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Zusammenfassung

In dieser Arbeit sollen mathematische Studien hyperbolischer Systeme von
Erhaltungsgleichungen mit ausgewéhlten physikalischen Anwendungen ver-
bunden werden. Der Schwerpunkt liegt dabei in der mathematischen Ana-
lyse von Lorentz-invarianten Systemen der speziellen Relativitédtstheorie wie
den Maxwell-Gleichungen und den relativistischen Euler Gleichungen. Aber
wir studieren auch die sogenannte Boltzmann-Peierls Gleichung (BPG), eine
kinetische Evolutionsgleichung, die den Warmetransport in einem dielek-
trischen Kristall bei sehr tiefer Temperatur mit Hilfe eines Phonon-Bose
Gases beschreibt, sowie ein aus der BPG abgeleitetes hyperbolisches Mo-
mentensystem.

Die kinetische Behandlung der relativistischen Euler Gleichungen und die
kinetische Boltzmann-Peierls Theorie eines Phonon-Bose Gases beschreiben
zwar vOllig verschiedene physikalische Vorgénge, zeigen aber trotzdem weit-
reichende mathematische Analogien.

Fiir die Untersuchung der relativistischen Euler Gleichungen entwickeln wir
die mathematischen Grundlagen der kinetischen Theorie im Rahmen der
speziellen Relativitatstheorie. Die von Jiittner angegebene Gleichgewichts-
Phasendichte wird mit Hilfe des Maximum Entropie Prinzips begriindet. Sie
verallgemeinert die klassische Maxwellsche Phasendichte. Dies ermdoglicht
uns die Entwicklung kinetischer Schemata zur Losung der relativistischen
Euler Gleichungen. Dieser kinetische Zugang erweist sich vor allem bei den
ultra-relativistischen Euler Gleichungen als besonders niitzlich. In diesem
Falle reduzieren sich die aus dem kinetischen Schema gewonnenen Momenten-
integrale iiber die Phasendichte auf einfache Oberflichenintegrale beziiglich
der Einheitssphére, und es lafit sich eine besonders einfache reduzierte En-
tropiedichte angeben. Wir 16sen das Riemannsche Anfangswertproblem fiir
eindimensionale Gasstromungen und vergleichen es mit numerischen Ver-
fahren, die auf dem kinetischen Ansatz beruhen.

Es gibt wichtige Unterschiede zwischen den kinetischen Verfahren fiir klas-
sische Euler Gleichungen auf der einen Seite und fiir relativistische Fuler
Gleichungen bzw. fiir das Phonon-Bose Gas auf der anderen Seite, die ein de-
tailiertes Studium dieser beiden nichtklassischen Anwendungen rechtfertigt.
Der wichtigste Unterschied ist die Moglichkeit, reduzierte Phasendichten, re-
duzierte Momentenintegrale und reduzierte Entropien fiir die beiden zuletzt
genannten Anwendungen zu finden. Diese sind von wesentlich einfacherer
Gestalt als die urspriiglichen Grossen, enthalten aber dieselbe thermody-
namische Information und lassen sich ohne Verwendung von Approximatio-
nen rigoros herleiten. Die reduzierten Gréfen haben in beiden nichtklassis-
chen Anwendungen dieselbe Bauart und lassen sich insbesondere fiir eindi-
mensionale Stromungen weiter sehr stark in einer Weise vereinfachen, die
kein Analogon in der klassischen Theorie kennt.



Ein weiterer Unterschied zur klassischen Theorie ist dadurch gegeben, dafl
sowohl in der relativistischen kinetischen Theorie als auch in der kinetischen
Theorie des Phonon-Bose Gases jede Signalgeschwindigkeit global begrenzt
ist, ndmlich durch die Lichtgeschwindigkeit bzw. durch die sogenannte De-
bye Geschwindigkeit. Dies hat verschiedene Vorteile fiir die Analysis und
Numerik der kinetischen Schemata, die in dieser Arbeit ebenfalls genutzt
werden.
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“Ich kann es nun einmal nicht lassen, in diesem Drama wvon
Mathematik und Physik - die sich im Dunkeln befruchten, aber
von Angesicht zu Angesicht so gerne einander verkennen und
verleugnen - die Rolle des (wie ich genugsam erfuhr, oft uner-
wiinschten) Boten zu spielen.”

(Hermann Weyl, Gruppentheorie und Quantenmechanik, 1928)



Chapter 1

Preface and Introduction

We aim to combine a mathematical study of hyperbolic systems and conserva-
tion laws with specific applications in physics. The main part of this work will
consider applications to Lorentz-invariant systems, namely for the Maxwell
equations and the relativistic Euler equations. But we will also study the so
called Boltzmann-Peierls equation, a kinetic equation for a phonon-Bose gas
describing heat conduction in a dielectric solid at very low temperature, and
a hyperbolic system resulting from this kinetic equation as a special limiting
case. We will see that the latter system shows a very surprising mathemati-
cal relationship to the so called ultra-relativistic Euler equations, though the
physical applications are totally different in both cases.

Hyperbolic systems describe the propagation of waves with finite velocities,
which in special relativity are naturally bounded by the speed of light. This
fact is reflected in the beautiful mathematical structure of the equations
under consideration. Namely Maxwell’s equations and the relativistic Euler
equations are very typical representatives for those systems. Though the rela-
tivistic Euler equations considered here seem to look complicated, a detailed
study shows a simpler mathematical behaviour than the corresponding clas-
sical Euler equations. For example, even the solution of the standard shock
tube or Riemann problem for the classical Euler equations of gas dynamics
may lead to a vacuum region within the shock tube that complicates a rig-
orous mathematical analysis for the general initial value problem very much.
However, we will see that at least for the so called ultra-relativistic Euler
equations this behaviour will not occur.

We hope that there are also interested non specialists in relativity which enjoy
a short and self consistent elaboration of the electromagnetic theory in Chap-
ters 2 and 3. It is ranging from the mathematical study of the linear wave
equation, via the formulation of Maxwell’s theory, examples of nontrivial
solutions to Maxwell’s equations, via the derivation of the electromagnetic
balance laws to their formulation with the tensor calculus of special relativity,



which is also presented here.

In Chapter 4 we turn our attention to the relativistic Euler equations. The
Euler equations (relativistic or classic) deal with a perfect gas, in which
mean free paths and collision free times are so short that perfect isotropy
is maintained about any point moving with the gas. In this case the local
equilibrium assumption gives a kinetic distribution function for the micro-
scopic velocities of the representative gas atoms, the so called (relativistic
or classic) Maxwellian phase density which depends on the five independent
macroscopic variables occuring in the Euler equations, namely the mass den-
sity, the velocity and the pressure. These quantities describe uniquely the
thermodynamical equilibrium state of the gas in any space-time point. The
equilibrium phase density for the relativistic Euler equations was first pub-
lished by Jiittner in [28] and can be derived like the classical Maxwellian from
the so called Maximum Entropy Principle.

Some of these basic ideas can be explained better for the well known classi-
cal Boltzmann gas. This will then serve as a useful guideline for the more
complicate applications to the relativistic Euler equations and the theory of
the phonon-Bose gas presented in this work.

For simplicity we use dimensionless quantitites. A kinetic phase density
f = f(t,x,q) depends on time ¢, position x € R? and on the microscopic
velocities q of the representative gas atoms. It describes the distribution of
the microscopic velocities in such a way that

f(t.x,q) d’xd’q (1.0.1)

gives the number of gas particles at time ¢ and position x in the infinitesimal
phase space volume [x + dx, q + dq]. From any phase density f we can re-
cover all macroscopic quantitites which are of interest in thermodynamics by
forming integral moments from f with respect to the microscopic velocities.
For example, the first five moments denote the particle number density p,
the momentum density pu € R? and the energy density % pu? + % p given by

p(t,x) = /f(t, x,q) d’q,
]R3

(pu)(t, x) = / af(t,x q) &, (10.2)
R?j
(%qu + gp)(tX) = /%qu(t,x, q)d’q.
R3

Here u, T' and p = pT denote the macroscopic velocity, the absolute tempe-
rature and the pressure of the gas, respectively. These formulas hold for the
classical monatomic Boltzmann gas, not necessary in local equilibrium.



If the gas is in local equilibrium, then it is described by the classical Maxwellian

phase density
(a—u)’
— . 1.0.
exp ( 5T (1.0.3)

fM(p,T,ll,Q) =

[SI[oY

(2nT)

We conclude that in local equilibrium the microscopic velocities q of the
representative gas atoms are distributed according to a Gaussian density. If
we calculate the moments for mass- momentum and energy density with the
Maxwellian fj, in (1.0.3), then we get indeed back the equations in (1.0.2).

Next we consider a simplified version of the classical Boltzmann equation, the
so called BGK-equation according to Bhatnagar, Gross and Krook, see [1],
which describes the evolution of the Boltzmann gas according to the following
kinetic equation

f ~ Of 1
EJr;qka—m——(PM[f]—f). (1.0.4)

TR

The left hand side is the so called transport part of the kinetic equation and
the right hand side describes the collision of the particles with the relaxation
to the classical Maxwellian Py[f] and a relaxation time 7. Exactly speaking,
the “projection” Py[f] is the Maxwellian phase density which has the same
mass- momentum- and energy density as f according to (1.0.2).

A special case is given in the limit 7z — oo, where the collision term on
the right hand side in (1.0.4) is zero. Then the kinetic equation is called
a collision-free kinetic transport equation, and the solution can be given
explicitly in terms of the initial phase density by

free(t,x,q) = f(0,x —tq,q). (1.0.5)

Solutions to collision-free kinetic transport equations constitute a basic build-
ing block for the formulation of kinetic schemes.

The opposite case is given by the limit 7z — 0, where the gas is everywhere
described by the Maxwellian phase density in local equilibrium. Then the gas
is governed by the hyperbolic system of Euler equations, see the textbook of
Cercignani [3]. In this case the Euler equations result formally as a moment
system from the BGK-equation as follows, where we omit the arguments t,
x and q for simplicity.

Put ¢ = 1, ¢4 = %q2 and define the moment weights W, as well as the
corresponding fluxes F,, ; for a« =0,1,2,3,4 and k¥ = 1,2, 3 due to

R?)

Wa = /QQfd3Q7 Fa,k = /qa Qkfd3q (106)
R3



If we multiply the BGK-equation (1.0.4) by ¢, and integrate with respect to
q € R3, then we obtain the “five-moment system”

Wa o= OF s
Gt 1 ka

=0. (1.0.7)

The right hands side is always zero for the “five-moment system”, not only
in the limit 7z — 0, because the first five moments of Py[f] and f are the
same by construction of Py,[f] and by regarding the generally valid equations
(1.0.2). Physically speaking, (1.0.7) guarantees the conservation laws for
mass, momentum and energy also for 7z > 0. In order to pass from (1.0.7)
to the Euler equations, we just have to calculate the moments W, and fluxes
F, ;. with the Maxwellian Py/[f] instead of f and obtain from (1.0.7) in the
limit 7 — 0 the classical Euler equations

Ip | ~~0lpur)
§+Z ™ =0,

k=1 a
d(pu;) °L 0 B
o T ; 01 (P“i“k + P5ik> =0, (1.0.8)
0 (1 3 ~ 9 (p 5
§<§pu2+§p> +kz:;a—xk<§u2uk+§puk> =0.

The basic kinetic elements presented above serve as building blocks in order
to develop kinetic schemes for the classical Euler equations, but also as a
guideline for the treatment of the relativistic Euler equations and for the
theory of the phonon-Bose gas.

However, there are also important differences between the kinetic approaches
for the classical and relativistic Euler equations and for the phonon-Bose gas
which justify a detailed study of the non-classical applications! The most
important difference is the possibility to define reduced phase densities, re-
duced kinetic equations and reduced entropies for the latter two applications.
Even in three space dimensions the reduced quantitites have a much simpler
mathematical structure than the original kinetic quantities. Especially for
one-dimensional flow fields they enable a further simplification which has
no counterpart in the classical theory. Another difference comes from the
fact that in the relativistic kinetic theory as well as in the kinetic theory of
the phonon-Bose gas every signal speed is globally bounded by the velocity
of light and by the so called Debye velocity, respectively. This has several
advantages for the analysis and numerics of the kinetic schemes.

Kinetic approaches in order to solve the classical Euler equations of gas dy-
namics were applied to several initial- boundary value problems, see for ex-
ample Dreyer, Kunik and Herrmann [7], [8], [11] and Perthame [41], [42],
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[43]. In Dreyer & Kunik [9] the reader will find the kinetic scheme solv-
ing the initial-boundary value problem for a phonon Bose gas, which is also
presented here.

In [31, 32, 33, 35, 44] Kunik, Qamar and Warnecke have developed a new,
purely kinetic approach for the analysis and numerical computation of flows
described by the relativistic Euler equations.

There are three basic ingredients of the relativistic kinetic schemes. The first
one is the relativistic phase density developed by Jiittner which describes
the local equilibrium of the gas. The second one is the solution of a colli-
sion free kinetic transport equation, which can be given explicitly in terms
of a known initial phase density. For the formulation of the kinetic scheme
we prescribe a time step 7y > 0, define the equidistant times ¢, = n71y
(n=0,1,2,...), called maximization times, and solve a collision free kinetic
transport equation for each time interval ¢,, <t < t,,.1, starting with a rela-
tivistic Maxwellian as the initial phase density at each maximization time ¢,,.
The third component consists of the continuity conditions, which guarantee
that the conservation laws are also satisfied across the maximization times.

The resulting kinetic schemes including all physical important integral mo-
ments are formulated in a manifest Lorentz-invariant form. Kunik, Qamar
and Warnecke have especially formulated two types of kinetic schemes in or-
der to solve the ultra-relativistic Fuler equations and a general form of special
relativistic Fuler equations based on Jiittners constitutive relations presented
in [28]. The basic ingredients of the kinetic schemes are the phase density
in equilibrium and the free flight. The phase density generalizes the non-
relativistic Maxwellian for a gas in local equilibrium to Jiittner’s relativistic
phase density originally presented in [28]. Jiittner’s “relativistic Maxwellian”
covers the whole range from the classical to the ultra-relativistic limit. The
free flight is given by explicit solutions of a collision free kinetic transport
equation.

We are also concerned with the kinetic solutions for initial value problems of
the Boltzmann-Peierls equation (BPE), as well as with initial-boundary value
problems (IBVP) of the derived hyperbolic 4-field moment system. BPE is a
kinetic equation which describes the evolution of heat in crystalline solids at
very low temperatures. This equation determines the evolution of the phase
density of a phonon Bose-gas. The corresponding entropy density is given by
the entropy density of a Bose-gas.

We derive an equivalent reduced three-dimensional kinetic equation which
has a much simpler structure than the original BPE but the same ther-
modynamical content. Using a special integration technique for the one-
dimensional case, a further important simplification of the reduced kinetic
equation can be obtained, as for the first reduction without using any ap-
proximation. We develop and study kinetic schemes for the reduced BPE as



well as for the hyperbolic 4-field moment system, based on the theory devel-
oped by Dreyer, Herrman, Kunik, Qamar and Warnecke in [9, 10, 12, 34].
Both topics, the relativistic Euler equations and the kinetic approach for the
reduced BPE, provide a very similar mathematical structure. We will show
a correspondence between the ultra-relativistic Euler equations, the reduced
Boltzmann-Peierls equation and between the kinetic schemes used to solve
these equations.

Concerning the kinetic solution of hyperbolic initial-boundary value prob-
lems, we mention a very successful new method first developed by Dreyer
and Kunik in [9, 10] for the four-field system of hyperbolic heat conduction.
It uses auxiliary fields and continuity conditions for the boundaries in the
free-transport phase of the kinetic scheme. The evaluation of the continuity-
and boundary conditions leads to interesting algebraic equations which de-
termine the auxiliary fields needed for the kinetic scheme in an adequate
way. Though this method was first applied to a special system with a special
boundary condition, it could be extended by Dreyer, Herrmann and Kunik
[11] to the classical Euler equations for moving boundary conditions repre-
senting an accelerated piston. Boundary conditions for nonlinear hyperbolic
systems pose difficult mathematical questions, and up to now the develop-
ment of appropriate numerical methods is only possible in special cases.

The simple models considered here for the relativistic gas dynamic are mainly
studied due to their interesting mathematical structure, though it is clear to
us that they must be modified for real physical applications. These modi-
fications should take care for electromagnetic radiation, which will lead to
a more complicated description. The Jiittner distribution for a relativistic
Boltzmann gas is not realized in nature. On the other hand, Jiittner also
derived the relativistic phase densities for a Fermi and Bose gas in [29], and
in the ultra relativistic limit the Euler equations for energy and momentum
in terms of the pressure and the velocity resulting from these phase densities
are the same for the Fermi, Bose and Boltzmann gas. Finally, the models
used in our study are fully consistent with the physical basic principles of
thermodynamics and the kinetic theory of gases. We namely mentione the
mathematical formulation of physical conservation laws and the concept of
entropy in these models and in their numerical solution based on the kinetic
schemes. The theory presented here may give useful impacts for the analyti-
cal as well as the numerical study of more realistic gasdynamical models in
relativity.
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Chapter 2

Linear Wave Equation

In this chapter we will provide the mathematical tools in order to solve the
wave equation for given initial- and boundary data. We consider only the
case of one and three space dimensions, which is sufficient for our purpose in
order to study the Maxwell equations in Chapter 3. We will mainly follow
here the elegant approach of Evans in his textbook [22].

2.1 Representation formula of d’Alembert in
one space dimension

We consider the following initial value problem for the linear wave equation

Pu Pu ou

Here g and h are given initial data, where g : R — R is assumed to be in C?
and h : R — R is assumed to be in C!. The unknown solution u : Rf xR — R
is assumed to be in C?. Due to the factoring

<% . a%) (% _ %) u(t,z) = 0 (2.1.2)

we apply the coordinate transformation

n—§ B)

5 g =u(t,z) (2.1.3)

E=x—1, n=x+t, w(&,m) = u(

with n — & > 0 in order to obtain

i _ 10u, 10u i _10u  1du (2.1.4)
ot 20t 20x’ on 20t 20x° o

11



Equation (2.1.4) implies for the C?-function :

0%
=0. 2.1.5
We obtain with an appropriate function a : R — R depending only on &:
ou
— = : 2.1.6
5 =) (216)

Integration of (2.1.6) with respect to & yields for a function A : R — R with
A'(&) = a(§) for all € and with an appropriate function B : R — R depending
only on 7:

(g, n) = Al) + B(n). (2.1.7)
For u itself we obtain the general solution
u(t,z) =A(xr —t) + B(x + 1). (2.1.8)

The functions A and B may be determined easily from the given initial data
in (2.1.1). It follows from (2.1.8) at t = 0:

A(z) + B(x) = g(x), —A'(x) + B'(x) = h(z). (2.1.9)

We differentiate the first equation in (2.1.9), add the second equation for h
in order to solve for B’ and integrate in order to obtain for B

B'(x) =

N =

(@) +g'(2)) . Blz) = B(0) + 5 (9(x) = 9(0)) + 5 / h(z)dz.
(2.1.10)

Equation (2.1.10), and (2.1.9), may be used in order to represent A in the
form

Al) = ~B(0) + 5 (9() +9(0) — /h(z) d. (2.1.11)

We replace A and B in the general solution formula (2.1.8) by their expres-
sions derived here in order to obtain the solution of the initial value problem
in terms of the initial data g and h:

x4+t

(9($—t)+g(m+t))+% /h(z)dz. (2.1.12)

r—t

DN | —

u(t,z) =

This is the representation formula of d’Alembert for the solution of the
initial value problem (2.1.1).

12



2.2 Solution of an initial- and boundary value
problem by the reflection method

We consider the following initial- and boundary value problem for ¢ > 0 and
z>0:

Pu Pu

w—w—o, ) t>0,$>0,

w(O.2) = g(e),  5(0.2) = hi), © >0, 221)
u(t,0) =0, t> 0.

The given initial data g and h are restricted by the condition
g9(0) =h(0)=0. (2.2.2)

We reduce the initial- and boundary value problem to a pure initial value
problem by the so called reflection method, which results if we extend the
functions u, g and h to the whole real axis by the definitions

u(t,z) = u(t,z), x >0, u(t,z) = —u(t,—z), x <0. (2.2.3)
g(x) =g(x), x >0, g(x) = —g(—z), x < 0. (2.2.4)
hz) = h(z), >0,  h(z)=—h(—z), z <O0. (2.2.5)
Equations (2.2.1) may then be rewritten in the form
o*u 0% . . ou -
e o 0, @(0,2) = g(x), 5(07 z) = h(z). (2.2.6)

We obtain from d’Alemberts formula after replacing the quantities @, g and
h by u, g and h:

T+t

slol@+0) +g(z =]+ 3 [ hy)dy, 0<t<e
u(t,z) = .
%[9(93+t)—9(—:v+t)]+§_f+th(y)dy, 0<z<t

(2.2.7)

The solution of this initial- and boundary value problem in one space dimen-
sion is needed for the solution of the initial value problem of the homogeneous
wave equation in three space dimensions, which will be solved next.

13



2.3 Solution of the homogeneous wave equa-
tion in three space dimensions

Let u € C*(R$ x R3,R) be a solution of the initial value problem

2
%—Auzo, t>0, xeR?
(2.3.1)
Ju 3
u(0,x) = g(x), E(O,x) = h(x), x € R°.
We solve this initial value problem in the three-dimensional space by taking
spherical means and reducing it to the initial-boundary value problem in one

space dimension solved in the last section.

In the sequel we assume for the initial data of (2.3.1) that g € C*(R3,R) and
h € C*(R3R). B(r,x) = {y € R?| |x —y| < r} denotes the compact ball
with center x and radius r. Its boundary is the sphere 0B(r, x).

We start with an important

Lemma 2.1. For ¢ € C*(R3 R), x € R® and r > 0 we define the spherical
mean

1
dS(y) .
e, PO)S)

Then ¥ € C*(RT x R3,R) has the following two radial derivatives:

U(r,x) =

(i)
P irx =
ar T gy

/B B0y,

(1)
O )+ 222 rx) =
gz X T T DX T e

74 (A%)(y) dS(y).
OB(rx)

Proof: =~ We first make use of the integral substitution y = x +ry’ — y’ in
order to conclude that

1 / /
U(r,x) = yym %93(1,0) Y(x+ry)dS(y'). (2.3.2)

For the calculation of OW/0r we apply the Gaussian integral formula with
the outer normal vectors y’ to the unit sphere 0B(1,0) and regard the chain

14



rule 0/0y;, = r0/Jyx,

O 1 o
—<r,x>:—f (V) (x+ry) -y dS(y)
or 47 dB(1,0)
r 1
= — AY)(x+ry) Py = / A d*y .
i o B = 5 [ @y

This is the first part of the Lemma.
If we change to spatial polar coordinates in the last integral we can rewrite
OV /0r in the following way:

P irx =
ar T gy

/oT jgsw ) (Av)(y) dS(y) dv. (2.3.3)

Using this representation, we immediately obtain the second derivative

0*\U 1 1
— = A — A 3.
G20 = g f, AW g [ dw)dy
(2.3.4)
Thus we have shown the Lemma. m

We first assume that v € C?(R$ x R3 R).

In order to derive an integral representation formula for the solution u, we
define the following spherical means, where x € R3, ¢ > 0, r > 0.

(a)
Ult,r,x) =

f ult,y) dS(y)
dB(r,x)

Arp?

is the mean value of the solution (2.3.1) with respect to the sphere
0B(r,x).

(b) The corresponding spherical means of the initial data are

1
Glrx) = s, ov)dsty).

1
HoX) = g sy,

Let v = u(t,x) be a solution of the wave equation (2.3.1). Then for fixed
x € R3 the mean value U is for t > 0 and 7 > 0 a solution of the so called

15



Euler-Poisson-Darboux equation:

U  0*U 20U
o2 oz r or ’

(2.3.5)
ou
ot

This is an immediate consequence of the second part (ii) of the Lemma,
because u = u(t, x) solves the homogeneous three-dimensional wave equation:

U0,r,x) = G(r,x), (0,7,x) = H(r,x) .

0*U 20U 1

W(t )—l—;a—(t,r,x): 4r?

L jf TU o) as(y) = %U(t,r,x).

= dnr2 9B(r,x) ot?

75 (Aw)(t,y) dS(y)
OB(rx)

Moreover, the initial data in (2.3.5) result from the corresponding initial
data in (2.3.1) by passing to the mean values. The Euler-Poisson-Darboux
equation has a remarkable consequence: For abbreviation we define

U=rU, G=rG, H=rH, (2.3.6)

and conclude that U satisfies the one-dimensional homogeneous wave equa-
tion:

= et A A (2.3.7)

02U 9 [ oU - 02U U  8PU 92U
or? or ot? ot?

Therefore U is a solution of the following initial- and boundary value problem
for t,r > 0, where x may be regarded as a fixed parameter:

U U
22 oz O ) t>0, r>0,
; ; ou ; 2.3.8
U(0,r,x) = G(r,x), E(Om x) = H(r,x), r >0, ( )
U(t,0,%) =0, t>0.
The initial data G and H are restricted by the condition
G(0,x) = H(0,x) =0 (2.3.9)

for every fixed parameter x € R3. The solution results from equation (2.2.7),
where we replace x > 0 by r and regard the condition 0 < r < ¢

O(trx) = 5 (G 7 — Gl —rx)] + / Ay, x)dy. (2.3.10)

N —
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The solution u = u(t,x) of (2.3.1) is given by the limit

Ul(t,r,x)

u(t,x) = r—»lc},mmo U(t,r,x) = T_)l&mwo . (2.3.11)
Now we use (2.3.11), (2.3.10) and (2.3.6) in order to conclude that
L Git+rx)—Gt—rx) 1 [
ult,x) = lim_ 5 o) M (y,x) dy
oG(t,x) - o [ t t
= : Hit,x)=—=|—— ds — h(y)dS
o= 5 (e was) s f wase
1 0 1
= — th ds t— | — ds .
v b ) ase) g (e gwas)
Finally we apply the integral substitution y = x + ty’ and obtain
WX = ) o) aSm e (o f gxry)as))
’ At Jopax) ot \4m Jop0)
1 t
=— gly)+th(y)),dS(y —I——}{ Vo) (x+ty')y dS(y
b W) W) ) (Vo )y asty)

1

=5 [9(y) +th(y) + (Vg)(y)(y —x)] dS(y).
™ 0B(t,x)

We may summarize our results in the famous

Representation formula of Kirchhoft:

u(t,x) = [9(y) +th(y) + (Vg)(y)-(y —x)] d5(y)

At Jopx)

: (o) + 1) aS) +1 57 (2, a)d5))

- 47Tt2 0B(t,x) 47Tt2
(2.3.12)

This formula was derived under the assumption that u is a given solution of
the initial value problem (2.3.1). To complete the study of the initial value
problem we define for given h the function v € C?(R*™ x R? R) by

v(t,x) = th(y)dS(y) =tH(t,x). (2.3.13)

4t Jopx)

We obtain the initial data

. . Ov
limov(t,x) =0, 11_{% E(t,x) = h(x). (2.3.14)

t—0

17



In order to show that v satisfies the wave equation, we first conclude that

0*v 2 OH
w(t, X) = n 8t {t T —(t,x)} (2.3.15)
from the definition of v. On the other hand
0H 1
—(t,x) = — Ah)(y)dPy = —— (Ah)(y)d di
()= o [, W)= = $,., B0
(2.3.16)
holds due to the first part of the Lemma, and therefore
0%v 1
0= 12§ (ANE)SE) = @otx. (2317
615 47t dB(t,x)

We obtain that v(t,x) = tH(t,x) as well as w(t,x) = tG(t,x) are both
solutions of the wave equation and that u(t,x) = v(t,x) + 22(t,x) is the
desired Kirchhoff-solution of the initial value problem (2.3.1).

2.4 Solution of the inhomogeneous wave equa-
tion in three space dimensions, retarded
potentials

In this section we recall the so called principle of Duhamel in order to reduce
an inhomogeneous initial value problem for the wave equation to the homoge-
neous case that we have solved by Kirchhoff’s formula in the previous section.

Here we consider the initial value problem

D*u 5

w(t,X)-(AU)(t,X):f(t,X), t>0> x€eR
(2.4.1)

ou 3

U(O, l’) = O7 5(07)() = 0, xR

for a given Cl-function f: R x R® — R.

In order to describe the effects of retardation in time for the wave propagation
we choose a new initial time s > 0 as a fixed parameter and solve the following
homogeneous initial value problem for ¢ > s instead of (2.4.1):
0% 3
5 —(s,t,x) — (Av)(s,t,x) =0, t > 5, x €R
(2.4.2)

ov 3
E(S’S’X) = f(s,x), x € R”.

v(s,s,x) =0,

18



The solution v = v(s, t, x), which is defined for ¢t > s and x € R3, is given by
Kirchhoff’s formula in the case t > s:

_ 1 f(s,y)
v(s, t,x) = yy ng(t_s,x) P dS(y) . (2.4.3)

Then Duhamel’s principle says that the solution u = u(¢,x) of the inhomo-
geneous problem is given by the integral

u(t,x) = /0 o(s,1,%) ds (2.4.4)

Here we check this statement, which has several generalizations to other
applications, by a simple straightforward calculation: Due to the first initial
condition v(t,t,x) = 0 in (2.4.2) we obtain from (2.4.4)

ou tov
E(t,x) = i a(s,t,x) ds (2.4.5)

and due to the second initial condition %(t,t,x) = f(t,x) in (2.4.2) there
results

Oy %) = f(tx) + /Ot %(s,t,x) ds . (2.4.6)

But v is a solution of the homogeneous wave equation, and therefore

d%u

w(t,x) = f(t,x)+ A (/0 v(s,t,x) ds) = f(t,x) + (Au)(t,x) (2.4.7)

i.e. u solves the inhomogeneous wave equation in (2.4.1). From (2.4.4) and
(2.4.5) we may read off that also the initial conditions for u in (2.4.1) are
satisfied.

We summarize our results, apply the substitution ¥ = ¢ — s in (2.4.3) and
obtain the following representation for the solution u = u(t,x) of the inho-
mogeneous problem (2.4.1):

tx) = [ p {5 f o S0 isty) | a

4T ) Bx) ly — x|

d*y . (2.4.8)

The last integral on the right-hand side is called a retarded potential. It will
be used in Section 3.6 for the calculation of the electromagnetic potentials of
a single charged particle.
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Chapter 3

Maxwell’s Equations

James Clark Maxwell (1831-1879) presented his theory of electromagnetism
in 1864. His equations are invariant with respect to Lorentz coordinate trans-
formations, which are linear coordinate transformations of time and space
that also leave the speed of light invariant. Maxwell’s theory finally gave
raise to the replacement of Newton’s classical mechanics by the Lorentz in-
variant mechanics of special relativity mainly published in Einstein’s famous
papers [20], [21] from 1905.

After we have introduced Maxwell’s equations in a simple form in Section
3.2 by using the physical units presented in Section 3.1, we rewrite them as
linear wave equations which can be solved using the methods of Chapter 2.
This is done in Section 3.3 in terms of the so called potential functions. In
the next three sections we present important examples, and in Section 3.7 we
derive the balance laws of electrodynamics directly from Maxwell’s equations.
Section 3.8 is reserved for a detailed study of Lorentz transformations. This
study is used in Section 3.9 in order to develop the tensor calculus of special
relativity and to write electromagnetism in a manifest Lorentz invariant form.

This chaper is of interest on its own, but it also provides the necessary tools
for the relativistic kinetic theory and the relativistic Euler equations pre-
sented in Chapter 4.

Important input for this chapter came from the textbooks of Weinberg [48],
Landau-Lifschitz [36] and Streater-Wightman [46], but also from Weyl’s book
[49]. The nice general introduction to Hermann Weyl’s scientific work in
[45] originates from a DMV seminar (Deutsche Mathematiker-Vereinigung)
at Schloss Reisensburg near Giinzburg. I also mention useful and inspiring
lecture manuscripts of Wolfgang Dreyer (WIAS, Berlin) on special physical
basic topics held at the TU Berlin.
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3.1 Physical units and fundamental constants

We prescribe the following four standard basic units:

1) 1 m is the unit meter for the length,

3) 1 s is the unit second for the time,

)
2) 1 kg is the unit kilogram for the mass,
)
4)

1 A is the unit Ampere for the current strength.
The other units are formed by these basic units, for example

5) 1 N = kg 73 is the unit Newton for the force,

6) 1J=kg ™’ — Nm is the unit Joule for the energy,

52

7) 1 C = As is the unit Coulomb for the charge,

8) 1V = kz$2 = Z is the unit Volt for the voltage.

In the following we shall only use these units.

In order to formulate Maxwell’s equations and give an interpretation for these
equations we need the following physical constants:

¢ = 299792458 (3.1.1)
s
is the speed of light,
e=1,6021917-10"¥ C (3.1.2)
the electronic charge.
As Vs

g0 = 8.854188 - 10—12V—m . po=4r-107"7 (3.1.3)

Am

are called electric permittivity and magnetic permeability, respectively, where
the index 0 indicates that both quantities are related to the vacuum. These
quantities are related by the following important equation:

1
Eo - Mo = g . (314)
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3.2 Formulation of Maxwell’s equations,
electromagnetic forces

Maxwell’s equations for the electric and magnetic fields E, B produced by a
given charge density p and a given current density j may be written down in
the following form:

V-E = p, (3.2.1)
1L oxB = (3.2.2)
c Ot c
V-B =0, (3.2.3)
10B
i E = 0. 2.4
+c 5 +V x 0 (3.2.4)

Here the charge density p = p(t,x) and the current density j = j(¢,x) are
defined due to the usual technical conventions with the units % for p and
the units % for j.

