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Abstract

We construct first-order relativistic dissipative hydrodynamics as a slow dynamics
that is defined on the invariant manifold spanned by the zero modes of the relativis-
tic Boltzmann equation, on the basis of the renormalization-group (RG) method in
a systematic manner with no ad-hoc assumption. The resultant equation uniquely
leads to the one in the energy frame proposed by Landau and Lifshitz, provided that
the macroscopic-frame vector, which defines the local rest frame of the flow velocity, is
independent of the momenta of constituent particles, as it should. We argue that the
relativistic hydrodynamic equations for viscous fluids must be defined on the energy
frame if it is consistent with the underlying relativistic kinetic equation. Further-
more, we develop the doublet scheme, i.e., a generic framework in the RG method
to extract a mesoscopic dynamics from an evolution equation by incorporating some
excited (fast) modes as additional components to the invariant manifold originally
spanned by the zero modes. Our equation derived from the relativistic Boltzmann
equation by the doublet scheme in the RG method has the same form as Israel-
Stewart’s fourteen-moment equation in the energy frame, i.e., a typical equation of
second-order relativistic dissipative hydrodynamics, but the microscopic formulae of
the coefficients, e.g., the transport coefficients and relaxation times, are different. It
is found that our theory leads to the same expressions for the transport coefficients
as given by the Chapman-Enskog expansion method in contrast to Israel-Stewart’s
equation, and suggests novel formulae of the relaxation times expressed in terms of
relaxation functions which allow a natural physical interpretation of the relaxation
times.
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Chapter 1

Introduction

Today, the quantum chromodynamics (QCD) is believed to be a fundamental theory
for the strong interactions among quarks and gluons which make up hadrons such as
the proton, neutron, or pion. The quarks are elementary fermions that carry three
kinds of the color charges (red, green, and blue) [1], while the gluons are elementary
bosons that act as the exchange particles for the strong force between the color-
charged quarks in an analogous way to the exchange of photons in the electromagnetic
force between two charged particles. Furthermore, the gluons themselves carry the
color charges, unlike the colorless photon, and therefore participate in the strong
interaction in addition to mediating it. A rotation in the color space is called the gauge
transformation. The QCD Lagrangian is constructed in such a way that this gauge (or
color) symmetry is respected, and hence is given as that of a non-abelian SU(3) gauge
theory with quark field ¢(z) (fundamental representation of SU(3)) and gluon filed
A, (z) (adjoint representation of SU(3)) [2, 3, 4, 5]. Although the color charges might
be observed just like the electromagnetic charges, any single colored object has never
been detected. This mysterious phenomenon is called the color confinement [6, 7, 8, 9]:
Quarks and gluons are confined insides hadrons to form color singlet (white) states.
Another symmetry possessed by QCD is the chiral symmetry [10]: Quarks have the
quantum number of flavor besides color. In the limit of the massless u- and d- quarks,
the QCD Lagrangian is invariant under SUL(2) x SUg(2) transformation in the flavor
space. This symmetry, however, is broken spontaneously by the appearance of the
chiral condensate ( 7 ¢ ) in the vacuum. The massless Nambu-Goldstone bosons, which
should be expected by the Nambu-Goldstone theorem [11, 12|, are provided by the
nearly massless pions.

Numerical simulations based on the lattice QCD [13] and some model calcula-
tions suggest that at high enough temperature, there exists another phase called the
quark-gluon plasma (QGP), where quarks and gluons are not confined in hadrons any
longer and the chiral symmetry gets restored. The high-temperature QGP phase and
the low-temperature normal phase are separated by the two phase transitions, i.e.,
the confinement-deconfinement transition and the chiral transition. The two phase
transitions are predicted to occur at the almost same temperature, 7' ~ 170 MeV
[13], which is so high that an extreme condition is needed for appearance of the QGP.
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CHAPTER 1. INTRODUCTION

The condition could be fulfilled in the early universe, and the QGP is expected to
have existed until the universe was cooled down to the transition temperature.

Experimental attempts to create the QGP in the laboratory and measure its
properties have been carried out for more than 25 years. When two heavy nuclei are
accelerated to very high energy and collided with each other, there will appear a high
temperature strong matter. In fact, in the Relativistic Heavy Ion Collider (RHIC)
at Brookhaven National Laboratory [14], the acceleration energy of 200 GeV/A is
possible, which is estimated to be energetic enough to produce the QGP.

Many theorists have concluded that the RHIC data provides sufficient evidence
that the QGP has indeed been observed [15]. Furthermore, they have also stated
that detailed analyses of the data make it clear that the QGP has properties that
are surprising, and not yet fully understood in terms of the early expectations for the
QGP. For example, it was often stated, prior to the RHIC data, that the QGP should
behave like an ideal gas of quarks and gluons (i.e., like a weakly-coupled plasma state).
However, the dynamical evolution of the hot and/or dense QCD matter produced in
the RHIC can be well described by relativistic hydrodynamics with no dissipative
effects [16, 17]. This fact indicates that the QGP behaves more like an ideal fluid,
in analogy to a strongly coupled plasma state. Some theorists have referred to this
state as the strongly-coupled quark-gluon plasma, or sQGP [18, 19, 20, 21, 22, 23]. It
seems to be the case also for the created matter in the Large Hadron Collider (LHC)
in European Organization for Nuclear Research (CERN); see, for example, [24, 25].

The suggestion that the created matter at RHIC and LHC may have only a tiny
viscosity prompted an interest in the origin of the viscosity in the created matter
to be described using the relativistic quantum field theory and also the relativistic
dissipative hydrodynamic equation. We note that since the created matter expands,
the proper dynamics for the description may change from hydrodynamics to kinetic
one and vice versa [25, 26, 27, 28, 29, 30].

The relativistic dissipative hydrodynamics is also relevant to the soft-mode dy-
namics [31, 32, 33] around the possible critical point(s) in QCD phase diagram [34, 35];
see [36] for the latest up date. Moreover, the relativistic dissipative hydrodynamic
equation has been also applied to various high-energy astrophysical phenomena [37],
e.g., the accelerated expansion of the universe caused by the bulk viscosity of dark
matter and/or dark energy [38, 39].

It is, however, noteworthy that we have not necessarily reached a full understand-
ing of the theory of relativistic hydrodynamics for viscous fluids, although there have
been many important studies since Eckart’s pioneering work [40].

1.1 Fundamental three problems with relativistic
dissipative hydrodynamics

We may summarize the fundamental problems on the relativistic dissipative hydro-
dynamic equations as follows: (a) ambiguities and ad-hoc ansatz in the definition of
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1.1. FUNDAMENTAL THREE PROBLEMS WITH RELATIVISTIC
DISSIPATIVE HYDRODYNAMICS

the flow velocity [40, 41, 42, 43, 44]; (b) unphysical instabilities of the equilibrium
state [45, 46]; (c) lack of causality [47, 48, 49, 50].

