

This work is structured as follows.

In Chap. 2, we will review the basic mathematical framework concerning the statis-
tical description of a classical many-particle system. We will also discuss a heuristic
derivation of the Boltzmann equation and some of its scaling forms relevant to our
approach.

In Chap. 3, we will outline some standard model reduction techniques, which allow
us to derive hydrodynamics from the Boltzmann equation.

In Chap. 4, we will introduce the correlation function formalism and discuss the role
of fluctuations in fluid systems from a macroscopic standpoint.

In Chap. 5, we will derive the equations of linear hydrodynamics from certain kinetic
models of the Boltzmann equation, thus providing the desired bridge between the
kinetic and the hydrodynamic descriptions, valid also at short length scales.

In Chap. 6, we will provide the explicit computation of the invariant manifold for
the Grad’s 13-moment system and illustrate the onset of a critical length scale below
which the hydrodynamic description fails.

Finally, conclusions are drawn in Chap. 7.
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Chapter 2
From the Phase Space to the Boltzmann
Equation

In this chapter, we will outline the general mathematical framework concerning the
statistical description of a many-particle system in the phase space. We will then
restrict our analysis to the single-particle space and will sketch the derivation of the
Boltzmann equation, which was originally derived by Ludwig Boltzmann (1872) for
a hard-spheres gas by merging mechanical concepts and statistical considerations.

2.1 The Phase Space Description

Let us consider a system of N identical particles, described by the coordinates
(q;,p;), with i = 1,..., N, which denote, respectively, the positions and the
momenta of the particles. For convenience, we will use the shorthand notation
(Q. P) to refer to the entire set of coordinates in a compact phase space % C RV,
The time evolution of this system is given by a flow S’ : 7 — %, with §" denoting
a one-parameter group of diffeomorphisms. We focus hereinafter on conservative
dynamical systems whose dynamics is dictated by the Hamiltonian H (Q, P), with
an interaction term defined by a (smooth) pairwise potential @ : R?> — R, depend-
ing only on the distance |q; — q;| between the ith and jth particles. The dynamical
systems under consideration are, moreover, equipped with a probability measure
1(dQdP), with support on U, absolutely continuous with respect to the Lebesgue
measure. Hence, we suppose that a phase space density F(Q, P), positive definite
and normalized, exists and is such that F(Q, P)dQdP represents the probability of
finding the system in the phase space element centered at the point (Q,P) € % .
The trajectory of (Q, P) is determined by solving Hamilton’s equations

w0 = 22 g =22 .
K _3131" Pt = dq;’ .
foreachi =1,..., N.
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4 2 From the Phase Space to the Boltzmann Equation

Let us introduce, then, the phase space functions, also called microscopic dynamical
functions, a(Q, P) : Z — R, which, under the evolution in the phase space, are
transformed, at time ¢, into a(Q, P, 7). It is useful to let the phase functions depend
also on a vector-valued parameter r, which in the sequel will denote the position
vector in the physical space. We restrict ourselves to smooth phase space functions,
which form a Lie algebra, given by the Poisson bracket {-, -}, defined as

N
day day  da; dan
{ai, az} = ; (aqi api B 8p,~ aQi) .

From Eq.(2.1), the time evolution equation for a(Q, P, r, ) can be written in the
form
0:a(Q,P,r, 1) ={a, H}, (2.2)

where J; denotes the partial derivative with respect to time. The values of (Q(z), P())
at time ¢, obtained by solving Eq. (2.1) for given initial values (Q, P), are expressed
by the following canonical transformations [1]:

Q),P@1) =S5 (Q,P), with S = e?, (2.3)

where Z[-] = {-, H} is the Liouville operator. The time-evolved phase function
a(Q, P, r, t) can be computed from Eq.(2.2) and also by exploiting the canonical
transformations (2.3). It attains the form

a@Q,P,r. 1) =eZ'a(Q,P,r) = a(e?"(Q,P), ), (2.4)

which holds under the assumption of smoothness of the phase functions a(Q, P, r, 7).
In other words, under a canonical transformation, a (smooth enough) dynamical
function a(Q, P, r) goes over the same function of its time-evolved arguments. At the
macroscopic level, the relevant quantities are represented by continuous functions
in the physical space—time, which we denote by A(r, t). One of the basic tenets
of statistical mechanics claims that for any observable a(Q, P, r, ¢), there exists a
unique macroscopic function A(r, t), given by the ensemble average of a(Q, P, r, 1),
with respect to the density F(Q, P):

A(r,t) = (a) = /a(Q, P,r, 1) F(Q,P)dQdP. (2.5)

It is worth remarking that the converse does not hold. There exist, in fact, certain
thermal quantities, which typically play an important role in thermodynamics, that
do not enjoy a mechanical definition and cannot be defined as shown in Eq.(2.5).
For instance, one such quantity is the entropy, which is not a property of a single
particle, but rather describes the overall “state of disorder” of the system. In this case,



2.1 The Phase Space Description 5

the corresponding dynamical function a(Q, P, r, ¢) is not a given, fixed microscopic
dynamical function, but it depends on the probability density F(Q, P) [1].
Using Eq.(2.4), we can rewrite Eq. (2.5) as

A(r, 1) = / [ef 'a(Q, P, r)] F(Q, P)dQdP, (2.6)

which therefore expresses the law of motion of a macroscopic quantity as induced
by the Hamiltonian dynamics of the corresponding observable in the phase space.
Equation (2.6) suggests an analogy with the Heisenberg representation of quantum
mechanics: the average is computed by keeping the state of the system fixed and
by letting the dynamical phase space variables evolve in time. Conversely, in the
Schrodinger-like picture, one may transfer the time dependence from the microscopic
dynamical function to the probability density by employing the time-evolved density

FQ,P,1) = e L'F(Q,P).

This allows us to rewrite Eq.(2.6) in the form

A(r,t) = /a(Q, P,r)F(Q, P, )dQdP, 2.7)

where the phase space density F obeys the celebrated Liouville equation
OFQ,P, 1) =—-ZLF(@Q,P,1). (2.8)
The solutions of Eq.(2.8) are time-independent densities satisfying the relation
{H, Fey} = 0. (2.9)

Every distribution of the form Foq = Feq (H(Q, P)) is readily seen to be a solution of
Eq.(2.9). We mention in particular the density pertaining to the equilibrium canonical
ensemble:

1
Feq(Q,P) = ge“@”(Q"’), (2.10)

where 3 = 1/(kpT), kp is Boltzmann’s constant, T is the temperature of the particle
system, kept fixed by an external heat bath, and Z denotes the canonical partition
function, which is related to the thermodynamic Helmholtz free energy [2].

In spite of its conceptual relevance, the Liouville equation (2.8) is intractable from a
practical point of view, due to the large number of particles. Thus, a more efficient
reduced description can be obtained by projecting Eq.(2.8) onto a subspace of the
whole phase space. To this end, we introduce the shorthand notation z; = (q;, p;).
We define the s-particle marginals Fs(z1, ..., Zg, t) as
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N
ﬂuhnlhnz/Fm“”JMnI]dy,wﬂj:L”qM 2.11)
Jj=s+1

which denotes the probability density of the first s particles (or of any given group of
s particles) at time ¢. To find an equation for the marginal F;, we integrate Eq. (2.8)
with respect to dz1, . . ., dzy, thus obtaining the so-called BBGKY hierarchy [3],
which reads

O Fy = ZFs + <gs+lFs+la withs =1,..., N,

where

8¢Oq, q;)) OF;
SRIIED R

i=1 i=1 j=1

0D ( ) ﬁFv
%HFH]:(N—s)Z / dz, 11 'q’aq Ll ap“ (2.12)

The meaning of Eq. (2.12) is clear: the variation in time of Fy depends on the interac-
tion of the s particles among themselves (which is the contribution provided by the
operator .%;) and on the interaction of the first s particles with the rest of the system
(represented by the operator €5 1).

Let us also inspect the microscopic dynamical functions more closely. We introduce
the one-point empirical distribution of the many-particle system, defined as

N
> 80— a3 —py), (2.13)

i=1

where r and £ are parameters corresponding, respectively, to the position and momen-
tum vectors in the single-particle space. In Sect. 2.2, we will clarify, in particular, in
what sense the expression (2.13) is “well represented” by the distribution function
entering the Boltzmann equation. Here it suffices to notice that the marginal F7 is
related to the phase space average (2.7) of the one-point empirical distribution (2.13),
as follows:

N
<Z d(r — q)a(E — p,~)> = NFi(r.&.1). (2.14)

i=1

Furthermore, as we will see in Chap. 4, many phase functions of interest are obtained
by multiplying the phase space distribution (2.13) by some function of £ (see, e.g.,
Eq.(2.44)) and by integrating over the momentum space [4]. For instance, the local
number density n(Q, r) reads


http://dx.doi.org/10.1007/978-1-4614-6306-1_4
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N
n(Q.r) =D 5(r—qp). (2.15)
i=1

The macroscopic number density n(r, t), which, as discussed in Chap. 3, results from
a proper integration of the density F in the single-particle space, can also be derived
by taking the ensemble average of the highly discontinuous phase function (2.15)
with respect to the phase space density F(Q, P, 7). Analogously, we define the two-
point empirical density as

N N
DD 50— q)i& —piri — a3 —p)), (2.16)

i=1 j=1

whose phase space average yields N (N —1) Fo (r, &, r1, &1, t). Anintegration over the
momenta leads to the two-point density function n(r, r, t), which typically differs
from the product of the one-point densities n(r, t)n(ry, ) as long as the distance
|r—r1]| is small. The deviation, which stems from the presence of particle interactions,
corresponds to the two-point correlation [1]. In particular, if we denote by V the
volume of the system, then the two-point function n(r, r1) for ahomogeneous system
can be written as

2
n(r,ry) = (%) g, ), (2.17)

where the correlation function g(z) (r, r1) measures the extent to which the structure
of a fluid deviates from complete randomness. If the system is also isotropic, then g
depends only on the magnitude of the separation s = |r — ry|: in this case, the pair
correlation function is denoted by g(s) and is referred to as the radial distribution
function [5]. By taking the ensemble average of Eq.(2.16), in which the phase space
coordinates (q;, p;) and (q P j) are evaluated at two distinct times, say ¢ and ?1,

N N
DD 50— q;(0)3(E — p; (1)) — q;(1)5(E; — p; (). (2.18)

i=1 j=1
one obtains the two-time joint probability distribution [1]

f2(r, Sat;r17€l7tl) = N2F2(ra €at; r]a€17t1)7 (2‘19)

which allows the computation of time correlation functions, whose properties will
be explored in Chap. 4.

Before concluding this section, it is instructive to outline some aspects concerning
the derivation of the Boltzmann equation for a hard-sphere gas from the hierarchy
(2.12). This can be done by taking a proper limit of the time evolution equation for
the marginal F. To this end, it is common practice to replace the momentum & with
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the velocity v. We denote, then, by v, vy, v/, and V/] the precollisional velocities of the
two particles in respectively the direct and inverse encounters (the explicit relations
between postcollisional and precollisional velocities will be made clear in Sect. 2.2).
Let r be the position of the center of the target particle equipped with velocity v. In
a reference frame centered on the target particle, the latter is at rest and is endowed
with twice the actual diameter §. The colliding particle, which is regarded as a point
mass equipped with an incoming velocity v; — v, hits the so-called protection sphere
[6] at the point r{ = dn, where n is a unit vector, and is contained within a volume
82dn|(v; — v) - n|dz. The time evolution equation for F attains the form [3, 6]

8F1 8F1 2 / /
— +v.-— = (N-1)§ [Fz(r,v ,r—=90n,v,,t) — F(r,v,r +0n, vl,t)]
ot or
R3S_
X [(vi — v) - n|dndvy, (2.20)
where the integration is over the hemisphere S_ = {n € S2|(vi —v) -n < 0}. It is

worth noticing that the probability densities F» in (2.20) are both expressed in terms
of the precollisional velocities pertaining respectively to the inverse and the direct
encounters. Here, then, is the Boltzmann argument. For a rarefied gas contained in
a box with volume 1cm? at room temperature and atmospheric pressure, we have
N ~ 10% and § = 1078 cm, so that (N — 1)(52 ~ N2 = 1 m?; cf. [3]. The limit
N — 00, § — 0, with N2 finite, is the so-called Boltzmann—Grad limit; see also
Sect.2.3. In this limit, if each F; tends to a limit and this limit is sufficiently smooth,
the BBGKY hierarchy (2.12) transforms into the so-called Boltzmann hierarchy
[3]. Furthermore, since the volume occupied by the particles corresponds to about
N&3 ~ 10~% cm?3, the collision between two particles is a rather rare event. Thus,
the two colliding particles may be thought of as completely uncorrelated before
the collision, and their joint probability density may be factorized (assumption of
molecular chaos, or Stosszahlansatz) as

Fy(r,v,ry,vi,t) = Fi(r,v, ) Fi(ry, vy, 1). (2.21)

Taking into account the remarks above, one obtains the Boltzmann equation for hard
spheres

OF; OF / '
iy o Ng? //[Fl(l‘,V,t)Fl(r, v, 1) — Fi(r,v, t)Fl(l’,Vl,t)} [(vi — V) -n|dndv;.
ot Jr J .

R3S_

(2.22)

We are not going to dwell further here on the rigorous derivation of the Boltzmann
equation, which is beyond the scope of this work. Rather, we wish to outline the
heuristic argument that guided Ludwig Boltzmann in the derivation of the celebrated
kinetic equation bearing his name.
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2.2 The Boltzmann Equation

The Boltzmann equation is an evolution equation for the probability density of a
given particle, which we denote by f(r, v, ¢). This quantity should not be confused
in principle with the fraction of molecules located in the cell of size dr x dv around the
point r, v. Although there is no a priori relationship between the two concepts, it can
be shown that they are closely related. Let us reformulate this problem in the following
manner. As in Sect.2.1, let us denote by z the pair (r, v). Then, given a system of
N identical particles whose physical state is given by the sequence zi ...Zy, we
denote by Fa(z1, ..., zy) the fraction of particles localized in a volume A of the
single-particle space, i.e.,

I Zi,...,Z = — Z;) = 1% dz 2.23
A\L], s LN N ‘ XAZ; )
i=1 A
where XA is the indicator function and

| X
w(dz) = N;é(z—z,-)dz

is a measure in the single-particle space. In the definition of j;(dz) in Eq.(2.2),
the reader will also recognize the structure of the empirical distribution, defined in
Eq. (2.13). Thus, one may wonder in which sense the random variable F(zy, ..., Zy)
in Eq.(2.23) can be reasonably approximated by

/f(z, t)dz.
A

It is possible to prove [3] that if z, ..., zy are independent identically distributed
random variables withlaw f (z, t), then (dz) is close to f(z, t)dz,inasense specified
by the law of large numbers, when N diverges. That is, the Boltzmann equation refers
to the limiting situation such that the many-particle system specified by the sequence
71, ..., Zy canbe actually considered a large number of copies of independent single-
particle systems for which p(dz) and f(z)dz can be regarded as the same object.
Moreover, it is common to rescale f(z, t) by setting

f@r,v,t) = NF(r,v,1), (2.24)

cf. Eq. (2.14). The quantity f (r, v, t)drdv is to be regarded as the average number of
particles contained in the element dr dv at a given time ¢, when the fluctuations which
occur in a short time interval dt are neglected [7]. The definition of the function f
relies, hence, on probability concepts, and hereinafter, we will tacitly assume that the
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macroscopic variables computed from the knowledge of the distribution function f
at a certain time 7 result from an average over the time interval dz around 7. We will
return in more detail to this issue in Sect. 3.1. It is worth mentioning that the role of
fluctuations in the single-particle space was the subject of a research investigation [8—
10] that led to the construction of a fluctuating Boltzmann equation that recovers the
standard Boltzmann equation on average and from which the macroscopic equations
of fluctuating hydrodynamics [11] can be derived.

Let us now outline some basic aspects concerning the geometry of an elastic collision
between two particles endowed with equal mass m.

We consider the scattering of a particle, labeled 2, equipped with velocity vy, induced
by the target particle labeled 1, with velocity v. The pre- and postcollisional velocities
are related by momentum and kinetic energy conservation:

’ !
V+VI =V +Vv,

vivi= V24 Vllz. (2.25)

Introducing the center-of-mass variables

1
G=- :
2(V+V1)

g=Vvi—V,

and the corresponding variables G and g/ for the postcollisional velocities (in the

direct encounter), the conservation equations (2.25) yield g = g’, where g = |g|.
Hence, the relative velocity is changed by the collision only in direction and not in
magnitude.

We consider, then, a reference frame in which the target particle is at rest. In this
frame, the geometry of the scattering is determined by the collision (unit) vector
n, which forms an angle 6, called the collision angle, with the direction of g and
halves the angle between g and g/; cf. Fig. 2.1. Therefore, in the direct encounter, the
precollisional and postcollisional velocities, respectively g and g/, are related by

g—g =2(g-n)n. (2.26)

Using (2.26), it is possible to derive the following relations between pre- and post-
collisional velocities:

vV —v=(g -n)n,
Vi —vi =—(g-n)n. (2.27)

the relations (2.27) show that the dynamical effect of the encounter is known when
the direction of the unit vector n is also determined. Yet the latter vector cannot
be computed by relying only on the balance equation (2.25), because there are two


http://dx.doi.org/10.1007/978-1-4614-6306-1_3

2.2 The Boltzmann Equation 11

Fig. 2.1 Scattering kinemat- ¢ I ,
ics for hard spheres, with :
precollisional relative velocity
g, postcollisional velocity g,
impact parameter b, collision
angle 6, and collision vector n

Fig. 2.2 Collision cylinder
for particles with relative
velocity g that collide with the g
target particle during a time

I

|
interval dr . i gdt
|

geometric variables to be specified. The first is the azimuthal angle ¢, describing the
orientation of the plane containing g and g, (which lie in the same plane, as specified
below) with a reference plane; cf. Fig.2.2.

The second geometric variable of the encounter is the impact parameter b, which
corresponds to the perpendicular distance between the center of the target particle 1
and the original line of motion of the scattered particle 2, identified by the relative
velocity g, as shown in Fig.2.1. Moreover, the angle of deflection y = 7 — 26 is,
in general, a function of g and of b, with a specific functional relation x (g, b) that
depends on the particle interaction potential (see below). Analogously, one may also
introduce the postcollisional impact parameter b’, defined with respect to the velocity
g/, as illustrated in Fig.2.1. The conservation of the angular momentum entails that
the collision takes place in a plane, called the collision plane, and yields b = b'.
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Let us now focus on the statistics of the encounters. To this end, we use, for simplicity,
the abbreviations f = f(r,v,1), fi = f(r,vi, 1), f/ = f(r,v, 1), and fl/ =
f(r, V/l, t). The collision between the target particle 1 and an arbitrary particle 2
occurs if the latter is located within the cylinder with volume dV = (gd¢)(bdbde)
shown in Fig.2.2. The (average) number of the particles 2 equipped with a velocity
in the range [v1, vi + dvi] and located in any such cylinders is given by fidv;dV.
We can imagine such a cylinder to be associated with any of the particles 1, so that
the total number of encounters, under the assumption of molecular chaos considered
by Boltzmann, is given by

fdvdr fidv; (gdr)(bdbde). (2.28)

The surface element bdbde in Eq.(2.28) can be written in terms of the element
dn = sin #dfAde, using the relation

bdbde = o (g, b) dn. (2.29)

The quantity o (g, b) in Eq.(2.29) is called the differential scattering cross section
and is defined by the relation

o(g,b) = (2.30)

b |db
sin 'd& ’
It contains all the detailed information on the particle interactions [3, 6, 7]. In par-
ticular, by assuming, as above, that the interaction potential @ (s) depends only on
the magnitude of the relative distance s = |r — r1| between the particles, the specific
functional relation among 6, g, and b can be obtained from the general relation

40 (b)2*
with 1 — 2 = 220/ 5 55y

Z*
dz
0(g.b) = / : >
A /1 —72— 40:"(;72/@ mg

Here z = b/s is a dimensionless inverse distance, and z* denotes its value at the
minimum particle distance spiy. Equation (2.31) provides the fundamental relation-
ship 0(b, g). Inverting this relation, one obtains b(f, g), which thus yields (g, 0)
as a function of g and 6. In particular, for hard spheres of diameter 4, as shown in
Fig.2.1, the relation » = ¢ sin 6 holds. This yields

ors(g, 0) = 6% cos, (2.32)

which hence shows that for a hard-sphere gas, the scattering cross section depends
only on 6. On the other hand, for power law potentials of the form @ (s) = ®s1 =),
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with @q and n constants, we have

on(g. 0) = B(O)g 7T, 2.33)

where ((0) is a function of 6 alone [6]. The case n = 5 occupies a distinct place in
the Boltzmann equation theory, since it allows a considerable simplification: in this
case, the product go(g, 6), which enters the expression of the collision operator (to
be made explicit below, cf. Eq. (2.41)) depends only on 6. This result was discovered
by Maxwell, whence the fictitious molecules interacting via such a purely repulsive
potential are called Maxwell molecules [6]. We will return to Maxwell molecules
in Chap. 5, to discuss the derivation of hydrodynamics from kinetic models of the
Boltzmann equation.