However, we have redefined the electric field E = E(¢,x) and the magnetic
field B = B(t,x) in such a way that the electromagnetic force F acting on a
particle with charge ¢ and velocity v is given by

F:i<E+X><B) . (3.2.5)
o C

Then both fields are measured in the new units % The advantage of this
notation is that now Maxwell’s equations are free from undesirable numbers
47 and constants g, pg. For the conventional electrical field E' and the
conventional magnetic field B’ the electromagnetic force F on the left hand
side in (3.2.5) takes the usual form

F=qE+vxB). (3.2.6)
We compare (3.2.5) with (3.2.6) and use (3.1.4) in order to conclude that

1 1
E’:g—OE, B’:c—goB:c,uoB. (3.2.7)

We note that p and% j on the right hand side of the first two inhomogeneous
Maxwell equations are measured in the same units. If we multiply these
quatities with the velocity ¢ of light, we obtain the electromagnetic four-
vector (pc, j), which is important in the theory of relativity.
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3.3 Potentials for Maxwell’s equations

In this section we rewrite Maxwell’s equations (3.2.1)-(3.2.4) as wave equa-
tions for the so called electromagnetic potential functions. First we take the
divergence of (3.2.2) in order to conclude with (3.2.3) that

S =V (3.3.1)

Taking into account (3.2.1) we obtain the continuity equation for the
charge- and current density:
dp

—+V-j=0. 3.3.2
5 TV (3.3.2)
This conservation law is a consequence of (3.2.1)-(3.2.3), i.e. (3.3.2) is a
necessary condition in order to solve Maxwell’s equations. This means that
p and j may not be chosen independently.

Due to the third Maxwellian equation V-B = 0 we make the following ansatz:
B=VxA. (3.3.3)

The so called vector potential A = A(¢,x) is in general a function de-
pending on time and space. Using this ansatz for B we rewrite (3.2.4) in the
following form:

10A
Vx(E+-—)=0. 3.3.4
X (B+-2) (33.4)
We conclude that E + %%—‘:‘ must be a gradient field. There results the so
called scalar potential ¢ = ¢(t,x) which satisfies the following equation:
10A
E=-Vyp———. 3.3.5
c Ot ( )

Now we replace the fields E and B in Maxwell’s equations by the derivatives
of the potentials (3.3.3), (3.3.5) and obtain by a straight forward calculation:

10 10y
— (== “A) = 3.3.6
c 8t(c ot V- A) =, ( )
10p 1,
OA+V(-———+V-A)=-j. (3.3.7)
c Ot c
Here O = 0%5?722 — A is an abbreviation for d‘Alembert’s wave operator.

Next we use the following freedom to redefine the potentials ¢ and A: Let
A = A(t,x) be a smooth function of time and space and replace ¢ and A by
the new potentials via the “gauge transformation”

5 10X
90~— Y= ot (3.3.8)
A=A+VA. (3.3.9)
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Then the electromagnetic field given by (3.3.3) and (3.3.5) is independent of
A. We solve the following inhomogeneous wave equation for A:

10p

O\=
c ot

+V-A (3.3.10)

with the initial conditions

o\
ot
where Ao = Ao(x) is a pure space depending function. The new potentials
satisfy the Constralnt —i—V A = 0 and the initial condition AO Ay+V ).

Therefore we may requlre the so called constraint of Lorentz without loss of
generality

A0, x) = N\o(x) , (0,x)=0, (3.3.11)

10p
-—+V-A=0 3.3.12
c ot * ( )
as well as the following restriction of the initial condition:
0
a—f(o, X) = V-A(x) = 0. (3.3.13)

This restriction may also be imposed without loss of generality due to the
theorem of Helmholtz, using the freedom to choose the function A¢ in (3.3.11)

in such a way that
AQ V x FQ (3314)

with a vector field Fy = Fy(x) depending only on x, so that V- Ay = 0
and from the constraint of Lorentz %—‘f(O,X) = 0. From (3.3.6), (3.3.7) and
(3.3.12) there finally result decoupled wave equations for ¢ and A:

1
Qp=p, DA:Ej. (3.3.15)

3.4 Planar light waves in the vacuum

In this section we consider planar wave solutions of Maxwell’s equations
for p = 0, j = 0, which describe the propagation of light in the vacuum.
Maxwell’s equations reduce to

V-E=0, V-B-=0, (3.4.1)
10E 1@

For the scalar potential ¢ and the vector potential A we make the ansatz

p(t,x) =10, A(t,x) = Ap cos(wt —k - x), (3.4.3)
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where the constant quantities w > 0, Ao,k € R\ {0} must be restricted by
simple geometric conditions in order to satisfy Maxwell’s equations (3.4.1)
and (3.4.2). First we determine these restrictions: Using equations (3.3.5)
and (3.3.3) in order to determine the electromagnetic field from the poten-
tials, Maxwell’s equations reduce to the constraint of Lorentz and the homo-
geneous wave equations for the potentials:

10p

-— A= 4.4

c@t+v 0 (3.4.4)
Op=0, OA=0. (3.4.5)

Since the scalar potential vanishs identically, equations (3.4.4) and (3.4.5)
may be summarized in the form

V-A=0, OA=0. (3.4.6)

We use the ansatz in order to evaluate

(.d2

V-A=(Ag k) sin(wt —k-x) , DA:—(E—k-k) A, (34.7)

We only look for solutions of the electromagnetic field which do not vanish
everywhere in time and space, and therefore we compare (3.4.6) with (3.4.7)
in order to obtain

Ao-k=0, |Ag>0, w=clk|>0. (3.4.8)

The corresponding electromagnetic field is given by

E(t,x) = |k|Ap sin(wt —k-x), (3.4.9)
B(t,x) = k x Ag sin(wt — k- x) , (3.4.10)

where
|E| = |B], E-B=0. (3.4.11)
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3.5 Electromagnetic resonance in a box and
the Helmholtz-equations

Since Maxwell’s equations are linear, we can make the following ansatz for a
complex electromagnetic potential describing a field which is changing perio-
dically in time with a constant frequency w

o(t,x) =0, A(t,x) = ™" Ap(x). (3.5.1)

In order to get back the physical quantities one can split the resulting complex
solutions in its real- and imaginary part and then form linear combinations
with real coefficients. Then Maxwell’s equations reduce to the following
conditions between the frequency w and the vector potential Ag

V-Ag=0, ~AAy = w?Ay. (3.5.2)

These are the well known Helmholtz-equations for the monochromatic time-
periodic solutions of Maxwell’s equations in the vacuum. From the potential
A we obtain the complex electromagnetic field E and B according to (3.3.3),
(3.3.5), and for these quantities Maxwell’s equations reduce to

VxE=—-i“B, VxB=i-E. (3.5.3)
C C

It is important to note that for any solution with frequency w there corres-
ponds a second solution with frequency —w. We solve these equations with
real numbers ay,as, a3 > 0 for a box Q@ = [0,a4] x [0,a2] x [0, a3], where
the boundary 0 is formed by ideal conducting walls, i.e. we prescribe the
boundary conditions

Vv X E|3Q:0, I/'B|8Q:O. (354)

Here v is the outer normal vector field on 0€2. Let ny, ns, n3 be non-negative
integer numbers such that at most one of them is zero and define the wave-
vector k = (ky, ky, k.)T € R? and the frequency w by

hp= 2 k=2 g =T~ ot R+ B2 R2 (3.5.5)
aq a9 as

Then any complex vector C = (C,, C,, C,)T € C*\ {0} orthogonal on k, i.e.
k- C =0, gives a solution for the vector-potential A according to

AL(t,z,y,2) = C, cos(kyx) sin(k,y) sin(k,2) ™"
Ay (t,x,y, z) = Cy sin(k,x) cos(k,y) sin(k,z) ™", (3.5.6)
A, (t,x,y,2) = C,sin(k,r) sin(k,y) cos(k.2) e“" .
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If we define the vector C' = kx C, then the resulting complex electromagnetic
field is

E(t7x7y7 ) _ZE (t7x7y7z)7
c
B.(t,z,y,2) =C. sin(k,z) cos(k,y) cos(k,z) ™",
By(t,z,y,z) =C; cos(k,x) sin(kyy) cos(k.z) e , (3.5.7)
B.(t,x,y,z) =C" cos(k,x) cos(k,y) sin(k,z) e™" .

It satisfies Maxwell’s equations in the vacuum as well as the boundary condi-
tions (3.5.4). In the case that all three wave-numbers ny, ng, ng are positive
we obtain for a given frequency w two linear independent complex solutions,
and thus the solution is twofold degenerate. If one of the wave numbers is
zero, then the solution is not degenerate and thus uniquely determined up to
a given nonzero complex factor. If more than one wave number is zero, then
the electromagnetic field vanishes.

We can also write down the real solutions for the electromagnetic field in a
completely symmetric way. In order to do this we first consider the degene-
rate case ni, no,n3 € N and choose instead of C two real polarization vectors
g, € € R? satisfying the orthonormality conditions

lel]=18l=1, e€-é=0, exé= k (3.5.8)

Here k and w are still fixed according to (3.5.5). Now we choose two real
parameters a, b with a® 4+ b?> > 0 which are multiplied with the physical unit
of the electromagnetic field, two angles ¢,1 € [0,27) and define the two
three-vectors a(t) = (ax(t), a,(t), a.(t))", b(t) = (b.(t), b,(t),b.(t))" with

a(t) =+ a(cos(p) € —sin(yp) €) cos(wt) + b (cos(y)) € — sin(y) &) sin(wt) ,
b(t) = — a(sin(p) € + cos(p) €)sin(wt) + b (sin(¢)) € + cos(y) &) cos(wt) ,
%é(t) — _ kxb(l), %B(t) — _kxa(), k-a(t) =k-b(t) =0. (3.5.9)

We obtain the following degenerate solution, where we have omitted the time-
and spatial arguments of the functions E, B, a, b,

E, =a, cos(k,x)sin(kyy) sin(k,2), B, =b,sin(k,x) cos(k,y) cos(k,z) ,
E, =a,sin(k,z) cos(kyy) sin(k.z), B, =b, cos(k,x)sin(k,y) cos(k,z),
E, =a,sin(k,x) sin(kyy) cos(k,z), B, =b, cos(k,x) cos(kyy) sin(k,z) .
(

It is interesting to note that a- b = 0 and therefore E - B = 0, as for the
planar light waves studied in the last section.
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For the nondegenerate case we consider only two real parameters a,b and
restrict ourselves to the case ng = 0. Then we obtain a solution depending
only on ¢, z and y, namely

E,=FE,=0, E, =[acos(wt) — bsin(wt)] sin(k,x) sin(k,y) , (3.5.11)

B, = — %[a sin(wt) 4 b cos(wt)] sin(k,x) cos(kyy) ,
B, =+ ‘f[a sin(wt) + bcos(wt)] cos(k,x) sin(k,y) , (3.5.12)
B, =0.

For all real parametrizations it is sufficient to consider exclusively positive
frequencies w > 0.

It is important for technical applications, for example for micro-waves, to
recover not only the explicit resonance solutions for a box, but also for some
other simple geometries. This is indeed possible for further geometries like
the sphere and the cylinder.

3.6 The electromagnetic field of a single
charged particle

Next we solve Maxwell’s equations for a single point-charge ¢ with position
x = (t) (3.6.1)

at time ¢, where v : R — R? is a given, three times differentiable curve which
satisfies
Y(t
sup Aol <n<l. (3.6.2)
teR €
Using the Dirac-Delta point measure, the charge- and current density are
often written in the distributional form

pt.x) = qd°(x = (1), j(t.x) = q(t) 8*(x — (1)) . (3.6.3)

In order to solve Maxwell’s equations for this example, we need the so called
retardation function 9 : R* — R, which is defined as follows: We first
note that for any fixed (¢,x) € R* the expression F(t,x,9) :=t— 1 [x— (V)]
is a contractive function with respect to ¢, which is a simple consequence
of (3.6.2). Using Banach’s Fix Point Theorem, we conclude that there is a
unique solution ¥ = ﬁ(t, x) of the equation

9=t % x — A(9)] | (3.6.4)
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which just gives the function J. Tt is called retardation function because
Y(t,x) < t denotes the time at which a light signal starts on the world-line of
the charged particle such that it reaches the space-point x at the later time

t. We present two important properties of the retardation function.

A) The parameter representation of the function v
Let be 9,d € R with d > 0 and n € R? with |n| = 1. Then

~

V(0 +d, y(V) + cdn) =19 (3.6.5)

B) Iterative scheme for the function ¥:
Using the fix point equation (3.6.4) and the contractivity of F(¢,x,9) =
t — 1 |x — (9| with respect to 9, we obtain for any fixed (¢,x) € R*:

~

I(t,x) = lim 9, (3.6.6)

where ¥y :=t and U4y =1t — 1 |7(J,) — x].

Next we use the Dirac-Delta expressions (3.6.3) for p and j and the rep-
resentation formula (2.4.8) in order to make the following ansatz for the
electromagnetic potentials of the radiating charge:

qb/ﬁw—vﬁ—ﬂy—ﬂﬁ

T 4r ly — x|

o(t,x) Py, (3.6.7)
Py =t — cly —x0)

—— By, (3.6.8)

Atx) =L [t =y —x)

R3

The integration domain in (2.4.8) has to be replaced by the condition |y—x| <
c(t — tp) if the initial time is t5. In our case we have ¢y = —o0, and therefore
the integration domain is R?.

In order to show that the integrals (3.6.7), (3.6.8) are well defined and ex-
plicitly solvable, we need the following two propositions:

Proposition 3.1. For every given t € R, x,z € R3 there is exactly one
solution y € R?® of the equation
1
z=y—(t-ly—x]),

which s given by X
y =z+7(0(tx—2)),

where U is given by (3.6.6).



Proof: For fixed t € R, x,z € R? we define the function ¥ : R® — R3 by

W(y) =zt~ -y ) (3.6.9)

and show the contractivity of W:

(1) = Wly2)| = (0~ 2lya = x]) =2 {t ~ 2lya —x)

. 1 1
<sup [¥(t)| '(t —=ly1 —x|) = (t = =|y2 — x]|)
teR C C

Y (t
<sup () ‘|Y1 — x| = |y2 —X“
teR C
<nlyr —y2l,

where 0 <1 < 1is given by (3.6.2). Banach’s Fix Point Theorem shows that
y =z +7(t — 1|y — x|) has exactly one solution y € R*. In order to prove
the representation of this solution by the retardation function we now define

~

y =z + v(J(t,x — z)) and conclude that

and therefore

y = 2=t x ~2)) =9t = |y = x]),

which proves the Proposition 3.1. [

Proposition 3.2. (a) Fort € R and x € R® we define

N(t,%) = e(t — (t, x)) — M (x = A(D(t, %)) .

Then N(t,x) >0 and N(t,x) =0 < x = ().

(b) The partial derivatives 0f1§ are given by

~ ~

By, =Dt x) - 1 x—y(d(t,x))
FA e e AU Ry v

(¢) There the following equation holds



d) The transformation given for firedt € R, x € R3 b
( g y

y(z) =z +v(0(t,x — z))

has the Jacobian determinant

W)= Wit x—).
Proof: We first recall that
t—ﬁ@x%:%h@@x»—xb (3.6.10)
which implies the inequality
D(t,x) < t. (3.6.11)

In order to show (a) we first consider the case (¢, x) = ¢ and conclude from
(3.6.10) that A

x = 1(0(t,%)) = (1), N(t,x) =0
Due to (3.6.11) there remains to study the case ¢ — J(¢,x) > 0. Then we
obtain from the definition of N, (3.6.10), the Cauchy-Schwarz inequality and

(3.6.2):

Ntx) | 00x0) A00x) —x el
c(t —9(t,x)) ¢ (9, %)) — x| ¢
We have thus confirmed (a).
(b) We differentiate (3.6.10) with respect to t and obtain
i d(t,x)) —x At 0
LD ) xS0 90
ot [y(9(t, %)) — x| c 0
_(0(t,x) —x (D¢, x)) 99
— —~ . 5 _(t’ X)
t—(t,x) 2 ot
We solve this equation with respect to g—f and obtain the first formula in

Proposition 3.2(b). The spatial derivatives of ¥ are obtained by a quite simi-
lar calculation.

(c) is a simple consequence of (b):

0 b= .
aﬂLV'W(ﬁ) Y —7(19)'67]\,




(d) In order to calculate the Jacobian matrix of the transformation
2= y(z) =2+t x - 2)),

we introduce the following notations for the components of the quantities

Moreover we introduce the abbreviations
. o)
k -k
a® =5"I(t,x—2z)), by =——(t,x—2), k=1,2,3.

Here the quantities a®, b, are not the spatial components of covariant and
contravariant Lorentz 1nvar1ant four-vectors, which will be defined later. We
obtain for any fixed t € R, x € R? due to the third part of Proposition 3.2:

1+ a1b1 albg albg

g—y (Z) = a2b1 1+ a2b2 a263
z 3b1 3b2 1+ a3b3
& Gl
k B
—1+Z bk—1—27 tx—z)ﬁ(t,x—z)
0
:g—t(t, X —17).
Thus we have proved Proposition 3.2. [

Now we are able to evaluate the integral expressions (3.6.7) and (3.6.8) for
@ and A by applying the integral substitution

1
y%Z=y—7@—jy—ﬂ%

In order to evaluate the Dirac-Delta expressions we have to put z = 0, where
Proposition 3.1 leads to R
=7(J(t,%)).

We also obtain due to (3.6.4) that

x =y (D(t, %)) = e (t = I(t,))

and therefore ¢, A may be rewritten due to Proposition 3.2 in the form

wkai%NéEY A@mzz%%%%gr (3.6.12)

These are the famous Liénard-Wiechert potentials. We have obtained
them from the retarded potential formula (2.4.8) in Section 2.4 in a heuristic
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way, although we have not justified the validity of (2.4.8) for a Dirac-Delta
point measure under the integral. Thus it remains to show that ¢ and A
are the electromagnetic potentials for the field produced by the single point
charge. This is stated in the following

Proposition 3.3. We abbreviate d‘Alembert’s wave operator by
O = C%% — A. The quantities ¢ and A defined for x # ~(t) in (3.6.12)
satisfy the following differential equations:

1
Op=0, OA=0, —a—gp—l—V-A:O.
c ot

They are electromagnetic potentials for the fields

g 1 v-n n—j _#
E(t,x) = A [x — 1) [(1_11_")3 ( c) (1—“—'“7)2

Cdm x—q] |[(1-2

o
E
N~
w
—~
—_
=}
o |x
3
~—
[\

q 1
4 |x =% (1 -

X
=

—_
y |
n|Q_nw|Q
S~—

w
o2

where the symbols mn, v, v, ¥ are abbreviations for

x = (0(t,x))
x = 7(0(t,%)

respectively.

L (0(x)), 7(0(tx), 50t x)) € R,

Remarks:

(i) If we consider a single point charge at rest with v(¢) = 0 for all ¢ € R,
then we immediately obtain the special electrostatic case

qg X

E(t,X) = EW’

B(t,x) =0. (3.6.13)

(ii) We can simply write the magnetic field in the form
B(t,x) =n x E(t,x) (3.6.14)

with the abbreviation n = n(t,x) given above.

33



(iii) The first term for E and B involving the second derivative of 7 is due to
the so called far-field, since it only decays with the factor 1/|x — v/, in
contrast to the second term, which decays faster for increasing distance
due to the factor 1/|x — v|%. We call them Ey,,, B, respectively:

Bt x) — -1 " I N (S I
far\Ys 471'62 |X—’}/| (1_M)3 c (1_11_)2 )

(3.6.15)
Byar (£, %) :4;102 |Xi7| (11-%)3%xn+ﬁ] :
) (3.6.16)
Between Ef,,, B, and n there hold the nice relations
By =4+n X Egq, | E¢r = —n X By, (3.6.17)
and Ef,., By, are perpendicular to n:
Ef -n=0, B-n=By, -n=0. (3.6.18)

But it is important to note that Ej,., By, itself will not satisfy
Maxwell’s equations. Nevertheless, Eq., B, form an antisymmetric
tensor field like E and B. The tensor calculus will be considered later.

Proof of Proposition 3.3: We first calculate the partial derivatives of NN,
where we make use of Proposition 3.2 and of the abbreviations defined above
for 7, 4, 4, and so on. The spatial components for the position are denoted
by x = (2!, 2%, 23)7, which will be an appropriate notation for the tensor

calculus introduced later:

1 ON X — 7] =5 (x—7)

- =1-=_"1]1= .6.1
c Ot N c? ’ (3.6.19)
ON 1., aF—AF =4 (x—7)

_ = - = 1— k:12 . . .2
ok ¢ * N c? ’ 2,3 (3.6.20)

In order to avoid the often occuring factor ;= in front of the electromagnetic
potentials we introduce the new quantities

S T
Pi= 5 (3.6.21)

with the partial derivatives

85 1 ON 85 1 9N
9 NI o oo NI ok (3.6:22)
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OA" _g'x—al =45 0AT _ F'(@t —h) +edign
ot cN? " Ozk c2 N2 ’

(3.6.23)

A~

where we made use of Proposition 3.2 and ¢ (t — ) = |x — 7| . The Lorentz-
condition %%—f + V - A = 0 can now be checked by a straight forward cal-
culation, using the formulas (3.6.19)-(3.6.23). In the same way we can also
establish Oy = 0, O A = 0 without making any use of the retardation for-
mulas (3.6.7) and (3.6.8), but this requires more effort. Therefore ¢, A are

electromagnetic potentials, and the corresponding electromagnetic fields re-
sult from (3.6.12), (3.3.3), (3.3.5). "

3.7 Balance laws

The energy density W of the electromagnetic field is given by

E? + B?
260 ‘

W= (3.7.1)

We obtain from the second and the fourth Maxwellian equation:

ow ¢ 10E 10B
W:ZO<E'E§+B'EE)

:£<E-(V><B)—%E-j—B-(V><E))

€0

Cc

::;f'< —"7'(13 X Ig)'— %Iﬂ-j)

ExB 1
:—c2v-< . )——E-j.
CEp €0

There results the energy balance

ow o, 1
— -P+—E-j=0. 3.7.2
T +c*V +€o j ( )

with the electromagnetic momentum density P given by

p_ExB (3.7.3)

(&9}

The quantity %E j is the energy density per time unit of the electromagnetic
field. Here only the electric field acts on the charged particles, because the
magnetic part of the force is perpendicular to j. In order to derive the
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momentum balance we need the following calculation, which does not make
use of Maxwell’s equations:

8,B. — 0.B, B,
(VxB)xB=10,B,—0,B, | x | B, | =
d,B, — 0,B, B,
(0.B,)B. — (0,B.)B, — (0, )@+aB
= (aﬂcBy)Bz ( )Bz ( )
(0yB:)By — (0.By) B, — (0:B:) B,
0p (BB B§@+GBB (0,B,)B, + (8,B,)B. + (9.B.)B,
= | 2.(B,B.) + 9, <+>+a< B.) | = | (8.B.)B,+ (9,B,)B, + (9.B.)B,
8,(B.B,) + 8,(B.B,) + (iLgﬂg (02B:)B. + (9,By)B. + (0.B:)B.

An analogous result holds for (V x E) x E. Now we obtain from Maxwell’s
equations:

J0rExB 1 18E 16B
— = — x B+ E x
0t[ CEo ] g | c ot + c ot
L[ 1,
= — (VXB——J>><B+E><(—V><E)
€0 C
1 1j
=—[(VxB)xB+(VXE)xE|l -——=xB
€o &gy cC

0, T +0,T? + 0.7\ | . .

=—|0.1" +0,12?+0.7% | - —(V-B)B— —(V-E)E— —= x B

0,T* +0,T% + 0,7 )

0, T +0,T? + 0.7\ | :

= (o +o,r2+0,1% | - = <pE +31x B) ,
0, T* +0,T% + 0,7 ) ¢

where T denote the spatial components of the opposite Maxwellian stress
tensor T'and E = (E*', E? E®) = (E,, E,, E.),B = (B!, B, B®) = (B,, B, B.),

1
Tmn —
€o

E? + B?

(3.7.4)

By m,n =1, 2,3 we denote exclusively spatial indices. The balance laws for
energy and momentum take the form

1 oW NETN
1Q—(P)+VT+1<E+—><B) (3.7.6)
cot P o
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The momentum balance contains the force density é <pE + % X B), which is

in perfect agreement with the formula (3.2.5) for the electromagnetic force.
The formula (3.2.5) was originally used in order to determine the electromag-
netic field. Actually, here the corresponding force density is mathematically
derived from Maxwell’s equations in the momentum balance! Recall that we
have redefined the electromagnetic field in such a way that it is connected to
the conventional electromagnetic field E’, B’ by equations (3.2.7). However,
the technical conventions for all the other physical quantities are untouched.

3.8 Lorentz transformations

One of the main feature of Maxwell’s equations is that they reduce to linear
wave equations for the electromagnetic potentials. In this section we deter-
mine the linear coordinate transformations of time and space which leave
the wave equation invariant and show that these are exactly the Lorentz
transformations which leave the Einstein-Minkowski pseudo-metric invari-
ant. Moreover, we study the Lorentz-transformations in detail and describe
how we can construct them in a very simple way.

The time-space coordinates may be rewritten in terms of a four-quantity
T = (2% 2, 2%, %) according to

20 = et, o=z, 2 =y, =z, (3.8.1)

Z describes an event in time and space. We may identify Z with this event.
We need the components of the four-matrix

1 0 0 O
0 -1 0 0
G=1y o -1 ol (3.8.2)
0 0 0 -1
which will be denoted by
+1 , p=v=0,
Guv =g = -1, p=v=123, (383)
0 , pu#v.
We consider the d’Alembertian wave operator
1 02 0?
=—=—-A=g¢g"—— 3.8.4
2 Ot? T Ondzr ( )

acting on a time and space depending field (7).
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Here a Greek index like p, v will always run over the four numbers 0,1,2,3,
in contrast to the spatial indices, which will be denoted by a Latin letter
like m, n in (3.7.4). In this chapter we make use of Einstein’s summation
convention, i.e. any index, like u, v in (3.8.4), that appears twice, once as a
subscript and once as a superscript, is understood to be summed over, if not
otherwise noted.

We are looking for a linear time-space transformation, given by a four-matrix
A - (AMZI>)U'7V:0

¥ =7(7) = Az, 't = A 2 (3.8.5)
which leaves the wave operator invariant:

uv 82¢ KA 8212]

Yo Aradind ox'r '

(7) =

(#), (3.8.6)

where

G(F (7)) = (7). (3.8.7)
We apply the chain rule on (3.8.7) and obtain due to (3.8.5):

0 . O
8x”(x)_A”8x’)‘

(T)=A MAAV W(x (7)) .

(#'(2)),
0*

Oxrozv

Now (3.8.6) may be rewritten in the form
KA 821&

axmax/)\

For a general function v this condition is equivalent to the fundamental
matrix equation

Y

(#(2) = g A Y, 5 (@3

G=AGA". (3.8.8)

Thus A leaves the wave operator invariant if and only if (3.8.8) is satisfied.
Next we have to show that this invariance is equivalent to the invariance of
the Einstein-Minkowski pseudo metric Q(Z), which is given by the following
quadratic form in 7 = (2°, 2!, 22, 2°):

Q) =3"Gr=(2") - (') — (2%)* — (2*)%. (3.8.9)

Here we replace by &’ = A Z in (3.8.9) in order to obtain in the new reference
frame

Q#)=QWi)=iT (ATGA) 7. (3.8.10)



The pseudo metric is invariant with respect to the transformation A, i.e.
Q(AZ) = Q(Z) for all z, if and only if

G=A"GA. (3.8.11)

Now we prove the following proposition, which states that the conditions
(3.8.8) and (3.8.11) are indeed equivalent for any 4 x 4-matrix A.

Proposition 3.4. Define the Minkowskian matriz G as in (3.8.2). Then the
following statements are equivalent for any matriz A € R*>4:

(a) G =ANGAT | ie. the matriz A leaves the wave operator O invariant.
(b) A is reqular and has the inverse matriz A= = GAT G.

(c) G=AT"GA, i.e the matriz A leaves the Einstein-Minkowski pseudo
metric invariant.

Proof: Let 1 be the unit matrix in R***. We obtain

G=AGAT PN
1=G*=A(GATG) &
AMt=GANT G &
1=ATA=GATGA &

G=G*’ANTGA=A"GA.

]
Definition: A constant matrix A € R** which satisfies the equivalent condi-
tions (a), (b), (c) in Proposition 3.4 is called a Lorentz-matrix.
A Lorentz-matrix A and a constant four-quantity a € R* describe a
Lorentz-transformation

T—=ANi+a, ' = A ¥+ at (3.8.12)

of the four time-space coordinates. The Lorentz-transformation is called
homogeneous if a = 0.

A famous example is the homogeneous Lorentz-transformation

_ vz — vt
o e y=""U gy Y=z (3813

v2 v2
-2 -2

with velocity v = v, along the x-axis, which reduces for |v| << ¢ to the
Galilean transformation

t'=t, ¥=x—wvt. (3.8.14)
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Later on we will discuss a generalization of this transformation in detail.

Now let us consider two events A and B, represented by
&= (2%, 2", 2% 2%) F+di = (2 +da® 2t + dot, 2 + do?, 2P+ da?)

respectively. Note that dz transforms linearly and homogeneously even in
the case of the inhomogeneous Lorentz-transformation (3.8.12) according to

dr'™ = A" dx” | (3.8.15)

whereas ¥ does not.

The events A and B can only be connected by a light signal if
Q(d7) = (dz°)? — (dz')* — (d2?)* — (d2*)?* = 0. (3.8.16)

In this case dZ is called a light vector. If Q(dz) > 0 then dZ is called a
time-vector. Then A and B can be connected by a signal with speed less
then speed of light. If Q(dZ) < 0 then dZ is called a space-vector. Then A
and B cannot be connected by any signal.

Now we may formulate the following

Proposition 3.5. Let A € R¥* be reqular. For any light vector di let
A = A" g

also be a light vector. Then there exists a constant v € R such that v A is a
Lorentz-matriz.

Proof: Define the symmetric matrix L = AT G A with components

Ly, = N A gex . (3.8.17)

"

By dZ we denote any light vector. Then we obtain due to the assumption of
the proposition:

di* Ldi =0. (3.8.18)

In the following we will not make use of Einstein’s summation convention.
Then we may write, since d is a light vector:

3
(dz°)? = — Z ik, dx' da® . (3.8.19)

ik=1
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From (3.8.18) and (3.8.19) we obtain, keeping in mind that L is a symmetric
matrix:

di’ Ldi = 23: (Li, — Loo gixy) da* dx® 4 2 da® 23: Lipdr' =0. (3.8.20)
ik=1 i=1
First we choose the six light vectors
(£1,1,0,0)", (£1,0,1,0)", (£1,0,0,1)"
in order to conclude from (3.8.20) that
Lyy = Lo = L33 = — Lo, Lyo = Loy = Lao = Loz = L3o = Lo3 = 0.
Then we insert these values in (3.8.20) and choose the three light vectors
(V2,1,1,0)", (v2,1,0,1)7, (v2,0,1,1)"
in order to conclude that
Lyg = Loy = L13 = L3y = Loy = L3 = 0.
We have thus proved

L=AN"GA=LypG, (3.8.21)

and it remains to prove that Loy > 0. This is an application of the well
known inertia law of Sylvester, which may be shown in this special case
as follows: From (3.8.21) we obtain due to the regularity of A

—Det (L) = Det (A)? = Ly, > 0. (3.8.22)
|
Assume that Loy < 0 and define the regular matrix A = ] A. Then
ATGA=-G, (3.8.23)

and it is possible to choose four real numbers 7 = (2°, z!, 22, 2%)T

to

according

=0, A% 2t + A% 2% + A% =0, (@2 + (274 (2¥)2 > 0. (3.8.24)
Let be g = A% = (v° 9%, %2 ¥*)T. Due to (3.8.23) and 2° = 0 we obtain
PGy =3"(ATGAN) " = -7 G2" = (2")? + (%)% + (2®)? > 0. (3.8.25)

On the other hand
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due to (3.8.24) and the regularity of A, and therefore

PTGy =" - ') - W) - () =
— (") + () + (%)) <0, (3.8.26)
which contradicts (3.8.25).

We have proved that AT GA = Ly G with Loy > 0, so that \/%00 A is the
desired Lorentz-matrix.

Thus we have proved Propositon 3.5. [

Proposition 3.6. (a) The Lorentz-matrices form a group, the so called
homogeneous Lorentz-group Lpom.

(b) If A is a Lorentz-matriz, then Det(A) = +£1 and |A%| > 1. The set of

the so called proper Lorentz-matrices with Det(A) = +1 and A% > 1
form a subgroup Ly of the homogeneous Lorentz-group, the proper
homogeneous Lorentz-group.

(c) 1, G, =G, —1 € R¥™* qre Lorentz-matrices, which are called identity,
space-inversion, time-inversion and space-time-inversion, respectively.
For any A € Lpgy there is a matriv A € Lf = such that A has the
following representations

A=1A=A1, if A% >+1 & Det(N) = +1,
A=GA=(GAGG, if A% >+1& Det(A) = —1,
A=(-G)A=(GAG)(-G), if A% < —1 & Det(A) = —1,
A=(-1)A=A(-1), if A% < —1 & Det(N) = +1.
Finally, if A € Lf,., then also GAG € L}, .

Proof: (a) The unit matrix 1 is a Lorentz-matrix. In the following we make
use of Proposition 3.4: Let A be a Lorentz-matrix. Then A is regular due
to AT G A = G, which implies Det(A) = +1. Moreover, Q(Az) = Q(z) for
every 7 € R* implies Q(7) = Q(A™'g) for every §y = Az in R* i.e. A™lisa
Lorentz-matrix. Finally, if A1, Ay are Lorentz-matrices, then also A3 = A; A,
due to
Q(As2) = Q(A1(A22)) = Q(A2Z) = Q(T)

for every 7 € R*.