(a) The form of the relativistic dissipative hydrodynamic equation depends on the
definition of the flow velocity, which is equivalent to the choice of the local rest frame
of the fluid. Typical rest frames include the particle frame and the energy frame, and a
phenomenological equation for the respective frame is constructed by Eckart [40] and
Landau and Lifshitz [41], respectively. Here, the phenomenological construction is
based on the following three ingredients: the particle-number and energy-momentum
conservation laws; the law of the increase in entropy; some specific assumptions on
the choice of the flow. The first and second points are reasonable and used also
in the construction of the non-relativistic Navier-Stokes equation, while the third
point is specific for the relativistic case. To be more explicit, let 7" and § N* be the
dissipative part of the energy-momentum tensor and the particle current, respectively.
The point is that the forms of 67" and dN* are not determined uniquely only by
the particleenumber and energy-momentum conservation laws and the law of the
increase in entropy without some physical ansatz involving the flow velocity v, with
u, u = g"™u,u, =1 and ¢g" = diag(+1, —1, —1, —1): The implicit assumptions
made by Eckart [40] are

i oe =wu, 6T" u, =0, 1.1.1

I
(i)  on=u,ON* =0, (1.1.2)
(i) v, = A 0N =0, (1.1.3)

where A, = g, —u, u,. The condition (i) claims the absence of the internal energy
de of the dissipative origin, while (ii) and (iii) require no dissipative particle-number
density dn and current v*, respectively. On the other hand, those of Landau and
Lifshitz [41] consist of (i), (ii), and

(iv)  Qu=A,, 0T u,=0. (1.1.4)

In physical terms, (i) and (iv) claim the absence of the internal energy de and current
Q" of dissipative origin. As one sees, the first two ansatz are common for the two
equations, and the third ones ((iii) and (iv)) are supposed to specify the respective
local rest frame of the flow velocity. We note that the conditions (iii) and (iv) and
hence the two of frames specified by these conditions can not be connected with each
other by a Lorentz transformation. It is here noteworthy that there is a proposal by
Stewart [42] for the condition for the particle frame, as given by (ii), (iii), and

(V) 0T, = de —36p =0, (1.1.5)

where 6p = —A,, 6T /3 is the dissipative pressure to be identified with the standard
bulk pressure. Here, the condition (i) of Eckart is replaced by the different one
(v), which claims a constraint between the dissipative internal energy de and the
dissipative pressure dp. One may ask if both the Eckart and Stewart ansatz make sense
or not. It is noteworthy that the most general derivation [51] of the hydrodynamic
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CHAPTER 1. INTRODUCTION

equation on the basis of the phenomenological argument gives a class of equations
which can allow the existence of the dissipative internal energy de and the dissipative
particle-number density dn as well as the standard dissipative pressure dp, as shown
by the present author and Kunihiro [51].

(b) There arises an unphysical instability of the equilibrium state caused by a spe-
cial form of the constitutive equation involving the heat flux conventionally adopted
in the Eckart (particle) frame [45, 46]. The unphysical instability might be attributed
to the lack of causality, and Israel-Stewart’s formalism is presently being examined
in connection to this problem [52, 53, 54]. Although their equation may get rid of the
instability problem with a choice of the relaxation times as shown in Ref. [45], we em-
phasize that there exists no connection between the unphysical instabilities and the
lack of causality. In fact, the Landau-Lifshitz equation is free from the instabilities
of the equilibrium state in contrast of the Eckart equation. Furthermore, one should
notice that the causal equation by Israel and Stewart is an extended version of the
Eckart equation and hence it can naturally exhibit unphysical instabilities depending
on the values of transport coefficients and relaxation times contained in the equation
[55].

(c) The relativistic dissipative hydrodynamic equations proposed by Eckart, Lan-
dau and Lifshitz, and Stewart, unfortunately, suffer from instantaneous propagation
of information, which ought to be completely prohibited in a consistent relativistic
theory. The origin of this deficiency is the parabolic character of the equations con-
taining the time derivative only in first order [56, 57]. Thus, in order to solve instan-
taneous propagation, we should modify the form of the equations to the hyperbolic
equation by additional terms which contains the second-order time-derivative. These
terms are so-called relaxation terms. In 1967, Miiller [58, 59] proposed a method to
introduce relaxation terms to the original equations in a logically satisfying way, in
the context of non-relativistic thermodynamics, where the causality problem also ex-
ists: Miiller showed that instantaneous propagation lies in the conventional theory’s
neglect of terms of second order in heat flow and viscous stress in the expression
for the entropy. Restoring these terms, Miiller derived a modified version of the
Navier-Stokes equation with relaxation terms. Miiller’s theory was rediscovered and
extended to relativistic fluid by Israel [49] in 1976. The causal equations are called
the second-order hydrodynamic equation, while the Eckart, Landu and Lifshitz, and
Stewart equations the first-order equation. In 1996, Jou and his collaborators [60, 61]
called the description by the second-order equation mesoscopic since it occupies an
intermediate level between the descriptions by hydrodynamics and kinetic theory.
In fact, in the fields of the non-relativistic fluid, Miiller’s second-order equation has
been applied to various kinetic problems, e.g., in plasma and in photon transport,
whose dynamics often cannot be described by the Navier-Stokes equation because
the systems are not close to equilibrium state. Since the advent of Israel’s second-
order hydrodynamic equation, a number of papers on this subject have appeared
(62, 63, 64, 65, 66, 67, 68], but the proper form of second-order equation has not yet
been definitely determined. This is because the Miiller and Israel methods inherently
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1.2.  HYDRODYNAMICS AS INFRARED ASYMPTOTIC DYNAMICS OF
KINETIC THEORY

cannot restrict the form of the equation to a unique form.

1.2  Hydrodynamics as infrared asymptotic dy-
namics of kinetic theory

We note the hierarchy of the dynamics of the time evolution of a many-body sys-
tem: In the beginning of the time evolution of a prepared state, the whole dynamical
evolution of the system will be governed by Hamiltonian dynamics that is time-
reversal invariant. When the system becomes old, the dynamics is relaxed to the
kinetic regime, where the time-evolution system is well described by a truncation of
the BBGKY (Bogoliubov-Born-Green-Kirkwood-Yvon) hierarchy [69, 70, 71, 72]; the
Boltzmann equation composed of one-body distribution function describes a coarse
grained slower dynamics, in which time-reversal invariance is lost. Then, as the
system is further relaxed, the time evolution will be described in terms of the hydro-
dynamic quantities, i.e., the flow velocity, the particle-number density, and the local
temperature. In this sense, the hydrodynamics is the infrared asymptotic dynamics
of the kinetic equation.