In the inverse encounters, characterized by pre- and postcollisional velocities given,
respectively, by v/, v’l and v, vy, the differential scattering cross section is a function
of g’ and b’. Using the relations ¢ = g’ and b = b’, one immediately obtains

o(g.b)=0(gb), (2.34)

which reflects the time reversibility of the collisional event. In particular, we recall
that the scattering cross section o is related to the conditional probability density

w (V/, V/l v, Vl) of a collision that, in the direct encounter, carries the two particles

from the velocities v and v; into the velocities v and V/l [6, 12]. The explicit relation
between W and o reads

w (v/, v/1|v, v1) = 2m4&;})6 (V+V1 — V/ — v/]) 1) (V2 +v% —v2_ v/lz) ,
o (2.35)

where the two delta functions ensure the conservation of the momentum and of the
kinetic energy. Moreover, from (2.34) and (2.35), it follows that

w (V,, V/1|V, v1) =W (V, V1|V/, V/l) , (2.36)

which is another expression of the time reversibility of the collisional event. The
conditional probability density is also symmetric under the exchange of particles

w (V, V1|V/, v/l) =W (vl, V|V/1, V/) . (2.37)

Let us now consider the set of particles located within dr and with velocities in
the range [v, v 4 dv], and let us also denote by L and G the negative and positive
contributions to the variation of f due to the collisions. The loss term L can be
computed by considering the direct encounter in which the precollisional velocities
v, v1 transform, according to Eq.(2.27), into the postcollisional ones. Therefore,
using (2.28), one can write
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L = ffigo(g, b)dndvdv,drd. (2.38)

The gain term G can be found in a similar manner by considering inverse encounters.
The relation between pre- and postcollisional velocities in the inverse encounter
follows directly from Eq. (2.27) on interchanging v, vi and v’, v/, and by replacing
n by (—n) and g by g’ [7]. Thus, one obtains

G = f'f,g'o(g’, b)dndv dv,drdr. (2.39)

Since the Jacobian of the transformation from precollisional to postcollisional
velocities is unitary, i.e., dvdv) = dv/dvll, and because of Eq.(2.34), we can use
go(g, b)dvdv also in (2.39). Dividing both terms L and G by dvdrds and perform-
ing the integration over the variables v| and n, we obtain the Boltzmann equation in
absence of external forces:

0
O fe,v,t)+v- a—ff =0/, 1), (2.40)

where

0.5 = [ [ (#5 - 1£1) gos. Oanav, (2:41)

denotes a nonlinear integral collision operator. In particular, using the expres-
sion (2.32) of the scattering cross section for hard spheres, one readily recovers
Eq.(2.22). We recall that the integration over n corresponds to a double integration
over ¢ = [0,27] and @ = [0, 7/2]; cf. Fig.2.1. Alternatively, the collision opera-
tor can be expressed in terms of the conditional probability densities introduced in
Eq.(2.35), and using (2.36), it attains the form

of. ) =/// (f/f{—ffl)W(v,vﬂv/,V,l) dv1dvldvll, (2.42)

which is sometimes referred to as the quasichemical representation.

A basic property of the operator (2.41), which will be employed in the sequel of
this work, concerns the conservation of mass, momentum, and kinetic energy of
the particles during the collisions. Defining the vector of the so-called elementary
collision invariants as

(V) = [¥1, ¢, W3], (2.43)

with m
U =m, P, =mv, W= Evz’ (2.44)

and v = |v|, one obtains the important relation

/ Q(f. Hv(v)dv =0, (2.45)
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which expresses the conservation of the mean values of mass, momentum, and kinetic
energy of the particles during the collisions; cf. Sect.3.1. In general, any function
@ (r, v, t) satisfying the relation

O +¢ =d1+¢ (2.46)

is a collision invariant and can be written as a linear combination of the elements of

(V).

2.2.1 H-Theorem and the Maxwellian Distribution

Let us consider a uniform gas in the absence of external forces. In this case, the
Boltzmann equation (2.40) reads

o f(r,v,t) = / (f’f{ — ffi)go(g, 0)dndv;. (2.47)

Furthermore, let H be the complete integral (i.e., the integral over all values of
velocities) defined by the equation

H(t) = / flog fdv. (2.48)

By computing the time derivative of the H-function defined in Eq.(2.48) through
Eq.(2.47), one obtains

OH®) = %/// go(f fi — ffl)ln(%)dvdvldn. (2.49)
1

The structure of Eq. (2.49) leads to the following inequality, called the H-theorem:
OH(t) <0. (2.50)

Equation (2.50) shows that the function H (¢) decreases monotonically over time.
Consequently, the particle system keeps no track of its initial distribution, and is
driven toward a final state described by the distribution fOM. The latter satisfies the
relation

M@ M) = M) M. (2.51)

Taking the logarithm of both sides of (2.51), we obtain a relation of the form (2.46):
In M is a collision invariant and hence can be written as a sum of the elementary
collision invariants (2.44):
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In fGM(V) =q] +oy-mv+ a3%v2.

The coefficients ap, ao, a3 are determined by ensuring that the distribution f GM
yields the proper values for the mass density, momentum density, and internal energy

density, denoted respectively by po, ug, Tp, with pg = mny:

[ 1Mav = o,
/ FMvdv = pouy,
3
% / FM(y — u)’dy = SnoksTo. (2.52)

Therefore, the general equilibrium distribution attains the form

2 m(v—uy )2
fGM(v)=no( ) e Tl (2.53)

m
27k Ty

If the macroscopic fields n, u, T depend on r and ¢, the corresponding equilibrium
distribution is then referred to as the local Maxwellian, and it reads

Mr, v, 1) o 2.54)
r,v,t) =n(r,t e gl .

f O\ 5. ipT (

The expression (2.54) represents an important reference distribution for describing a
gas’s behavior in close-to-equilibrium regimes.

2.3 Hydrodynamic Limit and Other Scalings

A point of remarkable interest in kinetic theory concerns the study of the scaling
properties of the Boltzmann equation. In particular, one may investigate the structure
of the solutions of the Boltzmann equation in the so-called hydrodynamic limit, which
is obtained by taking the limits N — oo, V — oo, with N/V finite, where N is
the total number of particles in a box A, with volume V. Following the approach
given in [3], let us introduce a small parameter ¢, and let the side of the box A.
be proportional to el Let fe(r,v, 1), withr € A, be the number density of the
particles in the box. Then we assume that the total number of particles is proportional
to the volume of the box

FE(r, v)drdv = 73, (2.55)

A-xR3
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and introduce the following scaling:
F=e¢r, 7=c¢t, (2.56)

withr € A = [0, 1], and .
f@ v, 1) = f(r,v,1). (2.57)

It is readily seen that the rescaled distribution f (f, v, 7) can suitably describe the
particle system on the scale of the box and is normalized to unity:

/ F (&, v)didv = 1. (2.58)

AxR3

As discussed in [3], while the description in terms of the distribution f¢ is called
microscopic, the description given by the rescaled distribution f can be defined
as macroscopic, since it provides a statistical description of the particle system on
large length and time scales. From (2.56) and (2.57), the Boltzmann equation, in the
absence of external forces, attains the structure

. A P
O f(E®, vV, T)+V Vi f = gQ(f» 1), (2.59)

which will be the starting point of the methods of reduced description treated in
Chap.3. We expend a few words now on another scaling, in order to clarify the
nature of the Boltzmann—Grad limit, introduced earlier. As mentioned in Sect.2.1,
the Boltzmann—Grad limit corresponds to taking the limits N — oo, § — 0, with

N &2 finite. If we now take £ = §, we require the particle number to be of order 2,
i.e., it goes with the power 2/3 of the volume:
FE(r, v)drdy = 2. (2.60)

A-xR3

Next, if we employ the scaling (2.56) and wish to keep the normalization of f (T, v, 7)
to unity as in Eq. (2.58), we resort to a different scaling, given by

f@E v, )= fo, v, 0). (2.61)

Hence, the Boltzmann equation for the distribution f reads
O-f®v.T)+v-Vif = 0(f. ). (2.62)
Equation (2.62) is invariant under the scalings (2.56) and (2.61). It is also clear why

the Boltzmann—Grad limit corresponds to a low-density limit: in this limit, in fact,
the ratio of the particle number to the volume tends to zero [3]. The introduction


http://dx.doi.org/10.1007/978-1-4614-6306-1_3

18 2 From the Phase Space to the Boltzmann Equation

of the parameter ¢ in the scaling (2.56) reflects the existence of different length
and time scales in a gas. In particular, the structure of the hydrodynamic equations
derived from the Boltzmann equation strongly depends on the magnitude of e, which
determines the appropriate gas dynamic regime.

As will also be discussed in Chap. 3, the presence of a definite time scale separation
in an inhomogeneous gas allows us to construct the following representation of the
relaxation to equilibrium: starting from an arbitrary nonequilibrium initial state, the
sequence of collisions characterized by the time scale 7, (the mean time between
collisions) triggers the evolution of the system toward the local equilibrium regime,
which is reached in a “mesoscopic” time interval A¢. From then onward, one may
assign locally a value to the macroscopic fields p, u, T, which also then evolve
according to a characteristic time scale Tmacro. Then in the final stage of the relaxation
process, the slow dynamics of the macroscopic variables drives the particle system
toward the final, homogeneous, equilibrium state (2.53).

2.4 Linearized Collision Integrals and Kinetic Models

One of the major shortcomings of the Boltzmann equation(2.40) concerns the
nonlinear nature of the integral collision operator, which is traced back to the assump-
tion of molecular chaos. The Maxwellian distributions introduced in Sect.2.2.1 rep-
resent a first step in the description of a particle system: they describe equilibrium
states characterized by the absence of dissipation. In going beyond equilibrium, one
has to rely on approximation methods such as perturbation techniques: one typically
expands the distribution function f in powers of the aforementioned parameter ¢,
which in certain favorable situations can be considered to be small. We focus here
on the properties of the collision operator Q( f, f) under such perturbation theory.
Near global equilibrium, one can split the distribution function into the sum of two
contributions:

f,v,0) = fMW) + Af(r, v, 1), (2.63)

where Af(r,v,t) = fGM(V)h(r, v, t) represents a “small” deviation from the
equilibrium distribution. By linearizing the Boltzmann collision operator around
equilibrium, one obtains the linearized collision operator L,

_1 ’ 7
Lh=2 () UM, )= [ 1Mew) (i + by — ) ol O)andvs
(2.64)
where o(g, 8) contains, as seen above, the details of the particle interactions. Then,

by introducing the Hilbert space .7 endowed with scalar product (g|/) and norm
||| defined by
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1
(glh) = - / FMWgWhv)dv, ||h|* = (hlh), (2.65)

one finds that the operator L in Eq.(2.64) is self-adjoint, i.e.,
(g|Lh) = (Lg|h).

Moreover, by setting g = h in (2.64), one also obtains

L[
(h|Lh) = _Z/|h1 +h —hy —h)|*go(g, H)dndvidv < 0, (2.66)

where equality holds if and only if /4 is a collision invariant. A simple problem for
the linearized operator L concerns the asymptotic behavior of a homogeneous gas,
prepared in an initial state slightly deviating from equilibrium and described by a
distribution of the form (2.63). In this case, one studies the linearized Boltzmann
equation

Oth = Lh. (2.67)

If & is such that ||| and (h|Lh) exist, then from (2.66), one obtains
1 2
O Ellhll = (h|Lh) <0,

which entails that ||h(52)] < ||h(t1)]| for t, > t;, where equality holds if % is a
collision invariant. Moreover, if f is chosen to have the same density, bulk velocity,
and temperature of M as in Eqgs. (2.52), then

(¥lh) =0, (2.68)

and the only collision invariant that satisfies these relations is 7 = 0. Therefore,
||h(2)] decreases until it vanishes for t — 00. We also mention here that another
remarkable problem concerns the study of the spectrum of L [6], i.e., the set of
eigenvalues \ of L for which (L — AI)~! is not a bounded operator in .7 or is not
uniquely determined. This aspect will be elaborated in Chap. 5.

A complementary strategy to simplify the complicated structure of the Boltzmann
equation consists in providing simpler expressions for the collision operator, which,
in spite of neglecting many details about the particle interactions, allow one to retain
the basic properties of the original collision operator. This is the philosophy behind
the wealth of kinetic models proposed in the literature. The simplest example is
represented by the BGK model [13—15], which reads

Ohf+v-Vof =—v(f— f™, (2.69)
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where v denotes the mean collision frequency, independent of the microscopic veloc-
ity v. The BGK collision operator in Eq. (2.69) is a nonlinear operator: the nonlin-
earity occurs because the local Maxwellian f™M is parameterized by the values of
the fields p, u, T, which are obtained by integrating the distribution function itself,
as also shown in Egs. (2.52). In the applications, the linearized version of the BGK
operator is mostly used. Considering small deviations from global equilibrium char-
acterized by the values [pg, ug = 0, Tp], the linearized BGK collision operator attains
the form

Lok = —v[h— @], (2:70)

where ¢ = v/vr is the dimensionless peculia~r velocit}i ang vr = 2k To/m is the
equilibrium thermal velocity. The functions ¥ (¢) = [%)1, 15, 13] read

P(e) = | 1,v/2¢, \/g (c2 - %) , 2.71)

and they are mutually orthonormal with respect to the scalar product defined in
Eq.(2.65). Equation (2.70) can also be formally written in the form

Lk = —v [l — Pylh, (2.72)

where Py denotes the projection operator onto the subspace of 7 spanned by the
functions .
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Chapter 3
Methods of Reduced Description

In this chapter, we will review some analytical methods that make it possible to
determine approximate solutions of the Boltzmann equation. In particular, we will
discuss the structure of the Hilbert and Chapman—Enskog perturbation techniques
and will also outline the essential features of the invariant manifold method, which
stems from the assumption of time scale separation and, unlike the former methods, is
also applicable beyond the strict hydrodynamic limit. Before reviewing the wealth of
different techniques, it is worth investigating in greater depth the role of the different
time scales in a particle system, which is one of the main ingredients underlying the
onset of collective behavior.

3.1 The Bogoliubov Hypothesis and Macroscopic Equations

Let My = [M;, M, M3] denote the lower-order moments of the single-particle
distribution function f(r, v, ) (2.24), defined as

My (r, 1) = / P) f(r, v, v, (3.1)
where 1) (v) are the collisional invariants (2.43). Thus, we have
My = p(r, 1) =/f(r, v, 1)dv,
M, = p(r, Hu(r, 1) = /mvf(r, v, 1)dv,
1 2 m 5
M3 = 5,0(1‘, Du” + p(r, Ne(r, 1) = 2V S, v, 0)dv, (3.2)

where p(r,t) = mn(r,t) is the mass density. The first of Eq.(3.2) indicates in
particular that the number density n(r, t), besides corresponding to the phase space
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average of the microscopic one-particle density (2.15), turns out also to be given by
the lowest-order moment of the single-particle distribution f (r, v, ¢) obtained from
Egs. (2.14) and (2.24). Moreover, in (3.2), we introduced the quantity

3kp
e(r, f) = EzT(r, t),

which denotes the internal energy per unit mass. The hydrodynamic fields [p, u, 7],
which correspond to mass density, bulk velocity and temperature, are related to the
moments M by

2m 1 —1
3kp M, (M3 — EMI M; - My). (3.3)

p=M;, u=M"My, T=
We focus in this work on a special class of distribution functions called normal
solutions of the Boltzmann equation [1]. These are distribution functions whose
dependence on the variables (r, ) is parameterized by a set of fields x(r, ¢), which
typically correspond to the hydrodynamic fields themselves, but in certain cases may
also include higher-order moments of the distribution function, as in Grad’s moment
method [2—4]. Let us therefore begin by writing the single-particle distribution func-
tion in the form

f@, v, t) = f(x(,1),v). 34)

A physical rationale behind Eq. (3.4) can be traced back to the Bogoliubov hypothesis
[5-7], which assumes that three different time scales, labeled respectively Tin¢, Tf,
and Tmacro, Characterize the relaxation of a gas toward equilibrium. The time interval
Tint 1 the time during which two molecules are in each other’s interaction domain;
Tmf denotes the mean time between collisions, and Tiacro corresponds to the average
time needed for a molecule to traverse the container in which the gas is confined.
The Bogoliubov hypothesis states that the time scale separation

Tint K Tmf <K Tmacro 3.5)

is a prerequisite for the onset of hydrodynamic behavior in a gas. In a similar
manner, it is possible to introduce three corresponding displacements, denoted by
Aint> Amf> Amacro- 1The displacement Ajy; corresponds to the range of particle interac-
tion, Ay is the mean free path, and Apacro denotes a macroscopic reference length,
such as the edge length of the confining container. Typical values of these parameters
are listed in Table 3.1.

Using the notation introduced in Sect.2.2, we denote by z the pair (r, v). The
Bogoliubov hypothesis therefore concerns the functional dependence of the phase
space density F(z1, ..., Zy, t) relevant to the three stages in the process of relaxation
of the gas toward equilibrium; cf. also Table 3.2.

In the initial interval, there is no collisional exchange between the particles, and
the gas experiences no equilibrating force. Bogoliubov conjectured that in such an
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Table 3.1 Bogoliubov length and time intervals for a gas with mean molecular speed of 300 m/s
at standard condition (container edge length Ayacro = 3 cm); cf. [5]

)\int >\mf )\macm
cm 3x 1078 3x 1073 3
s 10712 10~ 1074

Table 3.2 Epochs in the Bogoliubov hypothesis

I < Tint Initial stage
Tint <1 < Tmf Kinetic stage
I ™~ Tmacro Hydrodynamic stage

In describing the particle system on time intervals t < Ty, the full phase space description is
required. If the description is confined between 73 and 7, one can employ the framework of kinetic
theory, and the Boltzmann equation provides an efficient statistical description of the dynamics of a
sufficiently dilute particle system. Finally, for # >~ 7acr0, the dynamics of the distribution function
is driven by the evolution of the hydrodynamic fields

initial stage, the full N-particle density is required to properly describe the state of
the gas. In the kinetic stage, the molecules experience a sequence of collisions, which
give rise to the onset of a local equilibrium in the gas. According to Bogoliubov’s
hypothesis, during this stage, all s-particle marginals introduced in Sect.2.1 may be
expressed as functionals of the single-particle density, i.e.,

FS:Fs(z19-~~sZS9F(Zlat))a (36)

where the time dependence of F; is entirely contained in Fj(zp, t). For instance,
if the particles are statistically independent from each other, then F; factorizes as
follows:

F; = H Fi(z;, 1). (3.7)

i=1

Finally, in the hydrodynamic stage, the relevant time scale is Tmacro, Which charac-
terizes the time evolution of the macroscopic variables x(r, #). It is worth noticing
that in the course of the relaxation, a crucial loss of information occurs [5]: while
in the initial stage, the microscopic state of the particle system is described by the
full phase space density, close to equilibrium, the statistical description is suitably
afforded only in terms of the single-particle distribution function, parameterized by
the variables x.

We also remark that the condition 7j,; << Tif is essential for writing the Boltzmann
equation in the form (2.40). As mentioned in Sect.2.2, the distribution function
f(xr, v, ) needs to be regarded as an average of the single-particle distribution in a
time interval d¢, with

Tint < df < Tpnf. (3.8)
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meso

Fig. 3.1 The onset of local thermodynamic equilibrium in mesoscopic cells of size £meso taking
place after a time interval A¢. Local equilibrium results from a large number of collisions occurring
on time scales of order 7,¢. The hydrodynamic fields attain a local value within each of the cells
and evolve on a time scale Tiacro (not shown in the picture) much larger than Az, according to the
time scale separation hypothesis.

This condition, in fact, allows us to disregard the variation experienced by the
distribution function of the hitting particle, f(r, v, t), during the time 7y of inter-
action with the target particle. If the condition (3.8) does not hold, one should use in
Eq. (2.40) the distribution function f (r, v1, f — Tin;) evaluated at an earlier time, and
the rate of change of f at time ¢+ would depend not only on the instantaneous value
of f, but also on its previous history [8]. This would make the Boltzmann equation a
non-Markovian process. We see, then, that the separation between 7ip; and 7iy¢ allows
us to identify an intermediate scale d¢, that guarantees the Markovian character of the
Boltzmann equation. Moreover, in Sect. 2.3, we also introduced the time interval At,
defined as the characteristic mesoscopic time scale characterizing the onset of local
equilibrium. A macroscopic description of a particle system based on the hydrody-
namic fields x(r, ¢) can be obtained by confining the description to time scales not
inferior to A¢, which is intermediate between 7,¢ and the macroscopic scale Tacro-
The role of the time scale At can be better understood by introducing a partition of
the volume of the gas into mesoscopic cells of linear size €eg0; cf. Fig.3.1. Local
equilibrium is reached in the cells after the time interval Az. Therefore, although the
hydrodynamic variables may vary over macroscopic length and time scales, within
each cell they obey, after the time interval Af, the usual relations of equilibrium
thermodynamics [9].