(b) Let A be a Lorentz-matrix. We have already seen that Det(A) = +1.
We evaluate the 00-component of the matrix equation AT GA = G in order
to conclude that

(M%) =14 (A1) + (A%)* + (A%)* > 1,
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which shows that |[A%| > 1. Next we have to prove that L ~ forms a
subgroup:

First we note that 1 € L .
Assume that A% > 1 and Det(A) = +1 for a Lorentz-matrix A. We first
note that Det(A™') = +1. Due to Proposition 3.4 we have A~! = GAT G,

and evaluating the 00-component of this matrix equation we obtain
(A_l)oo = AO0 > 1,

ie. A7t € L . Let A, B be Lorentz-matrices with Det(A) = +1, A% > 1,
Det(B) = +1, B% > 1. Then Det(A B) = Det(A) Det(B) = +1, and we
obtain from the Cauchy-Schwarz inequality
(AB)% = A% B% + A% B'y + A% B + A% BY,
3 3

> A% B — | D (A%)% | D (BR)?.

k=1 k=1

But the last expression is > 0, which can be seen from the evaluation

of the 00-component of BT G B = G. Thus AB € L

hom*
(c¢) may be proved by a very simple straight forward calculation. n

The conditions A% > 1 and det A = +1 for the proper Lorentz-matrices
are necessary in order to exclude inversions in time and space. The (not
necessarily homogeneous) Lorentz-transformation (3.8.12) is called proper
if the Lorentz-matrix A is proper. Due to Proposition 3.6 it is sufficient to
construct the proper Lorentz-matrices A € L; in order to obtain any other
Lorentz-matrix. This will be done next:

We restrict to proper, homogeneous Lorentz—tgansformations and rewrite any
event Z € R* as a Hermitean 2 x 2 matrix X, see the textbook of Streater
and Wightman [46], according to

04 3 1 _ ;.2
~ (.0 1 .2 3\T s [x+x -z
T= (2", 2%2°) — X = (x1+ix2 xo—x3) . (3.8.27)
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Then we choose any complex matrix M and their adjoint M

a [ a v
-2 -

with Det(M) = +1, which maps the Hermitean 2 x 2 matrix X into another
Hermitean 2 x 2 matrix X’ according to

X' =MXM*'. (3.8.28)

Afterwards we construct from the transformed Hermitean matrix X’ the cor-
responding event T’:

o (QE’O—FQE,?’ x/l_,l'l.l2

/ ~/ /0 /1 12 13\T
X' = x’1+ix’2 .73/0—1'/3) - T —(ZE y L, X ) : (3829)

From (3.8.27), (3.8.28) and (3.8.29) we obtain that the transformation & — 7’
of the events is linear and homogeneous and leaves the Einstein-Minkowski
metric invariant:

Det(X') = Q(i') = Det(X) = Q(z). (3.8.30)

By a straight forward calculation we identify the following components of the
Lorentz-matrix A, which maps 7 on &’ = A :

1 _ _ 1 - _
Aoozﬁ(a@+ﬁﬁ+w+55), Aolzi(aﬁ+ﬁ@+75+5ﬁ),

i _ - 1 _ _
A02:§(6@—a6+5ﬁ—76), Aogzi(a@—ﬁﬁﬂﬁ—é&),

1 = ax 1 = 3

1 - _ 1 _ _
Ny =50a—ad+py-9B), Ay=g(ya+ay—098-39),

i i o
A20:§(55—5ﬂ—764+o@), A21:§(67—75+oz5—5o7),

1, - : i 3 %
A22:§(045+554—57—75)7 A23:§(047_75‘+55_55)>

1 - - 1 - -
Ny =S(aa+ 0 —77-00), A% =(Ba+aB—07-19),

i § _ 1 : -
Ny =5(Ba—af=07+70),  Ay=g(aa—p0 -7 +00).
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Since A% > 0 immediately implies A% > 1 for the Lorentz-matrix A, we
obtain from these representations

1 _ _
A% = 5(o@ + B0 +yy+d0) > 1, (3.8.31)

which is also an immediate consequence of Det(M) = ad — fy = 1 and the
inequality (o — &)(@ — 8) + (8 +7)(8 +v) > 0. In order to show that in
addition Det(A) = +1, i.e. A= A(M) € L . we apply the following con-
tinuity argument: Starting with the complex 2 x 2 unit matrix 1 in order
to generate A = 1 € R™* with determinant 1, we may continuously change
the components of M in order to reach any other complex 2 x 2 matrix with
determinant 1. Then the corresponding Lorentz-matrix A(M) cannot jump

from Det(A(M)) = +1 to Det(A(M)) = —1.

The next proposition characterizes the spatial rotations, which form a sub-
group of L

hom*
Proposition 3.7. (a) Let R € R*® be a spatial rotation, i.e.
RR" =1 e R, Det(R) = +1.

Let (1,02, p3)" be the vector in direction of the rotational azis of R

whose absolute value
=1/ + 03+ ¢3>0

is the positive oriented rotational angle of R, i.e. positive oriented with
respect to (p1, pa,3)T. For the antisymmetric 3 x 3 matriz

0 —p3 +p2
A = +903 0 —©1 5
—p3 +p1 0

there results

P11 P1P2 P1¥3
A+Q*1=(pap1 @200 23|, A+p"A=0,
P31 P3P2 P3¥3

and the rotational matriz R has the following representation:

. .
R=exp(d) =1+ L A4 ——F¥ 42,
' 2

For R =1 we set A =0 with R = exp(A).
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(b) Let be A€ L . Then ATA=1 A% =1. ATA =1 is a necessary
and sufficient condition for A to describe a spatial rotation. Let us
assume that A satisfies this condition. Then there exists a purely spatial

rotation R = R™ € R3*3 such that ¥’ = AT is given by

3
20 = 20 x/k:ZRijj’
j=1
and the Lorentz-matriz A itself is called a rotation. Let (o1, @2, p3)T be

the angle vector of R as described above. Then A is generated by the
following unitary 2 x 2 matriz with determinante 1:

M = cos(y/2) (1 O) —iM< s A _m) . (3.8.32)

0 1 % ©1 + i —P3

Remark: The unitary matrix M in Proposition 3.7 b which generates the
rotation A may also be written in the exponential form

M = exp (—7;/2 ( LG _m)) . (3.8.33)

Y1+ 1P —¥3

Proof of Proposition 3.7: By straight forward calculations. [

The next proposition gives a representation for the generalization of the
Lorentz-transformation in (3.8.13).

Proposition 3.8. Let us consider v = (vy,vo,v3)T € R3 with absolute value
less then speed of light and put

NSYET B 1)

c2

Then we define the components A", of the Lorentz-boost A = A(u) by

Ay=vVi+ul=\v), A =N =,

AJ’:&J”%LM k=1,2,3
k 1+m7 j7 » < .

The matriz A = A(u) is generated by the Hermitean 2 X 2-matriz M

1+(1—v3/c) A A —v1+iv2
M = V242X V242X c

A —v1—1 V9 1+(1+'U3/C))\
V242X c V242X

with determinant 1 and has the inverse matriz A(u)™' = A(—u).
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Remarks:

(i) For v = v, and vy = v3 = 0 we obtain the transformation (3.8.13).

(ii) The Hermitean 2 x 2 matrix M which generates the Lorentz-matrix
A(u) may also be written in the exponential form

. . V3 V1 — ivg
M = exp ( K (Ul Vv, ) )) (3.8.34)

—v
1 A A+ 1 IA—1
fOI' the constant Kk = E \/ﬁ In ( T + ?) .

It is also important to note that the set of all Lorentz-boosts A(u) with
u € R? does not form a subgroup of L; like the rotations.

(iii) If |v| is very small compared to ¢, then A(u) reduces to the special
Galilean transformation

t'=t, x'=x—tv. (3.8.35)
We also omit the tedious proof of the straight forward calculations. [
Proposition 3.9. Any Lorentz-matriz A € L}, may be written in the form
A=AgAg, (3.8.36)
where Ag € L} is the Lorentz-matriz Ag = A(u) with the velocity
1 2 3\7T
V:C\/%:C <_ﬁ—027_ﬁ—027_ﬁ—02) (3.8.37)

less then speed of light and Ap € L} is a rotation. If Mg and Mg are the
corresponding complex 2 X 2 matrices which generate Ag and Ag, respectively,
then

M = Mg Mp

generates the Lorentz-matrix A. M has determinant 1.

Proof: The matrix Ag with the velocity v less then speed of light given in
(3.8.37) is a member of L, due to Proposition 3.8. Using Proposition 3.6(b)

hom

we conclude that the matrix Ag := Ag'A is also a member of L, . Due to

Proposition 3.7(b) it is sufficient to show that the 00-component of Ag is
equal to 1, which is an easy task. The corresponding matrices Mg and Mg
may be constructed due to Propositions 3.7 and 3.8. [

Remark: If we apply this representation theorem to A~! instead of A and
take the inverse matrix, we conclude that A may also be written in the form

A =N, A(W) (3.8.38)

with a new rotation A%, and a new u'.
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“Es ist vielfach versucht worden, in unserem Gebiet eine solche
wmvariante, mit den Tensoren selbst und nicht mit ihren Kompo-
nenten arbeitende Bezeichnungsweise auszubilden, wie sie in der
Vektorrechnung besteht. Was aber dort am Platze ist, erweist
sich fir den wviel weiter gespannten Rahmen des Tensorkalkiils
als duflerst unzweckmdflig. Es werden eine solche Fiille von Na-
men, Bezeichnungen und ein solcher Apparat von Rechenregeln
nétig (wenn man nicht doch immer wieder auf die Komponenten
zuriickgreifen will), daff damit ein Gewinn von sehr erheblichem
negativem Betrag erreicht wird. Man mufl gegen diese Orgien des
Formalismus, mit dem man heute sogar die Techniker zu beldsti-
gen beginnt, nachdriicklich protestieren.”

(Hermann Weyl, Raum-Zeit-Materie, 1918)

3.9 Relativistic formulation of electrodynamics

In the last section we have studied the Lorentz-transformations which leave
the wave equation invariant. Now we develope the corresponding Lorentz-
invariant tensor calculus which enables us to recognize at a glance that an
equation is Lorentz-invariant. Then we will recover the four-vectors and four-
tensors that describe the electromagnetic phenomena. Using these quantities
the electromagnetic laws, namely Maxwell’s equations and the conservation
laws, may be written in a compact tensor notation.

The tensor calculus: In order to formulate the Lorentz-invariant tensor
calculus, we make use of the notations used in the textbook of Weinberg [48],
with only slight modifications.

A contravariant four-vector V* is a quantity with a single upper index which
undergoes like dz* in (3.8.15) the following linear and homogeneous trans-
formation with respect to a proper Lorentz-transformation (3.8.12):

Vi(z) — VI = A" V(). (3.9.1)
Then we define the matrix A by
Auy = Gur gy)\ AH)\ (392)
and state that A " is just the inverse of the matrix A”;:
@ o fel a +1 ’ O‘:6:07172737
AuAuﬁ:gu'yg6A75Auﬁ295965:55:{ 0 . atB.
(3.9.3)
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A covariant four-vector U, is a quantity with a single lower index which
undergoes the following linear and homogeneous transformation with respect
to a proper Lorentz transformation (3.8.12):

Un(i) — UL () = AUy (3) . (3.9.4)

The scalar product of a contravariant vector V# with a covariant vector U,
is invariant with respect to (3.8.12):

V;U' (J'/J N V/H U;L — AHV Auﬁ VV U/{ — 5,‘41/ VI/ UR — V,L; UR ) (395)
A co- or contravariant vector is a tensor with one index, and a scalar (invari-

ant expression) is a tensor without indices.

In general a tensor has several upper contravariant and/or lower covariant
indices and transforms linear and homogeneous with respect to a proper
Lorentz-transformation (3.8.12), for example

T8 () — T (&) = A% M) A, A AE T () (3.9.6)

3
Important tensors are the

e zero tensor, whose components are zero in any reference frame for an
arbitrary but fixed combination of upper and lower indices,

e metric tensor, which transforms according to (3.8.11)
g/“/ - g:,u/ = AM’{ AV)\ gli)\ = g;w ) (397)

e Kronecker tensor introduced in (3.9.3)

« « A Sk « K a

o Levi-Civita tensor

+1 , afvd even permutation of 0123,
€apys =< —1 , afyd odd permutation of 0123,
0 , otherwise.

For the Levi-Civita tensor the restriction to proper Lorentz-transformations
is necessary. Note that in the textbook of Weinberg [48] the Levi-Civita
tensor as well as the metric tensor both take the sign opposite to the
notation used here.
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The components of these tensors are the same in every reference frame.

The tensor calculus itself is very nice, since it consists of only four rules
in order to form new tensors from old ones. These rules may be combined
with each others under certain constraints to obtain every possible tensor.

Rule A: Linear combinations
A linear combination of two tensors R and S with the same upper and lower
indices is a new tensor T with these indices, for example let be

T.=aR/+0bS/\
with given tensors R, S.°. Then TP is also a tensor according to

T/ =aR/+08 ]
—aASA R} +bA A S
= ASAN T
Rule B: Direct products
The product of two tensors R and S is a new tensor T whose upper and lower

indices consists of all the upper and lower indices of the original tensors, for

example let be
Ta/@ i — R @ Sﬁﬂ{

with given tensors R®, S,". Then T°;" is also a tensor according to

T = RS
= A% R* AS A7, S,
= A% AN N, TR

Rule C: Contractions
Setting an upper and lower index of a tensor equal and summing it over its
values 0,1,2,3 we obtain a new tensor without these two indices. For example,
let T, 5 be a tensor. Then

Tﬂ5 - TaﬂacS

is also a tensor according to

T g5 =T 406
= A% NS AL A
=01 NGNS T,
= AJAS T,
=AMAST

K
Ay
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Rule D: Differentiation
Differentiation of a tensor with respect to x® yields a tensor with an additional
covariant index a. For example, let Tq{ be a tensor and define

oT?

T8 = .
@y axa

Then T, aﬁﬂ/ is also a tensor according to

B
T/ B8 — aT’ 2l
T O

* Oz~

(A% 1)

Finally we mention some important combinations of these rules:

(a)

(d)

Lowering of contravariant and raising of covariant indices
(contractions of direct products with the metric tensor),
for example the first index of a tensor 7% may be lowered according to

Taﬁ = Jax Tﬁﬂ .
Raising the same index afterwards according to
O/é@ — gOéli Rﬁ
gives back the original tensor. This also explaines the two original

notations for g" = g,,.

The scalar product VU, results from the contraction of the direct
product V< Ug, which shows once again its Lorentz-invariance.

The covariant divergence

oV«
oz

of a contravariant vector V¢ (Rules C and D) is Lorentz- invariant.

The wave operator (3.8.4), acting on an arbitrary tensor T, is Lorentz-
invariant (Rules B, C, D), in agreement with Proposition 3.4.

If we replace the time-space arguments (¢, x) of the fields by the four-quantity

P =

29 2!, 2% 23)T according to (3.8.1), we can define the so called (electro-

magnetic) four-potential A*(z) according to

A°(&) = (%), AN(E) = As( %),
(3.9.10)
A(@) = A4,(7%), @) = A(Tx),



where A(t,x) = (A.(¢,x), Ay(t,x), A,(t,x))T is the vector potential and
©(t,x) the scalar potential, respectively, which are related to the electro-
magnetic field by the conditions (3.3.3) and (3.3.5). If we change from one
Lorentz-frame to another according to the Lorentz-transformation (3.8.12)
for a proper Lorentz-matrix A, then we require the following

First Postulate: The four-potential A* transforms like a contravariant
four-vector, i.e. we require for each proper Lorentz-transformation (3.8.12):

AR = AP, AY(F). (3.9.11)

This postulate is compatible with the “gauge transformations” (3.3.8) and
(3.3.9), because we can rewrite (3.3.8) and (3.3.9) in the following Lorentz-
invariant form for a Lorentz-invariant scalar function A = A(Z):

< oA
AM(z) = A¥(z) — g =—(2) .
() = 4"(3) — g £ (3)
The advantadge of definition (3.9.10) and the First Postulate can be seen
when we calculate the antisymmetric tensor F),, defined by

A, 0A,

Fun() = 52(@) = 52(3).

(3.9.12)

Recall that the covariant four-vector A, = g,, A" differs from A* only in its
spatial components, which have the opposite sign.

This tensor is called the electromagnetic field tensor because it comes
out that

0o E, E, E.
|-E. 0o -B. B,
Fw)=1_g B 0 -B
~E. =B, B, 0

(3.9.13)

For the contravariant tensor F'* = g**¢g"*F,.\ we obtain the representation

0 —-E, —E, —E.
E, 0 -B. B,
E, B. 0 -B,
E. -B, B, 0

(Fm) = (3.9.14)

If we change to another Lorentz frame according to (3.8.12) then the trans-
formation rules for these tensors are

Fl (@) =ANFANFo(@),  F™(@E) =AM A F(E). (3.9.15)
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Now we recognize that definitions (3.9.10), (3.9.12) and equation (3.9.13)
have exactly the same meaning as the conditions (3.3.3) and (3.3.5) for the
vector potential and the scalar potential in Section 3.3. Therefore we know
that Maxwell’s equations for E and B are equivalent to the conditions (3.3.6),
(3.3.7) which now take the form

Ali
O A — g % (gﬁ) =", (3.9.16)

where the so called electromagnetic four-density j* is defined by

P*=cp, (L4 =]. (3.9.17)
The divergence of (3.9.16) again gives the conservation of charge,

i
% ~0. (3.9.18)

Since the left hand side in (3.9.16) is already a four-vector due to the First
Postulate, we see that Maxwell’s equations are Lorentz-invariant if and only
if we require the

Second Postulate: The electromagnetic four-density j* transforms like a
four-vector with respect to proper Lorentz-transformations (3.8.12).

Recall that we have the freedom to impose additionally the Lorentz-condition
on the electromagnetic potentials in order to obtain decoupled wave equations
for the electromagnetic potential, i.e. we can replace (3.9.16) by

DA* 1
- OAk = = jh . 9.1
7 =0, = (3.9.19)

Here we should stop for a moment and develop an alternative way to ob-
tain the Lorentz invariance of Maxwell’s equations without making any use
of the electromagnetic four-potential. This is important, since the electro-
magnetic potential itself is not measurable and may change according to the
transformations (3.3.8) and (3.3.9).

Assume now that an electromagnetic field is given in terms of E = E(t,x)
and B = B(¢,x), which satisfy Maxwell’s equations. Then we define the
matrix (F*) by (3.9.14) and replace the First Postulate by the following

Alternative formulation of the First Postulate: The matrix (F*) de-
fined in (3.9.14) (without electromagnetic potentials) is a tensor, i.e. there

holds the transformation law (3.9.15), for any proper Lorentz-transformation
(3.8.12).
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Of course, the requirement that F* is a tensor is equivalent the requirement
that F,, is a tensor. Then we will find that the inhomogeneous Maxwell
equations take the Lorentz-invariant form

+—j"=0. (3.9.20)

Also the homogeneous Maxwell equations may be written in a Lorentz-
invariant form by

OFs,  OF,, 0F,;
oz + 0xb + ory

0. (3.9.21)

The new formulation (3.9.21) of the homogeneous Maxwell equations needs
some explanations: If at least two of the three indices «, (3, v are equal, then
both sides of this equation are identically zero since F),, is an antisymmetric
tensor. On the other hand an odd permutation of the indices «, G, v will
only change the sign on the left hand side of the equation, which is again
a consequence of the antisymmetry of F,,. Finally there only result three
independent equations from (3.9.21) for the homogeneous Maxwell equations
which may also be written in the compact form

OF,5
e
ox7
Therefore Maxwell’s equations (3.9.20) and (3.9.21) have again Lorentz-invariant

tensor form when we replace the original First Postulate by its alternative
version.

gaﬁw

(3.9.22)

In the following we also rewrite the electromagnetic balance laws for energy
(3.7.5) and momentum (3.7.6) in Lorentz-invariant form by defining the ten-
sor quantities

1 1 1
T = — [F’“‘Fm\g’\” +1 FA“F,\Rg“”} . ff=—F"j,.  (3.9.23)
€0

By a straight forward calculation it comes out that

() = (%) (%) = (iE 5—10<pE+§><B>> ,
(3.9.24)

and therefore we can also rewrite the balance laws of Section 3.7 in the
Lorentz-invariant form
oTH
or?
In view of (3.9.25) the quantities T#” and f* are called the energy-momentum

tensor of the electromagnetic field and the electromagnetic force den-
sity, respectively. Recall that 7" and f* only take the special form (3.9.23)

+fr=0. (3.9.25)
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because we have redefined the units of the electromagnetic field according to
(3.2.7) in order to keep Maxwell’s equations free from the quantities €, pg
and 4.

Since the invariant balance laws (3.9.25) are only derived from Maxwell’s
equations, we conclude that the postulated Lorentz-invariance of the four-
potential A* and of the electromagnetic current four-density j* are sufficient
in order to rewrite the electromagnetic theory in terms of the tensor calculus
developed in this section.

Up to here we have developed the mathematical structure of the classical
electromagnetic field theory. It is an important remaining task to derive from
these Lorentz-tensors all important physical quantities of electrodynamics
which can be measured in appropriate gedanken experiments with respect
to an arbitrary Lorentz frame. Then the two postulates formulated above
become physical statements about the validity of electrodynamical equations
in all Lorentz frames. This was done by Einstein in his famous article [20].
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Chapter 4

Relativistic Euler Equations

4.1 Introduction

In the kinetic theory of gases the phase density f = f(t,x,q) is a fun-
damental quantity. It is usually a function of time ¢, position x and of the
velocity or momentum q related to the single gas atoms. It usually results
from a kinetic equation like the Boltzmann- or BGK-equation, see Cercignani
[3] and Bhatnagar, Gross, Krook [1]. Then the macroscopic, thermodynamic
quantities like particle- and energy density, velocity and pressure are tensor-
algebraic combinations of some basic integral moments of the phase density
f, where the integration is performed with respect to the momentum q of
the gas atoms. Therefore the macroscopic quantities depend only on time
and space. They are all completely determined by the phase density f.

Kinetic approaches in order to solve the classical Euler equations of gas dy-
namics were applied to several initial- and boundary value problems, see for
example Dreyer, Kunik and Herrmann [7], [8], [11] or Perthame [41], [42],
[43]. In Dreyer and Kunik [9] the reader will also find a kinetic scheme in or-
der to solve an initial and boundary value problem for a phonon Bose gas. In
[31, 32, 33, 35, 44] Kunik, Qamar and Warnecke have formulated two types of
kinetic schemes in order to solve the initial and boundary value problems for
the ultra-relativistic Fuler equations and a general form of special relativistic
FEuler equations based on Jiittners constitutive relations presented in [28].

The hyperbolic systems that can be treated by the kinetic method are those
which may be generated from kinetic transfer equations and from the Mazx-
imum FEntropy Principle. Since these systems lead to a convex entropy
function, they enable several rigorous mathematical results, see for exam-
ple Friedrichs and Lax [23], Godlewski & Raviart [24] as well as Dafermos
[6]. In the case of thermodynamical equilibrium the Maximum Entropy Prin-
ciple constitutes a successful method in order to obtain the Maxwellian phase
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density for the Boltzmann gas as well as the corresponding phase densities
for the Fermi- and Bose gas in equilibrium from the corresponding kinetic
entropy definitions. But the application of the Maximum Entropy Princi-
ple may lead to serious problems in non-equilibrium, for example for the
moment-systems of the Fokker-Planck equation and of the Boltzmann equa-
tion. These difficulties arise due to a singular behaviour of some integral
moments of the nonequilibrium phase density. This was shown explicitly for
Levermore’s five-momemt system in one space dimension by Junk in [30] and
for the Fokker-Planck equation by Dreyer, Junk and Kunik [14]. An excep-
tion is the phonon Bose gas considered in [9], where the singular behaviour
of the integral moments cannot occure.

A few years after Einstein’s famous paper [20] "Zur Elektrodynamik bewegter
Korper”, Jittner [28] extended the kinetic theory of gases which was devel-
oped by D. Bernoulli, Clausius, Maxwell and Boltzmann, to the domain
of relativity. He succeeded in deriving the relativistic generalization of the
Maxwellian equilibrium phase density. Later on this phase density and the
whole relativistic kinetic theory was structured in a well organized Lorentz
invariant form, see Chernikov [4], [5], Israel [26], Miiller [38] and the textbook
of deGroot, van Leeuven and van Weert [25]. Jiittner [29] also established
the relativistic form of equilibrium phase densities and the corresponding
equations of state for the systems of bosons and fermions.

Euler’s equations (relativistic or classic) deal with a perfect gas, in which
mean free paths and collision free times are so short that perfect isotropy
is maintained about any point moving with the gas. In this case the local
equiltbrium assumption is satisfied and the corresponding phase-densities are
obtained from the Maximum Entropy Principle in equilibrium. In the text-
book of Weinberg [48] one can find a short introduction to special relativity
and relativistic hydrodynamics with further literature also for the imperfect
fluid (gas), see for example the papers of Eckart [17], [18], [19] for the classical
and relativistic thermodynamics.

There are three basic ingredients of the relativistic kinetic schemes. The
first one is the relativistic phase density developed by Jiittner. The second
one is the solution of a collision free kinetic transport equation, which can
be given explicitly in terms of a known initial phase density. For the for-
mulation of the kinetic scheme we prescribe a time step 7y, > 0, define the
equidistant times ¢, = n7y (n = 0,1,2,... ), called maximization times,
and solve a collision free kinetic transport equation for each time interval
t, <t < t,y1, starting with a relativistic Maxwellian as the initial phase
density at each maximization time t,. The third component consists of the
continuity conditions, which guarantee that the conservation laws are also
satisfied across the maximization times. They also determine the new initial
data for the next free-flight period. Finally, it is also possible to incorpo-
rate adiabatic boundary conditions into the kinetic scheme in a quite natural
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way. By taking moments of the corresponding phase densities we obtain ev-
ery macroscopic quantity like particle density, energy density, pressure and
velocity four-vector. These macroscopic quantities will solve the relativistic
Euler equations in the limit 75, — 0.

Now we give a short overview of this chapter:

In Section 4.2 we will present the basic definitions of the relativistic kinetic
theory, namely the macroscopic quantities considered in thermodynamics
which are obtained from a kinetic phase density. Moreover the relativistic
Maxwellian studied by Jiittner in [28] is introduced and two limiting cases
are considered, namely the classical Maxwellian for a cool, non-relativistic
gas and the ultra-relativistic Jiittner phase density.

In Section 4.3 we calculate the energy density, pressure and entropy density
from Jiittner’s phase density. Then we determine the macroscopic moments
of this relativistic Maxwellian, which gives the so called constitutive relations.
The conservation laws for the particle number, the momentum and energy
and these constitutive relations are representing the relativistic Euler equa-
tions. The Euler equations are written in differential form as well as in a weak
integral form, which takes care of the evolution of shock waves. There holds
an entropy inequality in terms of a specific entropy function which satisfies
Gibbs equation. In order to prove that the relativistic Maxwellian satisfies
the Maximum Entropy Principle we have first proved four lemmas which are
needed for this purpose. After this we formulate and prove the Maximum
Entropy Principle. In order to get the general formulation of the relativistic
Euler equations and the Maximum Entropy Principle, we use some relations
concerning the Bessel functions, which can be found in the hand book of
Jeffrey [27]. We have also evaluated the limiting cases for the energy den-
sity, pressure and entropy density for the non-relativistic limit as well as the
ultra-relativic limit. The eigenvalues from the differential form of the Euler
equations are also presented in this section. Moreover, the Rankine-Hugoniot
shock conditions and the entropy inequality are used in order to derive a sim-
ple parameter representation for the admissible single shock fronts.

In Section 4.4 we consider the ultra-relativistic limit and the correspond-
ing ultra-relativistic Euler equations. A very characteristic feature of these
equations is that the energy- and momentum balance law decouples from the
continuity equation and thus form a hyperbolic subsystem for the pressure
and velocity four-vector, the so called (p,u)-subsystem. In one space di-
mension this subsystem admits an extensive study and especially a complete
solution of the Riemannian initial value problem, which will be studied in
this section.

In Section 4.5 we first formulate the kinetic scheme in order to solve the
three-dimensional ultra-relativistic Euler equations. In contrast to the clas-
sical three-dimensional Euler equations for a non-relativistic gas we will show
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that the three-fold momentum integrals for the particle-density four-vector
and for the energy-momentum tensor reduce simply to surface integrals where
the integration is performed with respect to the unit sphere. A similar idea
was used by Dreyer, Herrmann and Kunik [12], [9] in order to solve the
Boltzmann-Peierls equation and their moment systems for a phonon Bose-
gas. Later on we will see by an appropriate transformation in phase space
that the kinetic formulation for both problems are so closely related that the
scheme for the phonon Bose-gas contains the kinetic scheme for the ultra-
relativistic Euler equations as a limiting case. We prove that the conservation
laws and the entropy inequality are satisfied for the ultra-relativistic scheme.
For this purpose the continuity conditions for the zero components of the mo-
ments play a crucial role, more precisely they constitute necessary conditions
in order to guarantee that the conservation laws and the entropy inequality
are also satisfied across the maximization times. The continuity conditions
are also required in order to initialize the kinetic scheme for the next time
step.

In Section 4.6 we are looking at the special case of spatially one-dimensional
solutions which are nevertheless solutions to the three-dimensional ultra-
relativistic Euler equations. In this case the surface integrals of the three-
dimensional kinetic scheme reduce again to single integrals which range from
—1 to +1. They indicate the finite domain of dependence on the preceeding
initial data, which is covered by the backward light cones. This property
does not hold for classical kinetic schemes.

In Section 4.7 we discuss the Eulerian limit 73 — 0 of the kinetic scheme
where weak solutions are obtained from the initial value problems including
arbitrary complicated shock interactions.

In Section 4.8 we present an analysis of the kinetic scheme for the (p,u)-
subsystem. We derive a reduced kinetic phase density and an own reduced
kinetic entropy for this subsystem that are much easier than the original ones
and prove the corresponding Maximum Entropy Principle.

We close in Section 4.9 with the derivation of two completely discretized
numerical schemes for the ultra-relativistic Euler equations in one space di-
mension and test them for a known solution of the Riemann problem.

4.2 Moments of the relativistic kinetic phase
density

In this section we describe a relativistic gas consisting of many microscopic
structureless particles in terms of the relativistic kinetic phase density. From
this fundamental phase density we calculate tensorial moments which give the
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local macroscopic physical quantities of the gas such as the particle density,
the velocity, the pressure, the temperature and so on.

Recall the basic definitions and conventions from Sections 3.8 and 3.9 which
are necessary in order to formulate the tensor calculus.

First we take a microscopic look at the gas and start with the kinematics
of a representative gas atom with particle trajectory x = x(t), where the
time coordinate ¢ and the space coordinate x are related to an arbitrary
Lorentz-frame. The invariant mass of all structureless particles is assumed
to be the same and is denoted by mg. The microscopic velocity of the gas
atom is X% and its microscopic velocity four-vector is given by ¢ ¢*, where

dt
the dimensionless microscopic velocity four-vector gt is defined by

(qoaq)Ta q0:q0:V1+q27 q-=

o=
|§L
%

I>—‘°"

___cdt
V1= (%)
The relativistic phase density f(t,x,q) > 0 is the basic quantity of the kinetic
theory. In the sequel we assume that f(¢,z,-) € V, where

L
— 14 |q*

(4.2.1)

o

V={fecL®R*)|0< f(q) < for some e, C' >0}. (4.2.2)
The following definitions of the macroscopic moments and the entropy four-
vector make use of the fact that the so called proper volume element d3q/qq
is invariant with respect to Lorentz-transformations. Note that f € V gua-
rantees that all the three-fold integrals below can be formed with respect to
1 due to ¢° > |q|. This can easily be seen by using spherical coordinates.

Macroscopic moments and entropy four-vector:

(i) Particle-density four-vector

d3
NN = [ o fxa) (423)
R3 q
(ii) energy-momentum tensor
d3q
T = T (t,x) = moc? /R3 a'q” f(t,x,q) F , (4.2.4)

(iii) entropy four-vector

St = S(t,x) = —k:B/ ¢ f(t.x,q) In (@) y (4.2.5)

RS

60



Here kp = 1.38062 x 1072 J/K is Boltzmann’s constant and x = (™2¢)® with

Planck’s constant h = 1.05459 x 10~3*Jsec. Note that y has the same di-
mension as f, namely 1/volume. We also state here that the entropy formula
(4.2.5) can be generalized easily in such a way, that the well known case of a
Fermi- or Bose gas is also included in this kinetic framework. Then formula
(4.2.5) reads in the general case

3
S“:—l{:B/IR3q“ {fln%—nx (1+77£) In <1+n§)} %. (4.2.6)

Here = 0 reduces to (4.2.5), which is valid for the relativistic generalization
of Boltzmann’s statistic, whereas n > 0 is required for the Bose-Einstein
statistic and 1 < 0 for the Fermi statistic. Note that 7 is dimensionless, but
n may depend on the spin of the particles.

The spatial part q € R? of the dimensionless microscopic velocity four-vector
is used as an integration variable in the relativistic kinetic theory.

Now we may use the macroscopic moments N#, T" and S* of the relativistic
phase density f in order to calculate the other macroscopic quantities of the
gas, which are

Tensor algebraic combinations of these moments:

(i) The proper particle density
n = /NiN, (4.2.7)

(ii) the dimensionless velocity four-vector

ut = — N*, (4.2.8)
n

(iii) the proper energy density
e = u,u, T, (4.2.9)
(iv) the proper pressure and temperature

1
p=g (uptty — gp) T = kpnT, (4.2.10)
(v) the proper entropy density

o= Shu,. (4.2.11)
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Remarks:

(i) Since f > 0, it can be seen by a simple Cauchy-Schwarz argumentation
that N* is a time-like vector, i.e. N*N, > 0. It follows that the particle
density n is well defined and positive. In order to see that the energy
density is always positive we write it in the form

d3
c=mct [ () fxa) G- (12.12)

(ii) The macroscopic velocity v of the gas can be obtained easily from the
spatial part u = (u', u? u®)” of the dimensionless velocity four-vector
by

u
V=C—. 4.2.13
N (1.2.13)
From this formula we can immediately read off that |v| < ¢, i.e. the
absolute value of the velocity is bounded by the speed of light. Note

also that u® = v/1 + u2.