For obtaining the proper relativistic hydrodynamic equation, it is a legitimate
and natural way to start with the relativistic Boltzmann equation which is Lorentz
invariant and expected to be free from causality problem [47, 48]; moreover, appar-
ent instability is not known for numerical simulations of the relativistic Boltzmann
equation, as far as we are aware of, and the stability is proved at least for the lin-
earized version of it [73, 74]. We note that such an approach is important also for
a systematic analysis of RHIC/LHC data, because the proper dynamics for the de-
scription may change from hydrodynamics to kinetic one and vice versa, as mentioned
above. Indeed, there have been some vigorous attempts to derive the phenomeno-
logical equations from the relativistic Boltzmann equation; for instance, with use of
the Chapman-Enskog expansion method [47, 48, 75] and the Maxwell-Grad moment
method [47, 48, 50, 76]. We would say, however, that these works in the microscopic
approaches are not fully satisfactory: Although the past works certainly succeeded in
identifying the assumptions and/or approximations to reproduce the known hydro-
dynamic equations by Eckart, Landau and Lifshitz, Stewart, and Israel, the physical
meaning and foundation of these assumptions/approximations remain obscure, and
thus the uniqueness of those hydrodynamic equations has never been elucidated as
the long-wavelength and low-frequency limit of the underlying dynamics. In fact, the
standard derivation of relativistic hydrodynamic equations based on the Chapman-
Enskog expansion or Maxwell-Grad moment method [47, 48] utilizes the ansatz given
by (i)-(v) as the constraints on the distribution function as the solution of the rela-
tivistic Boltzmann equation, rather than consequences of the derivation. Their va-
lidity or the fundamental compatibility with the underlying Boltzmann equation has
never been questioned nor addressed. This unsatisfactory situation rather reveals the
incompleteness of the Chapman-Enskog expansion method and the Maxwell-Grad



CHAPTER 1. INTRODUCTION

moment methods themselves as a reduction theory of the dynamics.

Thus, the form of relativistic dissipative hydrodynamic equations is still contro-
versial and far from being established. The origins of the difficulty of the derivation
are identified as the absence of an appropriate coarse-graining method that keeps
the Lorentz covariance and is applicable to the relativistic Boltzmann equation. It
should be mentioned here that van Kampen [77] applied his reduction theory to derive
a relativistic hydrodynamic equation. The resultant equation was, unfortunately, of
a non-covariant form.

In this thesis, we aim to derive the relativistic dissipative hydrodynamic equation
with a definite frame, a stable equilibrium state, and causality from the relativistic
Boltzmann equation in a more natural and systematic way: For this purpose, it
is essential to adopt a powerful reduction theory of the dynamics [78]. As such a
reduction theory, we take the “renormalization-group (RG) method” [79, 80, 81, 82,
83]. The RG method as formulated in Refs. [81, 82, 83, 84, 85, 86, 87, 88, 89, 90]
is a powerful tool for reducing evolution equations based on the notion of attractive
manifold or invariant manifold [91], which the dynamical variables approach to and
after some time are eventually confined in. In fact, the RG method [81, 82, 83,
84, 85, 86, 87, 88, 89, 90] has been applied to reduce kinetic equations to a slower
dynamics with fewer degrees of freedom, which is realized on the invariant manifold
asymptotically.

It is important to note that the RG method applied to the non-relativistic Boltz-
mann equation successfully leads to the Navier-Stokes equation [87, 88| and the causal
hydrodynamic equation similar to Miiller’s equation [90, 95]: Hatta and Kunihiro [87]
and Kunihiro and the author [88] used the RG method to derive the Navier-Stokes
equation from the non-relativistic Boltzmann equation. An essential point in the
derivation of the Navier-Stokes equation was to utilize five zero modes of the lin-
earized collision operator, which form the invariant manifold on which hydrodynam-
ics is defined; the would-be constant five zero modes, corresponding to temperature,
density, and fluid velocity, acquire the time dependence on the manifold by the RG
equation. Furthermore, Kunihiro and the author [90, 95] applied the RG method to
derive the causal hydrodynamic equation similar to Miiller’s equation as the meso-
scopic dynamics of the non-relativistic Boltzmann equation. Namely, we constructed
the invariant/attractive manifold incorporating some excited (fast) modes as well as
the zero modes of the linearized collision operator, because the mesoscopic dynam-
ics is faster than hydrodynamics that is defined on the invariant manifold originally
spanned by the five zero modes. We showed that the excited modes that should be
adopted are automatically determined from the non-relativistic Boltzmann equation
on the basis of the doublet scheme in the RG method, which is developed based on
the following consistency condition and general principle of the reduction theory of
the dynamics [78]: (A) the resultant dynamics should be consistent with the slow dy-
namics obtained by employing only the zero modes in the asymptotic regime; (B) the
resultant dynamics should be as simple as possible because we are interested to reduce
the dynamics to a simpler one. Here, we note that the principle (B) is the very spirit
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1.3.  RESULTS OF THIS THESIS

of the reduction theory of the dynamics [78], and here the term “simple” is used to
express that the resultant dynamics is described with a fewer number of dynamical
variables and is given by an equation composed of a fewer number of terms.

Thus, the RG method should be most suitable for the present purpose to derive
relativistic dissipative hydrodynamic equations from the relativistic Boltzmann equa-
tion. The present work is simply a relativistic extension of the non-relativistic case
[87, 88, 90, 95]. It is also expected that the physical meanings and the validity of the
ansatz posed in the phenomenological derivation will be elucidated in the process of
the reduction in the RG method.

Although the relativistic Boltzmann equation which we adopt as the kinetic equa-
tion is admittedly suitable only for a dilute gas, it is expected that the derived hydro-
dynamic equation itself can be valid even for dense systems; this is found plausible
if one recalls the universal nature of the Navier-Stokes equation beyond dilute sys-
tems, although it can be also derived [75, 87, 88] from the non-relativistic Boltzmann
equation.

1.3 Results of this thesis

We demonstrate [92, 93, 94, 95, 96, 97] that the relativistic dissipative hydrodynamic
equation derived from the relativistic Boltzmann equation with the RG method has
a manifest Lorentz covariance and does not show any pathological behavior such as
the instability and acausality seen in existing hydrodynamic equations. Furthermore,
we show that the equation satisfies the conditions of fit defining the Landau-Lifshitz
energy frame, i.e., (i), (ii), and (iv): An explicit form of the equation is given as the
set of the continuity equations 9, 7" = 0 and 9, N* = 0 with

™" = eutu” — (p+ CII) A* +2n7t, (1.3.6)
T
Nt = put— N gk (1.3.7)
e+p
and the relaxation equations
IT + 0 IT V-u (1.3.8)
my 1l = =V 3.
Tor ’
0 nT 1
JH AW —J, = — AViar= 1.3.9
e or e+p T ( )
0
T 4 1 APVPO 5T = AMPT N g, (1.3.10)
T

with /01 = w*d,, V¥ = A" 9, and AMP7 = 1/2 (AF? AY7 + AF7 AYP — 2 /3 AW
AP?). Here, the dynamical variables are fourteen fields consisting of the temperature
T, chemical potential u, flow velocity u*, bulk pressure II, heat flux J*, and viscous
pressure 7, where J# and 7 are constrained by u, J* = u, " = 7 = 0 and
™ = w¥F and n, e, and p denote the equations of state, i.e., the particle-number
density, internal energy, and pressure, respectively, which depend on T" and .
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CHAPTER 1. INTRODUCTION

The coefficients ¢, A, n, 71, 77, and 7, in Egs. (1.3.6)-(1.3.10) denote the trans-
port coefficients, i.e., the bulk viscosity, heat conductivity, and shear viscosity, and
relaxation times corresponding to the bulk pressure, heat flux, and viscous pressure,
respectively. The microscopic formulae of the transport coefficients ¢, A, and 7 read