The dimensionless parameter £, which we already encountered in Sect. 2.3, is the
Knudsen number [1, 10] and is defined as the ratio of Ay t0 Amacro. The aim of a
generalized hydrodynamic theory is to extend the macroscopic description to finite
Knudsen numbers, i.e., beyond the the hydrodynamic limit, corresponding to ¢ < 1.
This, in turn, requires a proper estimate, for the model under consideration, of the
magnitude of the length scale £e50 below which the notion of local thermodynamic
equilibrium, and consequently the hydrodynamic formalism, is lost. The Maxwell-
molecules gas, in particular, is amenable to an investigation of the properties of the
short-wavelength fluctuations of the hydrodynamic fields. The numerical analysis
reported in Chap. 5 shows the presence of a critical length scale that marks the range
of validity of the hydrodynamic description at short scales and is consistent with the
discussed role of local equilibrium in the onset of collective behavior in a gas.
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Thus, if we consider macroscopic length and time scales compatible, respectively,
with €meso and At, it makes sense to discuss the derivation of macroscopic equations
from the Boltzmann equation and to investigate their properties. To this end, we
integrate Eq.(2.40), multiplied by the collision invariants (2.43), over the velocity
space, and obtain

O0rp = —Vi(pu),
Oi(pu) = Vr - (puu + P),

Oy |:p (%u2 + e):| =—V;- |:pu (%uz ~|—e> +P-u+ q:| , (3.9)

where the nonhydrodynamic fields P and q, called the pressure tensor and heat flux,
are defined as

P= /m(v —u)(v—u)f(r,v,t)dv, (3.10)
q= /m(v —u)(vV? = 2v-u+u?) f(r, v, t)dv. (3.11)

The pressure tensor can be written as P = plI 4 o, where I is the identity matrix;
the scalar p, defined as

1 2
p= gtr [P] = nkgT = gpe, (3.12)

corresponds to the hydrostatic pressure; and o (not to be confused with the differ-
ential scattering cross section introduced in Chap. 2) is a symmetric tensor (it is also
typically a traceless one, depending on the magnitude of the bulk viscosity, defined
below). Recalling the splitting, introduced in Eq. (2.63), of the distribution function
f into its equilibrium and nonequilibrium components, it is possible to show that in
general, p carries the contribution of the only local Maxwellian component, whereas
o depends on the nonequilibrium contribution to the single-particle distribution func-
tion. Analogously, the heat flux vector q results only from the nonequilibrium com-
ponent of the single-particle distribution function. A visible feature of Eq. (3.9) is that
the equations are not closed, because of the presence of the nonhydrodynamic fields
o and q. As discussed by C. Cercignani in [1], Eq. (3.9) “constitute an empty scheme,
since there are 5 equations for 13 quantities. In order to have useful equations, one
must have some expressions for o and q in terms of p, u and e. Otherwise, one has
to go back to the Boltzmann equation (2.40) and solve it; and once it has been done,
everything is done, and Eq. (3.9) are useless!” This corresponds to the well-known
problem of seeking a suitable closure to the macroscopic equations. This problem
can be tackled either from the kinetic theory standpoint, i.e., by employing some
model reduction or coarse-graining techniques [3], or from a purely macroscopic
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perspective, i.e., by employing macroscopic balance or phenomenological relations
that disregard the underlying particle-like picture. In particular, the following set of
constitutive equations written in component notation,

gij= 0, (3.13)
qi =0, (3.14)

with i, j = 1, 2, 3, yields the so-called Euler equations of inviscid hydrodynamics,
which can also be derived from the Boltzmann equation by retaining only the
Maxwellian contribution to the distribution function. The Navier-Stokes—Fourier
(NSF) equations are instead obtained from the following constitutive equations:

8ui auj 2 8uk
o 22 2T Zn— s 1
Ti,j U(arj + 8r,~)+(3n C) o ij» (3.15)
oT
P Nl 3.16
q o, (3.16)

where we used the repeated index summation convention, and 7, {, A correspond to
the transport coefficients called respectively shear viscosity, bulk viscosity (usually
negligible), and thermal conductivity. The NSF equations deserve a special mention
in fluid dynamics, because Eqgs. (3.15) and (3.16) may be derived not only from the
macroscopic principles of conservation of mass, momentum, and energy, but also,
rigorously, from kinetic theory [1, 10, 11]. The latter derivation can be performed
using some perturbative schemes, such as those discussed in the next section, which
refer to the hydrodynamic limit of the Boltzmann equation.

3.2 The Hilbert and the Chapman—Enskog Methods

We provide here an overview of the Hilbert and Chapman—Enskog (CE) methods of
solution of the Boltzmann equation in the hydrodynamic limit. The reader is referred
to [1, 12] for an exhaustive treatment of the subject. To simplify the notation, we
omit hereinafter in this section the hat over the single-particle distribution referring
to a rescaled Boltzmann equation of the form (2.59), introduced in Sect.2.3.

In the Hilbert method, the normal solutions are expanded in powers of the Knudsen
number ¢, i.e.,

f=>r", 3.17)
(=0

which, substituted in Eq. (2.59), yields a sequence of integral equations
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0 (r. 1) =0, (3.18)
LY =@ +v-Ve) 1, (3.19)
Lf® =@ +v-vo O =20 (r 1) (3.20)

to be solved order by order. Here L denotes the linearized collision integral defined in
Eq.(2.64). From Eq. (3.18), it follows that f © corresponds to the local Maxwellian
(2.54). The Fredholm alternative applied to (3.19) results in the following [12]:

e Solvability condition,

/ @ +v- V) fOup(vydv =0, (3.21)

which corresponds to the Euler equations described by Egs. (3.13) and (3.14).

e General solution f = f-1 4 (.2 where f(D-1 denotes the special solu-
tion to the linear integral equation (3.19), and f(V-? is a yet undetermined linear
combination of the summational invariants.

e The solvability condition, when applied to Eq.(3.20), yields f-2, which is
obtained from solving the linear hyperbolic differential equations

/ @+ V- Vi) (f““ + f“”) P (V)dv = 0. (3.22)

Hilbert showed that this procedure can be applied up to an arbitrary order n, so that the
function £ is determined from the solvability condition applied at the (n + 1)th
order [12]. Loosely speaking, the description provided by the Hilbert method is
essentially in terms of the Euler equations, but it is supplemented by corrections
that can by computed by solving linearized equations [1]. It is also worth remarking
that the Hilbert method cannot provide uniformly valid solutions, which it can be
understood by noticing the singular manner in which the Knudsen number enters
the rescaled Boltzmann equation (2.59). Nevertheless, a truncated Hilbert expansion
can reproduce, with arbitrary accuracy, the solution of the Boltzmann equation in a
properly chosen region of time—space, provided that ¢ is sufficiently small.

The CE approach, developed by D. Enskog and S. Chapman, is based instead on an
expansion of the time derivatives of the hydrodynamic variables, rather than seeking
the time—space dependence of these functions, as in the Hilbert method. Also the CE
method starts with the singularly perturbed Boltzmann equation (2.59), and with the
expansion (3.17). Nevertheless, the procedure of evaluation of the functions £ is
different, and reads as follows:

0 (r. 1) =, (3.23)
LV =_g (f«», f<0>) " (5;0> Ly, Vr) O (3.24)


http://dx.doi.org/10.1007/978-1-4614-6306-1_2
http://dx.doi.org/10.1007/978-1-4614-6306-1_2
http://dx.doi.org/10.1007/978-1-4614-6306-1_2
http://dx.doi.org/10.1007/978-1-4614-6306-1_2

30 3 Methods of Reduced Description

Equation (3.23) implies, as in the Hilbert method, that the function f© is the local
Maxwellian. The operator 8,(0) is defined from the expansion of the right-hand side
of the hydrodynamic equations,

oMy = — / PpW)v - Ve fOdy. (3.25)

Equation (3.25) corresponds to the inviscid Euler equations, and 8,(0) acts on various
functions g(p, pu, e) according to the chain rule

g

98 0
a(o) — —3( ) +
r 8 ap"! P a(pu)

)
8 pu + a—ga,“”e, (3.26)
e

whereas the time derivatives 8;0) of the hydrodynamic fields are expressed using
the right-hand side of (3.25). Finally, the method requires that the hydrodynamic
variables obtained by integrating over the velocity space the function @ 4 ¢ (D
coincide with the parameters of the local Maxwellian f©:

/v,b(v)f(l)dv =0. (3.27)
Thus, one finds that the first correction, f (D adds the terms

oM = —/¢(V)V-Vrf(l)dv (3.28)

to the time derivatives of the hydrodynamic fields. These novel terms yield the dis-
sipative NSF hydrodynamics. However, higher-order corrections of the CE method,
which resultin hydrodynamic equations with higher derivatives (the so-called Burnett
and super-Burnett hydrodynamics), are affected by severe difficulties, mainly related
to the onset of instabilities of the solutions [13-15].

3.3 Grad’s Moment Method

An alternative technique to solving the Boltzmann equation was proposed by H.
Grad, and is known as Grad’s moment method [4]. The essence of the method relies
on the time scale separation hypothesis, introduced in Sect.3.1:

e During the fast evolution, which occurs on a time scale of the order of the meso-
scopic time scale Af, a set of distinguished moments x, cf. Sect.3.1, does not
change significantly in comparison to the rest of the higher-order “fast” moments
of f, denoted by y.
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e Toward the end of the fast evolution, the values of the moments y become deter-
mined by the values of the distinguished moments x.

e During a time interval of order Tiacro, the dynamics of the distribution function is
governed by the dynamics of the distinguished moments, while the rest of moments
remain to be determined by the distinguished moments [12].

In Grad’s moment method, the distribution function is expanded as

N
Fxv) = f™Mip,u e,v) [1 + D a(x) Hp (v — u)} : (3.29)

k=1

where Hi(v — u) are Hermite tensor polynomials, orthogonal with respect to a
weight given by the Maxwellian distribution f™ whereas the coefficients a; are
known functions of the distinguished moments x. The fast moments y are assumed
to be functions of x, i.e., y = y(x). By inserting Eq.(3.29) into the Boltzmann
equation (2.40) and using the orthogonality of the Hermite polynomials with respect
to the Maxwellian distribution f LM 5ne can determine the time evolution of the
set of distinguished moments x. According to Grad’s argument, this approximation
can be refined by extending the set of distinguished moments x. The best known
approximation is perhaps Grad’s 13-moment approximation, which will be studied
in Chap.6. It consists of a set of time evolution equations for the standard five
hydrodynamic ones, the five components of the symmetric traceless stress tensor
o, and the three components of the heat flux vector q. It is also worth mentioning
that the pioneering contributions of H. Grad to kinetic theory paved the way for the
development of the theory of extended irreversible thermodynamics [2, 3, 12].

3.4 The Invariant Manifold Theory

The invariant manifold method can be considered a generalization of the theory
of normal solutions, which is inherent in the Hilbert and CE expansions [12]. The
method is based on a projector operator formalism [16—18] that confines the phase
space dynamics onto a manifold of slow motion and disregards the fluctuations of
the fast variables. The same approach is also at the basis of Haken’s slaving principle
and the procedure of adiabatic elimination of fast variables in stochastic processes
[19, 20]. We will restrict, hereinafter, the description to the space of single-particle
distribution functions. The time evolution of the system is assumed to resemble the
picture given in Sect.3.3: from the initial condition, the system quickly approaches
a small neighborhood of the invariant manifold, and from then onward, it proceeds
slowly along such a manifold with a characteristic time scale of order Tiacro. The main
geometric structures that characterize the invariant manifold theory are illustrated in
Fig.3.2.

We summarize in the sequel the essential mathematical framework that will be
used in the next chapters. Let U be the phase space, and £2 C U an ansatz manifold
that corresponds to the current approximation to the invariant manifold to be sought.
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w + kerP

A= (1-P)J(w)

dx/d t

Fig. 3.2 The geometric structures of the invariant manifold method: U is the space of distribution
functions, J (w) is the vector field of the system under consideration, §2 is an ansatz manifold, X is
the space of macroscopic variables (coordinates on the manifold), the map F maps points x € X
into the corresponding points w = F(x), Ty, is the tangent space to the manifold £2 at the point w,
P J (w) is the projection of the vector J (w) onto the tangent space 7,,, dx/d¢ describes the induced
dynamics on X, A is the defect of invariance, and the affine subspace w + ker P is the plane of fast
motions [12]

We denote by J (w) the vector field

d
d—v: —Jw). wel, (3.30)

which generates the dynamicsin U. Let X be the linear space of the macroscopic vari-
ables x, which act as coordinates on the manifold £2, described as the image of the map
F : X — U. We remark that the choice of the space X of macroscopic variables is a
crucial step of the method: the corrections of the current ansatz manifold correspond
to the images of various maps F for a given X. Let us also denote by

ow
DxF = g|w:F(x) (3.31)

the derivative of the map F with respect to the set of distinguished variables. We
indicate by IT : U — X aregular map that satisfies the condition

MoF =1, (3.32)

with 1 the identity operator, and by D,,IT the functional derivative of the map x =
IT(w) computed at the point w. Thus, the time evolution of the distinguished variables

x reads d
d—’: — D, ITJ(F(X)), (3.33)
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where dx/dt is an element of the tangent space to X. Therefore, joining Eqgs. (3.31)
and (3.33), one obtains

dw dx
E|W=F(x) = DxF - Pl [DxF o Dyl J(F(x)) = PJ (F(x)), (3.34)

where the operator
P = DyF o DIl

projects J(f) onto T, which denotes the tangent space to the manifold §2 at the
point w. In particular, the projector P determines a decomposition of the motion near
£2: w + ker[ P] is the plane of fast motion and 7, the plane of slow motion. We use
the term slow invariant manifolds to describe those maps F' that satisfy the condition
(3.32) and solve the invariance equation

A(F) = (1 — P)J(F) =0, (3.35)

which is a differential equation for the unknown map F. The solutions of Eq. (3.35)
are “invariant” in the sense that the vector field J(F) is tangent to the manifold
§£2 = F(X) for each point w € §2. A crucial aspect of the method concerns the defi-
nition of the projector P. A. N. Gorban et al. introduced, in [12], the thermodynamic
projector, which characterizes, in a thermodynamic sense, the plane of fast motion
w + ker P: the physical entropy grows during the fast motion, and the point w is the
maximum point of entropy along the plane w + ker P.

The geometric setting described above can be readily adapted to the Boltzmann
equation theory. To this end, one identifies w with the single-particle distribution
function f, x = IT1(f) denotes a set of distinguished fields that parameterize f, and
F becomes a “closure,” i.e., a distribution function parameterized by the variables
x. Moreover, the vector field J(f) attains the form

J(f)==v-Voef+O(f. ).

whereas D 1T reads
Dyt = [ iy,

with 1)(v) defined in (2.44). Therefore, the thermodynamic projector P, which
depends on f, attains in this case the structure

0
P[] = —af '/¢(V)[-]dV- (3.36)
X

The invariance Eq. (3.35) constrains the kinetic evolution of the distribution function
to coincide with its “macroscopic” evolution, ruled by the projector P (3.36) and
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driven by the dynamics of the distinguished variables x. It should be noticed that the
method does not require the smallness of the parameter ¢; hence it is not restricted to
the strict hydrodynamic limit. In particular, as discussed in Chap. 6, it is possible to
prove, for some models, that the solutions of (3.35) correspond to an exact summa-
tion of the corresponding CE expansion, hence provide a generalized hydrodynamic
description valid also at finite Knudsen numbers [12—14, 21, 22]. A straightforward
application of the formalism described above is obtained by considering an ansatz
manifold £21 v given by the locally five-dimensional manifold of local Maxwellians
(2.54). We therefore take the set My of moments (3.2) as the coordinates x on this
manifold. The manifold $21 ) is commonly referred to as the quasiequilibrium man-
ifold for the set of moments x, because fM corresponds to the unique solution of
the variational problem
H(f) — min,

with H (f) givenin (2.48). We define the projector P im onto the tangent space 7 pim
as

PfLMJ(fLM) af ™ / BW)J fLM) dv. (3.37)

Returning to the hydrodynamic variables [p, u, T'] via the transformations (3.3), one
obtains [12]

—w? 5
A (/N Gow 1) = N w7 [(’"(;k—T“) -3) - wen

m . N2
+k T((V u) (v—u) (V u) I) Vru} (3.38)

Equation (3.38) reveals that the quasiequilibrium manifold is not an invariant man-
ifold of the Boltzmann equation, because temperature and bulk velocity gradients
drive the invariant manifold away from local equilibrium. We remark that the par-
ticle system actually never reaches local equilibrium, or if it accidentally starts in

that state, it moves away from it, due to the flow term (V o f ) in the Boltzmann

equation, whose effect is to smooth out the spatial inhomogeneities [8]. Yet for small
Knudsen numbers, the flow term acts on time scales much larger than the collisions.
Consequently, at all times, the instantaneous single-particle distribution function is
very close to the local equilibrium one, given in (2.54). The latter may hence be
regarded as a reference distribution in perturbation theories, such as those described
above, that address the hydrodynamic limit of the Boltzmann equation.


http://dx.doi.org/10.1007/978-1-4614-6306-1_6
http://dx.doi.org/10.1007/978-1-4614-6306-1_2
http://dx.doi.org/10.1007/978-1-4614-6306-1_2
http://dx.doi.org/10.1007/978-1-4614-6306-1_2

References 35

References
1. C. Cercignani, Theory and Application of the Boltzmann Equation (Scottish Academic Press,
Edinburgh, 1975).
2. D.Jou, J. Casas-Vdzquez and G. Lebon, Extended Irreversible Thermodynamics (Springer,
Berlin, 2010).
3. H. C. Ottinger, Beyond Equilibrium Thermodynamics (Wiley, New York, 2005).
4. H. Grad, On the kinetic theory of rarefied gases, Comm. Pure and Appl. Math. 2, 331 (1949).
5. R. Liboff, Kinetic Theory Classical, Quantum and Relativistic Descriptions (Springer,
New York, 2003).
6. N.N. Bogoliubov, in Studies in Statistical Mechanics, vol. 1, J. de Boer and G. E. Uhlenbeck
(Wiley, New York, 1962).
7. R.Liboff, Generalized Bogoliubov hypothesis for dense fluids, Phys. Rev. A 31, 1883 (1985).
8. R. Balescu, Equilibrium and nonequilibrium statistical mechanics (Wiley, New York, 1975).
9. D. Forster, Hydrodynamic fluctuations, Broken Symmetry, and Corrrelation Functions
(W. A. Benjamin, New York, 1975).
10. S. Chapman and T. G. Cowling, The Mathematical Theory of Nonuniform Gases, (Cambridge
University Press, New York, 1970).
11. M. Lachowicz, From kinetic to Navier-Stokes-type equations, Appl. Math. Lett. 10, 19 (1997).
12. A.N. Gorban and L.V. Karlin, Invariant Manifolds for Physical and Chemical Kinetics, Lect.
Notes Phys. 660 (Springer, Berlin, 2005).
13. M. Colangeli, I.V. Karlin and M. Kroger, From hyperbolic regularization to exact hydrody-
namics for linearized Grad’s equations, Phys. Rev. E 75, 051204 (2007).
14. M. Colangeli, I.V. Karlin and M. Kroger, Hyperbolicity of exact hydrodynamics for three-
dimensional linearized Grad’s equations, Phys. Rev. E 76, 022201 (2007).
15. A.V. Bobylev, Sov. Phys. Dokl. 27, 29 (1982).
16. R.Zwanzig, Memory Effects in Irreversible Thermodynamics, Phys. Rev. 124, 983 (1961).
17. D. N. Zubarev and V. P. Kalashnikov, Extremal properties of the nonequilibrium statistical
operator, Theor. Math. Phys. 1, 108 (1969).
18. H. Grabert, Projection Operator Techniques in Nonequilibrium statistical Mechanics
(Springer, Berlin, 1982).
19. H. Haken, Synergetics: an introduction: nonequilibrium phase transitions and
self-organization in physics, chemistry and biology (Springer, Berlin, 1978).
20. C. W. Gardiner, Handbook of stochastic methods (Springer, Berlin, 2004).
21. LV. Karlin, Exact summation of the Chapman-Enskog expansion from moment equations,
J. Phys. A: Math. Gen. 33, 8037 (2000).
22. 1.V.Karlin and A.N. Gorban, Hydrodynamics from Grad’s equations: What can we learn from

exact solutions?, Ann. Phys. (Leipzig) 11, 783 (2002).