Let u = (u',u? u?)T € R3? be fixed. In order to present a short derivation of
the relativistic Euler equations, we will later use the relations for the Lorentz
boost A% = A%(u) presented in Section 3.8,

AOOZ \/1+u2, Aoj :AJOZ —uj,
» wuP
N, =0+ —ror. 4.2.14
O T w (4214
where j, k € {1,2,3} are spatial indices. Let G be the Minkowskian matrix
defined in (3.8.2). Recall that the above relations imply

(a) G = Au) GA(u)T, A%(u) > 1 and Det(A(u)) = 1, i.e. A(u) is a

proper Lorentz-matrix.

(b) A7 (u) = A(—u).

The attribute “proper” for n, e, p, T and o denotes quantities, which are
invariant with respect to proper Lorentz-transformations. They take their
simplest form in the Lorentz rest frame. Since all quantities under consid-
eration are written down in Lorentz-invariant form, we may omit the word
“proper” in the following.

These definitions are valid for any relativistic phase-density f = f(¢,x,q),
which has to be determined from a kinetic equation of the following form

w O

ozt

Q). (4.2.15)
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As in the non-relativistic kinetic theory we have a corresponding transport
part on the left-hand side and a collision part Q(f) on the right-hand side.
In the simplest case Q(f) is determined in such a way that the following five
conservation laws hold for the particle number, the energy, and the momen-
tum

ONH 0 aTH

ozr oxV
This simple case holds if the particles interact only during elastic collisions
without other forces and radiation. The case Q(f) = 0 leads to pure free
flight, without any collision of the gas particles. A detailed study of the rel-
ativistic Boltzmann-equation can be found in the textbook of de Groot, van
Leeuwen and van Weert [25].

=0. (4.2.16)

Relativistic Jiittner Phase density:

Jiittner extended the classical velocity distribution of Maxwell for a gas
in equilibrium to the relativistic case. The resulting Jiittner distribution
fr(n,T,u,q) depends on five constant parameters, which describe the state
of the gas in equilibrium, namely the particle density n, the absolute tem-
perature 1" and the spatial part u € R? of the dimensionless four-velocity. It
is given by

fi(n, T u,q) = ﬁ exp (—f u,q")
n
= 107 exp (—ﬁ <\/(1 +u)(l+q)—u- q>> (4.2.17)
where 3 = ’;;g? and

M(E) = [ exp(=0v/ T+ s
=Adr /00 9% exp(—B V1 +92)do . (4.2.18)

The function M(f3) is chosen in such a way that
’ ’ d’q
nut = /q fr(n, T u,q) ra (4.2.19)
R3
holds for the spatial part u = (u!, u? u®)T of the dimensionless macroscopic
velocity four-vector. This is equation (4.2.8), where u and n are in addition

parameters of Jiittner’s relativistic phase density. Using the Bessel functions
for the non-negative integer numbers j

o0

K;(8) = / cosh(js) exp(—3 cosh(s)) ds (4.2.20)
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and applying the integral substitution ¢ = sinh(s) we may also write M ([3)
in the form

M(B) = %T K> (8) - (4.2.21)

We have in addition recursion relations for the modified Bessel functions,
which can be found in the hand book of Jeffrey [27],

Kyal8) = 5 K,(0) + Ka(9), (12.22)

where j is the integer order of the modified Bessel functions. Using (4.2.20),
(4.2.21) and (4.2.22) we can write

K\(B) | 3K(P)
FRE )’

M'(B) = —4r < (4.2.23)

T 92 5 _Ar
n(8) = 4r 0/ e (AVIE P = (). (1.224)

Note that

'(8) = M(pB). (4.2.25)
The equations (4.2.21) and (4.2.23) will be used in Section 4.3 in order to

find the constitutive relations for e, p, o.

In order to formulate the Euler equations and other relations coming in next
sections in a nice form, we introduce the function

3 K
“ i TR0

In Section 4.3 it turns out that W(f) is just the specific energy < for the gas
in equilibrium.

v (g)

(4.2.26)

Limiting cases of the relativistic Jiittner Phase density:

Here we discuss two important special cases for this phase density, namely
the non-relativistic limit for a cool gas and the ultra-relativistic limit my — 0.

Case 1: The non-relativistic limit (small temperatures, small velocities)

For the first case we rewrite (4.2.17) in the form

. (a—u?+uv’¢® —(u-q)?
exp( 61+\/(1+u2)(1+q2)+u-q>’ (4.2.27)

fj(n,T,u,q) =

M (B)
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where

M,y(B) = M(B) exp(3) . (4.2.28)

If we apply for ¥ > 0 the integral substitution

§= \/%(x/l +92 —1), (4.2.29)

then we can rewrite M; () in the form

My(8) = <%”) 2 /OOO <1+%) @ %d@ (4.2.30)

For (3 very large compared to 1, i.e. for small temperature, we can conclude
from (4.2.30) that

21 s 5
2

E) 2):

and the representation (4.2.27) shows that the Jiittner phase density reduces
to the non-relativistic Maxwellian for |ul, |q| very small, namely

2\ 3 2 2
B moc ~moc’(q —u)
fe(n,T,u,q) =n (27TKBT) exp ( ok T ) . (4.2.31)

Ml(ﬁ) :(

(27TKBT

moc?

)%+O(T3),

Case 2: The ultra-relativistic limit (zero rest mass of the particles)

For the ultra-relativistic limit my — 0 with fixed temperature we apply the
substitution q' = my.q in order to write (4.2.17) in the form

fJ(n,T,u,q):mg n~ exp —B \/(1+u2)(mg+q’2)—u~q’ ,
Ms(f)
(4.2.32)

where

G c? ~ 8t [ &2 -
p= e~ el Ms(B3) = ) 2 exp <—\/ mg 3 +§2) dg . (4.2.33)

In the following we do not use primes for the new integration variable q.

Now we are able to pass to the ultra-relativistic limit my — 0. In order to
do this we first have to replace the four-vector ¢* defined in (4.2.1) by the
light vector

(q)" . " =q=ld- (4.2.34)
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Next we will introduce dimensionless quantities by setting ¢ = kg = h = 1.
Then the ultra-relativistic moments and entropy four-vector take a similar
form as given in (4.2.3),(4.2.4) and (4.2.5)

d3
NF = Ni(t,x) = / "t x,q) =2 (4.2.35)
R3 (1
v v d’q
T =T (t,x) = ¢ flt,x,q) —, (4.2.36)
R3 [¢1

and the macroscopic entropy four-vector

Sk =SH(t,x) = — /RS " f(t,x,q) In <@) %, (4.2.37)
where x = (7€),

Here f is first taken as the ultra-relativistic Jiittner phase density (4.2.32) in
its dimensionless form as

. n u,q"
fi(n,T,u,q) = 373 P (— T )

_ 87T"T3 exp (—% (\/1 ful-u- %)) . (4.2.38)
But we will also use equations (4.2.35), (4.2.36) and (4.2.37) in order to define
new moments for a general phase density f. In this case we will again call
(4.2.35), (4.2.36) and (4.2.37) the moments for the ultra-relativistic limit.
For that reason we have used the general symbol f for the new moments
instead of fj. These more general definitions will be important for the for-
mulation of kinetic schemes in order to solve the fluid dynamic equations in
the ultra-relativistic limit.

Finally it is important to note that all the definitions given for the particle
density n, velocity four-vector u*, energy density e and for the pressure p,
which are tensor invariant algebraic combinations of the basic moments N#
and TH are still valid for an arbitrary phase density f in the ultra-relativistic
limit. Neverthless we can still simplify the generally valid formula (4.2.10)
for the pressure in the ultra-relativistic limit

1 v v
p= 3 u,u, T — 3 9T
1 d?
= ST = / G’ f =L (4.2.39)
R3 q

Since g,,¢"¢" = ¢,¢” = 0 holds due to (4.2.34), we immediately conclude
that
e 1
p=5=3 T uu, =nT (4.2.40)

in the ultra-relativistic case.
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4.3 Relativistic Euler equations

4.3.1 The constitutive relations, general case

Using the relativistic Jiittner distribution (4.2.17), the relations (4.2.21) and
(4.2.23), we calculate the originally given moments (4.2.3), (4.2.4) and (4.2.5)
with ¢° = /1 +q2 In the global rest frame, where u* has components
(1,0,0,0)", we first obtain

V()
e=-n33) ="Y0).

p =3 M) +0(B) =T = 2, (43.1)
= —nin ﬂ n n

o=-nl (KQ(ﬁ))ﬂLﬁ U(B) +n.

Here the choice of the entropy constant v is not so important in general.
Since e, p and o are Lorentz invariant, we see that (4.3.1) is already true in
any other Lorentz-frame, without the restriction that (u*) = (1,0,0,0)%.

Starting with the rest frame and then applying the inverse of the Lorentz
boost given by (4.2.14), we get the following relations for the general frame,
where u may or may not be zero,

Nt =nu*, T =—pg" + (e+pluru”, S*=ou". (4.3.2)

Moreover one can see by simple calculations that ¢ in (4.3.1)3 obeys the

Gibbs equation
Td (%) = pd (%) +d (%) . (4.3.3)

Since the relativistic moments (4.3.2) are valid in a special Lorentz frame and
since these equations are written in tensor invariant form, they are generally
valid in every Lorentz frame. This can also be seen directly without making
use of the Lorentz-boosts.

4.3.2 The constitutive relations, limiting cases

Case 1: The classical limit

In order to get the classical limit with 3 > 1, we first regard the asymptotic
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relations which hold for g — oo,

Ko(3) = \/%exp(—ﬁ) ( ;_6) +0 (ex 3 )) , (4.3.4)

To obtain the non-relativistic values of the energy density, pressure and en-
tropy density, we substitute the asymptotic relations (4.3.4) for K(3) and
V() into the constitutive relations (4.3.1). There result the following ex-
pressions in the classical limit

3

3
e:n+§nT, p=nT, a:nln%jtvn. (4.3.5)
nz

For the detailed study of the classical case the reader is refered to Dreyer
and Kunik [7]. In this paper the particle density n is replaced by the mass
density p and entropy density o is denoted by h. The term n in (4.3.5); is
the energy density of the rest mass.

Case 2: The ultra-relativistic limit

In order to obtain the ultra-relativistic limit with § << 1, we first regard the
asymptotic relations which hold for § — 0,

Ki(B) = = +0(8np) |

E
Kw%:%+0(> wm=%+ow» (4.3.6)

We substitute them into the constitutive relations (4.3.1) and (4.3.2) and get

3
p
e=3nT, p=nT, aznlnmjt'yn, (4.3.7)

Nt =nu*, TH = —pg"” + 4putu”,
3
p

A detailed study of the ultra-relativistic case including its kinetic solution
was first presented by Kunik, Qamar and Warnecke [31]. We extend this
study in the following sections.
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4.3.3 Formulation of Euler’s equations, general case

Now we use the constitutive relations (4.3.1), (4.3.2) and the conservation
laws (4.2.16) in order to get the general form of three-dimensional Euler
equations at regular points. For this purpose we introduce the abbreviation

\(8) = W(B) + % , (4.3.9)
and obtain for p = %
0 5L O(nu”
O mvizw e 2 o s

% (=p +nx(B)(1 + %)) + s (nx(ﬁ)u’“x/l - u2) =0. (43.12)

Remarks:

(i) These equations constitute a closed system in terms of the unknown
fields n, u, and §. Also note that § = %

(ii) The classical Euler equations result using (4.3.4) in the following way:
From (4.3.10) we obtain the classical continuity equation by neglecting
the second order terms in u, whereas the classical momentum equations
are obtained from (4.3.11) by setting x(3) equal to one and neglecting
the third order terms in u. Finally, the classical energy equation results
if we subtract (4.3.10) from (4.3.12) and then neglect the fourth order
terms in u and terms which contain pu? as a factor.

(iii) The ultra-relativistic Euler equations result directly from (4.3.8) and
(4.2.16). We will discuss and study them in detail in the sequel.

4.3.4 Maximum Entropy Principle

The Juttner distribution f; (4.2.17) has some important properties. First
of all it generalizes the classical Maxwellian of a gas in equilibrium to the
relativistic case, and secondly f; satisfies the so called Maximum Entropy
Principle in equilibrium, which will be formulated and proved below. For
this purpose we need the following lemmas.
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Lemma 4.1. Let be u, q € R3. Also let be u* = (v/1+u? u)’ and
¢ = (V14 a2 q)". Then the scalar product q"u,, satisfies the inequality
q"u, > 1, where g*u, = 1 if and only if u = q.

Proof: We consider

¢u,—1=+1+2V1+u2—q-u—1
(q—u)*+q’v’ - (q-u)?

_ . (4.3.13
V1ita2vVi+ui+q-u+l )
Due to the Cauchy-Schwarz inequality we know that
q*u® — (q-u)* > 0. (4.3.14)
If g # u then from (4.3.13) we have
(@—u)*+q°u*—(q-u)?* >0, (4.3.15)
and this implies again from (4.3.13) that ¢*u, —1 > 0 or ¢*u, > 1. n
Lemma 4.2. The derivative ¥ : RT™ — R has the representation
d (3 Kl(ﬁ))
U'(p)=— <— +
7=3 5" %
33 KiB) (m(ﬁ))z
- 4. + —1, 4.3.16
75 R0 \K) (1310

and is negative for any B > 0. Moreover VU([3) satisfies the inequality
U(p) >1, (4.3.17)

which indicates that the specific energy is larger than the rest mass enerqy of
a single atom.
Proof: We divide the proof of this lemma into two cases as follow.

Case 1 when 0 < 3 < 1: From the definition of the modified Bessel functions
we have 0 < K;(03) < K2(f). So we can write due to (4.3.16)

33 Ki(B) | (KB
V) =—m*5 m(@*(m@) !
3 3 3
<_@+5+1_1:@(ﬁ_1)<0' (4.3.18)

Thus we have proved for 0 < 5 < 1 that ¥U'(3) < 0.

70



Case 2 when 3 > 1: Recall the integral definition (4.2.20) for the modified
Bessel functions K;(3). We also know that cosh(s) = 1+2sinh*(£) and make

the substitution o = sinh(3) with ds = \/z‘iia in (4.2.20) in order to get

Ba
1 g g 1 P <—>
- — | Ky = 4.3.1
4emj<4) 0(4) 3, Vit dv 319
1 o?
7 XP (%) {KO <§) + K, (—)] / V1+ aexp ( 62 )da.
(4.3.20)
Also we have the following estimates
#>1—O‘—2 \/1+0z2<1—|—a—2 (4.3.21)
Vi4a? 2 - 2 o

Keeping in view (4.3.19) and (4.3.20), we obtain from (4.3.21)

1 I} I} 1 [= 1

(e m O] 3(8) o

Note that also the right hand side of (4.3.22) is positive due to 8 > 1. We
take the inverse of (4.3.22) and multiply with (4.3.23) in order to get

14 2 % <2 (1 + 215) (1 - %) o (4.3.24)

Using the recursion relation (4.2.22) for j = 1 and replacing ( by g we get

() K5

K (2) Ko(8) 8
’ <g) (1) _ (4.3.25)
(4
Now using (4.3.24) and (4.3.25) we get the following inequality after some

manipulations and replacing g by 3

3
< . 4.3.26
BB 1T E+ & (4:320)

Substituting (4.3.26) in (4.3.16) for LG}, we finally get after simplification

9 1246083+ 10552 + 693% + 834

v'(B) < _64ﬁ6 ’ (1 e + 462>2

<0. (4.3.27)
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It follows that W’'() < 0 for any 3 > 0.

Hence we have proved that (/) is a strictly monotonically decreasing func-
tion which satisfies due to (4.3.4)3 the asymptotic relation

Jim (5) =1, (4.3.28)
Thus we conclude that W(() is strictly bounded below by one. =

Lemma 4.3. (i) Let f € V with V defined in (4.2.2) be any phase density
with its moments N*, TH* . Let n and e be the corresponding particle
density and energy density, respectively. Then there hold the inequali-
ties 0 <n < e.

(i) Let 0 < n < e and u € R? be given parameters, corresponding to the
particle density, energy density and the spatial part of the macroscopic
four-velocity. Then there exists exactly one temperature T > 0 such
that the Jittner phase density f;(n,T,u,q) gives the prescribed energy
densily e > n.

Proof: In order to prove (i) we use from Lemma 4.1 that ¢*u, > 1 for q # u.
Therefore we can write

(¢"u) (¢ uy) > ¢y, . (4.3.29)
This implies that

Y d3q d3q
/ (¢"un)(@"w) [ —5 > / "uuf —5 (4.3.30)
R3 q R3 q

Now using the definitions (4.2.35), (4.2.36) for N* and T"", respectively, we
can write (4.3.30) in the following form

wu, T > u, N* . (4.3.31)

Now using the definitions (4.2.8) and (4.2.9) for n and e we finally conclude
that e > n.

Next we prove part (ii). We know from the part (i) of this lemma that the
restriction e > n > 0 is necessary. Moreover we know from Lemma 4.2 that
¢ = U(B) > 1 has exactly one solution for 3 > 0. Let T = % > 0 be the
corresponding temperature. Then we know from (4.3.1); that the Jiittner
phase density f;(n,T,u,q) leads to the prescribed energy density e. n

Remark: The restriction e > n is also natural from the physical point of
view since it states that the energy density is always larger then the rest-mass
energy due to non-zero temperature in the gas.
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Lemma 4.4. For u,v > 0 we have
vinv —ulnu = [Inu+ 1)(v —u) + R(u,v), (4.3.32)

with R(u,v) > 0.

Proof: Due to the Taylor formula there is a & > 0 between u,v > 0 such

that |
vlnv:ulnu—l—(lnu—l—l)(v—u)~l—i(v—u)? (4.3.33)

We conclude that R(u,v) = g¢(v — u)® > 0. n

Proposition 4.5. Let f € V with V' defined in (4.2.2) be any phase den-
sity with its moments N*, TH . Let n, u, e be the values resulting from f
for the particle density, the spatial part of the velocity four-vector and the
enerqy density, respectively. Then there is exactly one temperature T > 0 for
which the Jittner phase density f;(n,T,u,q) leads to the prescribed energy
density e. Let o and oy be the entropy densities corresponding to f and f;,
respectively. Then there holds the Maximum Entropy Inequality o; > o. In
the case oy = o we obtain the uniqueness result f = f; a.e. on R3.

Proof: Due to Lemma 4.3 we have exactly one temperature 7" > 0 for which
the Jiittner phase density f;(n,T,u,q) gives the prescribed energy density
e > n coming from the general phase density f(q). In the following proof we
will fix this temperature 7" and the corresponding phase density f;(n, T, u, q).
Using the definition (4.2.37) and (4.2.11) we have due to the constraint on u

oy —o =S, — S*u,
d3
o, [ @ (Um0 T - (@) G (433
R
In the following we omit the arguments of f and f; for the sake of simplicity,

which will not lead to confusion here. We use Lemma 4.4 for u = f;, v = f
and get

fInf—fylnfy=nf;+10)(f = f7)+ R(fs. ), (4.3.35)
Using equation (4.3.35) in (4.3.34) we have
3 3
o=, [ @t (-0 v [ G-
d3
+uy, /RS " R(f1, f) q—oq . (4.3.36)
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The second integral in (4.3.36) is zero due to the constraints on n and u,
u, N* —u, Ny =n—-n=0, (4.3.37)
so we are left with
d3
w0 =u, [ (=i mh
R3 q
d3q
—i—u“/ " R(fr, f)— - (4.3.38)
R3 q

From Jiittner’s phase density we have
n 1
1 =In(——= ——u,q”
o= (st (7))
1
Tuyq

—In (%) — —ug”. (4.3.39)

Using (4.3.39) in (4.3.38) and the fact that n and 7" are independent of the
integration variable q we get

n m dgq
UJ—a:ln(W) uu/R?)q (f_f‘])?

1 . d3q
_T“uuu/quuq (f_fJ)?
’ d’q
+u, [ ¢ R(fs, L (4.3.40)
R3 q

In (4.3.40) the first integral is zero due to (4.3.37). Also we know from (4.2.9)
and our constraints on the velocity and energy density that

e =u,u,T" =e; =u,u, T, (4.3.41)

where T and T%" are the energy momentum tensors for f and f;, respec-
tively. Thus equation (4.3.40) finally reduces to

d3
oy — 0= / u.q" R(fs, f) q—oq > 0. (4.3.42)
R3

The integral in (4.3.42) is non-negative because u,g¢" > 1 due to Lemma
4.1 and because R(f;, f) is non-negative due to Lemma 4.4. Hence we have
proved that Jiittner’s phase density satisfies the Maximum Entropy Principle,
i.e. 05 > o. For the uniqueness proof we assume in addition that o; = o
and obtain from (4.3.42) with R(u,v) = %(v —u)? > 0 for some & between
u,v > 0 that f = f; a.e. on R3. "
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4.3.5 The one-dimensional relativistic Euler equations,
general case

Now we are looking for spatial one-dimensional solutions of the three—dimensional
Euler equations, which will not depend on 2, 2 but only on x = x!. More-
over we restrict to a one-dimensional flow ﬁeldu = (u(t,),0,0)T

(nVI+ @), + (nu), =
(nx(B)uv/1 +u?); + (5 +nx(B)u?), = (4.3.43)
(—%+nx(ﬁ)(1+u2>>t+<nx( Juv'l+u?), =

These differential equations constitute a strictly hyperbolic system with the
sound speed

11— 1/(82W(8)]
A*_[ T 59 0) ] : (4.3.44)

and the characteristic velocities

)\IZ—A*m%—u A= Y
it@ a2 Vire

AV +u2+u

VI+uZ+

Note that ¥/(3) < 0 was proved in Lemma 4.2.

A3 =

(4.3.45)

These eigenvalues may first be obtained in the Lorentz zero rest frame where
u=0. Then using the additivity law for the velocities in the general Lorentz
frame we can easily obtain (4.3.45).

Note that one can easily get from (4.3.45), the eigenvalues for the classical and
ultra-relativistic cases by using the asymptotic relations (4.3.4) and (4.3.6)
respectively as given below.

Classical eigenvalues:

5 5)
Alzv—\/gT,)\gzv,)\g,:v—I— gT, (4.3.46)

with the velocity v =

M= /2T.

1 and the speed of sound

the temperature T' = 3

u
V1tu?2’

Ultra-relativistic eigenvalues:

2uv1+u? — /3 N U

)\ — e —
! 3+2uz2 7T Tt a2
2uy/T + 2
Ny = 2VIF WV (4.3.47)

3 + 2u?
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1
7
The differential equations (4.3.43) are not sufficient if we take shock discon-
tinuities into account. Therefore we use a weak integral formulation of the
one-dimensional hyperbolic system for n,u, 5 : [0,00] x R — R with n, 3 > 0,
which is given for piecewise C'-solutions n, u, 3 according to Oleinik [39] by

$ nv1+u?de —nudt =0,
o0
¢ (nx(B)uv1+u?)dw — (5 +nx(B)u)dt = 0, (4.3.48)

o0

F (=2 +nx(B)(1+u?)dz — (nx(B)uy/T + uZ)dt = 0.

o0

Here we obtain the speed of sound A\, =

Here 2 C R{ xR is a bounded and convex region in space-time with piecewise
smooth, positive oriented boundary. Note that this weak formulation takes
discontinuities into account, since there are no longer derivatives of the fields.
If we apply the Gauss Divergence Theorem in regular time-space regions to
the weak formulation (4.3.48) we come back to the differential form of Euler’s
equation (4.3.43).

Furthermore we require that the weak solution (4.3.48) must also satisfy the
one-dimensional entropy-inequality

?{ SOz — S*dt > 0, (4.3.49)
o0

where

SO = —nyv1 + w2 (ln KZ(B@ + 5‘”5)) )
St = —nu <ln KZ(ﬁﬁ) + 5‘“6)) .

Now we consider bounded and integrable initial data for a positive particle
density n, transformed velocity u and absolute temperature T', which may
have jumps

n(0,z) =no(z) >0, u(0,z)=wue(z), T(0,z)="To(x)>0. (4.3.51)

(4.3.50)

Parametrizations of single shock solutions

If x = x(t) is a shock-discontinuity of the weak solution (4.3.48) with speed
vs = &(t), W_ = (n_,u_, p_) the state left to the shock and W, = (n4,uy,p;)
the state to the right, then (4.3.48) leads to the RANKINE-HUGONIOT jump
conditions

v,(N) — N?%) = Ny — N!,
v (TY — T =T/ — T, (4.3.52)
v (T® — T%) = T — T,
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where

N =niy/14+ud, Ni=nsus, TV =nix(Be)usy/1+ud,
Tf =p+ + nix(ﬁi)ui ) Tio = —ps +nax(Be)(1+ Ui) .

Also in singular points the local form of (4.3.49) reads
—vs(SY — SY) + (SL —S1) >0, (4.3.53)

which must be satisfied at each shock curve of (4.3.48). The shock that
satisfies (4.3.52) and (4.3.53) is called entropy shock.

Now we give parameter representations for the single entropy shocks. For
this purpose we choose the initial data as follows:

Let be (n.,us, 5,) € RT x R x RT and define p, = n, T, = 5. We use the
inverse temperature 3 as a shock-parameter, impose the restriction 5 > [,
and obtain from (4.3.52) and (4.3.53) the following parametrization of the
particle density and the pressure

Y(B) = ¥(B:) x(B) — ¥ (B) x(8),

B s, XBIXG)
() = 5o [\/v(ﬁ) xR 7(5)]> (4:3.51)
_ B

p(B)

B

For the parametrization of the velocities we have

((p* —p(B)) - (n.¥(B.) = n(B) \1/(3)))%
n () n.x(8)x(6:) ’

u(B) = u /14 @(B)* £ a(B)/1+ u2, (4.3.55)

[N

8.(6) = (p. — p(8)) (p. + n(B)T(3)) |
nex(8) [na(W(8.) = ) = n(B) (¥(8) - 3)]

us(B) = /1 + s(B)" £ 6s(B)V/1 + w2, (4.3.56)
Ug U Uy
Vg = e | V= e, Uy = —
V14 u? V14 u? 1+ u?

Remarks: All the expressions under the square roots are positive because
n(B), V(G), ¥(B) — % and p((3) are strictly monotonically decreasing and
positive functions.
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Now there results the following parametrization for the different kind of shock
waves:

The “+7 sign in (4.3.55), (4.3.56) and § > [, gives the so called 3-shocks
with the constant state (n., u., 5,) on the left

(n—7u—7ﬁ—> = (n*,u*,ﬁ*), (n+7u+7ﬂ+) = (n(6)7u<6>76)

These 3-shocks satisfy both the RANKINE-HUGONIOT conditions (4.3.52) as
well as the entropy condition (4.3.53).

The “-” sign in (4.3.55), (4.3.56) and 3 > (3, gives the so called 1-shocks with
the constant state (n., u,, 5;) on the right:

(n—>u—’ —) = (n(ﬁ)vu(ﬁ)vﬁ)v (n-i-au-i-aﬁ-i-) = (n*,u*,ﬁ*).

These 1-shocks satisfy both the RANKINE-HUGONIOT conditions (4.3.52) as
well as the entropy condition (4.3.53).

Now we define the 2-shocks, that turn out to be contact-discontinuities with-
out entropy-production:

Only for these we choose n > 0 instead of 3 as a shock parameter and set

(n—vu—7 —) = (n*7u*7ﬂ*)7 (n+7u+7ﬁ+> = <n> U nn—ﬁ*) .

*

These shocks satisfy the RANKINE-HUGONIOT- and entropy conditions. Note
that velocity and pressure are constant across a 2-shock. Here the shock-

— Ux

speed is vy = v, = \/ﬁ
Remark. One can prove that the only shocks satisfying (4.3.52) and (4.3.53)
are 1-, 2- and 3-shocks.

4.4 The ultra-relativistic Euler equations

Using the ultra-relativistic Jiittner distribution f%(n,7T,u,q) in (4.2.38), we
obtain for the moments (4.2.35), (4.2.36) and (4.2.37)

N* = nut, ™ = —pg" + 4dpuu” (4.4.1)
4 4
St = —N# an—3+7N”, U:—nan—g—l—WL. (4.4.2)

Note that due to the mass conservation (4.2.16); the divergence of S*, which
will give rise to the H-theorem formulated later, will not change when we add
some multiple of N* to S*. Moreover o obeys the Gibbs equation

Td (%) = pd <%) +d (%) . (4.4.3)
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These formulas can be easily checked for a special Lorentz frame where
uw’ =1, u' = u? = v® = 0, i.e. where the gas is locally at rest. Since the
ultra-relativistic moments (4.4.1) are valid in a special Lorentz frame and
since these equations are written in tensor invariant form, they are generally
valid in every Lorentz frame. Using the moments (4.4.1) and the conservation
laws (4.2.16), we get at regular points the three-dimensional Euler equation

in differential form

82( V1i4+u?)+V-(nu) =0, (4.4.4)
2(4 V1+u? +23:i §* + dputuF) =0 (4.4.5)
1 pu’ u B p puu”) =0, 4.
B )
k 2) —
o (3p + 4pu?) ;—a ApuFV/1 4+ u2) = 0. (4.4.6)

The equations for the conservation of momentum and energy (4.4.5), (4.4.6)
form a closed 4 by 4 subsystem for p and u, the (p, u)-subsystem, where the
relativistic continuity equation (4.4.4) for n decouples from this subsystem.
This is an important feature of the ultra-relativistic Euler equations which
will be studied in the sequel.

Now we are looking for special solutions of the three-dimensional ultra-
relativistic Euler equations, which will not depend on 22, 2® but only on = =
x!. Moreover we restrict to a one-dimensional flow fieldu = (u(t, z),0,0)7

(nV14u?) + (nu)y =0,
(dpuv/1+u?) + (p(1+4u?)), =0, (4.4.7)
(p(3 + 4u?)); + (dpuv'1l +u2), = 0.

These differential equations constitute a strictly hyperbolic system with the
characteristic velocities
2uv1+u2 — /3 U 2uv1 + u2 + /3

<Ay =—— < A3 = . (4.4.8
3+ 202 2 3 3+ 2u2 (4.48)

)\1:

These eigenvalues may first be obtained in the Lorentz rest frame where
u = 0. Then using the relativistic additivity law for the velocities, we can
easily obtain (4.4.8) in the general Lorentz frame In the Lorentz rest frame
we obtain the positive speed of sound A = f’ which is independent of the
spatial direction.

But there is another useful derivation for the characteristic speeds. For this
purpose we rewrite the 2 x 2 subsystem for p and v in (4.4.7) in the form

p 2u/14u? 4p P

t 3+2u? V14u2(342u2) x| _

<ut) T ( 3v/14u? 2u/14u? ) <uz) =0 (44.9)
4p(3+2u?) 3+2u?
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Thus we obtain that also the 2 x 2 subsystem for p and u turns out to be
strictly hyperbolic with the characteristic velocities A\; < A3 in (4.4.8).

The differential equations (4.4.7) are not sufficient if we take shock discon-
tinuities into account. Therefore we use a weak integral formulation with
a piecewise Cl-solution n,u,p : [0,00] x R — R, n,p > 0, which is given
according to Oleinik [39] by

j{n\/l—i-uzdx—nudt:(),

o0

j{4puv1 + uldz — p(1 + 4u?)dt = 0, (4.4.10)

o9
j{p(S + 4u?)dz — dpuv/'1 + u2dt = 0.
o9

Here Q C R{ X R is a bounded and convex region in space-time and with
a piecewise smooth, positively oriented boundary. If we apply the Gaussian
divergence theorem to the weak formulation (4.4.10) in time-space regions
where the solution is regular we come back to the differential equation form
of the Euler equations (4.4.7).

Furthermore we require that the weak solution (4.4.10) must also satisfy the
entropy-inequality

fWM—yﬁzo (4.4.11)
G)
where
nt n?
S% = —nv1+u2ln —, St = —nu In — . (4.4.12)
p p

The subsystem has an own entropy inequality, which reads in one space
dimension

%@M—ﬁﬁza (4.4.13)
o0

Here the reduced thermodynamical entropy four-vector is defined in one space
dimension by

SO =ap’ V142, S'=aptu, (4.4.14)
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where o > 0 is constant. This entropy four-vector is independent of n and
satisfies an additional conservation law in the points (¢, x) of smoothness,
namely

950  9St
> t o = 0, (4.4.15)

which can be obtained with the help of (4.4.9). Formally this equation can
be obtained by putting n = ap>* in the continuity equation (4.4.7); of the
larger system. However, when shocks are involved in the weak solutions of
the subsystem, then the reduced entropy will increase. We will show that
(4.4.11) and (4.4.13) are indeed equivalent for piecewise smooth solutions.

Parametrizations of single shock solutions

If x = z(t) is a shock-discontinuity of the weak solution (4.4.10) with speed
vy = Z(t), W_ = (n_,u_,p_) the state left to the shock and W, = (ny,uy,py)
the state to the right, then (4.4.10) leads to the RANKINE-HUGONIOT jump
conditions

vs[ngy/14+u2 —n_\/1+u?]
vslApyug /1 +ud —dp_u_\/1+ul] = (py +4pu?) — (p- +4p_u?),
vs[(3py + 4prul) — (Bp— +4p_u®)] = 4dpruir/1+ud —dp_u_y/1+u? .

(4.4.16)

=NnNyuy —N_U_—,

Also in singular points the local form of (4.4.11) reads
—vy(S? — 8%) + (SL—S1) >0, (4.4.17)

which must be satisfied on each shock curve of (4.4.10). A shock that satifies
(4.4.16) and (4.4.17) is called an entropy shock.