¢ = —fZ—feqnpﬁ,,;H —/ ds Ru(s), (1.3.11)
A= 3T2 Z Lpeagipt g, = /dsRJ (1.3.12)
1
— eq v
"= 72 f T Lo g = /dsR ), (1.3.13)

and those of the relaxation times 71, 77, and 7, are given by

pqr O feq Hpﬁ (q .u) E_l HT fOOOdSSRH(S>

o _ b€ , 1.3.14
" zpq 5 [0 I, £) T, Jo&<ds Ru(s) ( )
- pqr pO feq J“i (q_fb) Eqr J'u,r _ fOO:gSSRJ(S), (1315)
pq pO fp ‘]V£ ‘]V f[] ds RJ('S)
> pgr o 7#“/ E Uu ﬁ T pvr >d R,
o= — pq f i . pa(q : ) iz fOOOS S (8>’ (1316)
qu 0 Jp E q Tpoq Jo'ds Rx(s)

where p, ¢, and r denote the indexes of the momentum, f;4 the local equilibrium
distribution function, E the inverse matrix of the llnearlzed collision operator L,
I, J§, and 70" the mlcroscoplc representations of the bulk pressure, heat flux,
and Viscous pressure, and Ry(s), R;(s), and R, (s) the relaxation functions of them,
respectively. It is found that our theory leads to the same expressions for the transport
coefficients as given by the Chapman-Enskog expansion method [47] and also novel
formulae of the relaxation times in terms of relaxation functions, which allow a natural
physical interpretation of the relaxation times. We note that ¢, A, 0, 71, 77, and 7, are
definite Lorentz-scalar functions with respect to 7" and u, as well as n, e, and p. The
explicit definitions of f54, Ly, n, e, p, I, J¥, 7b¥, Ru(s), Ry(s), and R.(s) will be
shown in Eqs. (2.2.13), (2.3.7), (3.3.2)-(3.3.4), (3.3.8)-(3.3.10), and (3.3.46)-(3.3.48),
respectively.

The distribution function which is explicitly constructed in our theory provides
an ansatz for the functional form of the distribution function which can reproduce
Egs. (1.3.6)-(1.3.10) in the Maxwell-Grad moment method: The obtained ansatz
reads f, = f54(1+ ®,), where @, denote the deviation given by

o, =0F = — Z L I+ J¥ J, + 7 m). (1.3.17)

We note that ® ¥ has a nontrivial p dependence due to the existence of £,!. Thus,
it is obvious that our deviation ® ™ differs from the existing deviations, for instance,
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1.4.  ORGANIZATION OF THIS THESIS

that proposed by Israel and Stewart [50] which is at most bilinear with respect to p,
ie.,

@;JFK + CI>IIDS =a+p"b,+p'p . (1.3.18)

where a, b*, and ¢*¥ denote expansion coefficients.

1.4 Organization of this thesis

This thesis is organized as follows. We shall devote Chap. 2 to preliminaries: In
Sec. 2.1, we make an account of the RG method using a simple non-linear equation,
and briefly present a foundation of the RG method. In Sec. 2.2, we shall summarize
a brief but self-contained account of basic properties of the relativistic Boltzmann
equation. In Sec. 2.3, we clarify the ad-hoc aspects of the ansatz made in the
standard Chapman-Enskog expansion and Maxwell-Grad moment methods for the
derivation of the relativistic dissipative hydrodynamic equations, and present the
microscopic representation of the transport coefficients obtained by the Chapman-
Enskog expansion and Maxwell-Grad moment methods, respectively, which are not
in accord with each others.

In Chap. 3, for analyzing the problems (a) and (b) first, we obtain the first-order
relativistic dissipative hydrodynamics by constructing the distribution function in the
asymptotic regime as the invariant manifold of the dynamical system: In Sec. 3.1,
we introduce a time-like four vector which is called the macroscopic frame vector
defining a Lorentz-covariant coordinate system, prove that the macroscopic frame
vector is nothing but the fluid velocity, and derive the relativistic Boltzmann equation
defined in the covariant coordinate system. In Sec. 3.2, the perturbative expansion of
the distribution function with respect to the spatial derivative is performed with the
zeroth-order being the local equilibrium distribution function; the dissipative effect is
taken into account as a deformation of the distribution function made by the spatial
inhomogeneity as the perturbation. In Sec. 3.3, we examine some properties of the
resultant equation, concerning the frame, the stability of the equilibrium state, and
the transport coefficients.

In Chap. 4, we report on our attempt to examine the problem (c¢) by constructing
the second-order relativistic dissipative hydrodynamics as the mesoscopic dynamics
of the relativistic Boltzmann equation: In Sec. 4.1, we develop the doublet scheme,
i.e., a generic framework in the RG method to extract the mesoscopic dynamics from
an evolution equation by constructing the invariant/attractive manifold incorporating
some excited modes as well as the zero modes. It turns out that the number and form
of the excited modes that should be included in the invariant/attractive manifold are
uniquely determined by the doublet scheme. In Sec. 4.2, we apply the doublet scheme
to extract the mesoscopic dynamics of the relativistic Boltzmann equation. Then, we
examine some properties of the resultant equation, concerning the causality and the
relaxation times as well as the frame, the stability of the equilibrium state, and the
transport coefficients.

13



CHAPTER 1. INTRODUCTION

We devote Chap. 5 to summary and concluding remarks for Chap. 3 and 4.

In Appendix A, we summarize a detailed derivation of formulae used in this thesis.
We devote Appendix B to the presentation of extracting the mesoscopic dynamics
from a two-dimensional differential equation. Furthermore, in Appendix C, we apply
the RG method to the derivation of the causal non-relativistic dissipative hydrody-
namics as the mesoscopic dynamics of the non-relativistic Boltzmann equation.

In this thesis, we use the natural unit, i.e., A =c=kg = 1.

14



Chapter 2

Preliminaries

In this chapter, we shall explain the followings as preliminaries: In Sec. 2.1, we make
an account of the RG method. In Sec. 2.2, we shall summarize a brief but self-
contained account of basic properties of the relativistic Boltzmann equation. In Sec.
2.3, we clarify the ad-hoc aspects of the ansatz made in the standard Chapman-Enskog
expansion and Maxwell-Grad moment methods for the derivation of the relativistic
dissipative hydrodynamic equations.

2.1 Renormalization-group method

Our approach is heavily based on the reduction theory of dynamics called the renor-
malization -group (RG) method [79, 80, 81, 82, 83, 86], and the reliability of our theory
is assured by the reliability of the method. It is nice [83, 86] that the RG method
can be formulated as an elementary way of construction of the invariant/attractive
manifold of dynamical systems; it not only leads to asymptotic dynamics of a given
equation but also extract explicitly the differential equations governing the would-be
constants appearing in the solution to the differential equation.

In this section, we first make an account of the RG method using a simple non-
linear equation, i.e., van der Pol equation with a limit cycle. Then, we briefly present
a foundation of the RG method. A detailed account of the RG method including its
foundation may be seen in Refs. [81, 83, 85, 86] or review articles [88, 89].