Chapter 4
Hydrodynamic Spectrum of Simple Fluids

In this chapter, we will focus on the statistical properties of a fluid from a macroscopic
perspective. To this end, we will discuss the properties of the linearized version of the
NSF equations of hydrodynamics and will introduce the correlation function formal-
ism, which allows us to characterize the spectrum of fluctuations of the hydrodynamic
variables. In particular, we will also clarify the structure of an experimentally acces-
sible quantity, the dynamical structure factor, that is related to the intensity of the
scattered radiation in both the hydrodynamic and free-particle limits. To fix the ideas,
let us consider a fluid at rest, in thermodynamic equilibrium, that is hit by a mono-
energetic beam of radiation, e.g., thermal neutrons. The intensity of the scattered
radiation turns out to be a function, characteristic of the fluid, that depends on the
angle of scattering and on the frequency of the outgoing beam. The scattering is
caused by the presence of spontaneous microscopic fluctuations, induced by thermal
excitations [1, 2], which can be described in terms of suitable correlation functions.
Interestingly, the same functions also make it possible to capture the mathematical
essence of the response of the system to a weak external field [3-5]. The reason
for this connection stems from the fact that the dynamical processes that govern the
spatial and temporal decay of the fluctuations also determine the linear response
of the system. In particular, close to equilibrium and under the assumption of time
reversibility, the Onsager—Machlup theory [6, 7] guarantees that a spontaneous fluc-
tuation most likely follows a path that is the time reversal of the relaxation path
induced by an external perturbation. The connection between spontaneous fluctua-
tions and linear response to an external perturbation explains the relevance of the
correlation function formalism in the study of transport phenomena in fluids and in
unveiling the molecular origin of transport coefficients, even at high frequencies and
large wave vectors [1]. The mathematical framework discussed in this chapter sets
the stage for the development of a generalized hydrodynamic theory that we will
pursue in the following chapters.
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4.1 Correlations in Space and Time

Let us consider two microscopic dynamical variables a(Q,P,ry,#;) and
b(Q, P, ry, 1), of the sort introduced in Sect. 2.1. We define the two-time correlation
function C, ;, between the phase functions a and b as

Cap(ri. 12,11, 1) = (8a(Q. P, x1, 1)8b(Q. P, 12, 1)), 4.1

where the average is taken with respect to a given density F(Q, P); cf. Eq.(2.6). In
Eq. (4.1), we denoted by

8a(Qv Pv ry, tl) = Cl(Q, P7 ry, tl) - A(rlv tl)

the fluctuation of the dynamical variable a with respect to its ensemble average
A = (a) (the same notation also applies to the variable b). The fluctuations can
be regarded as spontaneous random departures from the average. We also note in
passing that this standpoint is consistent with the deterministic evolution dictated
by Hamiltonian dynamics if one regards the stochastic character of the fluctuations
as induced by the unknown distribution of §a at time t = 0 [8]. As mentioned
in Sect.2.1, most observables of interest are obtained by integrating the empirical
distribution function (2.13) over the momentum space:

N
a@ P = [ Va6 35 - ar0) 8 (6 - pi) by, @2)

i=1

where ¥, (&) denotes some known function of the momentum variable &, (e.g., the
elementary collision invariants, defined in Eq. (2.44)). From Eq. (4.2), we can rewrite
Eq.(4.1) in the form

Cap(ri, 2,11, 12) = (Y (51)1/fh(§2))f2 — (Va (51))f(1/'b(§z))f, (4.3)

where (...) s, denotes an integration over the momenta &, and &,, taken with the
distribution f>(ry, &1, t1; 12, &5, ) given in Eq.(2.19). Instead, (.. .) y corresponds
to an average over the single momentum space &;, with i = 1, 2, taken with the
corresponding single-particle distribution f(r;, §;, t;). Let us introduce the Fourier
transform of the fluctuation §a(Q, P, r, 1):

+00

ak(Q, P, 1) = / 8a(Q, P, r, 1)e 'KTdr. (4.4)

—00

Correspondingly, the Fourier transform of Eq. (4.1) is given by [9]
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Cap ki, ko, 11, 1) = {ak, (1) b1, (12)). (4.5)

The structure of the correlation function C, ; considerably simplifies if the average
in Eq. (4.1) is taken with respect to an equilibrium phase density Feq(Q, P), such
as the one in (2.10). In this case, the correlation function enjoys the properties of
stationarity and of translational invariance, because it depends respectively only on
the time difference + = #; — » and on the spatial distance r = r; — rp. Thus, an
equilibrium time correlation function obeys the relation

Cap(ry,ra, t1, 12) = Cop(r, 1), (4.6)
which is mirrored, in Fourier space, by
Cap(Kki, Ko, 11, 82) = Cyp(K1, 1)k, ks 4.7)

with C,4 (K, ¢) denoting the spatial Fourier transform of C, p(r, t). Therefore,
whenever any two-point function such as Cy, 5 (r1, I2, t1, £2) is translation-invariant
in real space, it corresponds to a two-point function that is diagonal in Fourier space,
i.e., it is nonzero only when k; = k». Under the hypothesis of translational invari-
ance, and denoting by k the wave vector, the further property of isotropy of the fluid
entails that Eqs. (4.6) and (4.7) then depend only on » = |r| and £ = |k|. We will
focus in the remainder of this chapter on the structure of equilibrium time correlation
functions and will consider in particular the phase function given by the local number
density n(Q, r), given in (2.15). For a uniform fluid, the van Hove function is defined

as [9]
1 N N
G(r,t)=<NZZS(r—r,~(r)+ri(0))>. (4.8)

i=1 j=1

This function can be endowed with a simple physical interpretation: G (r, ¢)dr is the
number of particles j in a region dr around r at time ¢, given that there was a particle
i centered at the origin at time t = 0. The function G (r, t), which reduces at = 0 to
the static correlation function, can be split into two terms, referred to, respectively,
as the self part and the distinct part:

G(r,t) = Ge(r, 1) + G4(r, 1), (4.9)

with

z| =

Gs(r,t) = < S(r—ri(t)+r; (O))> (4.10)

z| =

i Mz M=

N
Ga(r, t)=< > r—rj(t)+ri(0)]>. (4.11)
j#1
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Hence G4(r,0) = §(r), and it can also be shown that G4(r,0) = (N/V) g(r),
where, using the notation of Sect. 2.1, V is the volume of the system and g (r) denotes
the radial distribution function introduced after Eq.(2.17), whose spatial Fourier
transform corresponds to the static structure factor Sy ,(K). Let us introduce, then,
the intermediate scattering function, defined as

1
Fun(k, 1) = N(nk(t)n_k), (4.12)

which is related to G (r, t) by

o0
Fun(k, 1) = / G(r, t)e *Tdr. (4.13)

—00

The time Fourier transform of the function (4.12) yields the dynamic structure factor
(or power spectrum) S, , (K, w):

e 9]

Spn(K, @) = / Fon(k, 1)e™i®dt, (4.14)

—00
which is also related to the static structure factor S, , (k) by the relation

o0

Sun(K) = Fy (K, 0) = / Spn(k, w)dw. (4.15)

—00

The function S, , (k) can be directly measured from experiments of elastic scattering
of neutrons or x-rays by a fluid. The experiment consists in irradiating a fluid with a
beam of radiation with wave vector k; and frequency w. If the energy of the quanta is
much larger than the characteristic excitation energy of the molecules, the scattering
occurs without any change in the wave frequency, so that the magnitude of the wave
vector is conserved (elastic scattering). We denote by k = k; — k; the momentum
transfer; in elastic scattering experiments, the intensity of the scattered radiation,
which is related to the differential scattering cross section, depends only on this
variable and is proportional to S, , (k) [8, 9]. On the other hand, experiments based
on inelastic scattering involve as well a transfer of energy hw, and it can be proved
[9] that in this case, the differential scattering cross section at a given frequency
w is related to the structure factor S, ,(k, w). Another relevant relation concerning
Su.n (K, w) is the detailed balance condition [1, 10]:

Spn(k, w) = e Phos, (K, —w), (4.16)
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which describes the thermal equilibrium between the radiation and the fluid. Equation
(4.16) reveals in particular that the spectral distribution of a beam of radiation scat-
tered by the fluid is not symmetric with respect to the energy gain and energy
loss. Nevertheless, the symmetry is restored in the classical limit 2 — 0, in which
Sk, w) = S, (—k, —w) holds [1]. Let us now discuss the form of the dynamic
structure factor in the free-particle limit, which corresponds to € >> 1 and pertains to
the regime, typical of an ideal gas, in which the particles move freely in the fluid at
constant velocity. Because in this limit the positions of the particles are uncorrelated,
the calculation of S, ,(k, @) reduces to the calculation of the self part G4(r, t) of
the van Hove function (4.10). In particular, the probability that an ideal gas particle
covers a distance r in a time 7 is given by the Maxwellian distribution that a particle
has a velocity in the range du around u, where u = r/z. This leads to the expression

2

1 -~
Gs(r, 1) = ———=e 0177, 4.17)
(mv2.12)°
T

where vi = /2kpT /m is the thermal velocity introduced in Sect.2.4. Therefore,
from (4.17), one obtains

2
Spn(k, ) = L GR) (4.18)

1/Jrv%k2

which gives an asymptotic expression for the dynamical structure factor S, , (k, w) in
the domain of large wave vectors and high frequencies. By contrast, the structure of
Sy.n (K, w) pertaining to the opposite regime of small wave vectors and low frequen-
cies, corresponding to the hydrodynamic limit, will be derived in Sect.4.2. Before
concluding this section, it is worth discussing briefly the relevant role of the correla-
tion function formalism in the branch of statistical mechanics concerned with linear
response theory [3]. This theory focuses on the statistical properties of many-particle
systems weakly perturbed from equilibrium; it received a theoretical justification with
the formulation of the fluctuation—dissipation theorem (FDT) [11, 12]. The literature
reports, in fact, a variety of results referring to this theorem, which hold in rather
different contexts, e.g., in deterministic Hamiltonian systems (“FDT of the first kind”
[4, 12]), in stochastic dynamics (“FDT of the second kind”’; see [ 13—15]), in determin-
istic dissipative systems (“‘generalized fluctuation—dissipation relations”; cf. [16]).
We restrict ourselves here to the FDT of the first kind. We consider a system that at
time ¢t = fy is at equilibrium with a (time-independent) Hamiltonian H (Q, P). We
also assume that the statistical properties of the system are described by the equilib-
rium density (2.10). Then attime ¢ = 0, a perturbation & (¢) is switched on, and it mod-
ifies the Hamiltonian of the system into H (Q, P) — H(Q, P) — h(t)a(Q, P), where
a(Q, P) is a phase function conjugate to the external field /(). Correspondingly,
the ensemble average of an observable b(Q, P) is transformed by the perturbation
into (b)eq — (b)n(t) = (b)eq + (Ab)x(t), where the subscripts eq and h refer
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respectively to the averages taken with respect to the equilibrium density (2.10) and
to the perturbed density induced by the external field. As long as the magnitude of the
perturbation is small, one may expand (b); around i = O (i.e., around equilibrium)
to obtain

[ (b)) /
byn(t) = (b)eq +/ W h(s)ds = (b)eq + Rb,a(t —s)h(s)ds, (4.19)
0

0

h=0

where §(b),(t)/5h(s) denotes the functional derivative of the ensemble average (b),
with respect to the perturbation s, and Rp, ,(t — s) is the response function. The
FDT of the first kind states that the response function R (¢ — s), induced by a
perturbation A (s) occurring at the time s < ¢ is given by [3, 13]

d
Rya(t —s) = ,Bg(a(Q, P, 5)b(Q, P, 1)). (4.20)

Here (a (s)b(t)) is the equilibrium time correlation function between a(s) and b(z).
Equation (4.20) is a fundamental result in statistical physics. It reveals that the
response of a system to a weak external perturbation driving the system away from
equilibrium can be read off in terms of a suitable equilibrium time correlation func-
tion. In other words, the properties of a system pulled slightly out of equilibrium can
be inferred from the knowledge of the statistical properties of the system at equi-
librium. A seemingly similar relation holds also for the response of a system driven
away by a weak perturbation from a nonequilibrium steady state [5].

4.2 Linearized Hydrodynamics and Collective Modes

In this section we aim at deriving an expression for S, , (K, ®) in the hydrodynamic
regime. Our starting point will be the NSF equations of hydrodynamics, characterized
by the constitutive equations (3.15) and (3.16) for the stress tensor and the heat flux.
From the expression for the hydrodynamic fields introduced in Sect.3.1, we can
define the fluctuations of these fields around equilibrium as follows:

p(r, 1) = po + 8p(r, 1),
u(r, t) = éu(r, 1),
T(r,t)=Ty+68T(r, 1), 4.21)

where we choose a reference frame in which the equilibrium bulk velocity uy is zero.
The response of the system to the small perturbations resulting from the spontaneous
equilibrium fluctuations always present in the system can be described in terms of
the linearized hydrodynamic equations. That is, if we retain only the first power
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of the fluctuations (4.21), the macroscopic equations (3.9), equipped with the NSF
constitutive equations (3.15) and (3.16), attain the structure [1]

0:8p = —poVr - u,

| B
podu = nViu+ (gn + g“) Ve (Ve -w) — c§y ™ [Vedp + poar Vi T],

9,6T =

Vi -u, (4.22)

~1
v2sT — L
o

POCy
where y = ¢p/c, is the ratio of the specific heats at constant pressure and constant
volume respectively, « = p (9V/9T), is the coefficient of thermal expansion, and
co = /(dp/dp), is the adiabatic speed of sound, with the subscript s denoting the
entropy per unit mass. When passing into Fourier space, we denote by [,ok, uy, Tk]
the Fourier transforms of the fluctuations (4.21). It then proves convenient to split

the velocity into longitudinal and transversal components lying respectively in the
directions parallel and orthogonal to k:

uc(?) = ull(k, Hk + ut(k, 1),

with k denoting a unit wave vector in the direction of k. A relevant property of
the linearized NSF equations (4.22) concerns the fact that the time evolution of
the transversal components is decoupled from that pertaining to the longitudinal
components, as we will also see in Chap. 6. To see this, let us introduce first the
Laplace transform of ni(¢), defined as

+0o

Pk(Z)Z/e_thk(f)dt-

0

By Laplace transforming equation (4.22), one obtains a set of algebraic equations,
which can be solved to second order in k. This procedure yields the roots [2]

71 = —Drk?, (4.23)
223 = Ficok — I'k?, (4.24)
245 = —nik?, (4.25)

where
Dy = 1/(pocp)

is the thermal diffusivity,

r'=-[ne+(—1Dr]

| =
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is the sound attenuation coefficient, n; = n/pg is the transverse kinetic viscosity, and
ne = (¢ +4/3n) /po is the longitudinal kinetic viscosity. The roots (4.23)—(4.25)
are called hydrodynamic modes: they describe the evolution of collective fluctuations
in a fluid. The two degenerate roots (4.25) correspond to the shear modes, which
are decoupled from the other modes. The evolution equation of the two transverse
components of the velocity reads

ul (1) = uk (0)e K1, (4.26)

Equation (4.26) reveals that any transverse velocity fluctuations in the fluid decay in
time and cannot propagate in the fluid. Moreover, according to Eq. (4.26), the short-
wavelength disturbances decay faster than the long-wavelength ones. In contrast,
the roots (4.23) and (4.24) are longitudinal modes associated to fluctuations of the
density, temperature, and longitudinal component of the velocity. The evolution of
the fluctuations of the mass density is easily derived:

oK(1) = [(VT_I) e~Drir 4. %e_r K cos(cokt):| ok (0). 4.27)

From the structure of Eq. (4.27), one can interpret the mode (4.23) as entropy fluc-
tuations at constant pressure that do not propagate in the fluid and give rise to a

purely diffusive effect, whose characteristic decay time is (DTkz)_l. By contrast,
the two modes (4.24) correspond to sound waves, i.e., pressure fluctuations at con-
stant entropy propagating in the fluid at the speed of sound cg. Also, these fluctuations
fade off eventually, due to the combined effect of viscosity and thermal conduction,

with a characteristic time (Fk2) ~! From the expression (4.27) for the mass density
Pk = mng, one may formally use the procedure outlined in Sect.4.1 to calculate
the dynamic structure factor in the hydrodynamic regime (corresponding to the NSF
equations).

A remark is in order here, however.

In the hydrodynamic regime, the phase function n(Q, r); in (4.1), must be replaced
by its average over a mesoscopic cell of linear size £,es0 [9]. That is, the fluctuations
of interest here are macroscopic fluctuations of the particle number density around
its thermodynamic equilibrium value. In particular, the length €50 is assumed to be
macroscopically small but still sufficiently large to ensure that inside each cell, local
equilibrium holds and the relative fluctuation of the number of particles is negligible.
It is also worth pointing out that in the hydrodynamic regime, the average (4.12) is
no longer an ensemble average, as in (4.1), but corresponds to an average over initial
conditions, weighted by the probability density of thermodynamic fluctuation theory
[2], which is given by

P o oAS/kp

where AS is the entropy change of the system due to the macroscopic fluctuation. It
can thus be shown [2] that in the hydrodynamic regime, S, , (K, ») attains the form
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Thus, S, (k, w) consists of three components: the Rayleigh line centered at v = 0,
and the two Brillouin lines, located at £cok; cf. the left panel of Fig. 4.1. As mentioned
in Sect. 4.1, the power spectrum constitutes an important source of information for
experimentalists. The measure of the Brillouin—Rayleigh spectrum by light scattering
in a simple liquid makes it possible, in fact, to compute the speed of sound c( (from the
position of the Brillouin peaks) as well as the lifetime of the thermal fluctuations and
that of the sound waves (from the knowledge of Dr and I” respectively). A further
characterization of the hydrodynamic regime can be obtained by looking at the self
part of the van Hove function. It is possible to show [1, 9] that in the limit of small
wave vectors and low frequencies, G (r, t) behaves as if the tagged particle were
undergoing a diffusive process. The evolution equation is hence of the form

3Gy(r,1) = —DV2Gy(r, 1), (4.29)

where D is the coefficient of self diffusion. Equation (4.29) admits the solution

Gy(r, 1) = ;e’<%). (4.30)

V(47 Dt)3

By defining the self part S,?L (k, ®) of the dynamic structure factor as the double
Fourier transform of G (r, t), we obtain from (4.30) the following expression [9]:

Dk?

SO (K, w) = 1 Db
”’" T2 4 (Dk2)2

4.31)

The self-diffusion coefficient D can hence be obtained from S,(f,), using the

relation [10]
2

D = lim lim TO 66 (k. ). (4.32)

w—s>0k—0 k2 ™"

where it is crucial that the limits be taken in the indicated order. Equations (4.17)
and (4.30) reveal that G4(r, t) is a Gaussian function in both the free-particle and
hydrodynamic regimes. Consequently, the mean square displacement of the tagged
particle, defined as

() = (Ir@) — r(0)[) = / r?G(r, t)dr, (4.33)
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Fig. 4.1 Left panel. Dynamical structure factor S, ,(K,®) in the hydrodynamic regime
corresponding to the linearized NSF equations. The central peak represented in the figure is the
Rayleigh peak, which corresponds to thermal fluctuations, whereas the two side peaks are the Bril-
louin peaks, which originate from pressure fluctuations in the fluid. Right panel. Schematic behavior
of the full width at half maximum, Aw, of S,(,",i (k, w). The straight lines correspond, respectively,
to the hydrodynamic regime (left branch) and to the free-particle regime (right branch). The red
dashed line merely represents a possible smooth interpolation between the two limiting regimes [1]

takes, in the free-particle limit, the form

3
2 2.2
1)) = Zvrt-,
{r*m) ST
which corresponds to a ballistic-like transport, whereas in the hydrodynamic regime,
it reads

(@) = %Dt,

which is the hallmark of a standard diffusion process.
Furthermore, Eq.(4.31) reveals that in the hydrodynamic regime, the full width at

half maximum of S,(,f,)q, denoted by Aw, reads

Aw =2Dk*, fork <1,
Aw = 2+4/In2v7k, for k > 1.

Therefore, Aw is proportional to k% for small wave vectors and is linear in k for
large wave vectors, as shown in the right panel of Fig. 4.1. Due to the asymptotic
expressions of the self part of the van Hove function for t — 0 (free-particle limit)
and for t — oo (hydrodynamic limit), it would be tempting to stipulate a Gaussian-
like behavior of Gy for all times. Nevertheless, molecular dynamics simulations for
argon-like liquids [9] reveal that in the intermediate regime, there are deviations of
about 10% from the assumed Gaussian behavior. Thus, the challenge of a generalized
hydrodynamic theory consists in providing a theoretical framework to interpolate
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between the two asymptotic regimes (represented by the red dashed line in the right
panel of Fig. 4.1). A traditional strategy is based on the introduction of nonlocal
hydrodynamic variables and nonlocal transport coefficients, which can be obtained,
in a somewhat empirical manner, by solving a generalized Langevin equation [1].
In the next chapter, we will instead learn how the invariant manifold method allows
us to extend the hydrodynamic description to the intermediate regime represented
in Fig. 4.1. To this end, we will investigate some models of the Boltzmann equation
and find an exact closure for the single-particle distribution function.
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Chapter 5
Hydrodynamic Fluctuations from
the Boltzmann Equation

Several solution techniques have been introduced in the literature to obtain
approximate solutions of the Boltzmann equation. In particular, the CE method
extends the hydrodynamics beyond the NSF approximation in such a way that
the decay rate of the next-order approximations (Burnett and super-Burnett) are
polynomials of higher order in k [1-3]. In such an extension, relaxation rates may
become completely unphysical (amplification instead of attenuation), as first shown
by Bobylev [4] for a particular case of Maxwell molecules. Therefore, several regu-
larization techniques have been proposed to restore the thermodynamic admissibility
of the generalized hydrodynamic equations [5-7]. A promising route, in particular,
is based on the notion of invariant manifold [1], introduced in Sect. 3.4. The method
requires a neat separation between hydrodynamic and kinetic (time and length) scales,
and postulates the existence of a stable invariant manifold in the space of distribu-
tion functions, parameterized by the values of the hydrodynamic fields. Following
the approach traced in [8], we will employ here the invariant manifold technique to
determine the hydrodynamic modes and the transport coefficients beyond the stan-
dard hydrodynamic regime. In particular, we expect to recover the asymptotic form of
the dynamic structure factor in the free-particle regime and to shed light on the prop-
erties of the hydrodynamic equations in the intermediate regime of finite Knudsen
numbers.

This chapter is structured as follows.

We will review, in Sect.5.1, the eigenvalue problem associated with the linearized
Boltzmann equation. In Sect.5.2, we will derive the invariance equation for the
Boltzmann equation equipped with an arbitrary linearized collision operator. In
Sect.5.3, we will introduce a suitable coordinate system that allows us to high-
light the symmetries of the solutions of the invariance equation. In Sect. 5.4, we will
then solve the invariance equation for the linearized BGK model [9]. In Sect. 5.5, we
will investigate the properties of the solution of the invariance equation for a gas of
Maxwell molecules. We will therefore clarify the structure of the obtained hydro-
dynamic modes and cast the generalized transport coefficients in the Green—Kubo

M. Colangeli, From Kinetic Models to Hydrodynamics, SpringerBriefs in Mathematics, 49
DOI: 10.1007/978-1-4614-6306-1_5, © Matteo Colangeli 2013
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formalism [10]. Finally, we will determine the spectrum of the density fluctuations
and discuss some relevant features of the resulting short-wavelength hydrodynamics.