Now we give parameter representations for single entropy shocks. For this
purpose we choose the initial data as follows:

Let be (n., u,, Tx) € RT x R x Rt and define p, = n,T..

We use the pressure p as a parameter which determines the strength of an
entropy shock. Equations (4.4.16) and (4.4.17) are solved by
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p 3p+p*)
n(p) = Ny | — ) 4.4.18
») \/p* (tr (14.13)

ue/Pe + 30V F 30 £ V3(p — pa) /1 + 12

D) = , 4.4.19
p
Ug u (U
Vg = e, V= e | Uy = 4.4.22
V14 u? V14 u? 1+ u? ( )

in the following way:

e The “+7sign in (4.4.19), (4.4.21) and p < p, gives the so called 3-shocks
with the constant state (n., u, Ty) on the left

(n—vu—>T—> = (n*7u*7T*)7 (n+>u+>T+> = (n(p),u(p),T(p)).

These 3-shocks satisfy both the RANKINE-HUGONIOT conditions (4.4.16)
as well as the entropy condition (4.4.17).

e The “-”sign in (4.4.19), (4.4.21) and p < p. gives the so called 1-shocks
with the constant state (n.,u., %) on the right:

(n—’ U—, T—) = (n(p)7 u(p), T(p))> (n-‘r’ Uy, T+) = (n*> L T*)
These 1-shocks satisfy both the RANKINE-HUGONIOT conditions (4.4.16)
as well as the entropy condition (4.4.17).
Now we define the 2-shocks, that turn out to be contact-discontinuities with-
out entropy-production:

Only for these we choose n > 0 instead of p as the parameter and set

*T*
(n_,u_,T_) = (ny, us, Ti), (ny,uy,Ty) = <n, Uy, n_) )
n

These shocks satisfy the RANKINE-HUGONIOT- and entropy conditions.

Note that velocity and pressure are constant across a 2-shock. Here the
shock-speed is v, = v, = —

N 1+u2’

Remark. One can prove that the only shocks satisfying (4.4.16) and (4.4.17)
are 1-, 2- and 3-shocks.
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The structure of these shock solutions is quite similar to the classical Euler
equations.

Since the subsystem in p and u has its own entropy, we obtain for the subsys-
tem the following local form for the increasing of the reduced entropy across
the shock front

0, (8% — 5%) + (St —Sh) > 0. (4.4.23)

It is important to note that both entropies, the original one given by (4.4.2)
and the reduced entropy for the subsystem given by (4.4.14), lead to the
same entropy shocks, i.e. they lead to equivalent shock selection criteria.
The equivalence of the local entropy inequalities (4.4.17) and (4.4.23) across
a single shock front can be checked without big effort by applying a proper
Lorentz-transformation which transforms wu, to 0 in the shock parameter
representations above. The inverse Lorentz-transformation will then preserve
these inequalities. We will make essential use of this trick when we construct
the general Riemann solution for the (p, u)-subsystem.

In view of (4.4.15) and in view of the equivalence of the local shock conditions
(4.4.17) and (4.4.23) we thus conclude that (4.4.11) and (4.4.13) are indeed
equivalent. This equivalence holds at least for piecewise smooth solutions
due to standard arguments for the decomposition of curve integrals.

In the case of the classical Euler equations the so called fan-type shaped rar-
efaction waves play a key role as building blocks for the Riemann solutions
beside the shock waves. The same is also true for the relativistic Euler equa-
tions. Before we construct the Riemann solutions we need the

Parametrizations of rarefaction waves

A rarefaction wave with center at the origin ¢ = 0, x = 0 is a smooth solution
of Euler’s equations which depends only on the characteristic speed s = 7. If
we define the 2 x 2-matrix in (4.4.9) by A = A(p, u) and assume that p and
u depend only on s = 7, then we immediately obtain from these equations

with the chain rule
Py _ (P
A(p,u) <u) =3 (u) : (4.4.24)

It follows that s is indeed a characteristic speed of the subsystem, i.e.
2uv1+u2+ 3 \/gs:F%

s = U=/ —L=.

31202 IVi- s

Inserting (4.4.25); in (4.4.24) leads without any effort to the condition

(4.4.25)

p 4
2_9 — iﬁﬁ 9 (4.4.26)
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and the general primitive with respect to s on both sides of this equation is
with a constant C'

Inp=C+ % In(V1+u?+u). (4.4.27)

In the same way we obtain from the continuity equation for n with (4.4.25)
Inn=C" +V3In(vV1+u2+u). (4.4.28)

We finally obtain for positive real numbers a, b the parametrization of the
rarefaction fans with respect to the characteristic speed s

u(s) = \/g E, (4.4.29)

p(s) :a<miu(s))% =a ((2— ﬁ)iiz)% : (4.4.30)
5 V3 1+s 7
n(s) = b (\/m + u(s)) —b ((2 - V3) = S) . (4.431)

Sometimes it is also useful to take the pressure p as a parameter for the
rarefaction waves and to rewrite (4.4.29)-(4.4.31) in the form

u(p) = j:&;gl, (4.4.32)
2(5)
n(p) =b (g)% , (4.4.33)

4

2)? /3 -2
7 )
(2)7 —V3+2
In both parametrizations the upper sign represents the 3-waves and the lower
sign the 1-waves.

(4.4.34)

Solution of the Riemann problem

Now we solve the weak form of the hyperbolic 2 x 2 subsystem

(4puv1+u?); + (p(1 +4u?)), =0,

(p(3 + 4u?)), + (dpuvI T @), =0 (4.4.35)
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for given Riemannian initial data

_ pb—, .Z'SO, _ U—, xSOJ
po(él?)—{pJH £>0, UQ(QS)—{U_|r7 >0 (4.4.36)

The basic ingredients for Riemann solutions are the parametrizations of
shocks and rarefaction waves studied before. Moreover, whenever the weak
solution for the subsystem is available, it is not difficult to extend it to a
weak solution of the one-dimensional 3 x 3 system (4.4.7). The continuity
equation can be solved afterwards by using the parametrizations of n across
the shocks and rarefaction waves. In Section 4.9 this is illustrated for an
explicit Riemann solution of the 3 x 3 system which serves as a numerical
test case. The correct entropy conditions are always satisfied, because we
only make use of the parameter representations for admissible shock fronts.

In order to prepare the construction of the Riemann solutions we start with
two important simplifications.

The first simplification is based on the fact that whenever (p,u) is a weak
solution of (4.4.35), then also (kp,u) for a positive constant x, i.e. we can
apply a homogeneous scaling of the pressure with the scaling factor k.

The second simplification is more interesting. It is based on the fact that
the weak solutions are invariant with respect to the following homogeneous
Lorentz-transformations in dimensionless form

t'=at+bxr, 2'=0bt+ax, (4.4.37)

where a > 1 and b are real parameters which satisfy the condition a? —b% = 1.
These are the Lorentz-boosts in z-directions studied in Section 3.8.

Lemma 4.6. The expression

\/1+U3_—U+
V1+u? —u

is invariant with respect to the Lorentz-boost (4.4.37), if applied to the rela-
tivistic velocity vectors from the initial data (4.4.36).

Proof: The relativistic velocity vectors from the initial data and their Lorentz-
transforms are (1/1 + u2,u+)? and

V1+uZ\ [ ay/14+ui +buy
uy S\ b1 +uttaus )

We obtain that
\/1—|—uf—u'+:(a\/1+ui+bu+)—(b\/1+ui+au+)
Vi+u?—u_ (ay/1+u®+bu)—(by/1+u2 +au_)

:(a—b)\/1+ui—(a—b)u+:\/1+u§r—u+

(a—b)/1T+u2 —(a—bu_ /1+uX—u_’
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which is the statement of the Lemma. =

We define the equivalence of two Riemann solutions if it is possible to map
them on each other by an appropriate scaling of the pressure and by apply-
ing an appropriate Lorentz-transformation (4.4.37). Then we can state that
equivalent Riemann solutions depend only on the two positive parameters

JITaZ -
P B Vi Sl (4.4.39)

p- ’ m —u_
This equivalence also allows us to simplify calculations with the single-shock
parametrizations (4.4.18)-(4.4.22) considerably by assuming first the special
case

po=1, u,=0. (4.4.40)

Afterwards one can easily remove these restrictions by applying an appropri-
ate Lorentz-transformation (4.4.37) and an appropriate scaling of the pres-
sure.

Our next aim is to rewrite the parametrizations for single shocks and rar-
efaction waves in terms of the Lorentz-invariant quantities o and 5. Then
we are also able to handle the Riemann problem in general.

For this purpose we first define two functions which turn out to be very useful
in order to perform these parametrizations in a completely unified way. For
a > 0 we put

V1I+3aV3+a+V3(a—1)
- Wo :

Ks(a) Kp(a) =aY3*.  (4.4.41)

Then the following Lemma gives a simple characterization for the case that
the Riemannian initial data (4.4.36) can be connected by a single shock or
rarefaction wave, respectively.

Lemma 4.7. The functions Kg(a) and Kgr(«) are strictly monotonically
increasing for a > 0 and they satisfy

Ks(1/a)=1/Ks(a), Kg(l/a)=1/Kg(a).
Moreover, o =1 1is a tangent point for both curves with

V3

V3 3— 43
4’ '

Ks(1) = Kr(1) =1, K1) = K1) = 16

Y1) = Kj(1) =

Define o and (B according to (4.4.39) with p+ > 0.
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(i) For B Kr(a) =1 the two conditions a > 1 and § < Kg(a) are equiva-
lent. If all these conditions are satisfied, then the initial data (4.4.36)
can be connected by a single 3-rarefaction wave.

(ii) For B Ks(a) =1 the two conditions o < 1 and > Kg(«) are equiva-
lent. If all these conditions are satisfied, then the initial data (4.4.36)
can be connected by a single 3-shock.

(i1i) For B = Kg(a) the two conditions o < 1 and  Kg(a) < 1 are equiva-
lent. If all these conditions are satisfied, then the initial data (4.4.36)
can be connected by a single 1-rarefaction wave.

(iv) For = Kg(a) the two conditions o > 1 and § Kgr(a) > 1 are equiva-
lent. If all these conditions are satisfied, then the initial data (4.4.36)
can be connected by a single 1-shock.

Remark: The trivial case f = a = 1 means that p_ = p; and u_ = u,.

Proof: The first part of the Lemma can be obtained by straight forward
calculations.

We first consider a single 1-shock. According to (4.4.40) we put p = p_ <
pe = py = 1 with @ > 1 and u, = uy = 0 in (4.4.19) with the lower minus
sign and obtain that

u_:_ﬁwzﬁ(f_ 1)_

From this equation we obtain that
B=1/1+u2 +u_=Kg(a)>1,
which is the proof of case (iv) of the lemma. The case (ii) for a single 3-shock

follows in the same way.

Next we consider a single 1-rarefaction wave. In this case we can directly
conclude from (4.4.30) with the lower minus sign that

& = o= 5% ’
P
and this gives the desired statement f = Kg(«).

The case (i) for a single 3-rarefaction wave follows in the same way. =

After we have studied the single shock and single wave Riemann solutions
we are now able to construct the general Riemann solutions by studying four
cases. These cases are illustrated in Figure 4.1, where the behaviour of the
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solution depends on the corresponding four regions depicted in this figure.
For each case we will employ monotonicity arguments as well as the Mean
Value Theorem in order to construct an intermediate state (p.,u,) in the
so called “star-region” which can be connected with a single shock or rar-
efaction wave to the prescribed left and right Riemannian initial data. The
boundaries of these four regions characterize the initial data for which the
Riemann solution consists only of a single shock or rarefaction wave in the
sense of Lemma 4.7.

Case 1: (< Kg(a) and f Kgr(«a) > 1.

Here we can construct a solution which is composed on a lower 1-shock and
an upper 3-rarefaction wave. Define the intermediate pressure and velocity
by the implicit equations

D+ D V I+ Uz — Usx P«
Ks(—) Kr(—) =7, = Kq(—). 4.4.42

Since Kg(£=) Kg( 1%) is strictly monotonically increasing with

p+—0 p— D+ Px—00 j= P+

we conclude that the implicit equation for p, > 0 and hence for u, has a
unique solution. From 1 < § Kg(a) < Ks(a) Kr(a) we obtain that a > 1
and hence p_ < p,. Since

P P\ Py Py

Ks(*—) Kr(*—) = 1/Kgr(a) <8, Ks(-—)Kr(*—) = Ks(a) > 3,

p- b+ p- b+
we obtain from the mean value theorem that p_ < p, < p,. This implies
Ks($=) > 1 and Kg(£=) < 1. From the last two inequalities and (4.4.42) we
obtain u, < min(u_,uy).

We summarize these inequalities for the first case:
a>1, p_<p.<py and wu, <min(u_,u). (4.4.43)

From (4.4.42), (4.4.43) and the preceeding Lemma we conclude that the
states (p_,u_) and (p«, u,) can be connected by a 1-shock and that the states
(ps, us) and (py,uy) can be connected by a 3-rarefaction wave.

In order to guarantee that the 1-shock with velocity vs; and the 3-rarefaction
wave fit together to a complete Riemann solution of (4.4.35) and (4.4.36),
we only have to check that

Vs < Ag(uy) .

This inequality is valid in the special case p, = 1 and u, = 0 with

v, = _% 131:2’: < 0, A3(us) = A3(0) = % > 0 and hence valid in the

general case, because any ordering of propagation velocities is invariant with
respect to proper Lorentz-transformations (4.4.37).
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Case 2: (> Kg(«o) and § Kg(a) > 1.

Here we can construct a solution which is composed on a lower 1-shock and an
upper 3-shock. Define the intermediate pressure and velocity by the implicit
equations

& y V 1+ Ui — Usx D
Kg(—) Ks(—) =03, = Kg(—). 4.4.44

From > Kg(«) and > 1/Kg(a) = Kg(1/a) we conclude that 5 > 1, be-
cause one of the two numbers « or 1/« is larger than 1. Since KS(;”—i) KS(;’—;)
is strictly monotonically increasing in p, with

lim Ko(Z) Ks(P) =0, lim Ke(2) Ks(P) = o0,
p+—0 p— D+ Px—00 j= D+

we conclude that the implicit equation for p, > 0 and hence for u, has a
unique solution. Since

m(}%) qu;—;) — 1/Ks(a) < 3, qu%) qu;—p — Ks(a) < 8,

we obtain from the monotonicity of Kg( ;’i) K 3(5—:) with respect to p, that
ps > max(p_,py). This implies K 5(5—;) > 1. From the last two inequalities

and (4.4.44) we obtain u_ > u, > u..

We summarize these inequalities for the second case:
B>1, p.>max(p_,py) and u_ > u, > u, . (4.4.45)

From (4.4.44), (4.4.45) and the preceeding Lemma we conclude that the
states (p—,u_) and (p«, u.) can be connected by a 1-shock and that the states
(ps, us) and (py,u) can be connected by a 3-shock.

In order to guarantee that the 1-shock with velocity oY and the 3-shock
with velocity v fit together to a complete Riemann solution of (4.4.35) and
(4.4.36), we only have to check that

WD) < o

This inequality is valid in the special case p, = 1 and u, = 0 with

) _ 1 [1i3p- 3 _ 1 [1t3py o
= —5\V 30 < 0, v/ = A s > 0, and hence valid in the

general case, because any ordering of propagation velocities is invariant with
respect to proper Lorentz-transformations (4.4.37).

Case 3: (> Kg(a) and f Kg(a) < 1.

Here we can construct a solution which is composed on a lower 1-rarefaction
wave and an upper 3-shock. Define the intermediate pressure and velocity

1
0!
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by the implicit equations

& & V 1+ UZ — Ux P«
Kr(—) Kg(—) =73, =K . 4.4.46

Again the implicit equations have a unique solution for p, and u,, and similar
to the first case we obtain in the third case the inequalities

a<l, p.>p.>py and wu, >max(u_,uy). (4.4.47)

From (4.4.46), (4.4.47) and the preceeding Lemma we conclude that the states
(p—,u_) and (p«, us) can be connected by a l-rarefaction wave and that the
states (p«,u.) and (p4,uy) can be connected by a 3-shock. They form a
complete Riemann solution because in the special case p, = 1 and u, = 0
the characteristic slopes of the 1-rarefaction wave are negative, whereas the
velocity of the upper 3-shock is positive.

Case 4: [ < Kg(a) and f Kg(a) < 1.

Here we can construct a solution which is composed on a lower 1-rarefaction
and an upper 3-rarefaction wave. Define the intermediate pressure and ve-
locity by the implicit equations

* * V 1+ U’E — Us *
Kp(22) Kp(22) = 8, - = Kp(2). (4.4.48)
p- P+ V14wt —u_ p_

In this case the intermediate fields can be solved explicitly by

/ 2 _
e _qizgans, VXU T Vi gia, (4.4.49)

j V14+u? —u_

From § < Kg(a) and § < 1/Kg(a) = Kgr(1/a) we conclude that § < 1,
because one of the two numbers a or 1/« is less than 1. Similar to the second
case we obtain in the last case the inequalities

f<1, p.<min(p_,py) and u_ < u, <u,. (4.4.50)

From (4.4.48), (4.4.50) and the preceeding Lemma we conclude that the states
(p—,u_) and (p«,u,) can be connected by a l-rarefaction wave and that the
states (ps, u.) and (p4,uy) can be connected by a 3-rarefaction wave.

They form a complete Riemann solution because in the special case p, = 1
and u, = 0 the characteristic slopes of the 1-rarefaction wave are negative,
whereas the characteristic slopes of the 3-rarefaction wave are positive. =

The following sketch describes the behaviour of the Riemann solutions in
each of the four cases.
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3-shock

Case 2:
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B=Kq (@), a>1
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Case 3:
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alpha

Figure 4.1: Classification of the Riemann solutions for the subsystem.

4.5 A kinetic scheme for the ultra-relativistic
Euler equations

We first formulate the scheme for the three-dimensional Euler equations.
After that we solve the one-dimensional Euler equations, using a special
integration technique. Recalling the ultra-relativistic Jiittner phase density
(4.2.38), we start with the given initial data

ni(x) =n(0,x) > e, Ti(x)=T(0,X) > e, ur(x)=u(0,x)€R?

for sufficiently small €1, e; > 0. We assume that at least ny, Tr,u; € L®(R3).
We prescribe a time step 73y > 0 and let ¢, = n1y for n = 0,1,2,3...
be the maximization times. Then we define the moments and the entropy
four-vector in the free flight for 0 < 7 < 7, as

d3
Nu(tn+77x>:/ qufn(X_T&>q)—qa
RS lal” ™ |d]
) ) q . d%
T“ (tn + T, X) - qﬂq fn(x — T q)— ) (451)
RS lal” ™ |d
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St(t, +7,x) = —/ ¢ (foln f)(x — Tg, q)— (4.5.2)

R3 |Q‘

with the ultra-relativistic initial phase density at the maximization time ¢,
given as

foly,a) = fi(n(ty,y), T(ty,y),u(ty,y),q) . (4.5.3)

Moreover n, T, u* are calculated from N* and T"" for the next time step from
the following generally valid definitions
1

1
n = \/N'U’N‘u, ut = —N“, T = 3—uuuy T . (454)
n n

In order to initialize the kinetic scheme for the next time step, we first require
the following continuity conditions for the zero-components of the moments
across the maximization time ¢,, n > 1

No(t;—?X) :No(tr_wx),
Tt x) =T (¢, ,x), k=1,2,3, (4.5.5)
Tt %) = T™(t;, %)

Here we have used the following abbreviations for the one-sided limits across
the maximization time t,,, n > 1, where ¢ is a positive real number

NH(tE x) = lir%N“(tn +e,x),
T (tE x) = lim T (t,, & €, %) .

Later on we will see in Proposition 4.9 that these conditions are necessary
in order to guarantee the conservation laws for mass, momentum and energy
across the maximization time ¢,,. Moreover we start again with a ultra-
relativistic Jiittner distribution for the next time step. Then we obtain, using
the constitutive relations (4.4.1), for the three-dimensional Euler equations
which are valid for the ¢, side of the maximization time

Nt x) = n(t}, %)/ T+ w2t %)

Tt x) = 4p(t}, %) ub(t}, %)/ T+ @ (0. %) (4.5.6)

Tt %) = pltF,x) [3-+ 4u2(t]. )] |

Here £ = 1,2,3 again denote a spatial indices. Since these components of
the moments are continuous across the maximization time ¢,,, we can replace
them by the free-flight moments for ¢, and solve the equations (4.5.6) for
p,u,n in order to initialize the kinetic scheme for the next time step by the
following relations
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3
1
Pt %) = 5 | ="+ a2 =33 (102 |

k=1
TOk
uF (%) = : (4.5.7)
VAp(tE, x) [t x) + T
NO
n(t,y,x

) = .
VIS ek (0

In these formulas N°, 7% and 7% are abbreviations for the free-flight mo-
ments NO(t£ x), T (15, x) and T% (3, x) respectively, which are continuous
across each maximization time.

Note that the quantities on the left hand side have to be calculated in the
prescribed order from the free-flight moments N°, 7% and T°. Since they
initialize the scheme for the next time step they conclude the formulation of
the kinetic scheme.

But, we can still apply an important simplification of the volume integrals
(4.5.1) and (4.5.2) for the free-flight moments. We can see with (4.5.3) that
the fields n(t,y), T(t,y) and u(t,y) are not depending on |q| but only on
the unit vector w = (w', w? w?®)" = L. This fact enables us to reduce the
three-fold volume integrals to two-fold surface integrals over the unit sphere
by applying polar coordinates. Then the integration with respect to |q| can

be carried out explicitly. We introduce the abbreviations

oy w):i n(ty,y)
: A (V1 +u2(t),y) —w-u(t),y))?
(4.5.8)
Wy w) = 1 3pts,y)

Ar (1 +u2(t],y) — w-u(th,y)*

Carrying out the integration with respect to |q| explicitly and defining the
quantity w® = 1 in addition to w* = > we obtain the following reduced

surface integrals for the moments, where 0 < 7 < 7,

Nt + 7, %) = }{ wh B(x — 7w, w) dS(w) (4.5.9)
8B(1,0)
(¢, +7,%) = jf Wt U(x — 7w, w) dS(w) (4.5.10)
9B(1,0)



Here B(r,xq) denotes the ball with radius r and center xo, and its bound-
ary is the sphere 0B(r,xg). These surface integrals with respect to the unit
sphere reflect the fact that in the ultra-relativistic case the particles are mov-
ing on the surface of the light cone. Using the Cauchy-Schwarz inequality
one can prove that n, p, e resulting from the moment integrals (4.5.9) and
(4.5.10) are well defined and positive quantities for all times and positions.

Proposition 4.8. Let 0 < 7 < 73y and n = 0,1,2,.... We consider the
moments in the free flight between the two maximization times t, and t, .
Within this free-flight zone the moments N*(t, + 7,%x), T" (t, + 7,X) and
the entropy four-vector S*(t, + 7,x) satisfy the following conservation laws
in weak integral form

%N”(tn + 7,x)do, =0, j{T‘“’(tn + 7,x)do, =0, %S“(tn + 7,x)do, = 0.
o0 80 80

Here the covariant vector do, is a positively oriented surface element to the
boundary 0S). It can be written in covariant form as

3

ox* Ozt Oz . o
do, = €auw - — du' du’ du™ ,
. out Jul Ju™
i,5,m=1
where v = x®(u',u? u®) is a positively oriented parameterization of the

boundary 0S2.

Remark. Note that these weak formulations correspond to the differential
equations
ON” aTH oS"

Proof: For 0 < 7 < 7y let be t = t, + 7. If we start with the relativis-
tic Maxwellian (4.5.3) as the initial phase density at the time ¢, then we
obtain within the time-region 0 < ¢, < t < t, + 7)s the free-flight density
flt,x,q) = f(x — T%“,q), which satisfies the following weak form of the
free-flight equation

%q” f(t,x,q)do, = ¢” j{ f(t,x,q)do, =0. (4.5.12)
o9

o0

The equation (4.5.12) and its multiplication with ¢/ leads after integration
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with respect to q to the following equations

3
/ j{q”f(@x,q)do,, @:07
g

R3 Q

3
/ %q‘uqyf(uxaq)dOy @:0

q
R3 Q

(4.5.13)

Since the volume integral with respect to q and the surface integral with
respect to ¢ and x are interchangeable, we can rewrite equations (4.5.1) in
order to get the conservation laws

(‘R/q £(t.x,q) ‘? do, = %N”(tn—i-TX,q)do,,:O,
o0

(4.5.14)
, d*q )
' q" f(t,x, q)ﬁ do, = ¢ T (t, + 7x,q)do, = 0.
a0 \ms 4 a0
Next we define
Y(t,x,q) = —(fuln fo)(x — T%, q), (4.5.15)

and we conclude due to the chain rule that v satisfies the weak form of the
free-flight equation ¢” 5 9% — (), namely

]{q”w(t,x, q)do, = 0. (4.5.16)

o0

This is coming from the Gauss Divergence Theorem.

Integrating this equation with respect to q and interchanging the volume and
surface integrals, we finally get, using equation (4.5.2)

3
/q"@b(t,)g q)% do, = %S”(tn + 7x,q)do, = 0. (4.5.17)
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Proposition 4.9. Let Q C Ry xR? be any bounded convex region in time and
space. By do, we denote the positively oriented surface element of 0. Let
v > 0 be a fized time step. The moment representations (4.5.1) and (4.5.2)
calculated by the iterated scheme defined above have the following properties:

(i) The conservation laws for the particle number, the momentum and en-
erqy hold, i.e.

j{N"do,, =0, Y{T‘“’doy = 0. (4.5.18)

o0

(i1) The following entropy inequality is satisfied

ij”doy > 0. (4.5.19)

Proof: Let be 1), > 0. We first prove part (i) of the proposition. The time
axis is divided by the maximization times 0 =ty < t; < t5 < ---, so that the
convex domain €2 can be decomposed into the subdomains

Qy = x) €0 <0< ot
{ o =16 | } (4.5.20)

={(0,x) e Qe <§ < i} =123,

Since §,, N"do, =3, - fmn N¥do, and §,., T"do, =y, -, 5589,1 T do,, it
is sufficient to assume without loss of generality that the time range

©q = {t > 0| there exists an x € R* such that (¢,x) € Q}

of € contains at most one maximization time ¢.

Then for € in the range 0 < ¢ < %TM we define a further decomposition of
each ,,n > 1, into three parts

O, ={(6.x) Q| <t, e},
oy ={06,x) €|ty —e<d<t,+e}, (4.5.21)
Dp ={0x)€Qufo>ty+e}.

The decompositions which are illustrated in the following figure, were also

applied in order to prove the conservation laws and the entropy inequality
for the classical Euler equations, see [7].

We obtain



Q 5

i

1+t 1 41, 1+t Loty ' L+,
2 27 n

Figure 4.2: The decompositions of {2 and €2,,.

%T’“’doyz j{ T"do, + j{ T" do, + j{ T"do,

0 o9, 095, 5 0%, s

since the first two integrals on the right hand side are in the free-flight zone,
so we conclude from equation (4.5.14) that these integrals vanish, i.e.,

% N"do, = % N"do, = 0, 7{ T do, = % T"do, = 0.
o6k, o ocks o
This implies, using 0 = {x € R3|(¢,,x) € Q}

N"do, = NVdo, = lim NVdo,
e—0
A 0%, 0%,

S RICI TR L

n

and

e—0

aQi,M

j{ T"do, = }{ T"do, = lim T"do,

0 00, 4,

— /Q {/qoq“ |:fn(X, q) — foa(x— TM%):| @} &,

lq
where t,_; is the maximization time that preceedes the maximization time
t,. The phase density f, has to be taken to be the ultra-relativistic Jiittner
phase density (4.2.38).

*
n
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The last integral expression in these equations vanishes due to the continuity
conditions (4.5.5) across the maximization time ¢,,, which yields

d? d?

/ qofn(xuq>—q:/ qofn—l(X_TM d ) 1
R3 ‘(l| R3 |Q‘ ‘ |
43 a3

/ g fo(x, q) L = / P fr (X — Tt )

RS la|  Jrs lal” ™ la]

This expresses the constraints that were used for the maximization proce-
dure. We have thus established that the weak form (4.5.18) for an arbitrary
bounded convex domain 2 is implied by the representations (4.5.1).

(4.5.22)

Regarding the second part (ii) which states the existence of the entropy
inequality (4.5.19), we start the proof again with the decompositions (4.5.20)
and (4.5.21) of Q. Since [, S"do, = 37, ¢ [4q, SVdoy, it is sufficient to
prove f 50, S”do, > 0 for each n. We obtain

j{ SYdo, :j{ S"do, +j{ SYdo, —i—}{ SYdo,, . (4.5.23)
0, oK, o p I, ur

Again the first two integrals lie in the free-flight zone. We can see from
equation (4.5.17) that these integrals vanishes i.e., fam SYdo, = 0, and
n,R

9@895 S?do, = 0.
n,L
For every sufficiently small € > 0 the following holds

j{ SYdo, = liII(l) SYdo, (4.5.24)

0 0%,

_ / { / &’ {—(fn In f£,)(%,) + (fa1 In fu1)(x — TM%,@] %}f’%

*
n

where 0 = {x € R3|(t,,x) € Q}, and ¢, 1 < t, is the maximization time
that preceeds t,,. [

Next we shall show that the integral (4.5.24) is non-negative. To this end we
need the following

Lemma 4.10. For u,v > 0 we have
vinv —ulnu = [Inu + 1)(v — u) + R(u,v) (4.5.25)

with a function R(u,v) > 0.

Proof of the Lemma: Due to TAYLORs formula there is a £ > 0 between
u,v > 0 such that

! — (v —u)? (4.5.26)

vlnv =ulnu+ (Inu+1)(v — u) + 2%
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We conclude that R(u,v) = g¢(v —u)* > 0. n

Continuation of proof of Proposition 4.9: Now we apply Lemma 4.10 to
u= fn(x,q) and v = f, 1(x — TM%,Q)

q dq
_‘aq) T

01— n X 1in j, )\ X—T
[ |-t + (G o= )]

= [ P mne) [ fuxa) - fa— et )] L2
= [ al | fxa = b rda]
q d3q
+/R:sR (f”(x7 q)vfn—l(X_TMH,Q)) H (4.5.27)

The second integral is non-negative and the first one vanishes due to the
following reasons. Using Jiittner’s phase density for f,(x,q) we have

In £, (x,q) = In {% exp <_T“(Xq))] — A(z) — B(a)uyg”, (4.5.28)

where A(x) = In 87T”T(§()X) and B(x) = ﬁ We use the value (4.5.28) of
In f,(x,q) in (4.5.27). Using the definitions (4.5.1) for N* T and the
continuity conditions (4.5.5) for the zero components N° T% we can see

that the first integral in (4.5.27) is zero.

We have thus established the entropy inequality (4.5.19). [

4.6 A kinetic scheme for the one-dimensional
ultra-relativistic equations

In the following we are looking for spatially one-dimensional solutions, which

are nevertheless solutions to the fully three-dimensional equations. We only

consider solutions which depend on ¢t and x = 2! and satisfy n = n(t,z), u =

(u(t,x),0,0), p = p(t,z). We will use the generally valid equation p = nT
and go back to the fully three-dimensional scheme.

In order to calculate the surface integrals (4.5.9) and (4.5.10) we introduce
instead of the unit vector w the new variables —1 < ¢ < 1land 0 < ¢ < 27 by

w' = ¢, w? = /1 —E2singp, w® = /1 —E2cosp (4.6.1)

with the surface element dS(w) = dédp.
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Note that the quantities n,p, v in the integrals (4.5.9) and (4.5.10) do not
depend on the variable . This fact enables us to carry out the integration
with respect to ¢ directly. Thus the two-fold surface integral reduces to a
simple £ —integral. For abbreviation we introduce

! ()
M) S T i) - &t )
) 3 p(th,y) (4.6.2)

2(/T+u2(th,y) — Eultf, y)*

then the reduced integrals for the moments can be written as

1 1
NO(tn+T,x>=/¢><x—T§,£>d5, N1<tn+m:>=/5¢<x—75,5>d5,
-1 -1

(4.6.3)
1
Too(tn + 7, l’) = /Q/J(.Z’ - 7—67 g) dga
_11
T, 4 7, 2) = / € — 7€, €) d, (4.6.4)
1

1
T, 4 7, 2) — / (76,6 dE
1

As in (4.5.9) and (4.5.10), these finite integrals reflect the fact that in the
ultra-relativistic case the particles are moving on the surface of the light cone.
Moreover we obtain

N3(t,+7,2) = N3(t, +1,2) =0, T, +7,2)=T"", +1,2),

1
T22(tn +71,1)= T33(tn +71,1)= §[Too(tn +7,7) — Tll(tn +7,2)],

where all the other components of T*” are zero. So in the one-dimensional
case n,u,p and T can be found from the generally valid relations given in
Section 4.2 as follows

Nty +7,2) = /(N (tn + 7,2))2 — (N (tn + 7,2))2, (4.6.5)

1
u(t, +7,x) = ENl(tn +7,2), (4.6.6)

1
p(tn +7,2) = 5[{1 + u2(tn +, :E)}Too(tn +71,1) — 2u\/1 + u(t, + 7, )
STt + 1) + P (t, + T 2) T (t, 4+ T, 7)) (4.6.7)
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We can now simplify the equations (4.5.7), which are used in order to initialize
the general three-dimensional scheme, and obtain for the one-dimensional
case

Pt = 5 [T+ VITOE 30 | (468)
TOI

u(th x) = , 4.6.

N GG e

n(th, x) = N : (4.6.10)

1+ u(tf, x)?

Here again N° = NO(tZ,x), T% = T9(¢t$,x) and T = T (5, x) are given
by the free-flight moments which are continuous across the maximization
times.