2.1.1 RG method applied to van der Pol equation

Let us take the van der Pol equation which admits a limit cycle:

d?z dz
— t+r=e(l—2%) — 2.1.1
S tr=e(l-a) (2.1.1)
where € is supposed to be small.
Let &(t; to) be a local solution around ¢ ~ Vi, and represent it as a perturbation

series;

F(t; tg) = To(t; to) +eTy(t; to) + € Ta(t; to) +---. (2.1.2)
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CHAPTER 2. PRELIMINARIES

In the RG method, the initial value W () matters: We suppose that an exact solution
is given by x(¢) and the initial value of Z(t; ty) at t = t; is set up to be x(tp); i.e.,

W(to) = z(to; to) = (o). (2.1.3)
The initial value as the exact solution should be also expanded as
W(tg) = W0<t0) + 6W1(t0) + 62 W2<t0) + - (214)

The RG method is actually the method to obtain the initial value W (¢) as an exact
solution or approximate solution valid in a global domain asymptotically.
The zeroth-order equation reads

2

d

and its solution can be written as

Here, we have made it explicit that the integral constants A and 6 may depend on
the initial time ¢,. The initial value reads

Wolte) = do(te; to) = Alte) cos(ty + 0(to)). (2.1.7)

The equation for ; reads

LE(t; tg) = —A(to) <1 - AQY”) sin(t + 0(to)) + Agit()) sin(3 (¢ + 0(to))).(2.1.8)

Notice that the first term in the right-hand side is a zero mode of the linear operator £
appearing in the left-hand side. Thus, the special solution to this equation necessarily
contains a secular term which is given by ¢ times a zero mode of L. Since we have
supposed that the initial value at ¢ = 3 is on an exact solution, the corrections from
the zeroth-order solution should be as small as possible. This condition is realized
by setting the secular terms appearing in the higher orders vanish at ¢t = ¢y, which is
possible because we can add freely zero mode solutions to a special solution. Thus,
the first-order solution is uniquely written as

Bt to) = (E—to) A(;O) (1 _ AZSO)> sin(t + 0(t)) — Az(;@ sin(3 (t + 0(t0)))-

(2.1.9)

Notice that the secular term surely vanishes at ¢ = to in Eq. (2.1.9), implying that
its initial value at ¢ = ¢y reads

A3(to)
32

Wi(to) = Z1(to; to) = — sin(3 (to + 0(t0)))- (2.1.10)
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The perturbative solution up to this order reads Z(¢; to) = To(t; to) + € Z1(t; to),
which becomes, however, invalid when |t — ¢y| becomes large, because of the secular
term.

Now notice that the function Z(¢; o) corresponds to a curve drawn in the (¢, x)
plane for each to; in other words, we have a family of curves represented by Z(t; tg) in
the (¢, =) plane, a member of which is parametrized by ;. An important observation
is that each curve is close to the exact solution in the neighborhood of ¢ = ¢;. Thus,
an idea is that the envelope curve of the family of curves should give a global solution.
The envelope curve can be constructed by solving the following equation

(t; to)

-0, (2.1.11)

—
Oty t—t

which leads to the following equations for A(t) and 6(t),

dA Al A2

£ L= 2.1.12
a2 < 1 ) (2.1.12)
do

< _ 2.1.1

& 0 (2.1.13)

These equation are readily solved, and one sees that as ¢t — 0o, A(t) — 2 asymptoti-
cally, meaning the existence of a limit cycle with a radius 2.
The resultant envelope function as a global solution is given by

3
rp(t) =2(t; t) = W(t) = A(t) cos(t +6(t)) — e Ag;t) sin(3 (t+6(¢))), (2.1.14)
with A(t) and 6(t) being the solution of Eqs. (2.1.12) and (2.1.13), respectively. Thus,
we have succeeded in not only obtaining the asymptotic solution as whole but also
extracting the slow variables A(t) and 6(t) explicitly and their governing equations.
However, there is a problem left: Does xg(t) = Z(t; t) = W(t) indeed satisfy the
original differential equation (2.1.1)7 We give here a proof for that [81, 83]. First let
us rewrite Eq. (2.1.1) into a coupled equation of the first order:

dy
— =F(y; 2.1.15
o = Flyse), ( )
where
y = (@ =1, g =dz/dt), (2.1.16)
F = g —q+e(1-q)q) (2.1.17)

We have an approximate local solution to Eq. (2.1.15) gy(¢; to) around ¢ = ¢y up to
O(€™), corresponding to Z(t; to);

D9t 10) = (@1 10); )+ O, (2118)
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Now, the RG/envelope equation implies that

0

a—toy(t; t)| =0 (2.1.19)

to=t
The envelope function yg(t) corresponding to xg(t) is defined by
yu(t) = G(t; 1). (2.1.20)

It is now easy to show that yg(t) satisfies Eq. (2.1.15) for arbitrary ¢ up to the same
order as g(t;ty) does locally: In fact, for an arbitrary t,

dyg(?) _ Q~ . i~ .
sranll i AGRL) to:tJratoy(t’ to) -
0 .
- ay(tv tO) ot
= F(g(t;t); )+ O(e)
= F(yg(t); ) + O("™). (2.1.21)

This completes the proof. Here, Egs. (2.1.18) and (2.1.19) have been used together
with the definition of yg(¢) shown in Eq. (2.1.20). It should be stressed that Eq.
(2.1.21) is valid uniformly V¢, i.e., in the global domain of ¢, in contrast to Eq. (2.1.18)
which is in a local domain around t = ¢,.

We can summarize what we have done as follows: When there exist zero modes
of the unperturbed operator, the higher-order corrections may cause secular terms,
which are renormalized into the integral constants in the zeroth-order solution by
the RG/envelope equation (2.1.11), and thereby the would-be integral constants are
lifted to dynamical but slow variables.

2.1.2 Foundation of RG method

Now we present a foundation to the RG method using a Wilsonian equation [98, 99,
100] or flow equation by Wegner [101].
Let us take the following n-dimensional equation;

ng — F(X, 1), (2.1.22)

where n may be infinity. Let X (t) = W (t) be an yet unknown exact solution to Eq.
(2.1.22), and we try to solve the equation with the initial condition at ¢ = Vio;

X(t=ty) = Wi(ty). (2.1.23)

Then, the solution may be written as X (t; to, W (to)).
Now the basis of the RG method lies in the fact that W (ty) can be determined
on the basis of a simple fact of differential equations. We notice that when the initial
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point is shifted to t{, the resultant solution should be the same as long as W (¢) is an
exact solution, i.e.,

Taking the limit ¢, — to, we have

iX 09X 0X dw
— . =0. 2.1.2
o~ o Tow ag (2.1.25)

This equation gives an evolution equation or the flow equation of the initial value
W (to). This equation has the same form as and corresponds to the non-perturbative
RG equations (flow equations) by Wilson [98, 99, 100], Wegner-Houghton [101], and so
on, in quantum field theory and statistical physics: The ’initial time’ ¢y corresponds
to (the logarithm of) the renormalization point. We emphasize that the equation
(2.1.25) is exact; we have no recourse to any perturbation theory so far.