5.1 Eigenfrequencies of the Boltzmann Equation

In this section, we return to the eigenvalue problem for the linearized Boltzmann
equation, introduced in Sect.2.4. Namely, for an inhomogeneous gas, the eigenval-
ues correspond to k-dependent frequencies (i.e., the inverse of characteristic collision
rates). The connection between the fluctuations of the macroscopic variables and the
underlying characteristic kinetic rates is a central problem in statistical mechanics
[11, 12], one that still lacks a conclusive settlement. In order to appreciate the prob-
lem, we anticipate that in the NSF approximations, the hydrodynamic modes are
quadratic in the wave vector [13], cf. Eqgs.(4.23)—(4.25), and are unbounded. On
the other hand, Boltzmann’s collision term features equilibration with finite char-
acteristic rates. Hence, the “finite collision frequency” is strongly at variance with
the arbitrary decay rates in the NSF approximation: intuitively, the hydrodynamic
modes at large k cannot relax faster than the collision frequencies. In his seminal
work [14] on the eigenfrequencies of the Boltzmann equation, Resibois provided an
explicit connection between the generalized frequencies of the linearized Boltzmann
equation and the decay rate of the hydrodynamic fluctuations. He tackled the prob-
lem by solving, perturbatively, the eigenvalue problem associated to the Boltzmann
equation and to the NSF equations of hydrodynamics.

Let us rewrite the Boltzmann equation (2.40):

Of=-v-Vf+O(f . (5.1

We introduce the dimensionless peculiar velocity ¢ = (v — ug)/vr and the equi-
librium values of hydrodynamic fields: equilibrium particle number n¢, equilibrium
mean velocity uy = 0, and equilibrium temperature 7. The global Maxwellian reads
FOM — (no/v3T)fo (c), where fo(c) = 7=3/2¢=¢ is a Gaussian in the velocity space
(c = |e|). We linearize (5.1) by considering only small disturbances from the global
equilibrium. Moreover, we write the nonequilibrium distribution function (cf. also
Table5.1) as

f,e,t)= M4 51, (5.2)

where f LM (denotes the local Maxwellian, to be made precise in Sect.5.2, and §f
is the deviation from local equilibrium. An alternative notation is introduced via
8f = fOMsgp. We also consider a reference frame moving with the flow velocity
and linearize the collision operator around global equilibrium, as shown in Sect. 2.4.
When passing to Fourier space, we seek solutions of the form

fr,e 1) =e”e® T f(k, ¢, w),
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Table 5.1 Notation used in this book

o= ™ + 5f
- GM + fGM(PO + fGM(S(p
— fGM + fGMX(O) X + fGMaX X
— fGM + fGM AX - X
= oM 4 Af

Terms have been grouped and abbreviated as depicted here £OM and fM denote the global and local
Maxwellian, respectively, and Af and §f their “distance” from f. The third row gives information
about the closure discussed in this book, while x is a set of distinguished (lower-order) moments

of f

where w is a complex-valued frequency and  is a real-valued wave vector. Thus, the
Boltzmann equation (5.1) reduces to

1 . .1
— 3 f(k,¢,w) = —ik-¢f + Léf(k,¢,w), L[ =—L, (5.3)
VT vrT

where we made use of the fact that Lf LM — 0. In the remainder of this section, we
will investigate the spectrum of the operator A = L — ik - ¢, which determines the
time evolution of the single-particle distribution function [15]. This is readily seen

by inspection of the inverse Laplace transform:

eZt

1
fk,c )= I:z—mj{ mdz} fk, ¢, 0), 5.4)

where the closed path encircles the poles of the function inside the integral. According
to the spectral theorem, these poles correspond to the spectrum of A. The flow term
—ik - ¢f is treated here as a small perturbation [16] (this amounts to considering
small gradients in the real space). Equation (5.3) can be therefore written in the form

Af = of, (5.5)

which constitutes the starting point of our analysis. We can use here the mathematical
framework earlier developed in Sect.2.4. Thus, we introduce a Hilbert space 77
endowed with the scalar product (g|h) defined by Eq.(2.65). The analysis of the
spectrum of the full operator A in Eq. (5.5) requires a preliminary discussion about
the properties of the spectrum in the limit & — 0. In this limit, Eq. (5.5) reads

LW;(e) = 1 ¥ (). (5.6)

The linear operator L introduced in Sect.2.4 is self-adjoint with respect to the
scalar product (2.65), whence the corresponding eigenfunctions are (or can be made)
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orthogonal and constitute a complete set. In particular, a subset of them spanning a
five-dimensional subspace of .77 is related to the fivefold degenerate zero eigenvalue.
These functions correspond to the collision invariants fEMX©® with X denoting
a set of lower-order Sonine (or associated Laguerre) polynomials:

X0 = [1, 2¢, (02 — %)} . (5.7)

One also typically assumes that the eigenvalues of L other than 0 have no accu-
mulation point at the origin. This assumption is always implicit in any calculation
of transport coefficients based on kinetic theory. Physically, it implies a separation
of the relaxation time scale Ai_l and the hydrodynamic time scale corresponding to
(v:k)~! occurring in Eq.4.18. The lack of such a time scale separation can cause
the breaking of the hydrodynamic description, as will be discussed in Chap. 6, for a
Grad’s moment system. For finite values of k, there will be a set of eigenvalues of A,
denoted by wy, with @ = 1, ..., 5, which in the k& — 0 limit, reduce to the afore-
mentioned degenerate zero eigenvalue. Hence, we briefly review here the results of a
perturbative method, outlined in [14], that allows us to determine the dependence of
the set w, on k. If we denote by ¥, (k) the eigenfunctions corresponding to wy (k),
the yet unknown eigenfunctions and eigenvalues can be expanded in powers of the
wave vector k:

v, = llfofo) + kq/;“ + kzlllogz) +--,

wy = 00 + koD + K0P + - -, (5.8)
where 11/050) are linear combinations of the collision invariants (5.7), whose detailed
expression is not relevant here (cf. [17] for details). The use of a Rayleigh—

Schrddinger perturbation theory leads to the following polynomial expression for
the set {wy} [17]:

w1 = icok — k> <l1’1(0)

((cx ) (ex — Co)) w1<°>>,
L

wy = —icok — k2 <l1/2(°)

1 0)
(ex + CO)Z(Cx +co) )Y, ),
1
w3 = —k? <l1/3(0) (cx—cx l1/3(0)>,

w4 = —k? <l1/4(0) (cx7cx) lI/4(O)>,
L
<)

ws = —k2<l1/5(0) (cx—cx w;°)>, (5.9)

where ¢ is the speed of sound, defined in Sect.4.2.
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On the other hand, in Fourier space, the linearized NSF equations (4.22) read
wng = —ing (K- w),

1
ou; = —nk*uy — (gn + g“) (k- -u)k — ic%yfl,oo_lknk - icéyflaka,
A
LOCy

1
2T, — i

T = — (k- ). (5.10)

The condition of nontrivial solvability of the linear system (5.10) with respect to the
variables [ng (), ui (w), Ty (w)] yields the dispersion relation w(k), i.e., the normal
mode frequencies of the system. The roots of the dispersion relation enjoy the same
structure as that of the solutions (4.23)—(4.25). In particular, the real part of these
modes is quadratic in the wave vector [1, 14, 17]:

Re(w) x —k2,

which is a hallmark of the NSF approximation. Postulating the equivalence of the
hereby obtained hydrodynamic frequencies with the set of kinetic frequencies wy
given by Eq.(5.9) leads to approximate expressions for the transport coefficients,
which can be shown to be equivalent to the reduced expressions determined by
many-body autocorrelation functions [14]. As also pointed out in [16], the result
obtained by Resibois based on the correspondence between hydrodynamic modes
and kinetic frequencies reveals that in the limit of long wavelengths, the possible
modes of motion of the gas correspond to rather ordered motions, such as propagation
of a sound wave. These modes are referred to in the literature as collective modes,
because they involve the coordinate action of a huge number of particles. The onset
of such an ordered motion as a result of the underlying chaoticness of the individual
motion of the particles is a striking feature of statistical mechanics. The reason for
this can be traced back to the effect of the collisions, which very quickly drive the
system toward the local equilibrium state, which is a highly organized one. From then
onward, the flow term produces slow variations in space and time of this basic state,
which reduce the local gradients of the hydrodynamic fields; cf. also the discussion
at the end of Chap. 3. In the sequel of this chapter, we will employ invariant manifold
theory to obtain a generalization of the pioneering approach developed by Resibois.

5.2 The Invariant Manifold Technique

Let us briefly recall some basic mathematical tools of the method introduced in
Chap. 3. We denote by U and x(r, t), respectively, the space of single-particle dis-
tribution functions f(r, v, ) and some of its distinguished moments. We define the
locally finite-dimensional manifold £2 C U as the set of functions f (x(r, 7), ¢) whose
dependence on the space—time variables (r, ) is parameterized through x(r, #). In this
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chapter, we will identify the distinguished moments x(r, #) with the hydrodynamic
fields. Moreover, P is the thermodynamic projection operator, which, as discussed
in Sect.3.4, allows us to decompose the dynamics into a fast motion on the affine
subspace f -+ ker[P] and a slow motion, which occurs along the tangent space 7.
The use of the thermodynamic projector guarantees the persistence of dissipation: it
can be shown [1] that the entropy production rate is unaltered when the dynamic is
projected along the manifold of slow motion.

In order to derive exact hydrodynamic equations from the general eigenvalue problem
(5.3), we proceed as follows:

1. We determine the invariant manifold, i.e., the distribution function solving the
invariance equation
1—-P)AAf =0, (5.1

where Af = f — fOM (cf. also Table5.1).

2. We derive the equations of linear hydrodynamics by integrating the kinetic equa-
tion (5.3), with f given by the solution of Eq. (5.11). By construction, the hydrody-
namic modes then coincide with the set w,, of eigenfrequencies of the Boltzmann
equation, which vanish in the limit k — O.

We also denote by x; the Fourier components of the dimensionless hydrodynamic
fluctuations [, @, T): /i = (n — ng) /ngo (particle number perturbation), i = u/vy
(velocity perturbation), and T = (T — Ty)/ Ty (temperature perturbation). Further,
we split the mean velocity @ uniquely as @t = u/ e+ ure | , where the unit vector e is
parallel to k, and e is orthonormal to |, i.e., €, lies in the plane perpendicular to k.
Due to isotropy, u alone fully represents the twice degenerated (shear) dynamics.
By linearizing around the global equilibrium, we write the local Maxwellian con-
tribution to f in (5.2) as f™ = fOM(1 4+ ¢), where ¢, takes a simple form,
@0 = X© . x (linear quasiequilibrium manifold), where X (¢) was defined in
Eq. (5.7). It is conveniently considered a four-dimensional vector using the four-
dimensional version x; = [, ull, Tk, ul], and is then given by (5.21). It proves
convenient to introduce a vector of velocity polynomials & (c), which is similar to X°
and defined below in Eq. (5.22), such that using the notation introduced in Eq. (2.65),

E XD = 8,00

Hence the fields x; are obtained as (£(c)) fiM = X, where averages are defined
here as '

1
() = %/E(C)f(C)dV' (5.12)

We introduce yet unknown fields §X (¢, k) that characterize the part § f of the distrib-
ution function. As long as deviations from the local Maxwellian are small, we seek a
nonequilibrium manifold that is also linear in the hydrodynamic fields x themselves.
Therefore, we set

8¢ = 6X - Xg. (5.13)
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The “eigen”closure (5.13), which formally and very generally addresses the fact that
we wish to not include other than hydrodynamic variables, implies a closure between
moments of the distribution function, to be worked out in detail below. If we use the
above form (5.13) for 8 = fMsg, with Lf = fOML[5X] - x¢, and the canonical
abbreviations AX = X%(¢) + 5§X(c, k), then Eq.(5.5) reads

wf MAX - xp = AAf = —ik - cfMAX - x; 4+ fOMLSX - x;. (5.14)

The microscopic projected dynamics is obtained through the projector P, which,
when acting on the vector field J(f) = AAf, gives

PAAf = Dy Af - /)‘;‘(c)AAfdv, (5.15)

where Dy, Af = 0Af/dx; and the quantity inside the integral in (5.15) represents
the time evolution equations for the moments x;. These are readily obtained by
integration of the weighted (5.5) as

w(§(0)) f = —ik - (E(0)c) s + (E(0)) - (5.16)

Due to the eigenclosure (5.13), cf. also Table 5.1, one obtains Dy, Af = f GMAX,
whereas (5.16) is linear in x4 and can be written as

WX = M - x;. (5.17)

Equation (5.17) defines the matrix M of hydrodynamic coefficients, whose explicit
structure will be made clear in Eq. (5.27). Using (5.17), Eq. (5.15) can be cast in the
form

PAAf = fOMAX - M - x;. (5.18)

In the derivation of (5.18), one needs to take into account the constraints (§ (¢))sy = 0
(because the fields x; are defined through the local Maxwellian part of the distribution
function only) and (£ (c)) isf = 0 (conservation laws). The dependence of the matrix
elements of M on moments of §f is explicitly given in Table 5.2. Combining (5.14)
and (5.18) and requiring that the result hold for every x; (invariance condition), we
obtain a closed, singular integral equation (the invariance equation) for complex-
valued §X,

AX-M = —ik - ¢ AX + L5X. (5.19)

Notice that X = AX — X@ vanishes for k = 0, which implies that in the limit
k — 0, the invariant manifold is given by the set of local Maxwellians f“M. The
implicit Eq. (5.19) for 6X (or AX, since X s known) is identical to the eigenclosure
(5.13), and is our main and practically useful result.
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Fig. 5.1 Schematic drawing introducing an orthonormal frame e, e 1 and e IRXE which is
defined by the wave vector K || ¢ and the heat flux q (not shown), which lies in the e)— e | -plane.
Shown is the velocity vector ¢ (5.20) relative to this frame (characterized by length ¢, coordinate z,
and angle ¢) and its various components. The integration over de = c¢2dcdzd¢ is done in spherical
coordinates with respect to the local orthonormal basis

5.3 Coordinate Representation and Symmetries

In order to calculate the averages occurring in Sect. 5.2, we switch to spherical coordi-
nates. For each (at present arbitrary) wave vector k = ke, we choose the coordinate
system in such a way that its (vertical) z-direction aligns with e| and its x-direction
aligns with e | . The velocity vector was decomposed earlier as &t = ullej +ute . We
can then express ¢, over which we are going to perform all integrals, in terms of its
norm c, a vertical variable z, and plane vector e4 (azimuthal angle es - €1 = cos ¢;
the plane contains e ) for the present purpose as

c/c=+vV1-— 72 ey + ze|, (5.20)

as shown in Fig. 5.1.

The local Maxwellian, linearized around the global equilibrium, takes the form
FIM/FOM — 1 gy = 1 4+ X© . x;, where the four-dimensional X@ and the
related vector & employing four-dimensional x; = [7g, ull, fk, ul] are given by the

expressions
0) 2 3
XY@ =12, {c" — 3 ,2¢1 ), (5.21)

2 3
&(0) = (1, ‘I 3 (c2 - E) ,CL) , (5.22)

which clearly resemble the expression given in (2.71). Here we have introduced, for
later use, the abbreviations
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cp=c-e cL=c-e|, Cp =C-ep = , (5.23)

such that ik - ¢ = ikcj. We can then rewrite (5.20) as ¢ = cyey + cje; with
¢y =czandcy =cv 1 — z2. The latter two components, contrasted by ¢ (and eg),
do not depend on the azimuthal angle. We further introduced yet unknown fields
8X(c, k), which characterize the nonequilibrium part of the distribution function
8¢ = 8f/fM.

By analogy with the structure of the local Maxwellian, we postulate that close
to equilibrium, §¢ depends linearly on the hydrodynamic fields x; themselves.
Equation (5.13) can therefore be cast in the form

8¢ = 8X - x; = 8X g + 8Xou! + 8X3T) + 8 Xqu™. (5.24)

The functions §X; > 3, which are associated with the longitudinal fields, inherit
the full rotational symmetry of the corresponding Maxwellian components, i.e.,
5X123 = 8X123(c, z), whereas 8§ X4 factorizes as §X4(c,z,¢) = 28Ya(c, z)
> =1 Ym cos m¢. In this context, it is an important technical aspect of our derivation
to work with a suitable orthogonal set of basis functions to represent §f uniquely.'

The matrix M in (5.18) contains the nonhydrodynamic fields: the heat flux q; =

<c (cz — %)>f and the stress tensor 6 = ('cc ) f» where 's' denotes the symmetric

traceless part of a tensor s [18],’s = %(s +sT) — %tr(s)l, where I is the identity
matrix. Using (5.13) and the above-mentioned angular dependence of the §X func-
tions (the only term in § X4 playing a role in our calculations is the first-order term

! In the notation in [8, 18, 19], the distribution function is written as a sum over n-fold contracted
products of nth-rank tensors f(c) = fo(c) Z}fnzo (d),f) Q" ¢; (¢) with (qb,’g) = f f(©)¢y de and

base functions ¢} (¢) = l,’:LZH/ 2(cz) ®"c, where L} are the associated Laguerre (kth-order)

polynomials [20], ®"¢ denotes the n-fold tensor product, and a' denotes the irreducible part of

a tensor a. For the explicit construction of nth-rank irreducible tensors @ see [18, p. 160].
The normalization coefficients evaluate as [} = (WTk!(1 + 2m)/[2(k +n + 1/2)!n!])1/2. The
base function ¢ (¢) is thus a (2k + n)th-order polynomial in c. The lowest-order base functions
read ¢ = 1, ¢} = V2¢, 0 = V2/3(3/2 — ¢2), ¢} = 2/v3)(5/2 — ¢*)e, and ¢F = /2'cc.
Density, velocity, temperature, heat flux, and stress tensor are related to the moments as follows:
n= (q)g), u= (¢(1))/\/§, T = (d)?) J3/2.q = (d)}), and o = (¢g)/\/§ The distribution function
is then split into (orthogonal) parts as f(¢) = f™(c) 4+ 5£%d(c) + §f™(c) with fPM(c) =
fo©)(60) #9 + () ¢ + (97) ¢1) and 874 (e) = fo(e) (1) ] + (¢5)#5), while the sum in
Sfrest(e) = Zk,n (d);’) O" ¢} (¢) extends over the remaining (k, n)-pairs. Number density, velocity,
and temperature are therefore determined by fM alone, and 8 automatically obeys constraints
such as the orthogonality requirement f Sf (c)¢? de = O and also f Sf (e)é(c)de = 0, as mentioned
in the text. These conditions become redundant if calculations are performed using the particular
basis ¢} . For Maxwell molecules, the dependence on the polar angle ¢ can be included by replacing
P(z) by ¢ me P/"(z), involving the associated Legendre polynomials [20], and the eigenvalues are
independent of m. Then these base functions reduce to the eigenfunctions v, ;(c, z) (5.29) of the
Maxwell gas.
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Table 5.2 Symmetry-adapted components of (nonequilibrium) stress tensor o and heat flux q,
introduced in (5.25) and (5.26)

o 0, 03 o4
(sxy) (A15x5) (A5 x3) (ccLdYa)
—k*B ikA —-k*C ikD
real, @ imag., ® real, @ imag., ©
I I I
q1 q> q3 q4
(rloxi) (v 15X2) (v16X3) (2= 3)crom)
ikX K2z iky —K*U
imag., © real, © imag., © real, @
Row 2 Microscopic expression of these components (averaging with the global Maxwellian). Short-
hand notation used: Al = cﬁ — % and yl = (c2 — %) c|. Row 3 Expression of the components

in terms of (as we show, real-valued) functions A-Z (see text). Row 4 Parity with respect to z—
symmetric (@) or antisymmetric (©)—of the part of the corresponding § X entering the averaging
in row 2, and whether this part is imaginary or real-valued (see Fig. 5.5). Row 3 is an immediate
consequence of row 4

cos ¢, with y; = 1),2 constraints such as the required decoupling between longitu-
dinal and transversal dynamics of the hydrodynamic fields are automatically dealt
with correctly in performing integrals over ¢.

More explicitly, the stress tensor and heat flux uniquely decompose as follows:

3— —
O =0l Ee”en +0L2e”e” I (5.25)
aw=q'e+q" e, (5.26)
with the moments o/l = (01”, ol 03”) - (g, ul, ) and o+ = o4ut, and similarly

for qi (see row 2 of Table5.2).

The prefactors arise from the identities W : m = %and w IR W 1= %
We note in passing that while the stress tensor has, in general, three different eigen-
values, in the present symmetry-adapted coordinate system, it exhibits a vanishing
first normal stress difference. Since the integral kernels of all moments in (5.25) do

2 The integrals listed in Table 5.2 obey the following decoupling rules:

1
/ (cﬁ - §cz) 8Xnde oc 1 — 8,4,

/chgSX,,dc X Op 4,

5
/c” (cz - E) 8X,de oc 1 — 8,4,
, S
ci(c -3 8X,de o< 8y 4.
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not depend on the azimuthal angle, these are actually two-dimensional integrals over
c €[0,00] and z € [—1, 1], each weighted by a component of 27 ¢? fEMsX.

Stress tensor and heat flux can also be written in an alternative form, defined by
row 3 of Table 5.2, in terms of the functions A—Z, which correspond to moments of
the nonequilibrium distribution function and are related to the generalized transport
coefficients; see [8, 13, 21] and below.