4.7 From the kinetic scheme to the Eulerian
limit (7); — 0)

In the previous sections we have shown how to calculate the solution of the
kinetic scheme in the three- and one-dimensional case, respectively. This was
done for the prescribed initial data of n, v and p for a given free-flight time
step Tay > 0. If we calculate these solutions for 1)y — 0 then we get the

Eulerian limit
4
Nt — nut, ™ — —p g + 4dpuru”, SE — nut lnn—3 . (470
p

First we pass to the Eulerian limit (4.7.1) at the points of smoothness in the
following way using (4.2.15) with Q(f) =

hn%g]\fo(t + 7, x)—hmag( (t, +Tx\/1+u2t +7,%))
70 OT

d3
—1 a_ n - 9
Hrg)(%/ lal fn(x ‘ gl
. " q . dq
= —lim q — =X —T—,q)—
=0 u@‘ |;\qlax’“f( al )

q
3
Z 0 d3q
— k— —_—



This implies

0

E(n(tn +7,x)V1+u(th, %))+ V- (u(t), x)n(tl,x) =0, (4.7.2)
which is the first ultra-relativistic Euler equation (4.4.4). Similarly we get
the other Euler equations (4.4.5) and (4.4.6) if we differentiate T (¢, + 7, x)

and T%(t, + 7,x) with respect to 7 and pass to the limit 7 — 0.

Secondly, on the left hand sides of (4.7.1) there are the moments N* TH
and S* as calculated by the kinetic scheme see (4.5.1) and (4.5.2). Since we
have already established the conservation laws and the entropy inequality
for the solution of the kinetic scheme in Proposition 4.9, we conclude from
(4.7.1) that this also results for the weak entropy solution in the Eulerian

limit 7, — 0. The weak entropy solution in the Eulerian limit in one space
dimension is given by (4.4.10), (4.4.11) and (4.4.12).

4.8 The kinetic scheme for the subsystem

Here we shall also use the kinetic scheme with the reduced surface integrals
(4.5.10) to solve the (p,u)-subsystem. In order to calculate p and u from
the previous scheme, the function ® defined in (4.5.8) is not used, the same
with the equations involving N* or n in (4.5.5)1, (4.5.6)1, (4.5.7)3, (4.5.9).
These parts have to be replaced by a kinetic definition of a reduced entropy
four-vector exclusively defined for the subsystem.

In order to avoid confusions, we formulate the whole reduced scheme again,
even if there are some repetitions, but we will complement them by a kinetic
redefinition of the entropy four-vector.

We define the two functions
1 3p(ty,y .
le(Yv W) = - ( ) ) (I)(y7 W) - \Il<y7 W)3/47
Am (V1+u3(tfy) —w-u(tf,y))*

(4.8.1)

where the function W is given as before, but we will call it now the reduced
phase density (for the subsystem). The new quantity d = U3/* will be used
to define a much easier entropy equivalent to (4.5.2) for the kinetic scheme
of the subsystem.

The reduced surface integrals for the energy-momentum tensor in the sub-
system are the same as before, namely for 0 < 7 < 7y,

T (8, + 7, %) = }{ whe? U(x — 7w, w) dS(w) (4.8.2)

9B(1,0)
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However, the kinetic definition of the following reduced entropy four-vector
S* now overtakes the role of N* in (4.5.9) and of S* in (4.5.2), but with the
redefined function ® = W34

St(t, +7,x) =« % wh U3 (x — Tw, w) dS(w) . (4.8.3)
dB(1,0)
Here a > 0 is an arbitrary positive constant.

We initialize the scheme as before, i.e. the equilibrium state is used to
calculate p and u in the next time step t,,1 = t, + Tas:

3
1
Pt ) = 5 [T+ |4(TW)2 =330 (109 |

k=1

TOk
) =
VAL X) (%) + T

kot
u(ty g, X

with 79 = T9(¢, 1 x), T% = T%(t,,1,%) .

Recall that the tensor components 7% are continuous across the time steps!

The Maximum Entropy Principle for the reduced entropy of the
(p,u) subsystem

The following considerations do not depend on time-space arguments of the
fields and phase densities. We thus supress the time-space arguments in the
sequel. Here macroscopic fields like p, u, T are regarded as parameters.

Recall the definition of the zero-component of the reduced entropy four-vector
in terms of a general reduced phase density ¥ = ¥(w) € L*(0B(1,0)),
U > n for some constant n > 0, where we have put o = 1 without loss of
generality:

0[] = f U (w) dS(w)
8B(1,0)
We want to maximize S° under the following four constraints on the reduced
phase density ¥ (w):
T = f{ U(w)dS(w),
8B(1,0)
ok _ }{ Wb U (w) dS(w)

9B(1,0)
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Lemma 4.11. For ¥y, ¥, > 0 we have
U = w2 (W, — )+ R(V, 0,

with the function R(\Ifl, U,) = \Ili’/4 — \112’/4 + %\111_1/4(\112 —¥y) >0.

Proof of the Lemma: Due to TAYLORs formula there is a £ > 0 between
W, Uy > 0 such that

3 3 _
‘113/4 = \P?M + Z‘I’I 1/4(\1’2 —Uy) - @f (T — )2

We conclude that R(Uy, ¥y) = 3 (W, — 0y)? > 0. .

Proposition 4.12. (Mazimum Entropy Principle for the reduced entropy)

Define the reduced phase density in equilibrium V., : 0B(1,0) — R depending
on the four given parameters p > 0,u € R3 by

3 D

‘;[le y Uy = - )
W) = e T —w )

wedB(1,0).  (4.8.4)

Then there result the four constraints

i B w)dS(v) = 3+ ).

8B(1,0)
T .= j{ w* U, (p,u, w) dS(w) = dpu*V1 +u2  with
8B(1,0)
1 - 23: . T0k
p=c | =T% 4 |40y — 357 (1R |k = e
3 p VAplp + T

Assume that U : 0B(1,0) — R with ¥ € L>*(0B(1,0)) and ¥ > n for
some positive constant 1 is a second reduced phase density with the same
four constraints T, T%. Then V., mazimizes the entropy due to

SO, = j{ \11244(p,u,w) dS(w) > SO0] = }{ T3/ (w) dS(w).
dB(1,0) 9B(1,0)

Moreover, if the entropy inequality reduces to an equality, then ¥ = V., a.e.
on 0B(1,0).
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Proof:  The first part is a straight forward calculation of the integrals and
the tensor-algebraic relations. In order to show that ¥, uniquely maximizes
the entropy we use the Lemma 4.11 and conclude that

N N 3 N
SO[‘Ifeq] = SO[\II] 1 % 1116—[]1/4(\11 — W, )dS(w) + % R(¥.,, V)dS(w).
8B(1,0) 0B(1,0)

The second integral is non-negative due to the Lemma and the first integral
vanishes because ¥,,, ¥ have the same constraints and

~1/4 4m\ V1
v =13, (\/1+u2—w-u>

eq D

is a linear combination of the moment-weights 1 and w, k=1,2,3. Now we
assume that S[¥,,] = S°[¥] and conclude in this case that

?{ R(V,,, V)dS(w) =0.

dB(1,0)
But for all ¥y, ¥y > 0 we have for an appropriate £ between ¥y, U,

~ 3
R(U,,Wy) = 3—25—5/4@1/2 — )2,

and therefore ¥ = U, a.e. on 0B(1,0). n

Remark: In the preceeding Proposition we have solved the Maximum En-
tropy problem in a simple way without using Langrange-multipliers, and the
result presented here is also important for the theory of the phonon-Bose gas
developed in the last two Chapters. This will be explained in Section 6.5.

A closer look at the proof of Proposition 4.9(ii) shows that only the increase
of the entropy zero-component S° across the maximization time is needed
in order to derive the entropy inequality for the kinetic scheme. Since the
same holds for the kinetic definition S° for the reduced scheme and since the
moment definitions of 7% have not been changed, we conclude that also the
reduced entropy increases for the kinetic scheme of the subsystem. This is
stated in

Proposition 4.13. Let Q C RY x R? be any bounded convex region in time
and space. By do, we denote the positively oriented surface element of Of).
Let Ta > 0 be a fized time step. The moment representations for S* in (4.8.3)
calculated by the reduced iterated scheme for the (p,u)-subsystem satisfies the
entropy inequality

f{ S”do, > 0. (4.8.5)

o0
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Remark: If we calculate the reduced entropy defined in (4.8.3) for 7 = 0 with
the reduced phase density (4.8.4) in equilibrium, then we get back the reduced
entropy for the subsystem of the ultra-relativistic Euler equations defined in
(4.4.14). We have thus used the tilde-symbol for expressions involved in the
reduced entropies.

4.9 First order numerical schemes for the ultra-
relativistic Euler equations

For numerical purposes the one-dimensional ultra-relativistic Euler equations

may be written down in the dimensionless “vector form”

ow  0Fgu(W
, OFpu(W)

=0 4.9.1
ot Ox ’ ( )
where
NO nv1+u?
W=\ T | = 4puv1+u? |,
T 3p + 4pu?
Nt nu
7o 4pur/1 + u?
nv1+u?
Note that from each quantity W = | 4puv/1 + u? | we can easily get back
3p + 4pu?
the values of p, u and n by using the formulas
1 701 NO
=2 VAT =37 -1, u= o, n=———,
b 3[\/( ) =3 4p(p + 1) VIta?
(4.9.3)

which also justifies the notation Fg, = Fgyu(W). This will be used in the
sequel.

We also prescribe initial data for (n,u,p) at ¢t = 0 which are only restricted
by the positivity-conditions n > 0, p > 0. It is sufficient for our purpose to
assume that this initial data is piecewise constant on some equidistant spatial
grid which will be fixed later.

In this section we develop two fully discretized numerical schemes for this
initial value problem. They are rigorously based on the integral conservation
laws in terms of curve integrals adapted to the choice of the numerical grid
for the discretization of time and space. Both schemes are of first order with
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respect to time and space, but they can be extended to second order with
limiters for accuracy by using a general standard method called the MUSCL-
type approach, which is important for very time consuming computations in
several space dimensions. For details we refer to the textbook of Toro [47]
and the papers of Kunik, Qamar and Warnecke [33, 35].

The first scheme is the so called central scheme. It is very simple and can
be obtained from the conservation laws on a light cone grid without making
use of the kinetic theory. The advantage of this scheme is that it can be
generalized very easily to some other systems of conservation laws.

The second scheme is the so called kinetic flux vector splitting (KFVS)
scheme and can be obtained from the conservation laws on a special rec-
tangular grid. It may also be regarded as a fully discretized version of the
semidiscrete scheme given by (4.5.7)-(4.5.10) in Section 4.5. Beside the in-
tegral conservation laws, the projection on the Maximum Entropy phase
density at the update times and a consistent discretization of the reduced
moment integrals in the free-flight phases play a key role for this method.

We conclude this section with an example where we compare an explicit
solution of a Riemann problem with the numerical results.

For both schemes we use some common notations in order to discretize time
and space. We prescribe a fixed time step At > 0 and calculate the spa-
tial mesh size Az in terms of the natural Courant-Friedrichs-Lewy (CFL)
condition according to

Ax = 2At. (4.9.4)

Later on this condition will guarantee that neighbouring light cones will not
interact within the time step of the numerical scheme. Note that in the
theory of the classical Euler equations one has to assume a bound for the
characteristic speeds which depend on the choice of the initial data in order
to obtain a CFL-condition. This is not necessary in our case, since in the
relativistic theory every signal speed is bounded by the velocity of light,
which is set to ¢ = 1 in dimensionless form.

For each integer number 7 € Z we define the equidistant spatial values

= (i + A, (4.9.5)

v =iAxr, X,

N[

We also define the equidistant time steps t, = nAt, n > 0, which are also
called update times.
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Figure 4.3: Balance regions for the central scheme (light cone Q on the left)
and for the KFVS-scheme (squares R* on the right)

The central scheme

For the central scheme we consider the Riemann solution of the ultra-rela-
tivistic Euler equations inside the light cone €2 depicted in Figure 4.3. At
the next update time ¢,,.; this Riemann solution has the integral mean value

VVZTZ}Q with respect to the spatial interval x; < z < x; ;. For the formulation

of the central scheme we calculate Wﬁ:{}z by using the conservation laws with
respect to the domain €2 depicted in the left part of Figure 4.3, namely

f W(t, 2) dz — Fau(W(t ) dt = 0. (4.9.6)

There results immediately

n+1 __
+1/2

(Wi +Wiy) - % (Fea(Wly) — Fea(W)) . (4.9.7)

N —

Note that the update value VVZ}:E}Z shows a half shift in the spatial index

because the central scheme is formulated on a light cone grid.

Recall that we can recover the values of (p, u,n) from WZ}I}Z by using (4.9.3).

However, this requires that there hold the inequalities | 7| < 7% and N° > 0
between the components N°, 7% and T% of Wﬁ:b in order to obtain positive
values for p and n. In order to prove these positivity properties we assume
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that W/, and W/ are already well defined and put

ny /1 +u? n_/1+u?

Wi, = 4P+U+m , Wi = 4p_u_\/1—|—7u2_ )
p+(3+4u?) p—(3 4 4u*)
Ny Uy n_u_
Fpua(Wii,) = py(1 4 4u?) . Fpa(W') = p—(1+4u?)

dpiuyy/1 4 u? dp_u_+/1+u?

It follows from (4.9.7) that

S(VItud —ug) + 5 (VI e +u)
Wi, = | =% (I +4ud —du/1+ud) + 5 (1 + 40 +4u_/1+u2)
Bt (3+4u? —dup/1+u}) + 5 (3+4u +du_\/1+u?)

We can use the conservation laws satisfied by the Riemann solution
(NO(t,x), T (t, ), T(t, z)) of the ultra-relativistic Euler equations in the
compact domain  in order to rewrite the update value W, o in (4.9.7) as
the integral mean values

. Tit1 NO (tn—i-l, x) ]Yz+l/2 (tn-i-l)
VV:%-—EZ = A:E Tg(l)(tn—i-lux) dx = 7; 112 ( n+l) . (4.9.8)
T T (tn—l-lvx) T +1/2 ( nt1)

We obtain that N+1/2( nt1) > 0 as well as

T2 jo(tns1) = T poltngr) = p- + 2p4 (/1 +uf — up)® >0,
Tz’%)lp( nt1) + T+1/2( nt1) =D+ + 219—(\/ 1+u? +u)?>0.

Thus we conclude that the central scheme guarantees a positive pressure and
particle density for all later times, provided that these positivity properties
are satisfied for the initial data.

Now we finish the study of the central scheme with a proof of the discrete
entropy inequality for the (p, u)-subsystem with respect to the domain 2 in
Figure 4.3.

Let (p(t,z),u(t,z)) be the Riemann solution of the (p,u)-subsystem in the
compact domain €2 due to Section 4.4. Then the reduced one-dimensional
entropy four vector (S, S1)T in (4.4.14) reads with a = 1:

SOt ) = p(t, 2)**/1 +u(t, )2, SHt,x) = p(t, ) u(t,z).  (4.9.9)

Note that (¢,z) must be chosen in (4.9.9) in the compact domain Q. We
know that the Riemann solution in € satisfies the entropy inequality with
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the curve integral along 02, which can be rewritten in the form

i xiﬂgo(t pi/4 2 ]ﬁ 2

Ax/ na1, X)dr > 5 <@/1+u+ u+)+ 5 <\/1+u_+u_) .
h (4.9.10)

The right hand side of this entropy inequality is already written in the desired
discrete form. In order to estimate the integral mean value on the left hand
side we rewrite S = p¥/4y/1+«? in terms of the so called “conservative
variables” T% = 4puv/1 + u2? and T% = p(3 + 4u?) under the time derivative
of the conservation laws for the (p, u)-subsystem and obtain from (4.9.3) that

~ 1
g0 — p3/4 1L u2 T = 5p1/4 (Too +p)l/2

30 VT e (T
(4.9.11)

Now we put 7 = Loy and consider for a moment S° as a function SO(7%, 7°")

depending on T, T° restricted by the condition |n| < 1. We obtain that
9250 9250 3

aroro  arwarot | 1 (1=23n%)2+1- 29
5230 9230 48p3

T T (4-3)% (24 V4= 377)

The function f : [—-1,1] — R with f(n) = (1 — %172)% +1— 2n? is even with
f(0) =2 and f(1) = 0. Its derivative is negative on (0,1) and f is strictly
monotonically decreasing on [0, 1]. It follows that f(n) > 0 for |n| < 1, and
the determinant in (4.9.12) is also positive for |n| < 1. However, the second
derivative

Det

5. (4.9.12)

9250 1 N—
S o (4.9.13)

OTOT® 9t <\/4 — 3% — 1)% (2 +/4 - 3772)%

is negative for |n| < 1. We conclude that SO(T% T%) is a stricly concave
function of 7%, T°! whenever |n| < 1.

We obtain from Jensens inequality with the concavity of SO(7%, 7°1) that

Tit+1

_ 1 .
SUTE o (tnir), Tob (b)) > Az / S (tny1, x)da . (4.9.14)

Ty
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We finally get with (4.9.10) the desired discrete entropy inequality
o B A
Sg(ﬂTlﬂ(tn-l-l)?7—‘2'9&1/2(1511-1—1)) 2% <\/ 1 + Ua_ — U+) +

3/4

pT (W”—) , (4.9.15)

The KFVS scheme

At each time step t,, we consider a discrete solution of the initial value prob-
lem which has the constant value W;" in each cell I; = [z, 1,2, 1] with
midpoint z;. Thus we require that the piecewise constant sofution of the
KFVS scheme has only jumps in the nodal points z,, 1 at each time step
t,. Inside each forward light cone starting in 1/, at time ¢, we solve the
kinetic free-flight transport equation for ¢,, <t <, and the corresponding

moments of the fluxes.

We start at t,, = 0, i.e. n =0, with the given piecewise constant initial data
W (0, x) over the numerical cells I; which is represented by the numbers W}
with ¢ € Z.

Next we assume that the values W/ at time step ¢,, are already known. Our

in—i—l
aim is to calculate the new quantitites 1/,  at the next time step ¢,1,

which are the integral mean values resulting from the conservation laws with
respect to the quadratic domains R* depicted in Figure 4.3.

In the time interval t, < t < t,,.1 the one-dimensional free-flight moments
are given by

NO(t, z) L D(x—tE8)
Wit = [ 10(eo) | = [ | cve-e) |ae (4.9.16)
T(¢, z) 4 U(x —t€,¢)
N(t, z) L ED(x—tEE)
Fito) = [ Tt | = / EU(r—t6,6) |de,  (4.917)
TOL(t, z) o\ € Wz —t8)
1 n(y) 3 r(y)
Oy, &) = = L U(y, &) =2 .
(v:¢) 2 (/T+ u2(y) — u(y))3 :8) 2(/1+u2(y) — Euly))!

Note that the free-flight moments and fluxes defined in (4.9.16) and (4.9.17)
must not be mixed up with the corresponding Eulerian moments from the
solution of the Riemann problems, except in the backward light-cone region
with the constant value W/ in the right part of Figure 4.3, where the Eulerian
quantities and the free-flight moments are the same.
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Due to Figure 4.3 we define the integral mean values

Tit1/2

+ n+1 2
W, =-— / W(t,x)dx, (4.9.18)
Az
_n+1 2 u
Wi = E / W(t, ZL’) dx . (4919)
Ti—1/2

Then the evaluation of the free-flight conservation laws with respect to the
rectangles R* in Figure 4.3 leads to

+ntl 1 i

W= / F(t, 2s1)) di + Fpua(WP). (4.9.20)
tn
tn41

_n+l 1

W= W / F(t,2i12) dt — Fpua(W?). (4.9.21)

tn
Then we apply the conservation law with respect to the rectangle R consisting

of the lower and upper parts R* in order to obtain the following integral mean
value with respect to the intervall I; as “update values” at t,:

) 1/ 47+l _n+l 1 1
wrt=3 (WZ- W, ) =Wl =B+ g, (49.22)

2
tn41 tnt1
n 1 . 1
F;+l/2 = E / F(tvxi+l/2) dt, E_l/Q = E / F(t,xi_l/g) dt. (4923)
tn tn

In contrast to the central scheme there is no half-shift in the spatial index of
the new value W"™', and we say that the KFVS scheme has upwind form.

In order to complete the formulation of the KFVS scheme the remains the
calculation of the fluxes F}, , in (4.9.23). This can be done explicitly thanks
to the fact that the free-flight solutions in neighbouring light-cone regions
corresponding to the numerical cells are independent from each other. This
is not the case for the classical Euler equations, where the free-flight moments
have an infinite domain of dependence!

A straight forward calculation shows that F'(t,zi11/2) = F/, /o Are indepen-
dent of ¢ within the integration domain ¢, < ¢t < ¢,.;. There results the

“upwind flux” from (4.9.17), where we have omitted for simplicity the time
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index n with respect to the piecewise constant initial data at t = ¢,,:

2 .
4 Yf—‘ruf <V 1+u?+ui) N 4./?1;?“ (V1+uis

2
P 2 3 p p) 3
n oo (@) + 2 (ST, —
i+1/2 5 ’—1+u§< +ui + z) + 3 Tru?ﬂ( + Uiy H—l) 5
pi (34/ l—l—u? —u;) Pit1 (34/ 1+u12+1+ui+1)

4(1+uf) (V1+u?—u;)? A(1+uf, ) (V14?2  Fuig)?

Uz‘+1)

(4.9.24)
(VI )’
3

3
n _ Pi—1 2 ' 3 i 5
F;l—l/2_ 2m (\/1+U2_1+Uz—1) +2\/—Z \/1+UZ ul>
Pi—1 (3\/@_“2‘71) P (3\/m+ui)

4(1+u? ) (\/1_’_%271_%71)3 4(1+u?) (\/1_,_“12_,_1“)3

n;
1

n;_ 2 i
A/T;ﬁ(\/l_‘_u?_l_FUi_l) —4m

(4.9.25)

This is exactly the kinetic flux vector splitting scheme for the initial value
problem of the ultra-relativistic Euler equations. It has a similar structure
as the first order Godunov scheme, which also results from (4.9.22), (4.9.23)
if we replace there the free-flight moment fluxes F'(¢, z;+1/2) by the Eulerian
fluxes Fpy (W (L, 2;41/2)) resulting from the solution of the Riemann problems
in the forward light cones starting at ¢ = ¢, and 2 = 2,4, 5.

It is easy to prove the positivity of particle density and pressure for the
central, the KFVS- and the Godunov scheme in a unified way. To see this
we first define the state space

NO
Q={W=| T" | eR*| N°>0and |T" <T"}. (4.9.26)
TOO

If Wi, W5 € Q and a > 0, then it is clear that aWW; € Q and W7 + W, € Q. It
follows that a W7 + ... + a,,W,, € Q for W1,...,W,, € Q and aq, ..., a,, > 0.
Moreover, in the limiting case any integral mean value of “W-state vectors”
is also a “W-state vector”. But we can write each “W-state vector” of the
conservative schemes at the new update time ¢,,, 1 in terms of such an integral
mean value due to the conservation laws for particle density, momentum-
and energy density. Thus the central scheme, the KFVS- and the Godunov
scheme preserve the positivity of particle density and pressure.

The derivation of the discrete entropy inequality for the Godunov scheme fol-
lows exactly the same line as for the central scheme, whereas the derivation
of a discrete entropy inequality for the KFVS scheme uses the entropy in-
equalities derived for the semidiscrete scheme. It is technically more difficult
but does not contain new ideas and will thus be omitted here.
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A numerical example for a Riemann solution

We solve the weak form of the one-dimensional system of Euler equations
(V1 +u2); + (nu), =0,
(4puv/1 +u2); + (p(1 + 4u?)), =0, (4.9.27)
(P(3 + 4u?)); + (dpuv1+u?), =0

for given Riemannian initial data at t = 0, namely

4, <0, . 1, <0,
po(m):{l c>0. up(z) =0, n0($)2{3 0 (4.9.28)

We use the notation of Section 4.4 and obtain first that

JI+ul -
Py, g YT (4.9.29)

p- V1+u? —u_

There holds § > Kg(a) and fKg(a) < 1 due to Case 3 for the classification
of the Riemann solution, i.e. we have a lower 1-fan and an upper 3-shock.
For the intermediate “star region” we obtain approximately the values

P = 1.996674 u, = 0.305422 .
We define the slopes
s1 = —0.577350, sy = —0.343113, s3 = 0.292102, s4 = 0.682870
and the constants

01 = 0.874242 , 69 = 0.319653 , n; = 0.593862, ny = 5.013875.

The slopes s; and sy are the bounds for the lower 1-rarefaction fan, ss is the
slope of the contact discontinuity and s4 the slope of the upper 3-shock.

Then the Riemann solution at time ¢ = 1 is given by

47 Z‘SSl,
l—x 2/\/§
p(1,2) = o1 (152) ; 851 <7< s,
Ds s Sg <X < Sy,
1, T > 8y,
07 xSSla
1
3"
u(l,z) = 2 Vise? 1< TS S,
Uy s So < x < 8y,
0, T > S84,



1, r <58y,

0o (1_—:0)\@/2 , 81 <1x < Sy,

14z
n(l,r) = ny, S < < 83,
na, 83<[E§S4,
3, T > S4.

In Figures 4.4-4.6 the exact Riemann solution is plotted at ¢ = 1 together
with the numerical solution in the spatial range —0.75 < x < 0.75 of the
semidiscrete scheme in one space dimension described in Section 4.6 with
n =1, n =20 and n = 400 times steps, respectively.

In all these figures the contact discontinuity of the particle density n is not
resolved very well, because the free-flight intervals cause a large numerical
diffusion at the 2-shocks. This phenomenon is also very well known for the
classical Euler equations. However, the upper 3-shock in Figure 4.6 at posi-
tion s4 = 0.682870 is resolved much better.

For the &-integration from —1 to 1 we have used the trapezoidal rule with at
least 1000 nodal points. For the spatial meshsize of the interval [—0.75,0.75]
we use at most Az < 107*, but under these restrictions the same pictures
could be created for different kinds of spatial meshsizes and different num-
bers of integration nodal points. Recall that in contrast to the fully dis-
cretized schemes there is no CFL condition for the semidiscrete scheme. But
of course also in this kinetic scheme each propagation velocity is bounded
by the speed of light, whereas the velocity domain for the corresponding
semidiscrete scheme of the classical Euler equations is unbounded even for
usual Riemannian initial data, see Dreyer and Kunik [7].

In Figure 4.7 the exact Riemann solution is plotted at t = 1 together with
the numerical solutions of the central- and KFVS scheme in the spatial range
—0.75 < x < 0.75. The meshsize is Ax = 0.005 with 300 subdivisions of the
interval —0.75 < x < 0.75, and there are 400 time steps with the time step
size At = 0.0025 = Klo’ which is comparable with the semidiscrete solution
for n = 400 time steps in Figure 4.6. However, the resolutions of the central
scheme (dashed and dotted curve) and of the KFVS scheme (dashed curve)
are lower, which can be seen clearly near the position of the upper 3-shock.
In our example the results of the central- and KFVS scheme are very similar,
where the resolution of the central scheme is only slightly better than the
resolution of the KFVS scheme.
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The semidiscrete scheme versus the Riemann solution at t=1
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Figure 4.4: The semidiscrete scheme, 1 time step.
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The semidiscrete scheme versus the Riemann solution at t=1
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Figure 4.5: The semidiscrete scheme, 20 time steps.
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The semidiscrete scheme versus the Riemann solution at t=1
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Figure 4.6: The semidiscrete scheme, 400 time steps.
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The central- and KFVS scheme versus the Riemann solution at t=1
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Chapter 5

The Boltzmann-Peierls
Equation for a Phonon-Bose

Gas

5.1 Overview and introduction to the
Boltzmann-Peierls equation

In 1929, Peierls [40] proposed his celebrated theoretical model based on the
Boltzmann-Peierls equation. According to him the lattice vibrations respon-
sible for heat transport can be described as an interacting gas of phonons.
The Boltzmann-Peierls approach is one of the milestones of the theory of
thermal transport in crystalline solids at very low temperatures.

The Boltzmann-Peierls equation describes the evolution of the phase density
f(t,x,k), where f(t,x,k)d3zd®k is interpreted as the number of phonons
which are at time ¢ in a small spatial volume element d*z at location x and
which have a momentum Ak in the range d®k. Here k denotes the wave
vector and A is Planck’s constant. It is important to note that f as well as
d3z d®k are dimensionless quantities. The Boltzmann-Peierls equation reads

Of | 0wl Of
615 - 81{:] 0xj

J=1

= ((f), wherew(k)=|k|. (5.1.1)

Even a simplified version of the collision term ((f) on the right-hand side
given by Callaway [2] needs several explanations and will therefore be given
later. Like the classical Boltzmann equation, the Boltzmann-Peierls equation
is also a kinetic evolution equation. However, in contrast to the classical case
there is a physical constant, the so called Debye velocity ¢ in the dispersion
relation (5.1.1)5, which is an upper bound for the sound speed of the actual
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crystal. There is no danger to confuse the Debye velocity with the speed of
light, which is also denoted by ¢ but not considered in the sequel.

It is important to mention that Fourier theory of heat flow fails to describe
heat conduction processes in a crystal at low temperatures, see for exam-
ple the review article of Dreyer and Struchtrup [16] as well as the literature
therein. Heat conduction processes are usually described by a parabolic sys-
tem. It results from a diffusion law, where the heat flux is proportional to
the temperature gradient.

However, Dreyer and Struchtrup report in [16] on special circumstances that
are met in quite pure crystals at not too low temperature, where the state
of a crystal is sufficiently described by only four thermodynamic fields as the
basic variables. These are the energy density e, or the temperature 7', and
the heat flux Q = (Q;)i=123. In this case the heat conduction is described by
the four fields which obey a nonlinear hyperbolic system of field equations.

Independent of the necessary restrictions for the physical applicability of the
hyperbolic four-field system, these equations have been studied in their own
right, because they exhibit several interesting and important mathematical
aspects of the initial-boundary value problem.

The four-field system of hyperbolic heat conduction was studied and solved
by Dreyer and Kunik in [9, 10]. They consider this system in one space
dimension and solved its pure initial value problem as well as the initial-
boundary value problem by using kinetic representations for the unknown
fields. The system consists of a conservation law for the energy density e and
of a balance law for the heat flux Q , and it is derived as a moment system
from the Boltzmann-Peierls equation by averaging with respect to the wave
vector k. The closure problem is solved by the Maximum Entropy Principle,
see [15].

Dreyer, Herrmann and Kunik [12] have introduced a reduced kinetic equa-
tion which has a much simpler structure than the original Boltzmann-Peierls
equation, but leads to the same physical moments for energy density, heat
flux and so on. They performed the reduction in the microscopically two-
dimensional case and thus could construct a kinetic scheme in order to solve
the initial value problem for the reduced Boltzmann-Peierls equation.

Kunik, Qamar and Warnecke [34] have extended this approach to the usual
microscopically three-dimensional Boltzmann-Peierls equation (BPE) given
by (5.1.1), which is very important from the physical point of view. The
schemes presented in [34] can be used for the solution of the reduced BPE
as well as for the four-field system of hyperbolic heat conduction. Regarding
the solution of the reduced BPE they have also developed a kinetic scheme
which is fully discretized in the whole phase space and thus more efficient
and faster than the scheme used in [12], because the kinetic scheme used
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there is discrete in time but continuous in space, so that an interpolation
polynomial was needed in order to calculate the free-flight phase density.
The fully discretized scheme for the reduced BPE in [34] uses the idea of
the kinetic flux vector splitting. Kinetic flux vector splitting was already
successfully applied to the ultra-relativistic Euler equations in [33]. In both
cases the schemes use a natural CFL condition, in the relativistic application
given by the speed of light and in the theory of the phonon-Bose gas by the
Debye-velocity, the upper bounds for the velocity of propagating waves. For
a short overview see also the report [13].

The moments of the phase density f reflect the kinetic processes on the scale
of continuum physics. The most important moments are

e@ﬁz%/k”@&@fh (5.1.2)
R3
Qi(t,x) = hcz/k:if(t,x, k) &k , (5.1.3)
]R3
kik 3 .
Ni;(t,x) = hc |k‘Jf(t,x, k)d°k, i,j=1,23. (5.1.4)
R?’

The fields e, Q = (Q1,Q2,Q3) and the Matrix N = (N;;) are the energy
density, heat flux and momentum flux, respectively.

Phonons are classified as Bose particles due to their statistic distribution, see
[40, 15]. The entropy density h and the entropy flux ®; of the phonon-Bose
gas are given according to the kinetic theory [16] as

h = —k3/3 {fln(%)—y(l#—g)ln(ljtg)} ek,
. (5.1.5)
_ oK | fy N+ Dl
By — k@éSWJﬂ(w yﬂ+wlﬂ+yﬂdk.

Here kg = 1,38062 - 1072J/K is Boltzmann’s constant and y = 3/87%. Re-
call that f and hence y are dimensionless.

In contrast to the ordinary gas atoms, the phonons may interact by two
different collision processes, called R- and N-processes. R-processes include
interactions of phonons with lattice impurities which destroy the periodicity
of the crystal, while N-processes can be interpreted as phonon-phonon in-
teractions which are due to the deviations from harmonicity of the crystal
forces. N-processes conserve both, energy and momentum, while R-processes
only conserve energy. The Callaway approximation of the collision operator
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[2, 15] is a suitable simplification of the actual interaction processes. The
Callaway collision operator is written as the sum of two relaxation operators
modelling the R- and N-processes seperately. We write

N=GN+ ), G == (B = 1), a€{RN}. (516)

The positive constants 7z and 7y are the relaxation times, while Pr and Py
are two nonlinear projectors. Here Pgrf and Py f represent the phase densities
in the limiting case when the relaxation time tends to zero. Explicitly, we
define Prf and Py f as the solutions of two optimization problems, namely

W(Prf) = max{h(f) : e(f) =e(f)}, (5.1.7)
WPy f) = max{h(f) = e(f) =e(f), Q) =Q()} . (5.1.8)

where e(f), Q(f) are given by (5.1.2),(5.1.3).