The problem is to construct the seed of the RG equation (2.1.25), i.e., X (t; t,
W (to)). For that, let us take the perturbation theory. In this case, X (t; to, W (to))
and X (t; t;, W(t;)) may be valid only for ¢t ~ ¢, and t ~ t;, which condition is
naturally satisfied when ¢ty < ¢t < ¢{ (or t; < t < ty) because the limit ¢[ — ¢, is
taken eventually. Thus, when a perturbative expansion is employed for constructing
X(t; to, W(to)), it is necessary to demand

aX|  _0X| | 09X aw
dto Oy, ., OW  diy o

= 0. (2.1.26)

t

to=t to=
which automatically implies the condition that ¢y = t.

We have already suggested an interpretation that this equation can be identified
as a condition to construct an envelope of the curves represented by the unperturbed
solutions with different initial times ty" s [81]: When ty is varied, X (¢; to, W (ty))
gives a family of curves with ¢y being a parameter characterizing curves. Then, Eq.
(2.1.26) is a condition to construct the envelope of the family of curves which are
valid only locally around ¢ ~ ty,. The envelope is given by Xg(t) = X(t; ty =
t, W(to =1t)) = W(t), i.e, the initial value. Furthermore, X g(t) satisfies the original
equation (2.1.22) in a global domain up to the order with which X (t; to, W(ty))
satisfies around t ~ t.

2.2 Relativistic Boltzmann equation

In this section, we summarize the basic facts about the relativistic Boltzmann equa-
tion [47] very briefly.

2.2.1 Basics of relativistic Boltzmann equation

The relativistic Boltzmann equation reads [47, 48]

PHoufp(x) = Clf]p(2), (2.2.1)
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where f,(z) denotes the one-particle distribution function with p* being the four-
momentum of the on-shell particle, i.e., p*p, = p* = m? and p° > 0, while C[f],(x)
in the right-hand side of the collision integral

C = — Z Z Z P p1|P2,P3) (fp2<x) fpa(x) _fp(x) fpl(x))v

p1 pl D2 p2 D3

(2.2.2)

with w(p, p1|p2, p3) being the transition probability due to the microscopic two-
particle interaction with the symmetry property

w(p, p1lp2, ps) = w(p2, pslp, ;1) = w(p1, plps, p2) = w(ps, polp1, p), (2.2.3)

and the energy-momentum conservation

w(p, prlpz, ps) o< 6 (p + p1 — P2 — p3). (2.2.4)

To make explicit the correspondence to the general formulation of the reduction
theory given in Refs. [78, 86], we treat the momentum as a discrete variable; apart
from such a formal reasoning, the summation with respect to the momentum may be
interpreted as the integration in practical use as follows:

= /d3q, (2.2.5)

with g being the spatial components of the four momentum ¢*.
For an arbitrary vector ¢,(x), the collision operator satisfies the following identity
thanks to the above-mentioned symmetry properties,

zp:pl()%?p( 2)C[flp(x) = 2,4 Z %: 0 %2: o0 %3: w(p, pi|p2, p3)
(‘Pp( )‘l’SDpl( ) = Ppa(T) — s (2))

X (foo (@) fps (2) = fp(@) fpi (%)) (2.2.6)

Substituting (1, p*) into ¢, (z) in Eq. (2.2.6), we find that (1, p*) are collision invari-

ants satisfying
1
Fc[f]p@) = 0, (22.7)

I,(z) = 0, (2.2.8)

@O\H"@M

S

due to the particle-number and energy-momentum conservation in the collision pro-
cess, respectively. We note that the function g, (z) = a(z)+p* b,(x) is also a collision
invariant where a(x) and b,(z) are arbitrary functions of x. This form is, in fact, the
most general form of a collision invariant [47]; see [48] for a proof.
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Owing to the particle-number and energy-momentum conservation in the collision
process leading to Egs. (2.2.7) and (2.2.8), we have the balance equations for the
particle current N#(z) and the energy-momentum tensor 7" (x),

9, N*(z) zaﬂlz p10 P fp(x)] _— (2.2.9)
0,7 (2) za,,[z Sy fp<x>] _— (22.10)

respectively. It should be noted that any dynamical properties are not contained in
these equations unless the evolution of f,(z) has been obtained as a solution to Eq.

(2.2.1).
In the Boltzmann theory, the entropy current may be defined [47] by

1
St(w) = =30 5P folw) [ (2m)* o) — 1], (2.2.11)
p
where the factor (27)? is necessary owing to our convention (2.2.5) [47]. The entropy
current S*(z) satisfies

0,8() =~ ¥ -5 Clily(a) I (27)° f). (22.12)
due to Eq. (2.2.1). One sees that S*(x) is conserved only if In((27)? f,(z)) is a

collision invariant, i.e., In((27)% f,()) = @op(x) = a(x) + p*by(x). One thus finds
[47, 48] that entropy-conserving distribution function may be parametrized as

1 —ph
fp(x) = 2n)? exp [,u(x) T@)u“(z)l = fy4(x), (2.2.13)
with u#(z)u,(z) = 1. The function (2.2.13) is identified with the local equilibrium
distribution function called the Jiittner function [102], where T'(z), p(x), and u#(x) in
Eq. (2.2.13) are the local temperature, chemical potential, and flow velocity, respec-
tively: We recapitulate the proof of it in Appendix A.1 for completeness, although a
lucid and detailed proof may be found in Ref. [48], where the Gibbs-Duhem relation
as given by

ds = ;de - %dn, (2.2.14)
is taken for granted, where s, e, and n denote the entropy, internal energy, and
particle-number density in the equilibrium state, respectively. The five variables
T(z), p(x), and u*(x) (u*(x)u,(x) = 1) are called hydrodynamic variables. Owing
to the energy-momentum conservation in the collision process, we see that the collision
integral identically vanishes for the local equilibrium distribution f5(z) as

Clf*p(x) = 0. (2.2.15)
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Some remarks are in order here. Van and Biro [43] have recently argued that
the conventional Gibbs-Duhem relation (2.2.14) may be modified so as to contain
the contribution from the thermal flow in the local equilibrium state of a relativistic
system, and given a different interpretation for 7'(z), u(x), and u*(x) in Eq. (2.2.13);
this modified definition of the local equilibrium state, they claim, leads to the rel-
ativistic hydrodynamic equation in the particle frame with the stable equilibrium
state. Although this is certainly an interesting possibility, we will not follow this
novel interpretation in this thesis: We shall make some comments on some related
problem below.

Substituting the Jiittner function f59(z) into the particle current N*(x) and the
energy-momentum tensor 7"”(x) in the balance equations (2.2.9) and (2.2.10), we
have

Nt (z) = n(x)u”(z), (2.2.16)
™ (z) = e(z)u”(x)u”(x) — p(z) A" (x), (2.2.17)

with
A (x) = g — u!(z) v’ (x). (2.2.18)

Here, n(z), e(x), and p(x) have been given by

n(r) = = fo9(x) (p - ulz)

D
= 2n) P47 m? @@ (m)T(2)) 7 Ko(m/T (), (2.2.19)
= 1 “d(z) (p-u(x))? = mn(x —KS(m/T(x))—m z))~?