Due to fundamental symmetry considerations, the generalized transport coefficients
A-Z introduced here are real-valued. To show this, we use the functions A—Z to split
M into parts as M = Re(M) — i Im(M),

M = k> , (5.27)

Suiw © O
>
SO O
Suio © O
N<
g oo
SO e
SN =
co Mo
SO OO

. . ~ 1 2 ~ 1 2 ~ 2 )
with abbreviations B = 7 k“B,C = — —k“C, and Z = 5(1 — k*Z). The

checkerboard structure of the matrix M (5.27) is particularly useful for studying
properties of the hydrodynamic equation (5.18), such as hyperbolicity and stability
[2, 3], once the functions A—Z are explicitly evaluated. Moreover, we remind the
reader that we use orthogonal basis functions (irreducible moments; cf. Table 5.2)
to solve (5.19). In order to show how the above functions enter the definition of the
M matrix, we first notice that its elements are a priori complex-valued. We wish,
then, to make use of the fact that all integrals over z vanish for odd integrands.
To this end, we introduce abbreviations @ (©) for a real-valued quantity that is
even (odd) with respect to the transformation z — —z. One notices that X0 —
(@, e, @, ®), and we recall that A—Z are integrals over either even or odd functions
in z, times a component of 6X (see Table 5.2). Let us prove the consistency of
the specified symmetry of M and the invariance condition: start by assuming A—
Z to be real-valued functions. Then My, = @ if u + v is even, and My, = i®
otherwise. This implies §X| = & +i6, §X, = © 4+ i}, X3 = & + i6, and
8X4 = @ 4+ i6, i.e., different symmetry properties for real and imaginary parts.
With these “symmetry” expressions for X© §X, and M at hand, and by noticing that
symmetry properties for 6X carry over to L(8X) because the Y, are (i) symmetric
(antisymmetric) in z for even (odd) / and (ii) eigenfunctions of L, we can insert into
the right-hand side of the equation i(SX) = (XO 4+ 5X) - M+ i o 1), which
is identical to the invariance equation (5.19). There are only two cases to consider,
because M has a checkerboard structure, i.e., only two types of columns: columns
u = 1 and pu = 3; here we have §X,;, = @ + i© because M|_34 = 0; columns
ne{2,4}here §X,, = ®+ioif M, 13 = 0 (which is the case for column 4) and
© +i® if M, 4 = 0 (which is the case for column 2). These observations complete
the proof.
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Fig. 5.2 Exact hydrodynamic modes w of the Boltzmann—-BGK kinetic equation as a function of
wave number k (two complex-conjugate acoustic modes w,c, twice degenerated shear mode wshear,
and thermal diffusion mode wyqjsr). The nonpositive decay rates Re(w) attain the limit of collision
frequency (—1) in the k 3> 1 regime

5.4 The BGK Kinetic Model

The solution of the invariance equation (5.19) can be obtained in some simple cases
amenable to an analytic or numeric treatment. In this section, we focus on the lin-
earized version of the BGK kinetic model (cf. Eq.2.69), which remains popular in
applications [22] and is characterized by a single collision frequency. The invariance
equation for this model is readily obtained from Eq. (5.19) by using L(6X) = —8X,
which therefore yields

5X = X . (M + [ikey + 11) ' = X©. (5.28)

Notice that 6X vanishes for k = 0, and that (5.28) is supplemented with the basic

constraint (§)57 = 0, which, however, is automatically dealt with if we evaluate only
anisotropic (irreducible) moments with § f, such as those listed in Table 5.2.
The nonperturbative derivation is made possible with an optimal combination of
analytic and numeric approaches to solve the invariance equation. The result for
the hydrodynamic modes is demonstrated in Fig.5.2. It is clear from Fig. 5.2 that the
relaxation of none of the hydrodynamic modes is faster than @ = —1, which is the
collision frequency in the units adopted in this chapter. Thus, the result for the exact
hydrodynamics indeed corresponds to the following intuitive picture: the hydrody-
namic modes, at large k, cannot relax faster than the (single) collision frequency
itself.

We iteratively calculated (1)6X directly from (5.28) for each k in terms of M,
and (ii) subsequently calculated moments from §X by either symbolic or numeric
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integration (both approaches produce the same results within machine precision; we
found simple numeric integration on a regular 500 x 100 grid in ¢, z-space with grid
spacing 0.01 on both axes sufficient to reproduce analytic results. Importantly, the
fixed point of the iteration (i)—(ii)—(i)— etc. is unique for each k, i.e., does not depend
on the initial values for moments A-Z.
In addition, two other computational strategies were implemented: First, we used
continuation of functions A—Z from their values at k& = 0 to solve (5.28) with an
incremental increase of k, where the solution at k£ was used as the initial guess for
k + dk. Second, we also used a “backward” continuation in which the solution at
some k (obtained by convergent iterations with a random initial condition) was used
as the initial guess for a solution at k — dk. Both these strategies returned the same
values of functions A—Z as computed by iterations from arbitrary initial condition.
The solution §X allows us to calculate the whole distribution function f via
(5.13), as illustrated in Fig. 5.3. For the resulting moments A—Z, for a wide range of
k-values, see Fig. 5.4. With the result for the functions A-Z in hand, the extended
hydrodynamic equations are closed.
Let us briefly discuss the pertinent properties of this system. First, the generalized
transport coefficients are given by the nontrivial eigenvalues of —k~>Re(M): A, =
—A (elongation viscosity), A3 = —%Y (thermal diffusivity), and A4 = —D (shear
viscosity). All these generalized transport coefficients are nonnegative (see Fig.5.4).
Second, in computing the eigenvalues of matrix M, we obtain the dispersion relation
w (k) of the corresponding hydrodynamic modes already presented in Fig. 5.2. Third,
a suitable transform z; = T - x; of the hydrodynamic fields, where T is a real-valued
matrix, can be established such that the transformed hydrodynamic equations read
82y =M’ -z;, where M’ = T-M-T~! is manifestly hyperbolic and stable; Im (M')
is symmetric, and Re(M’) is symmetric and nonpositive semidefinite. The corre-
sponding transformation matrix T can be easily read off from the results obtained in
[2] for Grad’s systems, since the structure of the matrix M (5.27) is identical to the
one studied in [2, 3]. We have explicitly verified that that matrix T (Eqgs. (21)—(23) in
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Fig. 5.3 Sample distribution function f(c, k) at k = 1, fully characterized by the four quantities
6X123(c, z) and §Y4(c, z). Shown here are both their real (left column) and imaginary parts (right
column). In order to improve contrast, we actually plot In |1 + fGMSX,Ll multiplied by the sign of
8X,,. The same color code for all plots, ranging from —0.2 (red) to +0.2 (blue)
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Fig. 5.4 Moments A—Z versus wave number k obtained with the solution of (5.28)

[2] and Eq. (13) in [3]) with the functions A—Z derived herein is real-valued and thus
renders the transformed hydrodynamic equations manifestly hyperbolic and stable.
We note that this result—hyperbolicity of exact hydrodynamic equations—strongly
supports a recent suggestion by Bobylev to consider a hyperbolic regularization of
the Burnett approximation [7]. Similarly, using the hyperbolicity, an H-theorem
is elementarily proven as in [3, 7]. Finally, using the accurate data for functions
A—Z, we can write analytic approximations for the corresponding hydrodynamic
equations in such a way that hyperbolicity and stability are not destroyed in such an
approximation [2].

In conclusion, we have derived exact hydrodynamic equations from the linearized
Boltzmann—-BGK equation [13]. The main novelty is the numeric nonperturbative
procedure to solve the invariance equation. In turn, our highly efficient approach is
made possible by choosing a convenient coordinate system and establishing symme-
tries of the invariance equation. The invariant manifold in the space of distribution
functions is thereby completely characterized; that is, not only are equations of
hydrodynamics obtained, but also the corresponding distribution function is made
available.

The predicted smoothness and extendability of the spectrum to all k is expected
to have some implications for microresonators, where the quality of the resonator
becomes better at very high frequencies. This is compatible with our prediction.
The damping of all the modes saturates, while the imaginary part of the acoustic
modes frequency grows. The pertinent data can be used, in particular, as a much
needed benchmark for computation-oriented kinetic theories such as lattice Boltz-
mann models, as well as for constructing novel models [23].
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It is worth remarking that the above derivation of hydrodynamics is done under the
standard assumption of local equilibrium. However, the assumption itself is open to
further study [24].

5.5 The Maxwell Molecules Gas

In this section, we investigate another kinetic model for which an exact solution of
the invariance equation (5.19) can be obtained: the Maxwell-molecules gas, i.e., a gas
consisting of particles repelling each other with a force proportional to the inverse
fifth power of the distance. Chang and Uhlenbeck [25] provided an analytic solution to
the eigenvalue problem for the linearized collision operator L pertaining to this case.
As anticipated in Chap. 2, in the Maxwell molecules gas, the collision probability per
unit time, go (g, #), is independent of the magnitude of the relative velocity g. Since
the collision operator is spherically symmetric in the velocity space, the dependence
of the eigenfunctions on the direction of ¢ is expected to be spherically harmonic.
Indeed, the eigenvalue problem admits the following solutions:

LIYri(c, 1 = Ai¥ri(c, 2),

rid + V7
(l+r+%)!

Vrile,2) = dP@S) (@), (5.29)

where Sl(_?l /z(x) are Sonine polynomials, and P;(z) are Legendre polynomials that
act on the azimuthal component of the peculiar velocity ¢. The Legendre and Sonine
polynomials are each orthogonal sets, i.e.,

1

Pi(2) P, dz = Sins
/ 1(2) Pu(2)dz TR
-1
T - 7+ 1+
27‘[/6‘26‘7( CZISI(_?% (cz)SlJ’:%(cz)dc = r—z' -
0

Accordingly, the v,.; are normalized to unity with the weight factor fo(c):

1 oo
S8y =212 / / e Y 1(c. )Yy (e, 2)dedz

-10

=732 / e Yri(© vy r(©)de. (5.30)
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The corresponding eigenvalues for Maxwell molecules are given by

s
Mg =21 / sin(0) F(0)T,;(0)do,
0

0 0 0 0
T,1(0) = cos> (5) P (cos 5) + sin? ! (E) P (sin 5) — (1 4+ 6,0810).

The collision operator Lis negative semidefinite, i.e., all eigenvalues are negative
except Ao,0, 20,1, and A1 o, which are zero and correspond to the elementary collision
invariants. As shown by Chang and Uhlenbeck [25], the spectrum of L for Maxwell
molecules is discrete, and for r — oo, the eigenvalues A,.; tend to —oo. Chang and
Uhlenbeck’s investigation of the dispersion of sound in a Maxwell-molecules gas
was based on writing the deviation from the global equilibrium as

o0
(po+3p) = > a"Py(0), (5.31)
{r,[}=0

so that (5.5) reduces to an algebraic equation for the coefficients a>!):

00 7
wa" = —ik- > & pa” ) 45,000, (5.32)
{r’,I'}=0

with
Cr,l,r’,l’ = (wr,llc I/fr’,l’>'

The hydrodynamic modes for the Maxwell-molecules gas are determined, as seen in
Sect. 5.1, from the condition of nontrivial solvability of the linear system (5.32). This
approach allows us to solve the eigenvalue problem (5.3) for an arbitrary number of
modes, which is made possible just by tuning the number of eigenfunctions taken
into account in (5.31).

Another approach [8] is based instead on the expansion of the functions [X©, §X]
in terms of the orthonormal basis ¥, ; = ¥, ;(c, 2):

N
XP(e.2)=>a"y (. 2). (5.33)
rl
N
85Xk, c,2) = al k)i, 2). (5.34)

rl

The equilibrium coefficients a ;(LO) are known, and can be determined by taking advan-

tage of the orthogonality of the eigenfunctions as follows:
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3 2
a®rh = 73 / e Yri(e, X (e, 2)de. (5.35)

Inserting (5.33) and (5.34) into the invariance equation (5.19), we obtain the following
nonlinear set of algebraic equations for the unknown coefficients a,([ D (k):

N N
bID My = —ik - D b Ly iy + D@ L. (5.36)
r/’l/ r/,l/

with V1, b = (a0 +af"), and

Lty = (Wrall W),

For any order of expansion, the solutions of (5.36) characterize an invariant manifold
in the phase space. The matrix elements £.; /1y can be easily evaluated in a few
kinetic models, such as the linearized BGK model [13] and Maxwell molecules [8].
In particular, the Maxwell-molecules case is recovered by setting

L1 1y = Aedbrp 010

whereas the linearized BGK model is recovered by setting all nonvanishing eigen-
values equal to A = — 1. The calculation of the coefficients a">") via the reformulated
invariance equation (5.36) is easily achieved. The invariant manifold is fully char-
acterized through these coefficients: the distribution function is determined, and the
corresponding matrix M of linear hydrodynamics as well as moments A—Z are made
accessible.

Solving the invariance equation (5.19) and thus obtaining the distribution function
via the coefficients a>?, cf. Fig.5.5, required minor computational effort [8]. The
components A—Z of M are related to the coefficients a>!) by the expressions

laéO 2) B a50,2) B (0 2)
V3K’ V32 fk2
lfa(l D lfa(l D \/—a(l D
= s Y = s Z = s
2%k 2%k 2

. N
l r, r,
— 2 ercslvn). U——HE ”ﬁ( )uwﬁ (5.37)
rl

In the regime of large Knudsen numbers, the coefficients a’>? may be used, e.g., to
directly calculate phoretic accelerations onto moving and rotating convex particles
[26], while in the opposite limit of small k, we recover the classical hydrodynamic
equations.
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Real parts

Imaginary parts

Fig.5.5 All contributions § X|_4(c, K) versus c (horizontal,c = |c|)and z € [—1, 1] (vertical axis,
z is the cosine of the angle between k and peculiar velocity ¢) to the nonequilibrium distribution
function §f = f OM§X . x; (5.13) at k = 1, obtained with the fourth-order expansion, N = 4.
Shown here are both their real (fop row) and imaginary parts (bottom row)

5.5.1 Hydrodynamic Modes and Transport Coefficients

With M in hand, the hydrodynamic modes are obtained from the condition of non-
trivial solvability of the linear system (5.17). Figure 5.6 illustrates the damping rates
of the fluctuations given by the real part of the hydrodynamic modes, obtained by
truncating the series (5.33) and (5.34) at the fourth order. The picture does not quali-
tatively change on further increase of the order N. For any given order of expansion,
the modes extend smoothly over the entire wave-vector domain, and for large &, they
attain an asymptotic value, which is clearly in agreement with the asymptotic behav-
ior of the hydrodynamic modes obtained for the linearized BGK model discussed in
Sect.5.4.

The generalized transport coefficients are obtained by the nontrivial eigenvalues of
—k*Re(M): 1y = —A (elongation viscosity), A3 = —%Y (thermal diffusivity), and
A4 = —D (shear viscosity). In the limit & — 0, one recovers the hydrodynamic
limit. This limit had been worked out in detail in [2, 3]. In that limit, the generalized
transport coefficients A—Z become the classical transport coefficients. As can be seen
from Fig.5.7, and also by inspecting the invariance equation (5.19), in the limit of
small &, all moments A—Z approach constant values. These constants are compatible
with those obtained in [2, 3] for the case of Navier—Stokes equations and the Burnett
correction [27].

The stress tensor and heat flux are given in terms of these moments in Table 5.2. For
example, the parallel component of the stress tensor related to density fluctuations,
01”, cf. Eq.(5.25), is given by —k> B, so that it approaches —k? for small k, as results
from the Burnett approximation [1].
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Fig. 5.6 Hydrodynamic modes w of the Boltzmann kinetic equation with Maxwell-molecules
collision operator as a function of wave number k. Shown are two complex conjugate acoustic
modes wyc, twice degenerated shear mode wgp,, and a thermal diffusion mode wyisr

Fig. 5.7 Moments A—Z of the distribution function (see Table 5.2 and Eq.(5.37)) versus wave
number k obtained with the solution of (5.19). Non-triangles (black symbols): moments entering
only the longitudinal component of hydrodynamic equations. Triangles (blue symbols): moments
entering the transverse component of hydrodynamic equations

Moreover, under suitable assumptions, one may also cast the matrix of hydrodynamic
coefficients M in the structure of a Green—Kubo formula [10]; cf. Eq.(4.19). We
summarize below the main steps of the proof given in [28], to which we refer the
reader for an exhaustive derivation. From Egs. (5.17) and (5.19), the time evolution
of the hydrodynamic fields can be formally written as

xi(7) = eMTx (0) = <£

eAf3X> x;(0), (5.38)

where we skipped, for brevity, the spatial dependence of the fields. In Eq.(5.38),
the time 7 is of order Tmacro, Which denotes a characteristic time scale related to the
evolution of the hydrodynamic fields. As discussed in Sect.3.1, the presence of a
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definite time scale separation in a particle system entails that Tmacro >> Tmf, Where
mf denotes a kinetic time scale (i.e., the mean time between collisions). Hence, by
invoking the Bogoliubov hypothesis of time scale separation, the time t becomes
large with respect to the characteristic time scale of the dynamics of the distribution
function (right-hand side of the second equality in (5.38)). Thus, from Eq. (5.38), we
can write the matrix of hydrodynamic coefficients in the form

1
M = lim —10g<§

T—>00

eAf5X> ) (5.39)

Next, we use the operator identity
T
T 1 At
=14+At+ At | — | (r —t)e?'dt | A, (5.40)
T

and make the following assumptions:

(i) The underlying kinetic evolution is such that the term in square brackets in
Eq. (5.40) can be approximated, for large t, by f > eAldr.

(ii) The expansion of the logarithm to first order in t is a valid approximation before
the limit T — oo is taken.

Thus, using the symmetry of the operator A and neglecting, for simplicity, kinematic
contributions [28] of the form (£(0)| A§X (0)), Eq.(5.39) can be finally written in
the form

M= /E(O)SX(I) fchl (5.41)
0

Equation (5.41) allows us to extend the Green—Kubo formalism, which relates the
response function to a suitable time correlation function, to the short-wavelength
domain. We should not forget, though, that the standard Green—Kubo response for-
mulas rely on the notion of local thermodynamic equilibrium [29, 30], and hence
they are not guaranteed, like the standard relation of equilibrium thermodynamics,
below the length scale £pes0; cf. Sect.3.1.

Moreover, it can be seen from an inspection of Fig.5.7 that in the free-particle
regime, k — 00, the transport coefficients vanish and dissipative effects fade off.
This observation finds a sound confirmation in [31]: “Operationally, of course, trans-
port coefficients cannot even be defined for a gas of non-interacting particles. A
measurement of the thermal conductivity, for example, is only possible if we can
apply, quasi-statically, a temperature gradient and maintain it while we measure the
heat current. However, only for a system with a finite mean free path can a temper-
ature gradient be maintained quasi-statically. A free gas would ‘run away,” and the
standard measurements of transport coefficients cannot be performed. Still, it may
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Fig. 5.8 a Damping spectrum, i.e., the negative imaginary part of k divided by frequency w versus
the negative logarithm of w. Results obtained in this work (by solving Eq.5.19 and subsequently
Eq.5.18 for w(k) with complex-valued k and real-valued w) are compared with previous approaches
including Navier—Stokes (NS), regularized 13 moment (Reg13) [6], Grad’s 13 moment (Grad13),
and experimental data presented in [32]. b Phase spectrum, i.e., real part of k times velocity of sound
co divided by w versus the negative logarithm of w. Again, we compare with reference results

be satisfying for some that, in this case, the Kubo expressions give the most sensible
result: zero.”

5.5.2 Short-Wavelength Hydrodynamics

The existence of collective modes at short wavelengths in real fluids is a longstanding
issue in fluid dynamics [33]. In their seminal work [34], Ford et al. illustrated, on the
basis of a model kinetic equation approximating the linearized Boltzmann equation,
that the sound modes extend to length scales comparable with the mean free path
in the gas. Similarly, our analysis showed that hydrodynamic modes and the gener-
alized transport coefficients extend smoothly over the whole k¥ domain. Therefore,
the invariant manifold technique allows us to refine the hydrodynamic description
beyond the strictly hydrodynamic regime. Our results also strengthen those previ-
ously reported in [35-37] on dense fluids, which revealed that the hydrodynamic laws
provide a sensible description of fluids even at length scales comparable with Ap.

It would therefore be interesting to investigate the features of the equations of gener-
alized hydrodynamics that we obtained in the regime of finite frequencies and wave
vectors. In Fig. 5.8, a comparison is shown about inverse phase velocity and damping
for acoustic waves between our results, former approaches [6, 38], and experimental
data performed by Meyer and Sessler [32]. As can be seen, our results are very close
to the predictions of the regularized 13 (Regl3) moments method [6] and closer
to experimental data than (Regl3) concerning the phase spectrum. Our theory also
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predicts a phase speed that remains finite also at high frequencies, a property that is
not enjoyed by any hydrodynamics derived from the CE expansion [5].

A further clue about the features of our model at finite frequencies and wave vectors
can be achieved by investigating the spectrum of density fluctuations Sj ;; cf. Eq.4.14
in Sect.4.1. From the knowledge of the functions A—Z, it is possible to compute the
coefficients D7 and I', related respectively to the damping of thermal and pressure
fluctuations in fluids. In the limit of small k, and following standard textbooks [17],
they read

D —2(X Y)
T—5 P
r= 1A+1X+2Y
a 2 5 15 )

It is worth pointing out that in contrast to standard treatments of hydrodynamic
fluctuations, the generalized transport coefficient X enters the expression of the
coefficients D7 and I', even though its contribution, as is evident from Fig.5.7, is
fairly small. The calculation of S; 5 proceeds along the lines indicated in Chap.4.
We thus give the final result:

502+ (Drk2)2 ' 10 ( =+ cok)2+(T'k2)2

1 [2 2D7k? 3 2Ik?