The maximization problems can be solved by means of Lagrange multipliers
A% and A}, AY, A%, A3, We get

_ y _ y
PRf(k) - GXp(ZR) —1 ) PNf(k) eXp(2N> 1 ) (519)
where
Yr(t,x, k) = hc k| A%, (5.1.10)
3
S (tx,k) = he k| AX (6, %) + Y Rk Ay (t,x) . (5.1.11)

i=1

From (5.1.7) and (5.1.8) the Lagrange multipliers can be calculated explicitly.
They are given by, see [9], [12],

3 % F\i ) F\1
A%:v@ O KV A v A/ N R R

6 72 i
F= === - 5.1.13
5 (1l R (3Oh3c3) ( )
L i3 (9)

For experimental purposes it is sometimes useful to use the absolute tempe-
rature 71" instead of the energy density e. Both quantities are related to each
other so that the Stefan-Boltzmann law for phonons is established, viz.

T 1<%303e)i 1(9)‘1‘. (5.1.14)
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Now we have explained the collision term of the BPE (5.1.1) in detail. The
special form of the collision term enables the derivation of an entropy in-
equality for the entropy-density entropy-flux pair given in (5.1.5), i.e. any
solution f of (5.1.1) satisfies

Oh(f) |~ 0Px(/)
T+; S (5.1.15)

This inequality has a counterpart for the classical Boltzmann-equation and
is well known as the so called H-theorem. In Section 5.3 we will give a short
proof of the H-Theorem for the reduced phase density which is sufficient for
our purposes.

Now we give a short overview of this chapter.

In Section 5.2 we obtain the four-field system of hyperbolic heat conduction
from the moments for e and @Q; of the BPE (5.1.1) in the limit 7y — 0.

In Section 5.3 we derive a kinetic equation for a reduced kinetic phase density.
Moreover, we present the corresponding kinetic definition of the equivalent
reduced entropy density-entropy flux pair. All physical moments of ther-
modynamics with respect to the reduced kinetic phase density are simple
surface integrals with respect to the unit sphere in R3. Like in the theory
of the ultra-relativistic Euler equations, these simplified integrals result from
the exact evaluation of the corresponding three-fold integral moments with
respect to the phase density f, where f satisfies the original BPE.

The time integral form of the reduced kinetic equations is obtained by using
Duhamel’s principle. We replace the time integral by finite Riemann sums in
order to obtain a time discrete kinetic scheme which solves the initial value
problem for the reduced kinetic phase density. This scheme is still continuous
in space and was already used by Dreyer, Herrmann and Kunik in [12].

In Section 5.4 we further simplify the already reduced kinetic equation by
using a special integral coordinate transformation adapted to the spatially
one-dimensional flow-field. In three lemmas we show that this reduction is
valid for all times. Like in the first reduction, this additional simplification
of the surface integrals is exact, without any approximation.

We also apply a complete discretization in phase space in order to solve the
reduced kinetic equation in terms of a KFVS scheme. The initial data for
the scheme are the average values of the phase density on phase-space cells,
and we obtain the average values of the phase density at the next time step
for a spatial one-dimensional flow field.

In Section 5.5 we use the same KFVS-scheme for the reduced BPE in order
to compute several initial value problems in one space dimension for both,
the reduced BPE as well as for the hyperbolic four-field system. Some of
these numerical results will directly be compared with explicit solutions.
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This chapter has three main contributions to the theory of kinetic solutions
of the BPE and its four-field moment system. The first one is the kinetic
solution of the reduced microscopic three-dimensional BPE. The second con-
tribution is the use of a special integration technique in order to calculate
the moments of a macroscopic one-dimensional flow field. We show by three
lemmas that this reduction is valid for all times. This second reduction for a
one-dimensional flow field enables the third contribution, the use of a kinetic
flux-vector splitting scheme as a numerical approximation for the reduced
phase density which is fully discretized in the phase space. This is a new
aspect in our work which has no counterpart in the classical theory.

5.2 The hyperbolic four-field system as a
limiting case
Taking the integral-moments of the BPE, one can generate an infinite number

of further balance equations, because there follows for any vector m(n) of
moment weights

Ou 8FZ
=+ Z L (5.2.1)

Here, u and F; are the vectors of densities and fluxes, respectively, and I is
the production. They are defined as

u= [ m 3 = cki 3 m(k 3
3/ 170 Pk, B = [ S o ah, T - / ) .

a (5.2.2)

When the thermodynamic state is described by four fields e and @; only,
then we can derive the following balance equations from the Boltzmann-
Peierls equation obtained by multiplication of (5.1.1) with hc|k| and hc? k;
and integration over k. There results the equations of balance for the energy
density e and the heat flux @,

Z(wk — he [ K¢
a.fl'fk R3
3

8QZ 8(021\%) - 2/ 3
o +; o = he RBszdk

(5.2.3)

When we consider e and @); as the (macroscopic) basic variables for which
initial-boundary value problems have to be solved, we must close the system
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(5.2.3) so that the flux Ny, and the production terms on the right hand
sides are related to the variables. This objective is achieved by applying the
Maximum Entropy Principle. We first define the phase density

w® = Pyw®W, see (5.1.9)y, with the quantities y and Yy = Yn(e, Q, k)
defined in (5.1.11)-(5.1.13) according to

Y

(4) _
v Q) = o E -1

(5.2.4)
It satisfies the Maximum Entropy Principle for the given constraints on e
and Q. These are the four parameters of w®, like the parameters n, u
and p of Jiittner’s relativistic Maxwellian. Next we replace these parameters
by dynamical fields e = e(t,x) and Q = Q(¢,x) and the Boltzmann-Peierls

phase density f in the moment system (5.2.3) by the new “Maximum Entropy
phase-density” f® given by

FO(t,x, k) = wW(e(t,x), Q(t,x), k). (5.2.5)

By forming the integral moments for e, ; and N;; with respect to f® we
finally obtain the following hyperbolic four-field system, which will be studied
in detail in Chapter 6

e 0Q;
o 2 (52.6)
ot + ; axj - _EQZ> )= 172737 (527)
s ol (@9 Ly
Nij = 3¢ i + 26(3 1) ( QP 3%) (5.2.8)

Here x is the so called Eddington-factor

_ 5 4 [ 3/1Ql\
X—g_g\/1_1<§) , (5.2.9)

Note that in above equations the 75 term does not appear on the right hand
side. Indeed, the solutions of the Boltzmann-Peierls equation will only lead
to a solution of the four-field system in the limit 7,y — O.

By use of f® we may also calculate the entropy density h, the entropy flux
¢r and the entropy production o as local functions of e and Q , which turn
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out to be, see [15] and [37],

2\ 1 3 1 1
h = (3) ei(3—x)2(1 = x)7,
2a 3 1 _1 1
k 2 2
- _MB 0. 4 333
o = - ;:1 NQ;, ac: 1OkB/(hc).

Entropy density, entropy flux and entropy production are related to each
other by an additional balance law, viz.

oh Dby
_ ——=0>0. 2.
-+ > o >0 (5.2.11)

Furthermore, it follows that the entropy production is zero in equilibrium
and otherwise positive.

5.3 Reduced Boltzmann-Peierls equation

In the following two sections we extend the study of Dreyer, Herrmann and
Kunik in [12], where a reduced kinetic equation for a reduced phase den-
sity was derived. We will present the solution for the microscopic three-
dimensional equation. Also in this case the reduced kinetic equation simpli-
fies considerably for a macroscopic one-dimensional flow field, which will be
shown in Section 5.4 by three lemmata. In [12] we have mainly considered
the microscopic two-dimensional case.

The procedure relies on the fact that for any solution f of (5.1.1) there
exists a corresponding solution of a reduced equation that determines exactly
the same moments as the original phase density. It uses the specific form
of the transport term and the collision-operator in (5.1.1) and thus has no
counterpart for the classical Boltzmann-equation.

The moments of the reduced phase density have a much simpler structure,
because they are surface integrals over the unit ball with respect to the
reduced phase density. We will also present the expression for the reduced
kinetic entropy density-entropy flux pair.

The phase density f in (5.1.1) depends on the wave vector k € R3. We
define the reduced phase density ¥ according to the radial integration in
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polar-coordinates by
U(n) = hc/ k|® f(|k|n) d|k|. (5.3.1)
0

k

k|

Let m be a homogeneous moment weight of degree one, i.e. m(Ak) = dm(k)
for all A > 0, and recall the definition of the unit sphere in R*, namely
0B(1,0) = {neR3| |n|=1} in R% Also let u be the corresponding
moment function

= e / m(K) £ (k) d°k

Note that ¥ only depends on the unit vector n = (ny,ns,n2) =

— he f / P m(m) £([K| ) d]k| dS(n)

8B(1,0) 0

- jf m(n)¥(n) dS(n) . (5.3.2)

9B(1,0)
The moment u of f is thus given by the corresponding moments of ¥. All the
moments with physical interpretation are formed by homogeneous moment

weights of degree one. In particular, we conclude for the moments defined in
(5.1.2), (5.1.3), (5.1.4)

e —e(l), Qi=Qu(T), Ny— Ny(D), (5.3.3)
where
() = f U(n)dS(n), QuT)=c jf naU(n)dS(n),  (5.3.4)
8B(1,0) 0B(1,0)
Ny (1) = f nin; W (n) dS(n) (5.3.5)
2B(1,0)

Thanks to the fact that only these moments with a homogeneous weight of
degree one enter the collision operators defined in (5.1.6) and (5.1.9)-(5.1.13),
we can also obtain the following reduced collision operators ®, ®x and Py

@a:%(@aqf—m, Qe {R N}, &=dp+dy, (5.3.6)
where )
@Rxl/:i, @N@:%Ffﬁ_fg)w F= 0 2
Tee 14+4/1-2 <@>
(5.3.7)
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and
P, (n) = hc/|k\3Paf(|k\ n)dk|, a€{R N}. (5.3.8)

0

We finally conclude that any solution f(¢,x,k) of (5.1.1) induces a solution
U(t,z,n) of the following reduced Boltzmann-Peierls equation

o & o

—(t,x,n) + cny —(t,x,n) = d(¢t,x,n). 5.3.9
g7 (X 3D et x,m) = 0 x,m) (53.9)
This reduced kinetic equation is again an evolution equation for W. It can
be rewritten as a time integral by using Duhamel’s principle

W+ rxn) =Wt x—emn) b 30 [t sx - olr  snn)ds.
aE{R,N} 0
(5.3.10)

where ¥(t,x — ctn, n) is the solution at time ¢ + 7 of the collisionless kinetic
equation

O ’ v
< (%) +kz:;cnk8—xk(t,x, n)=0. (5.3.11)

In particular, ¥y(t,x — c7n, n) is the free-flight solution of (5.3.11) for initial
data U,.

Finally we introduce an entropy density-entropy flux pair for the reduced
equation (5.3.9). The definition is not so straight forward as before, because
in general the entropy density h formed with respect to the original phase
density f cannot be determined from the reduced phase density W. The
following definition is proposed in [12]

h(W) = g ]4 i (n)dS(n),
dB(1,0)
- 47

B(W) = e jf np U (n) dS(n) u:g(%)%, y:%. (5.3.12)

9B(1,0)

It was shown in [12] that in view of the hyperbolic moment systems this new
kinetic entropy definition for the reduced BPE leads to the same results as
the original kinetic entropy definition (5.1.5) for the BPE (5.1.1).

In order to establish this result, we present here a new and short proof of the
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Theorem 5.1. H-Theorem

Assume that U : Ry x R* x dB(1,0) — R is a solution of the reduced BPE
(5.3.9) and that (h, 1, ®o, P3,) is the corresponding reduced entropy density-
entropy fluz pair given in (5.3.12). Then there holds the entropy inequality

oh <~ 0,
R

Proof:

Multiplication of the reduced BPE with 3W~1/* gives

o L 31/
ot +c £ N axk = 47‘N (@N\If - \I’> + " (@R\If - ‘1/)
3 [ .
il (LR O OB R A1
31, .
I {(‘1’ Yt — (OpY) ) (ORY — ‘I’)} +
3 3

[(@NWI/‘*(@N@ - xp)} +4 [(@Rm—l/‘*(@Rxp — ).

47'N TR

We perform from this the surface integral with respect to n. The first two
brackets [} are non-negative and the surface integrals with respect to n

over the last two brackets vanish because ¥, O y¥ and ©rV have the same

moment for the energy density e and ¥, © ¥ have the same moments for
the heat flux Q. n

Time discretization of the reduced kinetic equation

Now we replace the time integrals in (5.3.10) by finite Riemann sums at the
update times t,, = n7, where 7 > 0 is a fixed time step. We will choose 7 in
such a way that there holds the inequality

0< —4+—<1 (5.3.13)
TR ™~

with the fixed relaxation times 75, 7y > 0 and will also include the important
limiting case that 7 = oco. Then we obtain the first kinetic scheme which is
discrete in time but continuous in the phase space

Uty x,m) = > (0,W)(t,,x — crn,n)

[

ac{R,N}
; (1 T L) W(t,,x — crn,n). (5.3.14)
TR ™N
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In order to get the first term on the right hand side of (5.3.14), we first
calculate the moments of energy and heat flux at the update-time t,,, namely

() = 74 W(t,,y.n)dS(n),

9B(1,0)

Qi(tn,y) =c i{ iV (t,,y,n)dS(n). (5.3.15)

dB(1,0)

Next we perform the projections Or¥ and On V¥ from these moments on
the reduced Maximum Entropy phase densities given in (5.3.7) at time ¢,.
Finally we use ¥ and these projections as initial phase densities at time ¢ in
order to solve the collisionless reduced kinetic transport equation in the time
interval [t, t+7]. There results the convex-combination of free-flight solutions
given in (5.3.14) for the phase-density at the next update-time ¢,,.

Since the scheme (5.3.14) is only first order in time and space, we can
simplify it in such a way that we just replace =(©,¥)(t,,x — ctn,n) by
(©a¥)(tn, x,n). The modified scheme may now be written as

U(ty1,x,n) = V(t,,x —ctn,n) + Z ( V(tn, x,n) — W(t,,x, n)) .
ae{R,N} Ta
(5.3.16)

5.4 Reduced kinetic equation in one space di-
mension

Here we are interested in reducing the already reduced Boltzmann-Peierls
equation (5.3.9) further. Later on we show by three lemmas that this re-
duced phase density describes a spatially one-dimensional flow.

In the one-dimensional case we put x = (2,0,0), Q = (Q(¢,2),0,0) and
e = e(t, ). We introduce the new variables —1 < ¢ <1,0<¢ <27 by

ny=¢, ne =+/1—E&%sin?, ny =+1/1—&%costt, (5.4.1)

and the surface element is dS(n) = d{dv. Since in the one-dimensional case
the macroscopic fields inside the phase density V(¢ z,n) will not depend on
the angle 9, we can further reduce ¥ to

21
W(t,x, &) = /0 U(t,z,0,0,n)dd =21V(t, z,§). (5.4.2)
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The reduced Boltzmann-Peierls equation(5.3.9) then further simplifies to

%—f(t, z,6)+cé g—f(t, z,€) = ae{%;m % (Ou) — ) (t,x, ),  (5.4.3)
where
SR L Gk ;. F= 0 . (5.4.4)
? 2F(1-¢52) 1+4/1-3(2)

We have used the same notation for the projection as in (5.3.7), but this will
not lead to confusion within the context. Also the reduced moments integrals
are given by

e(t, z) = / bt,o,€) e, Q(tz) =c / Ch(tr,€)dE,  (545)

N(t,z) = Nii(t,z) = /ﬁzw(t,x,g) de. (5.4.6)

In the following three lemmas we are going to show that the above reduction
is valid for all later times.

Definition: Any function g : R® x 9B(1,0) — R has property 1D if and
only if g(x,n) depends only on x = z; and & = ny, x = (21, T, v3) € R? and
n = (nl,ng,ng) S 8B(1,0)

Assumption
For the next three lemmas we assume that the initial C'-phase density
U(tg,-,-): R® x 9B(1,0) — R* at fixed initial time ¢, has property 1D.

Lemma 1: Under the above assumption Oy (U(to,,-)) and Og (V(to, -, "))
have also property 1D, furthermore the energy density and heat flux moment
vector of W(ty, -, ) are of the form

6(t07x) = e(to,l’) ’ Q(to,X) - (Ql(t07 l’), 07 O) ) where z = Zy.

Proof: Due to the property 1D we can write W(tq, =, &) instead of ¥ (g, x, n).
We rewrite the surface integrals in (5.3.4) in terms of the new integration
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variables &, 9. Using (5.4.2) we have

1 27

e(to, z) = / / U(to, . €)dide

-1 0
1 1

- /27T\If(t0,x,§)d§ - /¢(t0,x,§)dg, (5.4.7)
—1

-1

1 27

Q(to,l‘) = Ql(to,l’) = C//g\lf(to,l’,é-)dﬁdg

-1 0
1 1

= c/§27r U(tg, x,&)dE = c_[ E(to, x,€)dE,  (5.4.8)

-1

1 2«
Oalto,a) = ¢ / / sind\/T— & Ulty, o, &)ddde = 0, (5.4.9)
-1 0
similarly Qs(tg,z) = 0.

Keeping in view (5.4.7),(5.4.8) and (5.4.9) we can see from the definitions
(5.3.7) of O (¥) and O (V) that they are only depending on e(to, z), Q1 (to, x)
and £ = ny. Therefore they also satisfy property 1D. [

ov
Lemma 2: The time derivative E(to’ -,+) has property 1D, if U satisfies
the reduced Boltzmann-Peierls equation (BPE) (5.3.9).

Proof: The reduced BPE (5.3.9) can be rewritten as

ov = ov
E(t,x, n) =d(t,x,n) —c ;nk a—xk(t,x, n). (5.4.10)

The first term ®(¢,x,n) on the right hand side of (5.4.10) has property 1D
for t =ty due to the assumption and Lemma 1. Also since —

6:1:2 - 6—;173 e
the second term on the right hand side of (5.4.10) also satisfies property 1D.

This implies that the left hand side of (5.4.10) satisfies the property 1D. =

Lemma 3: The free-flight phase density W fyc.(to+7,%x,n) = ¥(ty,x—7n, n)
also satisfies the property 1D for all later times to + 7, 7 > 0.
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Proof: The proof of this lemma is obvious from W ,..(to + 7, x, ), since due
to the assumption that ¥ is only depending on x = x4, therefore ¥, will
maintain this property for all later times. [

5.4.1 Discrete kinetic solution in the one-dimensional
case

We present a kinetic solution of the one-dimensional reduced kinetic equation
(5.3.10) for the fully discretized phase space. In the one-dimensional case the
semidiscrete scheme (5.3.16) with the time steps ¢, = n7 can be written in
terms of the fully reduced phase density ¢ as

Vltn7.) = Ultnx —er& )+ > = ((Oat)(ta 2. &) = ¥lta:.6))
ac{R,N} @
(5.4.11)

This equation is discrete in time but continuous in the reduced x, & phase
space. In order to get a fully discretized piecewise constant solution, we first
define a grid in the reduced phase space consisting of the cells

1
Cij= {(:E,f) eR?| |z —z| < iAx, & <¢ <§j+1} ,
where z; = iAw, Tipl = (== %Aa: and &; = j/N¢ with the integers ¢, j, N¢

and |j| < Ng¢, Ne > 0. The cell-average of ¢ at time ¢ = ¢, is given by the
following integral mean value, where A = 1/(2N¢)

Titd &
1

With the characteristic function y; ;(z, §) of the cell C; ; we can write the fully
discretized piecewise constant phase density in the form » ; ;(t,)xi (2, €).
Due to the upwind approach we will choose the time step according to the
natural CFL-condition

T:At:g.
2c

(5.4.13)
Note that for the semidiscrete case there is no such CFL-condition, but we
will assume in the sequel that 7 = At still satisfies the inequality (5.3.13).

The heart-piece of the scheme for the fully discretized phase space is the
integral mean value ¢£ 2“(tns1) of the free-flight phase density over the cell
C;,; at the next time step t,,41, provided the initial data of the phase density
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at the actual time step t, is assumed to be piecewise constant and thus
determined by the coefficients v ;(¢,). Then the integration can be performed
explicitly and gives the fully discretized free-flight solution in upwind form

wi,j (tn+1) - . .
3&rithior () + (1 — 381) ¥iy(tn), & 20,
(5.4.14)

where ;1 = &+ 3AE. Integrating (5.4.11) over [%_%JH%} X [£5,€+1]) and
dividing by AzA¢, we get with (5.4.14) the fully discretized phase density at
the next time step ¢, in terms of its coefficients

¢z‘,j(tn+1) = wz'f,;ee(tn+l> + Z Tl ((@a¢)i,j(tn) — wi,j(tn)) . (5.4.15)

ac{R,N} ¢

The right-hand side in (5.4.15) needs some explanations. We first note that
the discretized moments are given at each time step ¢,, in the spatial interval
[%‘_% LTy %] by the constant values

Ne—1 Ne—1
eitn) = A Y Gij(tn), Qilta) = AL D &athii(ta) . (5.4.16)
j=—N¢ J=—Ng

Then we need the integral mean values of the Maximum Entropy phase den-
sities O, formed by the moments ¢;(t,) and Q;(t,) over the small intervals

[gj ) €j+l] ) namely

Eit1
(Outh)i (1) = Aif / (Outh) (exlta), Qu(tn). €) d (5.4.17)
&;

which may be approximated by the trapezoidal rule with only the two nodal
points &; and &;1 or by the midpoint rule with the single nodal point §; 1.

5.5 Numerical examples

Now we present some numerical test cases, where we use the kinetic scheme
for the reduced BPE in order to compute several initial value problems in
one space dimension for both, the reduced BPE as well as for the hyperbolic
four-field system. Some of these numerical results will directly be compared
with explicit solutions. The numerical implementations were carried out by
Shamsul Qamar.
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5.5.1 Energy pulse

In this example we assume that 7z = 00, so that from the physical point
of view, we study a phonon gas in a pure crystal at low temperature. Since
there are no lattice impurities, diffusion cannot appear. In particular, the
propagation of heat behaves like a wave phenomenon. Further we assume that
the phase density only depends on & = x7. In order to simulate the problem,
we consider the following macroscopic initial data for energy density e and
the momentum density :

15 if 099 <z <1.01 B
e(0,z) = { Lo otherwise Q(0,z) =0.0. (5.5.1)

Furthermore, the Debye speed c is set to 0.5.

Figures 5.1 shows the spatial dependence of the energy density, heat flux and
momentum flux at different times for the relaxation time 75 = 0.5. While
Figures 5.2 gives the distribution functions ¢ and Oy at time t=1.2.

5.5.2 Two interacting heat pulses

This test problem demonstrates the interaction of two heat pulses, which
leads to a large increase of the energy density at the collision point during a
short time interval. The initial data are

1, <03, 0, r<0.3,
2, 03<z<04 1, 03<z<04
e(0,z)=¢ 1, 04<2<06 , Q0,z)=< 0, 04<x<0.6
2, 06<z<0.7 -1, 06<x<07
1, <10 0, <10,
(5.5.2)

We solve the above problem at time ¢ = 0.2 for two values of 7y, i.e., 7y =1
and 7y = 0.1, while 7 = 1.0. Figure 5.3 shows the results. From the
comparison of the initial and final curves of energy density, we observe a
large increase of the energy density e at the collision point z = 0.5.

5.5.3 Initial phase density independent of space

Here we consider an initial phase density which is independent of the x-
coordinate, i.e., g = ¥(§). Furthermore we assume that 7p = oo, this
implies that the Boltzmann-Peierls equation (5.4.3) will only contain 7 and
On. Therefore we have to solve the following simplified Boltzmann-Peierls
equation with unit Debye constant, i.e, ¢ = 1.

o o
e B8 HE5 - (8,8) = — (OnY —¥) (1,€). (5.5.3)

1
N
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The energy density e and the heat flux () are constant with respect to the
time, which is clear from the following conservation laws

1

1

de oY OnY — 1

g0 = [ Grae= [ P ae= o ex =0 =0,
-1

-1

1 1
Q o Ony — ¢ ¢
a0 =e [ G me [ SR S -0 -0
—1 -1

Both of the above integrals are zero because of the constraints ey = e and
Qn = Q. Therefore equation (5.5.3) is simply an ordinary differential equa-
tion with initial data

1o = 1 (&). The explicit solution of this equation is given by

Yewact(t,€) = Yo(€) exp (—%) + (1 —exp (—%)) Onto(€).  (5.5.4)

Now we consider two examples in which the inital phase density vy only de-
pend on £.

Example 1: Here we consider the initial phase density as a linear function,

1+¢

g = ——. Figure 5.4, 5 gives the numerical value of phase density 1 at

t = 0.0 and t = 1.0, while Figure 5.43 gives the difference between the exact
and numerical solutions.

Example 2: The initial phase density is a shifted hat function

4 _ 3
Yo(§) = { jf_;?l’) | % §5< i (5.5.5)

Figure 5.51 2 gives the numerical value of phase density ¢ at ¢ = 0.0 and ¢t =
1.0, while Figure 5.53 gives the difference between the exact and numerical
solutions.

5.5.4 A single shock solution

We consider now a single shock solution of the hyperbolic four-field system.
The initial data are

(e, @)(0,z) :{ (2’% 3¢¢2’§+_11)’ r= 05, (5.5.6)
(1,0), x> 0.5.
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energy density e, t=1.2 -3 heatflux Q, t=1.2 momentum flux N, t=1.2
1.015 gy densty 5X10 0.34 %
101 0.338
0
0.336
1.005
0.334
b 0.5 ] 15 2 ) 0.5 ] 15 2 0 0.5 ] 15
X—axis X—axis X—axis
energy density e, t=1.6 x10° heatflux Q, t=1.6 momentum flux M, , t=16
1.015 4 0.3 1
0.339
2
101 0.338
0.337
0
0.336
1.005 . 0.334
0.334
b 0.5 1 15 2 ) 05 1 15 2 0.33 05 1 15
X—axis X—axis X—axis
energy density e, t=2.0 x10° heatflux Q, t=2.0 momentum flux N, , t=20
1.0 4 0.338
1.008 5 0.337
1.006 0.336
0
1.004 0.335
-2
1.002 0.334
b 0.5 1 15 2 ) 0.5 1 15 2 0.33 0.5 1 15
X—axis X-axis X-axis
Figure 5.1: Evolution of energy, heat flux and momentum flux pulses at

™ — 0.5.

This problem was considered by [9] using Rankine-Hugoniot conditions which
were derived in [15] for the hyperbolic four-field moment system. We will
consider it in detail in Section 6.3, however the explanations which are given
here are sufficient to perform this numerical test.

The computational domain is 0 < z < 1. In this example 7 = 0o, while
-~ = 1, where 7 is a small numerical time step. Then the Boltzmann-
Pelerls equation (5.4.3) approximates the solution of the hyperbolic four-field
moments system with right-hand side zero. The x, ¢ reduced phase-space is
divided by 1000 x 1000 mesh points. The results are shown in Figure 5.6.
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phase density v, t=12 phase density GN\V_ t=12

0.52

0.515

0.51

0.505

Figure 5.2: Representation of the phase densities at 7,y = 0.5 and t=1.2.
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energy density at t=0.0

2.5 15 heat flux at t=0.0
1,
2,
0.5
1.5 1 0
_0.5,
1
_1,
0 02 04 06 08 1 -1 02 04 06 08 1
x—axis X—axis
energy densitytN =10, 1, =10, t=02 heat flux ,t,, =1.0, 1,=1.0, t=0.2
3 ‘ ‘ ‘ ‘ 04 Iy=10 =10, 1=

02 04 06 08 1 OY 02 04 06 08 1
X—axXIS X—axIs

energy density:N =01, Q= 10, t=02

3 o1 heat flyx Ty :F).l, erl.O, t:‘ 0.2
0.05
0
~0.05
0% 02 04 06 08 1 Oy 02 04 06 08 1
X—axXIS X—axIs

Figure 5.3: Evolution of energy and heat flux.
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L phase density ¢ at t=0.0 phase densityy at t=1.0 1X 15* oot ~ ¥
| 1.2
0.8 o
0.6 0s
_l,
0.4
0.4 ol
0.2
0 0 -3 ‘ : ‘
-1 -0.5 0 . 0.5 1 -1 -0.5 0 . 0.5 1 -1 -0.5 0 . 0.5 1
&—axis &—axis &—axis
Figure 5.4: Phase densities and the error difference between exact the nu-
merical values.
N phase densityp at t=0.0 L phase density ¢ at t=1.0 o 10 Vot ~ W
0.8
-2
0.6
0.4
—6|
02
o9 05 0 05 1 o 05 0. 05 1 19 05 0 05 1
&-axis &-axis &-axis
Figure 5.5: Phase densities and the error difference between exact the nu-
merical values.
energy density heat flux
‘ 0.7 :
2 |
0.6} |
1.8 — 0.5F 1
0.4} |
16 |
t=02 | t=05 | t=o0s8 | t=11 0.3 tz=o2 | t=o5 | t=os8 | t=11] 1
1.4 |
0.2 |
1.2 b 0.1} B
1 or
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
X—axis X—axis

Figure 5.6: Evolution of a single shock at different times.
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Chapter 6

Kinetic Solution of the
Hyperbolic Four-Field System

6.1 Motivation

One may wonder why we present an additional chapter for the numerical
solution of the four-field system, because the kinetic approach for the reduced
Boltzmann-Peierls equation developed in Chapter 5 has already captured this
hyperbolic four-field system as a limiting case.

However, for the initial value problem of the four-field system we will present
an alternative scheme which is discrete in time and continuous in space. It
uses a modified transport part which reproduces the special production term
on the right-hand side of the momentum-balance law of the four-field system.
Moreover, we will extend the modified scheme in order to solve an interesting
initial-boundary value problem for this system which is not covered by the
schemes presented in Chapter 5.

Finally, we will also show by an appropriate transformation in the state-
space that the four-field system and its kinetic solution contains the ultra-
relativistic Euler equations and their kinetic solution as a special case. The
work reported in this chapter is joint work with Wolfgang Dreyer (WIAS,
Berlin), see [9, 10].

The four-field system was introduced in Section 5.2. Especially in the one-
dimensional case we can write down its weak formulation with a bounded
convex region €2 in space and time as

[ (edz — Qdt)=0,

o0

a{) (Qdr — Fexdt) = —— g{f@ dtdx (6.1.1)



We will also include the important limiting case that the relaxation time
7r > 0 is infinite. Here e : Ry x R — Ry and Q : Rj x R — R is a piecewise
Cl-solution of the hyperbolic system which may contain a finite number of
C'-shock curves. We will prescribe appropriate initial- and boundary data
for e and Q.

6.2 A modified kinetic transport equation for
the four-field system

We have already seen that solutions of collisionless kinetic transport equa-
tions constitutes a basic building block for the development of kinetic schemes
which are solving special hyperbolic systems and special kinetic equations.
Now we go one step further into this direction and develop a modified kinetic
transport equation which is able to reproduce the specific relaxation terms on
the right-hand side of the four-field system (5.2.6)-(5.2.9). This also includes
a useful modification of the moments which will again be given in terms of
surface integrals with respect to the reduced phase density ¥ = ¥(¢,x, n).

This section is a motivation for the kinetic schemes which will be considered
next and introduces a modified collisionless kinetic transport equation as a
basic ingredient for these schemes.

We start with a reduced initial phase density Vo(x,n) = ¥(0,x,n) at some
initial time ty. For t > tq we define the modification of the reduced free-flight
phase density ¥ according to

U(ty+ 7,x,n) = V(tg,x — cy(T)n), (6.2.1)

where the function 7(7) is defined for 7 > 0 as

(1) =1 (1 — exp(—%)) <Th. (6.2.2)

We conclude that the phase density (6.2.1) satisfies the new kinetic transport
equation

) o

— ) i— =0. 6.2.3

5+ A eng (623)
According to this transport equation we also redefine the moments (5.3.4).
While the energy density e will be defined as before, but with the phase
density (6.2.1), the heat flux @; and its flux Ny involve in addition the
functions 4(7) and 4%(7) as new time-dependent factors:
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e(to +7,x) = j{ U(ty+ 7,x,n) dS(n),

0B(1,0)
Qi(to+71,x) = cy(7) j{ n;V(to + 7,x,n) dS(n), (6.2.4)
dB(1,0)
Nip(to +7,%x) = A*(1) j{ ninpW(to + 7,x,1n) dS(n).
2B(1,0)

These definitions imply equations of balance that have the same structure as
the corresponding hyperbolic four-field system (5.2.6)-(5.2.9), namely

de <~ 00,
ot - 0,

x
k:lak

. (6.2.5)

. 2 N.
6Q1+Za(6 Nzk) _ —%QZ

or 1 al’k

It is important to note that in contrast to the local hyperbolic system (5.2.6)-
(5.2.9) these moment system is non-local in time and space. In the next
sections we will show how the modified kinetic representations can be used in
order to solve the initial-boundary value problem for the hyperbolic system.

6.3 The pure initial value problem (IVP)

6.3.1 Kinetic solution of the IVP

In order to solve the initial value problem for the nonlinear four- field system
(5.2.6)-(5.2.9), we start at a fixed time t, with given initial data ey for the
energy density and Qq for the heat flux. With ey, QQy we form the four-field
Maximum Entropy phase density V., at time ¢, as the initial phase density
in order to solve the modified kinetic transport equation (6.2.3) in the finite
time interval tg <t < tq+ 75/ for a given time step 7y,. Then we put to+ 7y
as a new initial time and proceed as before, and so on.