(@) = X R @) =mnle) | 2R /7))

2.2.20)

(

plz) = > plofiq(ﬂ?) (=P P Ay ()/3) = n(2) T(x), (2.2.21)
p

where we have introduced the second- and third-order modified Bessel functions K5 (z)
and K3(z) defined in Appendix A.2. Tt is remarkable that N*(z) and T""(x) in Egs.
(2.2.16) and (2.2.17) are identical to those in the relativistic Euler equation, which
describes the fluid dynamics with no dissipative effects, and n(z), e(z), and p(x)
defined by Egs. (2.2.19)-(2.2.21) are the equations of state of the dilute gas. Since
the entropy-conserving distribution function f54(x) reproduces the relativistic Euler
equation, we find that the dissipative effect is attributable to the deviation of f,(x)

from f3d(x).

2.3 Chapman-Enskog expansion and Maxwell -
Grad moment methods

To take into account the deviation of f,(x) from f59(x), the Chapman-Enskog ex-
pansion method [47, 48, 75] and Maxwell-Grad moment method [47, 48, 50, 76] have
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been developed independently and often used. In this section, we shall first clarify
the ad-hoc aspects of the ansatz made in the standard Chapman-Enskog expansion
and Maxwell-Grad moment methods for the derivation of the relativistic dissipative
hydrodynamic equations. Then, we shall present the microscopic representation of
the transport coefficients, e.g., the shear viscosity, obtained by the Chapman-Enskog
expansion and Maxwell-Grad moment methods, respectively, and point out that the
representations are not in accord with each other.

2.3.1 Ad-hoc aspect in Chapman-Enskog expansion method

In the Chapman-Enskog expansion method [47, 48, 75|, one starts from the following
form of the relativistic Boltzmann equation,

1

p-u(@) Dfp(x) +p-Vfo(w) = - Clf](2), (2.3.1)

where
D = u"(x)0,, (2.3.2)
V= AM¥(z)0,. (2.3.3)

We should notice the parameter e in front of the right-hand side of Eq. (2.3.1),
which measures the relative strength of the gradient and is called the non-uniformity
parameter. One makes the perturbative expansion with respect to € as follows:

folx) = [0(@) + e fO (@) + € fP () + - = fOx) + 6 f,(x), (2.3.4)

Substituting the perturbative expansion (2.3.4) into Eq. (2.3.1), we can obtain series
of the perturbative equation with respect to e. In fact, it is found that the zeroth-
order solution is given by the local equilibrium distribution function, i.e., the Jittner
function given by Eq. (2.2.13);

Fx) = fi4(=). (2.3.5)

We note that 0 f,(z) defined in Eq. (2.3.4) is identically the deviation of f,(z) from
f54(x), which produces the dissipative effects.

Then, we solve the perturbative equations order by order to construct the explicit
form of §f,(x) up to an arbitrary order of e: For example, the first-order equation
reads

Z Lpg(x) (f54@) T P (@) = (f52@) ™ (- u(@) D+p- V) fi3(x). (2.3.6)
Here, £,,(x) denotes the linearized collision operator given by

9 ar,
ar, Ul . feq(x) fo'(@), (2.3.7)
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whose eigenvectors belonging to the zero eigenvalue are the collision invariants (1, p*).
In fact, by differentiating Eq. (2.2.15) with respect to the five independent variables
w(x)/T(x) and u*(x)/T(x), we can show that

> Log() (1, ¢) = 0. (2.3.8)

Owing to this property of £,,(x), the solution to the linear inhomogeneous equation
(2.3.6) is composed of a sum of the special solution and an arbitrary linear com-
bination of the collision invariants. Thus, we need some appropriate constraints to
determine uniquely the form of the solution to Eq. (2.3.6).

It is customary [47] to assume that the five constraints are given as the following
forms: First, the particle-number density and internal energy in the non-equilibrium
state is the same as those in the local equilibrium state, and set

00) = )| X 5 5] =uo) | S| 239
e(x) = uu(z)u,(z) [Z plopupu fp(g;)] = w,(x) u,(2) [Z plopupu fzfq(x)]'
(2.3.10)
For consistency, one also imposes the constraints to the higher-order terms
w(2) lz plop“ 6fp(x)] _— (2.3.11)
w, () uy () [Z plop“p” (5]‘},(:5)] = 0. (2.3.12)

Then, to obtain the hydrodynamic equation in the particle (Eckart) frame, another
constraint is imposed

A, () [Z plOpV(Sfp(:E)] =0. (2.3.13)

p

Instead, if one wants to obtain the hydrodynamic equation in the energy (Landau-
Lifshitz) frame, one imposes the constraint

A () upy(z) [Z plop” p’ 5fp(a:')] = 0. (2.3.14)

p

These conditions imposed to the distribution function in the higher orders are called
the conditions of fit; the zeroth-order constraint is not a constraint but an identity.
It is noteworthy that although a foundation for them has never been given, such
conditions of fit (2.3.9)-(2.3.14) are also imposed in an ad-hoc way even when the
Maxwell-Grad moment method is adopted [47]. We stress here that these constraints
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are actually equivalent with a strong physical assumption that there are no particle-
number density nor internal energy of the dissipative origin, although the distribution
function in the non-equilibrium state is quite different from that in the local equilib-
rium state. It is, therefore, an urgent but yet unsolved problem to verify or elaborate
these ad-hoc constraints somehow, say, from a microscopic theory, or by experiment,
if possible.

In the RG method which we adopt, one needs no such conditions of fit for deriva-
tion, and rather the correct forms of them are obtained as a property of the derived
equation: We will see that the conditions of fit in the energy frame is compatible
with the underlying relativistic Boltzmann equation and physical, but those in the
particle frame is not.

2.3.2 Ad-hoc aspect in Maxwell-Grad moment method

In the Maxwell-Grad moment method [47, 48, 75|, the distribution function f,(z)
around f;9(z) is expanded as

fol@) = f53(@) (1 + @y(2)), (2.3.15)

where it is assumed that the deviation ®,(x) is small and the second and higher order
can be neglected. Then, the ansatz on ®,(x) is imposed as

D, (z) = a(z) + p" bu(z) + p' " e (z) = O (2). (2.3.16)

Here, a(z), v*(z), and ¢*(z) are expansion coefficients whose z-dependence is not
yet determined nor T'(z), u(x), and u*(x) in fy9(x). Furthermore, we can impose
that

M (x) = *(x), (2.3.17)

. (x) = 0, (2.3.18)

without loss of generality due to the following properties: p* p” = p” p* and p* p, =
m?2. Tt is noted that T'(z), p(x), u*(z), a(z), b*(z), and ¢*(x) are not independent
quantities because the conditions of fit (2.3.11)-(2.3.14) are imposed to the distribu-
tion function (2.3.15). Thus, the total number of independent components of T'(z),
w(x), ut(x), a(z), b*(x), and *(z) is fourteen. In the following, we shall suppress
() when no misunderstanding is expected.