Siilk, w) = gsﬁ,ﬁ(k) } . (5.42)

Representative plots of S(k, w) are shown in Fig. 5.9a, b. For small k (hydrody-
namic limit), the obtained spectrum recovers the usual results of neutron (or light)
scattering experiments and consists of the three Lorentzian peaks previously illus-
trated in the left panel of Fig.4.1. The one centered at @ = 0 is the Rayleigh peak,
which corresponds to the diffusive thermal mode. The two side peaks centered at
o =% cok are the Brillouin peaks, and represent the two propagating sound waves.
By increasing the wave vector, one enters the regime represented by the red dashed
line in the right panel of Fig. 4.1. In this intermediate regime, the structure of (5.42)
is unchanged, except that the generalized coefficients D7 and I" need to be replaced
by more complicated expressions [8]. The net effect observed is that sound waves get
damped and disappear, whereas the central Rayleigh peak decreases and broadens.
Density fluctuations are therefore driven only by a diffusive thermal mode for large
enough k. A deeper look into the behavior of the width at half maximum of the central
Rayleigh peak with increasing wave vectors allows us to bridge the gap between the
hydrodynamic and the free-particle regimes. As discussed in Sect.4.2, for k < 1,
the width of the central peak increases with the square wave vector oc k%, whereas
in the opposite regime, k >> 1, the width of the central peak is expected to grow
linearly in k.

Our results, see Fig. 5.9¢, predict a width that is truly quadratic for small enough &,
reaches the regime of linear behavior for large k, and terminates, for some large &,
with a sublinear dependence on k. The onset of the terminal regime at k = k*(N)
marks the range of validity that can be accessed at a given finite order of expansion
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Fig. 5.9 a Dynamic structure factor Sj ; (k, ) versus w for small k = 0.4 and b large k = 100.
ws = cok denotes the hydrodynamic predicted sound mode of the spectrum, and the widths are
related to the moments A—Z (see Fig.5.7). For small &, these are given by Dr = %(X —Y) and
r =— (%A + %X + I—ZSY ) where A is the generalized longitudinal kinetic viscosity, Y is the
generalized thermal diffusion coefficient, and X is a cross-coupling transport coefficient, relating
heat flux to density gradients. ¢ Width D7k? of the Rayleigh peak versus k (double-logarithmic). At
small &, DTk2 o k2 as all moments A—Z, except X, reach a finite value in this limit. The inflection
point at k = k*(N) > 1 (shown to be increasing with the order of expansion N) denotes the
onset of departure from the ideal Maxwellian behavior, where the width of the peak starts to behave
sublinearly in k and is used to quantify the range of validity for results obtained at finite order

N. Increasing N does not alter the overall picture obtained at a moderate order of
expansion, and more generally, results obtained with N + 1 will not change those
obtained with N below k*(N); cf. Fig. 5.9c¢.

In the spirit of Grad’s moments technique, cf. Sect. 3.3, varying the parameter N in
the expansions (5.33) and (5.34) corresponds to tuning the number of nonequilibrium
contributions to be included in the definition of distribution function. This leads to
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an arbitrary level of refinement in the accuracy of the hydrodynamic description and
explains, intuitively, the observed dependence of k* on N [8].

The onset of a critical length scale marking the limit of the hydrodynamic description
is also reminiscent of the discussion in Chap. 3. Namely, we know that hydrodynam-
ics is founded on the notion of local thermodynamic equilibrium. Thus, for a given N,

one may regard the length scale at which hydrodynamics breaks down, [k*(N )]71,
as inherently related to the scale £e50 below which local equilibrium is lost. Further
investigation is called for to shed light on this connection, which, if confirmed, would
endow the generalized hydrodynamic equations obtained via invariant manifold the-
ory with an even stronger thermodynamic character.
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Chapter 6
Grad’s 13-Moments System

In this chapter, we will describe a procedure that allows us to reduce the description
from Grad’s moment system [1] to the hydrodynamic level.

We will also provide a comparison of our results with the standard CE procedure,
introduced in Sect. 3.2, which is based on a formal expansion of the stress tensor and
heat flux vector in terms of derivatives of the hydrodynamic fields. Truncating the
expansion to the first power of the Knudsen number yields the NSF equations, while
next-order approximations lead to the so-called Burnett [2] (82) and super-Burnett
(&%) corrections.

It has long been conjectured that the inclusion of higher-order terms in the consti-
tutive relations for the stress tensor and heat flux may improve the predictive capa-
bilities of hydrodynamics formulations in the continuum-—transition regime where
NSF equations fail. However, Bobylev’s investigation of Maxwell molecules [3]
proved that the Burnett and the super-Burnett hydrodynamics may violate the basic
physics behind the Boltzmann equation. Namely, sufficiently short acoustic waves
increase with time instead of decaying. Bobylev’s instability has been also studied by
Uribe et al. [4] for hard-sphere molecules. This instability contradicts the H-theorem,
since all near-equilibrium perturbations are expected to decay, and it creates difficul-
ties for an extension of hydrodynamics into a highly nonequilibrium domain where
the NSF approximation is inapplicable. For example, higher-order systems of hydro-
dynamic equations afforded a better description in certain situations such as shock
structures on coarse grids, but are prone to small-wavelength instabilities when grids
are refined.

Successes and drawbacks of the Burnett computations and a family of extended
Burnett equations aimed at achieving entropy-consistent behavior of the equations
have recently been summarized in [5]. As discussed in [6], the failure of the CE expan-
sion is a consequence of the truncation of the expansion. This question was studied
in some detail for a class of simple kinetic models—Grad’s moment systems—in
[6—11]. In these works, the CE expansion was summed up exactly, which revealed the
stability of the exact hydrodynamics, in contrast to its finite-order approximations.

M. Colangeli, From Kinetic Models to Hydrodynamics, SpringerBriefs in Mathematics, 75
DOI: 10.1007/978-1-4614-6306-1_6, © Matteo Colangeli 2013


http://dx.doi.org/10.1007/978-1-4614-6306-1_3

76 6 Grad’s 13-Moments System

Alternative ways of approximating the CE solution have been also suggested. Very
recently, Bobylev suggested a different viewpoint on the problem of Burnett’s hydro-
dynamics [12]. Namely, violation of hyperbolicity can be seen as a source of instabil-
ity. We recall that Boltzmann’s and Grad’s equations are hyperbolic and stable due to
corresponding H -theorems. However, the Burnett hydrodynamics is not hyperbolic,
which leads to no H-theorem. Bobylev [12] suggested that one stipulate hyperboliza-
tion of Burnett’s equations, which can also be considered a change of variables. In
this way, hyperbolically regularized Burnett’s equations admit the H-theorem (in the
linear case, at least), and stability is restored.

Thus, we aim at studying the issue of hyperbolicity of higher-order hydrodynamics
in the case that the CE solution can be found exactly.

This chapter is organized as follows: In Sect. 6.1, we will briefly review the derivation
of the 13-moment system from the Boltzmann equation. In Sect. 6.2, we will then dis-
cuss the derivation of hydrodynamics from Grad’s moment system, linearized around
equilibrium and assuming unidirectional flow conditions (i.e., the so-called 1D13M
system, according to the notation introduced in [6, 13]). While simple enough, this
model is nontrivial for three reasons:

e Application of the CE method leads to rather involved nonlinear recurrence rela-
tions for the coefficients of the expansion.

e The Burnett approximation derived from Grad’s moment system is identical to the
one derived from the Boltzmann equation for Maxwell molecules and thus violates
hyperbolicity and exhibits Bobylev’s instability [3, 4].

e Even though the exact hydrodynamics can be derived following the lines of [6—11]
and is stable, the question remains whether this exact hydrodynamics is manifestly
hyperbolic.

We will also comment on the properties of the obtained hydrodynamic solutions. In
particular, we will focus on the onset of a critical value of the Knudsen number beyond
which the hydrodynamic description breaks down. Finally, the three-dimensional
extension of the model will be illustrated in Sect. 6.3.

6.1 Derivation of the 13-Moment System from the Boltzmann
Equation

Let us briefly sketch here the derivation of Grad’s 13-moment system from the
Boltzmann equation. We consider a set of distinguished fields defined as follows:

Xg = X +X].

The first term, X = [7, 4, T], denotes the set of dimensionless hydrodynamic fluc-
tuations introduced in Sect.5.2. The second term is defined as x; = [, q], where
6 = 8o /po and q = q/(povr) denote respectively the dimensionless stress tensor
and heat flux. Here pg = nokgTp is the equilibrium hydrostatic pressure. Let X
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and S(O) be the vectors expressed by Egs. (5.21)—(5.22). We also introduce the vectors

XD and £ defined as
4 5
XD(e) = (ec. ze(2-2)).
(¢) cc 5c c 7

g“Ro::(zEE,c(é-g)).

The linearized Grad’s 13-moment distribution function fs can be written in the form

fow e =FM1+¢6) = FMU+9+00) = FM (14X x+ XD o x):
(6.1)

cf., for analogy, Eq.(5.24). One can immediately verify that the nonhydrodynamic
fields are obtained via

x =) 6.2)

fo
Inserting the ansatz (6.1) into the linearized Boltzmann equation (5.3), one obtains
drec = Agg,

where A is the linear operator defined in Sect.5.1. Next, we introduce the projection
operator P = P + Pp, where P is defined as in Eq. (5.15), whereas P; reads

P1A¢G = Dx, 96 -/E(l)(C)AfpadV
The resulting equation,

PoLf™Maip61 = Pl Agal, (6.3)
expresses, in a compact form, Grad’s 13-moment system for the variables xg =

[ﬁ’ ﬁ? T? 6’ q]'

6.2 Hydrodynamics from the Linearized One-Dimensional
Grad’s System

Equation (6.3) corresponds to the following set of equations in one spatial variable x:

00 = —0xU,
Qit = =0y p — 0, T — 0,65,
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~ 2. 2. .
B,T = —gaxu — gaxq,
- 4 8 _ 1.
8t0' = —gaxu — Eaxq - EO',
- 5. = .2
0tq = —=0xT — 0,0 — —q. (6.4)
2 3e

Here, p(x,t) = n(x, t)m, u(x, t), and T (x, 1) denote the reduced deviations of mass
density, average velocity, and temperature from their equilibrium values, whereas
o(x,t) and g (x, t) are reduced xx-components of the nonequilibrium stress tensor
and heat flux, respectively. The parameter ¢ > 0 denotes, as usual, the Knudsen
number. The system (6.4) provides the time evolution equations for the set x of
hydrodynamic (locally conserved) fields coupled to the set x; of nonhydrodynamic
fields. The goal is to reduce the number of equations in (6.4) and to arrive at a closed
system of three equations for the hydrodynamic fields only.

Thanks to the linearity of the system (6.4), it proves convenient to look at the recip-
rocal space and seek solutions of the form ¢ = ¢ exp(wt + ikx), where ¢ is a
generic function [p, u 7, ol q 1. In the sequel, we use rescaled variablest’ = ¢~ Iy
x' = e !x,and k’ = ¢k, cf. Eq.(2.56), and omit the prime and tilde to simplify nota-
tion. Application of the CE method, as illustrated in Sect.3.2, to the reduction of
the system (6.4) results in the following series expansion of the nonhydrodynamic

variables:
o0 o
oy = Zak(n), qk = quin), (65)
n=0 n=0

where the coefficients ok(") and q,ﬁ") are obtained from a recurrence procedure,

n—1
() m) _(n—1-m) | 8 . (1)
" =—[23/"0k" m+Elqun ]

m=0

n—1
g" = - { > oM ikak(”_l)] : (6.6)

m=0
and where the CE operators 8,('") act on the hydrodynamic fields as follows:

—iku, ,m =0
at(m)lokzio m>1 )

s

gm, —ik(pr +Tp) ,m =0
¢ Mk= —ikcrk(m_l) ,m > 1

2.

— Zikuy, m=0

T =1 . ) . 6.7)
—glqu ,m>1
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It can be proven that the functions o and ¢ have the following structure for all
n=0,1,...

o = an(—k)"ikuy.
02" = by (—k)" o+ en (kDT
a7 = 2 (KD ikpr + yu (KD iKT]

2n+1
g = 2 ()", (6.8)
where a,, ..., z, are numerical coefficients to be determined. Note the alternating
structure of expansion coefficients of odd and even orders. Substituting (6.8) into
..., the CE method is cast into the form of recurrence equations in terms of the

coefficients ay,, . .., 2,:

2 2 < - 8
ap+1 = b, + gcn + 5 z Cn—mZm—1+ Z ap—mam — Ezna
m=1 m=0
- 2 < 8
bn+l =dut+1 + Z an—mbm + 5 Z Cn—mXm — l_sxn+l9
m=0 m=0
. 2 < 8
Cn+1 = Ap+1 + z an—mCm + 5 Z Cn—mYm — E)’n-ﬁ-la
m=0 m=0
n 7
Xn+1 = Zn + Z Zn—mbm—1 + 5 z Yn—mXm — by,
m=1 m=0
n &
Yn+1 = 2Zn + Z Zn-mCm—1 *+ g Z Yn—-mYm — Cn,
m=1 m=0
) y n
Zn+1 = Xn+1 + g}’nJr] + § mz_o)’nfmzm + n;)znfmam — dn+1- (6.9)

System (6.9) is solved recursively subject to the initial conditions

4 4 2 15 7
ao——g, b()——g, co—g, x()—O, yo——z, Zo——Z. (6.10)
The initial conditions are obtained by evaluating the functions oy and g up to the
Burnett order (see Eq.(6.18) below) and identifying the coefficients ag, x¢, and yg
from the Navier—Stokes approximation and the remaining coefficients by, cg, and zg
from the Burnett correction. Equation (6.9) defines six functions,

A(k) = Zan(—kz)", o Z(k) = Zzn(—k2)". 6.11)
n=0 n=0
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Thus, the CE solution amounts to finding functions A, ..., Z (6.11). Note that by
the nature of the CE recurrence procedure, functions A, ..., Z (6.11) are real-valued
functions. Knowing A4, ..., Z (6.11), we can express the nonequilibrium stress tensor
and heat flux as

o = ikA(k)uy — k> B(k)px — k>C (k) Tk, (6.12)
gx = ikX(k)pr + ikY (k) Ty — k*Z (k)uy. (6.13)

On substituting these expressions into the Fourier-transformed balance equation
(6.4), we obtain a closed system of hydrodynamic equations, which is conveniently
written in vector form,

0rXx = Mxq, (6.14)

where x; = (pr, ug, Ty ), and the matrix M has the form

0 —ik 0
M = | —ik(1—k%B) kKA —ik(1-k%*C) ). (6.15)
X —3ik(1-K2Z) K%Y

It is worth noticing that the matrix (6.15) obtained here from Grad’s moment sys-
tem (6.4) enjoys the same formal structure of the matrix (5.27) derived from the
Boltzmann equation. With M, we find the dispersion relation for the hydrodynamic
modes w (k) by solving the characteristic equation

det M — ol) =0, (6.16)

with I the unit matrix. The standard application of the CE procedure is to approximate
functions A, ..., Z by polynomials with coefficients found from the recurrence pro-
cedure (6.9). The first nonvanishing contribution is the Newton—Fourier constitutive
relations

4 15
ak(o) = —gikuk, 6],50) = _Zika’ (6.17)

which lead to the NSF hydrodynamic equations. Computing the coefficients ak(l) and
M

q ', we arrive at the Burnett level:
4 4 2
O = —glkuk + gkzpk — gszk,
15, 7,
qx = —Zlka + é_lk Up. (6.18)

The Burnett approximation (6.18) coincides with that obtained by Bobylev [3] from
the Boltzmann equation for Maxwell molecules. Unlike the NSF approximation,
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Fig. 6.1 Dispersion relation. oF
Acoustic mode Re(w,c) for Navier—Stokes
NSF and Burnett hydrody- 1F - - Bumett 2
namics 0 id

the Burnett constitutive relations (6.18) show instability of the acoustic mode; see
Fig.6.1.

Thus, the difficulty of the CE method consists in the way the functions A, ..., Z
are approximated. The standard polynomial approximations lead to unstable hydro-
dynamic equations. We shall now derive closed-form equations for these functions,
which amounts to summing the CE series exactly.

6.2.1 Invariance Equations

Summation of the CE series for the functions A, ..., Z can be done directly from
the recurrence relations (6.9) following the approach outlined in [9]. Alternatively,
one can solve the invariance equation relevant to Grad’s system (6.3). Here, the set
of non-hydrodynamic moments x; x = {o%, gk} is still thought of as being in the
form (6.12) and (6.13), but the method makes no assumption about the power-series
representation of the functions A, ..., Z. The time derivative of {0y, gx} can be
computed in two different ways. On the one hand, substituting (6.12) and (6.13) into
the moment system (6.4), we obtain

4 8

dop = =ik — <ikq(X. Y. Z.k) — ox(A, B.C.K).
5 2

Orqr = _Eika —ikoy(A, B,C,k) — ECI(X, Y, Z, k).

On the other hand, the time derivative of {o, g} can be computed due to the closed
hydrodynamic equations by chain rule:
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0 ——3 + — 80—{- 3T

0, u .

1Ok a tUk a t Pk E)T t1k
8 BQk a‘Ik

aq ——8 +—8 +—82

tqk a U a tP 8T t k-

Here, the derivatives d;u; and 9, Ty are evaluated self-consistently using the functions
(6.12) and (6.13) on the right-hand side of (6.4). The two time derivatives coincide,
since the set {o%, gx} has to solve both the full Grad’s system and the reduced system.
We thereby obtain the invariance equation corresponding to Eq. (6.3) relating the six
functions A(k), ..., Z(k):

4 8Z 2C 2
—— — Ak (A%+B- =+ )+ Zk*cz =0,
3 ( + 15+3)+
8
EX+B A+Kk*AB + 3k2CX_0
8
EY+c A+k2AC+3k2CY—O

2, 2. 2,
A+3Z+RZA-X =Y+ kY2 =0,

2 2
k*B — 5x —k*Z+k*ZB - 5Yx =0,

5 2 2

—Z Y +INC-2)+k'ZC - ZKY? =0. (6.19)
2 3 3

The same equations can be derived by summation of the CE expansion. Equations

(6.19) are a convenient starting point for evaluation of exact hydrodynamics. For

k = 0, one recovers the initial conditions (6.10).

6.2.2 Exact Hydrodynamic Solutions

The dispersion relation w (k) was found by simultaneously solving numerically (6.19)
and the characteristic equation (6.16).

The resulting hydrodynamic spectrum consist of two modes: the acoustic mode
wayc(k), represented by two complex-conjugate roots of (6.16), and the real-valued dif-
fusive heat mode wqifr (k); cf. Fig. 6.2. Among the many sets of solutions {A(k), ...,
Z (k)} to the system (6.19), the relevant ones are continuous functions with the asymp-
totics limy_, o @ = 0. Remarkably, we find that the solution with these asymptotics
is unique and is represented by a pair of complex-conjugate sets {S, $*}, shown in
Figs.6.3 and 6.4.

Note that a qualitative change of dynamics arises when the diffusive mode couples
with one of the two nonhydrodynamic modes of Grad’s system at a critical wave
number k. ~ 0.3023 (which is also the value where the Newton method diverges;
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see below). From the CE perspective, the hydrodynamics of the diffusive mode
stops at k., since after that point, it becomes a complex-valued function coupled
with the conjugate nonhydrodynamic mode; see Fig. 6.2. Essentially, for k > k., the
CE method no longer recognizes the resulting diffusive branch as an extension of
a hydrodynamic branch. Also, the set of solutions {S, $*}, real-valued for k < k.,
continues on a complex manifold; cf. Fig.6.3.

This feature has no correspondence with the behavior of the hydrodynamic modes
obtained in Chap.5 from the Boltzmann equation and originates from the lack of
dynamical invariance of the underlying Grad’s system.

We observe that the occurrence of a pair of complex-conjugate sets of solutions is
very plausible due to symmetry: inserting S into the dispersion relation, we obtain
a pair of complex-conjugate acoustic modes [wac(S, k), w}.(S, k)] plus one of the
complex modes resulting from the extension of the diffusive branch for k > k.,
whereas through S*, we obtain, symmetrically, the two latter conjugate modes, plus
one of the conjugate acoustic modes.

As further evidence of this close coupling, we also observe the occurrence of an
intersection between the real parts of the hydrodynamic modes Re(w,c) and Re(wgisr)
after the critical point, at k = kcoupl A~ 0.383. Therefore, the message extracted
from the study of Grad’s system (6.4) is that the set of hydrodynamic equations for
[p, u, T] provides, as expected, stable solutions when one takes into account all the
orders of CE expansion—which corresponds to solving the system of invariance
equations (6.19).

Moreover, the other relevant observation is that there is no closed set of hydrody-
namic equations after k., even though the acoustic mode extends smoothly beyond
k¢, as is visible in Fig.6.2. The presence of a coupling at a critical wave vector k.
between hydrodynamic and nonhydrodynamic modes can correspond to the loss of a
definite time scale separation, for k > k., between slow and fast moments, which, in
the Bogoliubov theory outlined in Chap. 3, was one of the basic assumptions needed
to interpret the onset of collective behavior in a many-particle system. Thus, the exact
hydrodynamics as derived by the summation of the CE expansion (or equivalently,
from the invariance equations) extends up to a finite critical value k.. No stability vio-
lation occurs, in contrast to the finite-order truncations thereof [ 14, 15]. Furthermore,
from an inspection of Fig.6.2, one notices that the obtained hydrodynamic modes
coincide with some of the modes of the original Grad’s moment system. This obser-
vation reflects one of the basic tenets of the theory of invariant manifolds, already
mentioned in this chapter, namely, that there is no loss of detail, i.e., of “information,”
in the transition from a microscopic to a projected, more macroscopic, description.