To initialize the scheme we start with

e Bounded and integrable initial data for x € IR? at time t = 0,
e(0,x) = eg(x) > € >0, Q(0,x) = Qp(x) with |Q| < ce.
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o A fixed time step 73, > 0, so that the maximization of entropy is carried
out at the equidistant times ¢, = nmy, n = 0,1,2,.... The four-field
Maximum Entropy phase density is then used as an initial phase density
in order to solve the modified kinetic transport equation within each
subsequent time interval [t,,, t,1].

Due to this description there hold the following moment representations for
each index n > 0 and for all 7 € [0, 7]

e(tn+7.%) = ¢ / U, (x — cv()n, n) dS(n)

9B(1,0)
(6.3.1)
Qilt, +7,x) = (1) / n; Uu(x —cy(7)n,n) dS(n).
8B(1,0)
Here the phase-density ¥,, at the maximization time ¢, reads
3 4—F)3 6

W, (y.n) = — e U?Q 1 F= =, (632)

TF(1-F23) 1+ 1_%<%)

where we have set for abbreviation e = e(t,,y), @; = Q;(t,,y) and where
v(7) is defined in (6.2.2).

In the following we are especially interested in one-dimensional solutions,
which do not depend on x5 and x3. In this case we can also use the integration
variables given in (4.6.1) for the one-dimensional evaluation of the surface
integrals for the ultra-relativistic Euler equations. Then the moments reduce
to one-dimensional integrals over the interval [—1, 1] with

e(thn +71,2) = 2/1 %(tmx—cw(ﬂi)dg,
; o toee y (6.3.3)
At +70) = Seitn) [ %( v en(r)€) de.

6.3.2 Riemannian initial data and shock condition

We consider now a single shock front which propagates into a region of ther-
mal equilibrium. The Rankine-Hugoniot conditions for this case were already
solved by Dreyer & Seelecke in [15] and will be sufficient for our purpose.
However, we will prove a correspondence between the four-field system and
the ultra-relativistic Euler equations which allows us to solve the complete
Riemann problem of the four-field system in the limit 7z — oc.
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In this section we will compare our numerical results with their analytical
predictions from the Rankine-Hugoniot conditions for a large relaxation time
Tr. But we will also study the influence of a small relaxation time 7z, which
leads to a fast relaxation of the heat flux, and especially the smoothing of a
single shock front under the influence of this fast relaxation.

We restrict ourselves to the one-dimensional case and recall the weak formu-
lation of the four-field system in (6.1.1) with a convex region € in space and

time:
[ (edz — Qdt)=0,
5%
[ (Qdz — exdt) =—- [[Qdtdx, (6.3.4)
a0 0

We prescribe Riemannian initial data

eo(x):{e_ , 250 Qo(x):{Q_ » 2S00 635

e , x>0 "7 Qs , >0

In order to guarantee that only a single shock solution occurs, we introduce
the shock-parameter X = e_/e, > 1, which determines the strength of the
shock. Then we choose the equilibrium state e, > 0, @+ = 0 to the right of
the shock and calculate the state e_, ()_ to the left of the shock according to
the Dreyer-Seelecke condition

c WX -1

e. = Xe,y =X —-1)e —|——. 6.3.6
The shock speed Vi > 0 is also taken from [15] and reads
3IvX —1
¢ [3VX (6.3.7)

Vo= 22— 2
V3V VX +1

The condition X > 1 and the representations (6.3.6) select a single shock
solution which corresponds to a 3-shock in the parametrizations given for the
ultra-relativistic Euler equations. These conditions also imply that always

V, > c/V3.

Sometimes it is useful to define another shock parameter via the shock speed.
The new shock parameter gives the deviation from the Deby velocity ¢ and
is defined as

QZE:L Mi_l (6.3.8)
¢ V3V VX +1
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Note that V; is restricted to the range ¢/v3 < Vi, < c¢. Using «, with

1/v3 < a < 1, instead of X, the Dreyer-Seelecke condition reads
1 (3a2+1)? 8 302 —1

€E_ = —€4

9 (1—a)? ’ Q_:§ce+a1_a2.

(6.3.9)

In the following we put ¢ = 1 for simplicity.

Figure 6.1 shows for Riemannian initial data of type (6.3.5) three initial
value problems for the two fields energy density e and heat flux (). The
space region is —0.5 < z < 0.5 and the time is restricted to 0 < ¢ < 0.5.
The first row displays a single shock solution resulting from the initial data
er =1, QL =0, X = 2 for large relaxation time 7 = 8. The light and
dark colours correspond to small and large values of the fields, respectively,
ranging from €., = 1, Quin = 0 (light colour) to €pee = 2, Qmaz = 0.67
(dark colour).

The second row displays the same initial value problem but for small relax-
ation time 7z = 0.2. This value corresponds to a dominant right-hand side
and causes a strong diffusion of the original shock front. The extreme values
of e and () are the same as before.

The third row displays the development of initial conditions that violate the
Dreyer-Seelecke shock condition X > 1. Here the initial data result from
er =1, QL =0, X = 0.3 for a large relaxation time 7 = 8. The extreme
values of the fields range from e,,;, = 0.3, Qunin = —0.26 (light colour) to
€maz = 1, Qmaz = 0 (dark colour).
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Figure 6.1: Fields of energy density and heat flux
for various inital conditions and relaxation times
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6.4 The initial-boundary value problem (IBVP)

6.4.1 Kinetic solution of the IBVP

Boundary value problems that are solved by integral representations of an
underlying kinetic model confront us with a serious problem. For a discus-
sion we consider a half space problem of a one-dimensional crystal with a
boundary at z = 0. We will solve the inital-boundary value problem with
prescribed boundary data for the energy density e by a suitable extension of
the kinetic scheme developed for the initial value problem in Section 6.3.

Our objective is the calculation of the fields of energy density and heat flux
at location 7 and at time 0 < ¢ < 73;. To this end we rely on an extension
of the representations (6.3.3). For every value of the integration variable
¢ € [—1,1] there is a micro trajectory

z(t) = & — c§ (y(t) — (1)) (6.4.1)

through the point (¢, Z) which starts for £ < &, from the initial line ¢ = 0 and
for £ > &, from the boundary x = 0. The critical value

fg=——>0 (6.4.2)

X X
/N /N
XO( t,X,8 ¢
x(t)=x= c&(v( t)-y(1)
§<E,

=
~ | (£.%)
= E=¢,
@’ E>¢,

i b N ot

_ _ 7/
e (t) 0 tW(t X, E) f
w

Figure 6.2: Micro trajectories relating (t,%) to the initial
and boundary line
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Figure 6.2 illustrates three selected micro trajectories and the functions

l’o(ﬂ[i’,f) =T — CV@fa tW(ﬂf;f) = —7gln {GXP (_i) + r :| s

TR cTRE
4.3)

which denote the intersections of the micro trajectories with the initial axes
t = 0 and with the boundary z = 0, respectively. These play an important
role for the following representation formulas. Note that micro trajectories
are given by a purely formal definition and that there are neither physical
particles nor phonons corresponding to them.

We introduce the abbreviation

4—F)°
W&Q®=§ el )4 with  F = 0 , (6.4.4)
2F(1-52¢) 144/1-3(2)

and form the representation formula of the initial-boundary value problem
(in the following abbreviated as IBVP) by means of two auxiliary functions
ey (t) and Qg (t) which will be determined later on. To calculate the fields
e(t,z) and Q(t,T) we write

o

(i, 1) = / Uleo(wolF, 7€), Qo(rolF, 7. €)), ) dé

-1

(6.4.5)

1

+ / Ulen(tw(F, 7,€)), Qu(tw (£, 2, )), €) de,
&o

o

The initial and boundary data are denoted by

e(0,z) = eo(z), Q(0,2) = Qo(), e(t,0) = ew(t), Q(t,0) = Qw(?).

(6.4.7)
Note that either (6.7)3 or (6.7)4 can be prescribed as independent boundary
data, but not both. This restriction is also very well known from the reflection
problem in the linear limit, which will be studied in detail in Section 6.4.3.
Here we will discuss the dependencies of the boundary values for e and @) on
the corresponding kinetic level.
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The solution of the IBVP, i.e. the representations (6.4.5) and (6.4.6), must
satisfy the following two continuity conditions at the boundary

lim 6(2?, ZE) = eW(av lim Q(fv j) = QW@) (648)

z—0 z—0

These read explicitly at any time ¢

QW(t):/U(QO(xO(t707§))7QO(xO(t707§))7§) d§+/U(€H(t),QH(t),§)d§,

(6.4.9)

TR

aw(t) = cow (L) | [ Uleo(wo(t.0.9). Qolan(t.0.€)).) €
- (6.4.10)

+ / Ulen(t), Qu(t), €) € dé

Here the auxiliary functions ey and Qg do no longer depend on the integra-
tion variable £. Thus the integrals that contain ey and (Q can be carried out
and the continuity conditions (6.4.9) and (6.4.10) turn out to be algebraic
equations for ez and Qp.

We introduce the abbreviations

g trQn
4 cey’

and obtain from (6.4.9) and (6.4.10)

ew(t) = en(t)f(alt)) + / Uleo(zolt, 0.€)). Qolrolt, 0,€)). €) dé, (6.4.12)

o (2) °
QW(QT = eH(t)g(a(t)) + / U(eO(xO(t> 07 5))7 QO(‘TO(t> 07 5))7 5) fdf

- (6.4.13)
We conclude that the auxiliary functions ey (t) and Qg (t) must satisfy two

non-linear algebraic equations at the boundary!

Now we assume for the moment that ey (t) and Quw (¢) are prescribed in-
dependently of each other. Under this assumption we consider two cases in
order to demonstrate that they lead to a contradiction. The reason for this
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failure comes from the fact that a consistent kinetic approximation to the so-
lution of the hyperbolic system in the limit 73, — 0 must also take care of the
fact that the boundary data for e and () cannot be prescribed independently.

In the first case we additionally assume that we could choose the auxiliary
functions such that they coincide with the boundary data, i.e. ey = ey and
Qn = Qw. Then it follows that the algebraic equations (6.4.12) and (6.4.13)
are not satisfied in general, i.e.

lme(h,) £ew(,  ImQED) #Qud.  (6.41)
In the second case we assume that ey and Qg follow from the algebraic sys-
tem (6.4.12) and (6.4.13) for given ey and Q. Here another contradiction
appears because the quantity a is restricted to the range [—1, +1] according
to its definition (6.4.11). However, the corresponding solution of the nec-
essary continuity conditions (6.4.12) and (6.4.13) leads even for very simple
examples with constant initial- and boundary data to values of a out of that
range. In these cases we cannot prescribe ey (t) and Quw (t) independently.

To proceed the discussion we consider now exclusively the case that ey (t)
but not Qy (t) is prescribed. Consequently, the function Qw (t) must also be
calculated. We need one further condition that allows the determination of
the auxiliary functions ey (t) and Qg (t) and of Qw (). In addition to the
two algebraic conditions (6.4.12) and (6.4.13) we found that it is necessary
to require a third continuity condition for 0 < ¢ < 7j;, namely

which guarantees that the continuity conditions (6.4.8) are also satisfied in
the limit 73y — 0. For the evaluation we use Newtons method in order to
solve the resulting equation for a(t), which is a combination of (6.4.12) and
the third continuity condition (6.4.15)

L= fa(t) = o [ Uleo(an(t.0.0). Qulan(t.0.9).€) de . (6410

Since f(a) is monotonically increasing from f(—1) =0 to f(1) = 1, a unique
solution a = a(t) of (6.4.16) exists whenever the right-hand side of (6.4.16) is
in the range [0, 1], which is the case for all interesting examples of practical
importance considered here.

We may now determine the auxiliary field Qg (t) according to the definition
of a = a(t) by
dca(t)
t)=——"—eg(t) . 6.4.17
QH() &(t>2+3€H() ( )

Finally we obtain the dependent boundary data Qw (t) from (6.4.13).
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The next two examples exhibit a surprising consequence of condition (6.4.15):
Immediately after the initial time and after a sufficient number of maximiza-
tions of entropy were carried out, the boundary values ey and Qv are related
to the initial data according to the Rankine-Hugoniot conditions!

6.4.2 Two explicit examples for IBVPs

The following numerical results serve to illustrate this observation and addi-
tionally record three nonlinear phenomena: a) the formation and steepening
of shock fronts,

b) the speed of shock fronts is apparently larger then ¢/v/3,

c¢) the broadening of initial heat pulses at later times.

Figures 6.3 and 6.4 display the propagation of the heat pulse

1, t<0
ew(t)=4¢ 3 , 0<t<05 , (6.4.18)
1, t>05

created at the lower boundary. The initial data are eg = 1 and Qg = 0.

In Figure 6.3 we consider the undamped case. The first row of Figure 6.3
shows the boundary data. Note that only ey (¢) is prescribed but Qu () is
calculated according to (6.4.15)-(6.4.17). The second and third row show the
solution at times t = 0.5 and ¢t = 1.5, respectively, for 0 < x < 1.5.

We observe that the pulse front remains a shock moving with the speed 0.72 ¢,
which is confirmed by the Dreyer-Seelecke condition (6.3.6). The rear side of
the pulse changes into a rarefaction wave. Thereby it comes to a broadening,
even if there is no damping.

Figure 6.4 illustrates the effect of large damping due to the relaxation time
g = 0.5. In contrast to the undamped case, the heat flux may become
negative here. The last row of Figure 6.4 shows the fields e and @ at time
t = 1.5 exhibiting a large broadening of the rear side of the initial pulse. Note
that this phenomenon cannot be observed in the undamped case, although a
rarefaction wave appears at the rear side of the pulse here. Furthermore the
solution decays rapidly to an equilibrium state.

In the last example which is represented in Figure 6.5 we create the periodic
heat signal
ew(t) =2 — cos(8mt) (6.4.19)

at the lower boundary. The initial data are again ey = 1 and @y = 0.
The left and right columns show the effect of zero damping (7 — o0) and
high damping (g = 0.5), respectively. The first two rows of Figure 6.5
depict the boundary data. Note again that only ey (t) is prescribed but
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Qw (t) is calculated according to (6.4.15)-(6.4.17). Surprisingly even in this
example Qu (t) meets the value @) that we obtain by the Dreyer-Seelecke
condition with e, (t) = eg =1, Q4 (t) = Qo = 0 and e_(t) = ey (1), at least
in the undamped case. The damped case requires a more detailed study.
The last two rows illustrate the solution at time ¢t = 1.5 for 0 < x < 1.5.
The formation and steepening of shock fronts is clearly visible. As before,
we observe regions in space with a negative heat flux which is due to the
damping.

ENERGY- DENSI TY eW HEAT- FLUX QW
3.5 1.5
r
3 1.25
1
2.5 0.75
o 2 o 0.5
15 0.25
0
1 0.25
0 0.20.40.60.8 T.2 1.4 0 0.20.40.60.8 I.21.4
t-coordi nate t-coordi nate
3 ENERGY- DENSI TY at t=0.5 15 HEAT- FLUX at t=0.5
3 1.25
1
2.5 0.75
o 2 o 0.5
1.5 0. 25
0
1 0.25
0 0.20.40.6 0.8 T.2 1.4 0 0.20.40.60.8 .2 1.4
x- coor di nat e X-coordi nat e
3 ENERGY- DENSI TY at t=1.5 15 HEAT- FLUX at t=1.5
3 1.25
. /
2:5 / 0.75 I
o 2 o 0.5 //
1.5 / 0.25

// 0 A//

L / 0.25
0 0.20.40.60.8 1.2 1.4 0 0.20.40.60.8 1.2 1.4
x-coordi nat e x-coordi nat e

Figure 6.3: Creation of a heat pulse for 7z — oco. First row: boundary data
for the energy density and the resulting heat flux, second and third row:
energy density and heat flux at time ¢ = 0.5 and at ¢t = 1.5, respectively.
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/

L~

0 0.20.40.6 0.8
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Figure 6.4: Creation of a heat pulse for 7 = 0.5. First row: boundary data
for the energy density and the resulting heat flux, second and third row:
energy density and heat flux at time ¢ = 0.5 and at ¢ = 1.5, respectively.
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Figure 6.5: A periodic boundary condition. Left and right column: 7 — 400

and 7r = 0.5, respectively.



6.4.3 The linear limit

In this section we choose initial- and boundary data so that the solution of
the non-linear system (6.1.1) agrees approximately with the solution of the
linear limit. The latter is obtained from the full system by neclegting terms
of the order Q2. For simplicity we set ¢ = v/3 and consider the case 7 — 0.

The initial data are

1 , 00<x <04 0 , 00<zx<04

ep(r) =4 14+€e , 04<2<08 Qo(z)=¢ —€ , 04<2<038
1 , x> 0.8 0o , x> 0.8

(6.4.20)

Here € > 0 is a fixed positive constant; in particular we choose ¢ = 0.01. At
the boundary we prescribe the energy density to be

ew(t)=1. (6.4.21)

The solution of this problem according to the representation formulas (6.4.5)
and (6.4.6) can be read off from Figure 6.6 for 0 <¢ <1 and 0 <z < 1.

ENERGY-DENSITY HEAT-FLUX

POSITION
POSITION

TIME TIME

Figure 6.6: The nonlinear solution of the IBVP for ¢ = 0.01

The Figure reveals the well known behaviour of a linear wave equation be-
cause € was chosen so that terms of order Q? show no influence. Furthermore
we observe that the prescribed constant boundary data ey = 1 causes a
reflection of the incoming wave from the initial line.

In order to establish agreement with the linear theory we will compare the
solution of the non-linear system (6.1.1) in Figure 6.6 with the solution of its
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linearized form that we study now. The linearized version of (6.1.1) reads

/(edx ~Qdt) =0, /(de —edt)=0. (6.4.22)

o9 Ge)
(6.4.22) leads to the following system of wave equations:

de  0Q

0Q e
o " or or

0, S5+ =0 (6.4.23)

Across a shock with velocity Vi we obtain from (6.4.22) the jump conditions

Viley —e ) =Q4 —Q_ Vi(Qr—Q_)=er —e_, (6.4.24)

These equations immediately imply Vs = +1 or V; = —1, which is a well
known result. In the following we use the jump conditions (6.4.24) in order
to construct the analytical solution of the IBVP from above.

Figure 6.7 shows the piecewise constant analytical solution of the linear prob-
lem. The various regions with constant states (e, @) are bounded by jumps
with slopes +1 and —1 or by the t- and x-axis, respectively.

Figure 6.7: The analytical linear solution of the IBVP for ¢ = 0.01

Due to the small variation of the initial data there is good agreement between
the nonlinear numerical solution of Figure 6.6 and the linear analytical so-
lution of Figure 6.7. Note that the light colors in Figure 6.6 correspond to
small values of the fields while large values are indicated by dark colors.
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6.4.4 The stationary boundary value problem

Finally we study the analytical solution of the stationary boundary value
problem. As before we consider the one-dimensional case. We reduce the lo-
cal three-dimensional system (5.2.6)-(5.2.9) to the stationary one-dimensional
case and obtain

d d,, 1 5  de 3/0\°
Lo- N N=2e-t1-2(X
de 0, dx(c ) TRQ’ 3973 4<ce) ’

(6.4.25)

where e = e(z), @ = Q(z) for 0 <z < L. We prescribe values for e at the
upper and lower boundary, viz.

e_=e(0), e =ce(L). (6.4.26)

The constant Debye velocity is again ¢ = 1. (6.4.25); implies that () =constant,
whereas (6.4.25) leads to the algebraic equation

5 4 3 T

Se— o2 —2@Q2=~y— Q. 4.2
36 3|¢ @ =7 Q (6.4.27)

The boundary conditions at x = 0 and at x = L are used for the determina-
tion of the integration constants v and @)

5 4/, 3 ) b} 4/, 3 2 _ _L
S, 4 e 3, 2yt — 202 =y~ 0. (6428
36 3 ez 4Q v 3€+ 3 T Y ” ( )

Subtracting these equations leads to a single equation for (), namely

g(e_—eJr)—% <\/e2_ —ZQQ— \/63_—%@2) —% =0, (6.4.29)

which may be solved by Newtons method.

The other constant v results then immediately from (6.4.28);. With known
values for () and v we may solve the equation for the energy density e in
(6.4.27). It turns out that the solution only admits the "+” sign and reads

5 (Qx 16 [ Qx R

The same representation can be used in order to solve the mixed boundary
value problem for given e_ and () = (). In this case v can be read off from
the equation (6.4.28); .
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6.5 The correspondence with the ultra-relativistic
Euler equations

Now we are able to explain a correspondence with the (p,u)-subsystem of
the ultra-relativistic Euler equations for both, for the hyperbolic systems as
well as for the kinetic schemes in order to solve them.

We first compare the conservation laws of momentum- and energy for the
ultra-relativistic Euler equations given by (4.4.5),(4.4.6) with the hyperbolic
four-field system in (5.2.6)-(5.2.9). It is sufficient to assume that the field
equations are written down in dimensionless form with ¢ = 1 for the velocity
of light as well as for the Debye velocity. The relaxation term in the mo-
mentum balance (5.2.7) of the four-field system has no counterpart in the
(p, u)-subsystem of the ultra-relativistic Euler equations. Thus we will only
consider the limit 7 — oo without production term on the right-hand side.
The natural domains €, and Q,p, for the (p, u)- and the (e, Q) state space
are given by

Qrel:{(p7u)€RXR3|p>O}v
Qpon = {(¢.Q) € B x B[ Q) < e} (651)

respectively. Then we compare the (p, u)-subsystem with the four-field sys-
tem and make the following ansatz for a transformation between the (p, u)-
and the (e, Q)-state space:

e=p(3+4u?), Q=4puvl+u?. (6.5.2)

The inverse transformation is given by

_l 2 _302 —e u = Q
=3 VAT =3Q7 -] | rxek (6.5.3)

These transformations were already used in (4.5.6) and (4.5.7) in order to
initialize the kinetic scheme of the ultra-relativistic Euler equations for the
next time step. We conclude that the mapping I' : ,¢; — Qpp0n With

I'(p,u) = ( 42(3;%) (6.5.4)

is one-to-one. We can also use (6.5.3) and replace e and Q by p and u in the
flux N;; of the four-field system in (5.2.8). There results with ¢ = 1 for all
i,7 = 1,2,3 the momentum-flux of the ultra-relativistic Euler equations

Note that u = (u', u?, u®)" = —(uy, uz, uz)’, and therefore N;; = N,
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However, there is a deeper reasoning for this analogy. This will be explained
next and will also give a relationship between the kinetic schemes for the
relativistic Euler equations and for the phonon-Bose gas.

First we note that the kinetic schemes in both theories have the same colli-
sionless kinetic transport equations in the free-flight phases. Next we consider
the entropies defined for the reduced phase densities W, (w) and V., (n),
which are also of the same mathematical form in both theories, namely the
zero-component

Sl = § i) as(w)

9B(1,0)

of the reduced entropy four-vector of the relativistic (p, u)-subsystem and

5 4m 1 \7
— 3/4 —
h(quhon> =H f \:[Iphon(n) dS(Il> y U= ? <4O7T3)
9B(1,0)

for the reduced entropy density of the phonon-Bose gas, where w,n € 0B(1,0)
denotes the unit vector field in both cases. In order to maximize the entropy
with four constraints, we also prescribe integral moments of the same mathe-
matical form in both theories, namely the integral moments T% given by
(4.2.36) in the ultra-relativistic theory and the integral moments for e and Q
given by (5.3.4) in the theory of the phonon-Bose gas, both with respect to
the unit sphere 9B(1,0). But due to Proposition 4.12 the Maximum Entropy
problem for the given four constraints leads to a unique Maximum Entropy
phase density. We conclude that the reduced four-field phase densities which
maximize the entropy are the same in both theories up to a transformation
of the state spaces. This transformation is given by (6.5.2). For the kinetic
schemes we obtain

e If T, — oo and 7y = 7y, then the kinetic scheme for the Boltzmann-
Peierls equation given by (5.3.14), (5.3.15) in Section 5.3 reduces to the
scheme for the (p, u)-subsystem of the ultra-relativistic Euler equations
given in Section 4.8 in view of the transformation (6.5.2).

e If 7R — o0 and 7y = Ty, then the kinetic scheme for the hyperbolic
four-field system given in Section 6.3.1 reduces to the scheme for the
(p, u)-subsystem of the ultra-relativistic Euler equations given in Sec-
tion 4.8 in view of the transformation (6.5.2).

e The analogous results follows for the spatial one-dimensional versions
of the kinetic schemes described above, since in both theories the same
integral substitution (4.6.1) could be used in the one-dimensional case.

However, these are only purely mathematical analogies between two totally
different physical applications.
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Thesen zur Habilitationsschrift

Ausgewihlte Anfangs-Randwertprobleme
fiir hyperbolische Systeme und kinetische Gleichungen

1. Die vorliegende Arbeit schldgt in den Kapiteln 2 und 3 eine Briicke
von den mathematischen Grundlagen zur Behandlung der Wellenglei-
chungen zu den Maxwellschen Gleichungen inklusive wichtiger Anwen-
dungsbeispiele. Die Maxwellschen Gleichungen werden sowohl klassisch
als auch im Rahmen der speziellen Relativitidtstheorie mathematisch
beleuchtet, wobei der mitentwickelte Tensorkalkiil auch die Grundlage
fiir die Behandlung der relativistischen Eulergleichungen im folgenden
Kapitel 4 bildet. Obwohl die wesentlichen Einzelresultate der Kapi-
tel 2 und 3 schon in der mathematischen bzw. physikalischen Lite-
ratur behandelt worden sind, hoffen wir doch, mit dieser biindigen und
selbsterkldrenden Einfiithrung der Elektrodynamik von der mathema-
tischen Analysis bis hin zu konkreten physikalischen Anwendungen der
Maxwellschen Gleichungen eine wichtige Liicke geschlossen zu haben.

2. Wihrend der kinetische Zugang zu den klassischen Eulergleichungen
vom analytischen und numerischen Standpunkt aus in der bestehen-
den Literatur umfangreich untersucht worden ist, stellt die kinetische
Behandlung der relativistischen Eulergleichungen noch weitgehendes
Neuland dar. Im Kapitel 4 dieser Arbeit wird hierzu ein wesentlicher
Beitrag geliefert. Die hier dargestellten Eulergleichungen erlauben zwei
Grenzfille, den Ubergang zu den klassischen Eulergleichungen wie auch
den Ubergang zu den sogenannten ultra-relativistischen Eulergleichun-
gen. Die letzteren nehmen eine besonders einfache mathematische
Gestalt an, da die Gleichungen fiir Impuls und Energie ein eigenes Sub-
system bilden, was sich von der Kontinuitdatsgleichung abkoppelt. In
einer Raumdimension 16sen wir fiir die ultra-relativistischen Eulerglei-
chungen das Riemannsche Anfangswertproblem komplett und verglei-
chen es mit verschiedenen numerischen Verfahren. Die hier entwickel-
ten Verfahren erfiillen die diskreten Formulierungen der physikalischen
Erhaltungssétze und liefern insbesondere immer einen positiven Druck
und eine positive Dichte, was auch in der Arbeit gezeigt wird.

3. In den Kapiteln 3 und 4 haben wir Lorentz-invariante Systeme der
speziellen Relativitatstheorie mathematisch untersucht. In den Kapiteln
5 und 6 wird die sogenannte Boltzmann-Peierls Gleichung (BPG) stu-
diert, eine kinetische Evolutionsgleichung, die den Warmetransport in
einem dielektrischen Kristall bei sehr tiefer Temperatur mit Hilfe eines
Phonon-Bose Gases beschreibt, sowie ein aus der BPG abgeleitetes
hyperbolisches Momentensystem.



Die kinetische Theorie der relativistischen Euler Gleichungen und die
kinetische Boltzmann-Peierls Theorie eines Phonon-Bose Gases beschrei-
ben zwar vollig verschiedene physikalische Vorgéange, zeigen aber trotz-
dem weitreichende mathematische Analogien. Diese Analogien werden
in der vorliegenden Schrift schrittweise herausgearbeitet.

. Sowohl das kinetische Verfahren fiir die ultra-relativistischen Euler Glei-
chungen als auch fiir das Phonon-Bose Gas erlauben die Moglichkeit, re-
duzierte Phasendichten, reduzierte Momentenintegrale und reduzierte
Entropien zu finden. Die reduzierten Momentenintegrale sind Integrale
iiber die kompakte Einheitssphéire und damit von wesentlich einfacherer
mathematischer Gestalt als die urspriinglichen 3-fach Momenteninte-
grale, enthalten aber dieselbe thermodynamische Information und las-
sen sich ohne Verwendung von Approximationen rigoros herleiten. Hier-
zu werden die 3-fach Momentenintegrale der kinetischen Phasendichte
in Polarkoordinaten umgeschrieben. Die mathematische Struktur dieser
Integrale erlaubt sodann die explizite Integration des radialen Anteils.
Dabei haben die reduzierten Grofien fiir beide Anwendungen dieselbe
Bauart und lassen sich insbesondere fiir eindimensionale Stromungen
weiter sehr stark vereinfachen. Dieser Zugang kennt kein Analogon in
der klassischen Theorie, d.h. weder die klassische Boltzmann-Gleichung
noch die sogenannte kinetische BGK-Gleichung, eine vereinfachte Vari-
ante der Boltzmann-Gleichung, lassen sich in dieser oder dhnlicher Form
vereinfachen, aber auch nicht die kinetischen Schemata der klassischen
Euler Gleichungen.

. In der relativistischen kinetischen Theorie sowie in der kinetischen The-

orie der Boltzmann-Peierls Gleichung hat man es nur mit Signalgeschwindigkeiten
zu tun, die jeweils durch die Geschwindigkeit des Lichtes bzw. die so-
genannte Debye-Geschwindigkeit global begrenzt sind. Dies hat ver-
schiedene Vorteile fiir die Analysis und Numerik der entsprechenden
kinetischen Schemata, die in der vorliegenden Arbeit ebenfalls genutzt

werden. Die unter den Thesen 4 und 5 genannten Punkte nennen
signifikante Unterschiede zur klassischen Theorie, die ein detailiertes
Studium der hier behandelten nichtklassischen Anwendungen rechtfer-

tigen.

. Die von Jiittner aus physikalischen Uberlegungen gewonnene relativis-
tische Verallgemeinerung der klassischen Maxwellverteilung fiir ein idea-
les Gas wird mathematisch mit Hilfe des Maximum Entropie Prinzips
begriindet. Der von uns gewihlte Zugang zum Maximum Entropie
Prinzip kommt ohne Lagrange-Multiplikatoren aus. FEr zeigt nicht
nur das Erfiilltsein der Entropieungleichung, sondern auch die Ein-
deutigkeit der Phasendichte, die dem Maximum Entropie Prinzip mit
den vorgegebenen Nebenbedingungen geniigt.



Mit diesem Prinzip begriinden wir auch die reduzierten Phasendichten
fiir die ultra-relativistischen Eulergleichungen bzw. fiir das Phonon-
Bose Gas. Wir zeigen, daf§ bis auf eine Transformation im Zustands-
raum die reduzierten Phasendichten fiir das Subsystem der ultra-rela-
tivistischen Eulergleichungen bzw. fiir das hyperbolische 4-Feld Mo-
mentensystem der Boltzmann-Peierls Gleichung {ibereinstimmen. Die
Grundlage hierfiir ist eine vereinfachte Entropie der reduzierten Groflen,
die sich in beiden Anwendungen als dquivalent zu den urspriinglich
gegebenen Entropien herausstellt.

. In den Kapiteln 5 und 6 werden kinetische Verfahren fiir die reduzierte
Boltzmann-Peierls Gleichung und das hyperbolische 4-Feld Momenten-
system der Boltzmann-Peierls Gleichung entwickelt und mit verschiede-
nen analytisch bekannten Testfillen numerisch verglichen. Dabei zeigt
sich eine sehr gute Ubereinstimmung auch fiir die nichttrivialen Test-
falle, die teilweise selbst einer umfangreichen Analysis der entsprechen-
den Erhaltungsgleichungen entspringen. Die Verfahren werden zunéchst
semidiskret bzgl. der Zeit in drei Raumdimensionen formuliert. Deren
weitere Reduktion auf eindimensionale Stromungen fithrt auf einfache
Momentenintegrale tiber das Intervall [—1, 1] sowie auf ein im gesamten
Phasenraum konsistent diskretisiertes kinetisches Verfahren.

. Das oben erwéhnte hyperbolische 4-Feld Momentensystem der Boltz-
mann-Peierls Gleichung weist einen Relaxationsterm in der Impulsbi-
lanz auf. Im Kapitel 6 entwicklen wir in einer Raumdimension ein
kinetisches Schema, das mit diesem Produktionsterm ein vorgegebenes
Anfangs- Randwertproblem erfolgreich 16st. Die Produktionsterme las-
sen sich durch eine geschickte Modifikation der reduzierten Freiflug-
Phasendichte im kinetische Schema beriicksichtigen. Die Behandlung
der weniger einfachen Randbedingung erfolgt durch Einfithrung ge-
eigneter Hilfsfelder in der modifizierten Freiflugphase des kinetischen
Schemas. Die Auswertung von Stetigkeits- und Randbedingungen fiihrt
sodann auf interessante algebraische Gleichungen zur Bestimmung der
Hilfsfelder. Randbedingungen fiir nichtlineare hyperbolische Erhaltungs-
gleichungen stellen uns vor schwierige mathematische Aufgaben, und
bis jetzt ist die mathematische Analysis sowie die Entwicklung geeigneter
numerischer Verfahren fiir Anfangs-Randwertprobleme nur in Spezial-
fallen moglich. Die vom Autor dieser Arbeit entwickelte kinetische Hil-
fsfeldmethode ist nun nicht nur fiir die oben genannte Anwendung gut
geeignet, sondern konnte inzwischen auch von Dreyer, Herrmann et al.
zur Losung der klassischen Eulergleichungen mit den Randbedingungen
fiir einen beschleunigten Kolben erfolgreich erweitert werden.

(Dr. rer. nat. Matthias Kunik)