The analytical complexity of either the CE method or the invariance equations is
overwhelming when we regard systems other than the linearized Grad’s system or
some linearized model of the Boltzmann equation, like those studied in Chap.5.
Approximate solutions are then the only feasible approach. We used, for instance,
Newton’s method, cf. Fig. 6.5, to solve iteratively Egs. (6.19), taking as initial con-
dition the Euler approximation (corresponding to a nondissipative hydrodynamics:
Ag = ... = Zy = 0), which leads, after the first iteration, to the same result, achiev-
able alternatively through a technique of partial summation [6] of the CE expansion,
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Fig. 6.2 Dispersion relation for the linearized 1D13M Grad’s system (6.4). The unique solution of
hydrodynamic modes obtained from (6.16) with (6.19) coincides with the real parts of the modes
of the original Grad’s system (the plot also shows when pairs of complex-conjugate roots appear).
The solution of the original system (6.4) features five @’s, while the exact solution of (6.16) with
(6.19) has three w’s for each k and is degenerate over the hydrodynamic branches at k > k.

35F

251

I Im(A-2Z) |

k

Fig. 6.3 Imaginary parts of coefficients A-Z solving (6.19). Shown is the unique solution leading
to hydrodynamic branches, cf. Fig. 6.2, which is symmetric about the real axis

essentially a sort of regularized Burnett approximation. It is seen in Fig. 6.5 that the
Newton iterations converge rapidly to the exact hydrodynamics in the domain of its
validity, k < k..

While we have evaluated the functions A—Z numerically, two questions remain open:
Is the stable exact hydrodynamics also hyperbolic? If so, how is it possible to retain
hyperbolicity in the approximations? In the next section, we shall answer these
questions.
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Fig. 6.4 Real parts of
complex-valued functions
A-Z solving (6.19)

6.2.3 Hyperbolic Transformation for Exact Hydrodynamics

Equation (6.4) for the Fourier component vector X; = (pk, ux, I) reads 9;xx = Mxy
with M given in (6.15). By explicitly reintroducing the Knudsen number ¢, i.e., by
replacing k by ke in M and further distinguishing between the real and imaginary
matrix elements in M, we can write

X,y = [ReM) — i Im(M)]x¢, (6.20)
with
o0
RB(M) — Z(_I)HR(H)SQJH—l — SR(O) _ 83R(1) + 0(85),
n=0

o0
Im(M) = > (=" =10 — 21V + 1P — 0(c5),
n=0

and rearrange such that the Knudsen number expansion coefficients become visible.
We find that the operators Re(M) (real part) and Im(M) (imaginary part) involve
the following real-valued operators (for all n > 0, i.e., with the convention a_; =
c_1 = z—1 = | and Kronecker symbol §),

0 8o O 0 0 O
1™ — g2+l bot 0 ¢t |, R™ — p2n+2 0 a, 0 . (6.21)
0 %Zn—l 0 %xn 0 %yn

The hydrodynamic equation (6.20) is hyperbolic and stable, provided that we can
find a transformation of hydrodynamic fields such that
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Fig. 6.5 Dispersion relations w (k) for acoustic and diffusive modes obtained via Newton iteration.
In the plots is also shown the approximation obtained through Bobylev’s hyperbolic regularization.
Newton iterations fail for k > k. = 0.3023

(i) Re(M) and Im(M) are both real and symmetric,
(ii)) Re(M) has negative semidefinite eigenvalues.

Therefore, we seek a transformation X}( = Tx; that produces a symmetric matrix
M’ = TMT~!, and we wish to see whether Re(M’) = Re(TMT~!) is negative semi-
definite. We consider the equations of exact hydrodynamics, i.e., Egs. (6.20), pro-
vided that functions A, ..., Z (6.21) are solutions to the invariance equation (6.19).
After a little algebra, which we do not recapitulate here, we obtain a particular trans-
formation matrix T that solves the problem. It is a member of a whole class of
effectively equivalent transformations, and can be written as

1 Top 0 Tpr
T= 0 T,, O , (6.22)
Tuu 0 0 Trr

with the nonvanishing components
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2
_ Tuu

Tor VX +2Y[Z11
T = v X[[3B — 2Z[[C]] — 2C11 + 2Y[[BNI[Z]],

. 3ICIX
= AX 12V Z]]
Trr = 3ICI1 (Y[[B]] — [[C11X). (6.23)

where we have introduced the following symbolic notation:
o]l =1— (k&) ».

The transformation T (6.22) symmetrizes M and makes the system hyperbolic,
as can be verified by a straightforward computation of M’ from (6.22), (6.26). We
further notice that T contains only even powers of (ke), because the same is true for the
coefficients A—Z. Next we calculate the eigenvalues A 2 3 of Re(M')—containing
transport coefficients—to obtain a remarkably simple result:

2 2 2
M=0, h=keA i3= k%Y. (6.24)

From the analysis of the previous section, it follows that the nontrivial eigenvalues
(6.24) are negative semidefinite for all ke (see Fig. 6.4, which displays the exact
numerical solutions for A and Y). Hence, the equation describing the hyperbolic
hydrodynamics attains the form

3%, = M'xy, (6.25)

with
M = TMT! (6.26)

! . . . .
for the vector x, of transformed hydrodynamic variables, and where M’ is symmetric
and has seminegative eigenvalues. To summarize,

Hyperbolicity: (M’)T =M, (6.27)

Tr[Re(M)] <0,

Dissipativity: det[Re(M')] > 0.

(6.28)

Equation (6.26) with (6.22) and (6.15) satisfying (6.28) is the main result of this
section. The occurrence of negative eigenvalues in the exact solutions, together with
the existence of a transformation T that makes the equations hyperbolic, proves that
the exact hydrodynamics derived from (6.4), without approximations, is stable.

Finally, we shall make use of the hyperbolicity of the exact hydrodynamics in order
to establish approximate hydrodynamic equations that retain this property. In appli-



88 6 Grad’s 13-Moments System

cations, one is interested in using truncated hydrodynamic equations by taking into
account only lower orders of the Knudsen number ¢. In this case, the functions
A-Z are replaced by their lower-order approximations, and they can be generally
written—as shown already in Eq.(6.11)—as polynomials truncated to an arbitrary
order n. Their coefficients are usually derived through the CE recurrence equations,
as outlined above. With the exact numerical solution in hand, we can also find, at
any given order of approximation, the optimal interpolating functions A—Z solving
Eq. (6.19), a method we wish to recommend and which has been worked out in [13].
The exact hydrodynamics, as described by Grad’s system (6.4), terminates at k.
In this regime, one can perform a Taylor expansion, up to any order n, on the ele-
ments of all three matrices T, M, and T~'. Thus, the approximations are done on the
manifestly hyperbolic equation (6.25) in such a way as to retain hyperbolicity and
stability at each order of approximation. It is worthwhile noticing that the eigenval-
ues, on approximating Eq.(6.25) to a polynomial order n, transform in a canonical
manner:

n n
2
WP =0, 2V =i (ao + }jamacs)’"), 1) =K% (yo +> ymuw)'"),

m=1 m=1

and depending on the polynomial coefficients, and in particular depending on the
sign of the highest-order coefficients a,, y,, the eigenvalues A, 3 diverge to oo for
ke — oo, but stay negative for k < k. if one uses the set of coefficients reported in
Table 1 of [13].

6.3 Exact Hydrodynamics from Three-Dimensional Linearized
Grad’s Equations

In this section, we extend the previous results to three-dimensional linearized Grad’s
equations [16]. The point of departure is the Fourier transform of the linearized
three-dimensional Grad’s 13-moment system

Orpr = —ik - ug,
oy = —ikpy — ikTy — ik - o,

2.
0, T = —glk - (ug + qp),

L— 4 [—
0,0 = —2i kug, — gi kqx — oy,
5. . 2
orqk = _Elka —ik .o — qu. (6.29)

The goal is again to reduce the number of equations in (6.29) and to arrive at a closed
set of equations for the hydrodynamic fields [ o, ug, 7] only. To this end, we proceed
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as in Chap. 5 and decompose the vectors and tensors into parallel (longitudinal) and
orthogonal (lateral) parts with respect to the wave vector, because the fields are
rotationally symmetric around any chosen direction k. We introduce, as shown in
Fig.5.1, a unit vector in the direction of the wave vector, ¢j = k/k, k = [k|, and

the corresponding decomposition u; = u,lc| e+ u,ﬂ-, q = q,! e + qu, and o =
%ak” eje| + 20, wheree| - - =0, ¢ -q =0, and eje; : - = 0. On inserting
the above decomposition into (6.29) and using the identities eje; - e; = (2/3)e,
ee| : W = e|e| : eje; = 2/3, we obtain the following two closed sets of
equations for the longitudinal and lateral modes:

at,Ok = —ik l/t,!,
duu) = —ikpy — ikTy — iko),

2.
0Tk = —ZikGuy + ),

I 40 8.
0,0, = —glkuk — Elqu -0y,
oq) = —2ikT, — iko) — 24 6.30
1y = 21 k — LKOy quv (6.30)
and
atuﬁ‘ = —ike -(T]J(',
1 2 | —
doif = —ikeput — gik e|qt — oy,
2
daqi = —ikey-of — qul. (6.31)

Equations (6.30) and (6.31) are a convenient starting point to derive closed equations
for the hydrodynamic fields. To this end, the CE method amounts to eliminating the
time derivatives of the stress tensor and of the heat flux in favor of spatial derivatives
of the hydrodynamic fields of progressively higher order. As was shown in Sect. 6.1,
we can express the stress tensor and the heat flux vector linearly in terms of the locally
conserved fields by introducing six, as yet unknown, scalar functions A(k), ..., Z(k)
for the longitudinal part,

o) = ikAu) — k>Bop — k*CTy, q) = ikXpp + ikY Ty —k>Zu),  (6.32)

and two functions D (k) and U (k) for the transversal component,

ot =ikDepuy , qf = —k*Uup, (6.33)
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where the expressions for the longitudinal components share their form with the
one-dimensional case, Eq. (6.4). Note that the functions introduced should be regarded
as an exact summation of the CE expansion, which amounts to expanding these
functions into powers of k and deriving expansion coefficients from a recurrent (non-
linear) system; cf. Eq. (6.9) and [6]. We do not dwell on this here, since we shall use
a more direct way to evaluate functions A, ..., Z, D, U in the sequel. Finally, using
expressions (6.32) and (6.33) in (6.30), (6.31) and denoting by x; = (o, u}(l T, u,ﬂ-)
the vector of the hydrodynamic variables, the equations of hydrodynamics can be
written in a compact form using a block-diagonal matrix M:

Mo

dxi=M-xi, M= (0 ML), (6.34)

with
0 —ik 0
M! = [ —ik(1—k%B) k%A —ik(1-k>C) |, (6.35)
22X —%ik(1-k*Z)  3k%Y

and

Mt =k*D (é?) (6.36)

where the unit matrix is written in an (arbitrarily) fixed basis in the two-dimensional
subspace of vectors ukl. The matrix M/, providing the evolution of the longitudinal
modes, is exactly identical to the corresponding matrix M in (6.15) (relative to the
one-dimensional case, in which lateral modes are absent). The twice-degenerate
transversal (shear) mode is decoupled from the longitudinal modes. As a direct
consequence, the invariance equations, to be discussed next, which will provide us
with a set of nonlinear algebraic equations for the unknown functions A-Z, also
divide into two subblocks, which can be solved separately.

Following the procedure outlined in Sect.6.2.2, we introduce here the invariance
equation for the 3D Grad’s system (6.30) and (6.31). We find that the first set (six cou-
pled quadratic equations for A, B, C and X, Y, Z) is identical to the set of Eq. (6.19).
For the transversal modes, the invariance condition reads

1
il

L
aulﬂ- P

. 1 1
. (—zke . ak) =00 ,
uy

: (—ike : a,f) = dq (6.37)

where the time derivatives on the left-hand sides of both equations in (6.37) are
evaluated by the chain rule using 8,ukL given in (6.31). Substituting the functions
(6.33) into (6.37), and requiring that the invariance condition be valid for every u,i-,
we derive two coupled quadratic equations for the functions D and U, which can be
cast into the following form:
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Fig. 6.6 Real parts of coef-
ficients A—Z solving the
invariance equations (6.19)
supplemented with (6.38)

01 02 03 04 05 06 07 08 09 1

k
15k*D? + 25k*D* + (10 4+ 21k)D + 10 =0, U = __ 3D (6.38)
’ 2+3k2D° '
The solution of the cubic equation (6.38) with the initial condition D(0) = —1

matches the Navier—Stokes asymptotics and was found analytically for all k. This
solution is real-valued and is in the range D (k) € [—1.04, 0], whereas U (k) €
[0, 2.72]. The functions corresponding to the longitudinal part of the system were
obtained numerically in Sect.6.1. Because D and U are real-valued, we show in
Fig. 6.6 the real parts for all coefficients, while their nonvanishing imaginary parts
still coincide with those shown in Fig. 6.3.

The dispersion relations w (k) for the five hydrodynamic modes are then calcu-
lated by inserting these coefficients into the roots of the characteristic equation
det (M — wl) = 0, where I'is a 5 x 5 unit matrix.

Analogously, the dispersion relations for the remaining nonhydrodynamic modes
follow from the eight (remaining) eigenvalues of (6.30), (6.31) with (6.32), (6.33). All
13 modes are presented in Fig.6.7. The resulting hydrodynamic spectrum consists
of five modes: the acoustic mode w,.(k), represented by two complex-conjugate
roots; the real-valued thermal (diffusive) mode (both modes already occurring in the
one-dimensional case); and a twice-degenerate real-valued shear mode (cf. Fig. 6.7).
Just as in the one-dimensional case, a critical point in the hydrodynamic spectrum
occurs at k. =~ 0.303, where the thermal mode intersects a nonhydrodynamic branch
of the original Grad’s system. Hence the same conclusions hold here: for k > k., the
CE method no longer recognizes the resulting diffusive branch as an extension of a
hydrodynamic branch.

Figure 6.7 further shows the eight (all degenerate) nonhydrodynamic modes, which
in contrast to the one-dimensional case (offering two nonhydrodynamic modes),
also exhibit a critical k at k. ~ 0.2175. To summarize, the exact hydrodynamics as
derived from an invariance condition (or equivalently, by the complete summation



92

6 Grad’s 13-Moments System

-0.1F E
-0.2 <
-03}t — :
04t T s
<)
o —05° 7
an
-0.6 =
-0.7 ¢ ) ~ ——acoustic modes ]
_o8l = = = diffusive mode
. - .- shear modes (3D)
09l non-hydrodynamic ]
- - - - non-hydrodynamic (3D)

01 02 03 04 05 06 07 08 09 1
k

Fig. 6.7 Dispersion relations w(k) for the linearized Grad’s system using projected variables,
Eqgs. (6.30) and (6.31). The five hydrodynamic modes (diffusive, twice-degenerate shear, and two
complex-conjugate acoustic modes), as well as the eight nonhydrodynamic modes, are presented as
a function of k. While the acoustic mode is complex-valued for all k, the remaining modes become
complex-valued beyond the two visible bifurcation points (at k. ~ 0.2175 and k. =~ 0.303).
For k < k., the nonhydrodynamic (3D) modes are degenerate two and four times, respectively,
corresponding to the two and four components of qkl and o kl

of the CE expansion) extends up to a finite critical value k., in full agreement with
the one-dimensional case. No stability violation occurs, in contrast to the finite-order
truncations thereof.

Next, we tackle the question concerning the hyperbolicity of exact hydrodynamics
in the three-dimensional case.

Distinguishing between the real (Re(M)) and imaginary (Im(M)) parts of the matrix
M (6.34), we can write the equation of the hydrodynamics conveniently as

B = [Re(M) — iIm(M)] - x¢ (6.39)
n n
Re(M) = (ORe(M )24 L), —Im(M) = ({)m(M )8). (6.40)

The system (6.39) is hyperbolic and stable if, in analogy with the derivation outlined
in Sect.6.2.3, we can find a transformation of the hydrodynamic fields, x}( =T- x4,
where T is a real-valued matrix such that for the transformed matrices M’ = TMT !,
we have that

(i) Re(M’) and Im(M) are symmetric;
(ii) all eigenvalues of Re(M’) are nonpositive.

Due to the block-diagonal structure of (6.34) as well as to the fact that in Sect. 6.2.3
we solved the problem of finding a transformation with the desired properties for the
one-dimensional case, the transformation exists also in the three-dimensional case,
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and it has the following form:

T! 0

T_(OTJ_), (6.41)

where Tl is explicitly given by Eqgs. (6.22)~(6.23) in terms of k, A—C, and X—Z, and
1 (10

T = (0 ) (6.42)

Thus, the transformation T (6.41) symmetrizes M and renders the exact
hydrodynamic equations manifestly hyperbolic. Furthermore, the transform T con-
tains only even powers of k, because the same is true for the coefficients A—Z. The
five eigenvalues A1_s of Re(M’) (or equivalently, of Re(M)) are

— 12 _22 _ 12
M =0, M =k"A, )\,3—§k Y, As5=k"D. (6.43)

From the analysis of the previous section, where we solved for coefficients A, D,
and Y appearing in Eq.(6.43), cf. Fig.6.6, it follows that all the eigenvalues A_s
are nonpositive for all k. Note that the matrix Re(M) is diagonal with the diagonal
elements (6.43).

Finally, the hyperbolic structure straightforwardly implies an H-theorem for the
exact hydrodynamics. Note that due to the linearity of the system (6.4), the choice
of a proper H-functional is not unique. We follow Bobylev [12] and consider an
H -function—in terms of the transformed hydrodynamic fields—defined as

H= % / I:,o/z(r, 1) + u(r, 1) + T"(r, t)] & (6.44)

Here, the hydrodynamic fields x'(r,¢) are defined through the inverse Fourier

transform of the fields x}c. Note that x'(r, ¢) are real-valued because the real-valued
transformation T is an even function of k, T(k) = T(—k). Therefore,

1
H=3 / [piply +u) -uly + (T | dk, (6.45)

which, using shorthand notation, we can abbreviate as H = % (x;{, x k). Thus,

o H = 5 (% 9ix_) + (3%, )

| =

1
= —Ei (. Im(M' (—k))xX"_ ) + (., Im(M' (k))x; )

1
+ 3 ((x7. ReM'(—k))x"_;) + (X", Re(M'(k))xy)) - (6.46)
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Since Im(M’) is an odd function of k, terms containing Im(M) cancel, and we have,
owing to the fact that Re(M’) is an even function of k,

5
& H = Z / hslx) 12 d%k < 0. (6.47)
s=1

Thus, we have demonstrated, by a direct computation, the H-theorem for the exact
hydrodynamics for k < k. (at k = k., the eigenvalues A, and A3 become complex-
valued) [16].
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Chapter 7
Conclusions

In this work, we employed the invariant manifold method to derive closed hydro-
dynamic equations from some kinetic models. The main novelty of our approach
stems from the use of a nonperturbative technique that allows us to sum exactly the
classical Chapman—Enskog expansion. The method postulates a separation between
slow and fast moments, and allows us to extract the slow invariant manifold in the
space of distribution functions.

A crucial aspect of our derivation that is not enjoyed by other techniques based
on systematic coarse-graining procedures [1-3] is that the entropy production rate
remains unaltered in the transition from the kinetic to the hydrodynamic level. The
use of the thermodynamic projector, introduced in Chap.3, makes it possible, in
fact, to reduce the description without increasing the entropy production [4]. This
entails, in particular, that one cannot derive irreversible macroscopic equations from
reversible ones via the invariant manifold method. In this sense, the latter should be
regarded as a reduction (or solution) technique, that is, a tool to solve irreversible
equations obtained through coarse-graining methods.

The use of the thermodynamic projector leads to a refined description of the macro-
scopic evolution equations also at finite Knudsen numbers, and provides constitutive
relations for the nonhydrodynamic fields that extend and complete the Navier—
Stokes—Fourier model. While extending the description beyond the strictly hydro-
dynamic regime, one should not forget that our method relies on the notion of local
thermodynamic equilibrium. The proposed technique is based, in fact, on the theory
of normal solutions of the Boltzmann equation, introduced by Hilbert, which is a
sensible approximation as long as the description is confined to length and time scales
compatible with the existence of a local equilibrium. Interestingly, the computation
of the power spectrum of density fluctuations, in Chap. 5, revealed that the obtained
generalized hydrodynamic theory breaks down below a certain length scale of the
order of the mean free path, in agreement with earlier results reported in the literature
[5]. The equations of exact hydrodynamics, constructed by solving the invariance
equation for the nonequilibrium distribution function, are hyperbolic and admit an

M. Colangeli, From Kinetic Models to Hydrodynamics, SpringerBriefs in Mathematics, 95
DOI: 10.1007/978-1-4614-6306-1_7, © Matteo Colangeli 2013
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H-theorem. It is worth remarking that our solution of the invariance equation was
considerably simplified by considering linear deviations from global equilibrium.
In our opinion, the basic assumptions adopted in this work, such as the separation
of time and length scales, the existence of a local equilibrium, and the linearization
around equilibrium, do not affect the relevance of our results. On the contrary, they
rather witness that in simple enough models amenable to an analytic or numerical
treatment, one of the basic problems of statistical mechanics [6, 7], i.e., the compu-
tation of the slow invariant manifold, can attain an exact solution.
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