To determine the z-dependence of the fourteen coefficients 7', p, u*, a, b*, and
" we utilize the fourteen-moment equations which are derived by multiplying the
relativistic Boltzmann equation (2.2.1) by appropriate fourteen quantities dependent
on the momentum p, and integrating them with respect to p. In Israel-Stewart’s
theory, the five collision invariants (1, p*) and the second moment p* p” are adopted
as the fourteen quantities: In fact, the number of the independent components of

L pt p'p, (2.3.19)
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is fourteen because of p* p, = m?. The fourteen-moment equations consist of the five
continuity equations

1
> 5 (L) o (fr (14 ®,)) =0, (2.3.20)
p D
and the nine relaxation equations
1 (7NN 780N eq 1 “ oV £eq
> PP Hh(fr(1+a,)) =X ST Ly (2.3.21)
p p q

In the derivation of the relaxation equations, we have used

Clfl, = CIf*Y, + Z af [P, 4+ 0(%) = 13 LD, (2.3.22)

lyegen

where we have utilized Eqgs. (2.2.15) and (2.3.7) and neglected O(®?). Here, we
remark that the relaxation equation (2.3.21) is a unique equation in the moment
method, which is not seen in the Chapman-FEnskog expansion method, and new co-
efficients appearing in the the relaxation equation are called relaxation times.

It is important to note that the derivation of Israel and Stewart contains one
additional approximation besides the expansion (2.3.16) and the conditions of fit
(2.3.11)-(2.3.14): As mentioned above, they utilized the five collision invariants (1, p*)
and the second moment p* p” to extract the equations of motion for the fourteen
independent variables. However, this choice to extract the equations of motion is
ambiguous, because any moment of the relativistic Boltzmann equation will lead to
a closed set of equations, once the expansion and the conditions of fit are applied.
The transport coefficients appearing in the final equations depend on the choice of
the moment. In fact, Denicol et al. [67] proposed the moment method based on an
alternative expansion

1 12
P, = ﬂ (a+p"b,+p'pcu) = @E. (2.3.23)

and the choice of the fourteen independent quantities as

Lop" p/(p-u), p'p”/(p-u). (2.3.24)

This moment method leads us to an equation, whose form is the same as the Israel-
Stewart equation but the coefficients take different values. In the case that the
interactions between each particles can be treated as a hard sphere (a constant dif-
ferential cross section), they showed that for the one-dimensional scaling expansion,
their equation is in better agreement with the numerical solution obtained from the
relativistic Boltzmann equation.
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2.3.3 Microscopic representations of transport coefficients
and relaxation time

Although there exist ado-hoc aspects in the Chapman-Enskog expansion and Maxwell
-Grad moment methods shown in the previous subsections, the microscopic represen-
tation of the transport coefficients can be obtained as the coefficients in the resultant
equation [47, 48, 67]. Here, we discuss the shear viscosity and corresponding relax-
ation time for example.

We give here the shear viscosity obtained by Maxwell-Grad moment method with
the ansatz by Israel-Stewart and Denicol et al., i.e., @;S and @E, respectively,

1 <Z ioﬁgy WPW)Z

= - : (2.3.25)

1 1 2
> L L,
b 1 (pp°p~u” )
n — , (2.3.26)
10T 1 1
> 5 T Lpg Tapo
P’ peu q-u
when
7, 20— up AVo 1 Hv A po
T :(A A —gA A )pppg. (2.3.27)

It is apparent that 7' differs from 1P, and both of ' and 7P are not in agreement
with 7°F, i.e., the shear viscosity obtained by Chapman-Enskog expansion method
which is given by

1 1
CE __ eq _uv p—1
Nt =—— — ATt L T (2.3.28)
1OT p” pO p p Pq

Here, we have introduced Egqu as the inverse matrix of the linearized collision operator
Ly

Next, we present the microscopic representation of the relaxation time correspond-
ing to the shear viscosity by Maxwell-Grad moment method as

1 v
ZE(P'U)WZ Tpuv
™ = -2 , (2.3.29)
— 7P Lo oo
§po p Pq " pp
1 1
> o
0p.qy P ppv
™= - p PP : (2.3.30)
Ziiﬂpaﬁ T L
pq " qpo
7 POpou? q-u
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We note that 7' is also manifestly different from 7P, as well as the shear viscosity.

Furthermore, we note that this discrepancy can be also seen in the other transport co-
efficients, i.e., the bulk viscosity and heat conductivity, and corresponding relaxation
times [47, 48, 67].
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Chapter 3

First-order relativistic dissipative
hydrodynamics

In this chapter, we try to obtain the first-order relativistic dissipative hydrodynamics
by constructing the distribution function in the asymptotic regime as the invariant
manifold of the dynamical system, and thereby analyze the ambiguity of the defi-
nition of the frame and the unphysical instability of the equilibrium state i.e., the
problems (a) and (b) introduced in Chap. 1. In Sec. 3.1, we introduce a time-like
four vector which is called the macroscopic frame vector defining a Lorentz-covariant
coordinate system suitable for describing the slow dynamics, prove that the macro-
scopic frame vector is nothing but the fluid velocity if the macroscopic frame vector
is independent of the momentum p#, and derive the relativistic Boltzmann equation
defined in the covariant coordinate system. In Sec. 3.2, the perturbative expansion of
the distribution function with respect to the spatial derivative is performed with the
zeroth-order being the local equilibrium distribution function; the dissipative effect is
taken into account as a deformation of the distribution function made by the spatial
inhomogeneity as the perturbation. In Sec. 3.3, we examine some properties of the
resultant equation, concerning the frame, the stability of the equilibrium state, and
the transport coefficients.

3.1 Macroscopic-frame vector

In this section, we introduce a macroscopic frame vector to specify a local rest frame
on which the macroscopic dynamics is described: We shall see that the introduction
of the macroscopic frame vector enables us to have a coarse-grained and covariant
equation. As in the standard method like the Chapman-Enskog expansion method
and others [47], we take the spatial inhomogeneity as the origin of the dissipation.
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3.1.1 Macroscopic-frame vector as time-like Lorentz vector

Since we are interested in the hydrodynamic regime where the time and space depen-
dence of the physical quantities are small, we try to solve Eq. (2.2.1) in the situation
where the space-time variation of f,(z) is small and the space-time scales are coarse-
grained from those in the kinetic regime. To make a coarse graining with the Lorentz
covariance being retained, we introduce a time-like Lorentz vector denoted by

a”, (3.1.1)

with a? > 0 and a® > 0 [92, 93], which may depend on z*; a* = a*(z). Thus, a*
specifies the covariant but macroscopic coordinate system where the local rest frame
of the flow velocity and/or the flow velocity itself are defined: Since such a coordinate
system is called frame, we call a* the macroscopic frame vector. In fact, with the use
of a*, we define the covariant and macroscopic coordinate system (7, o*) from the
space-time coordinate z* as

dr

a'dzx,, (3.1.2)
n oV
(g”” _aa ) dz, = A" dx,. (3.1.3)

do*

a?

It is noted that the definitions (3.1.2) and (3.1.3) lead to derivatives given by

0 1
E = Ea“@,“ (314)
ai — AM),. (3.1.5)
w

Although the flow velocity u* is simply adopted as a* to define the frame in
the existing literature, our point is that this choice is mere customary and lacks in
a physical foundation. Thus, we now prove that a* must be proportional to the
flow velocity u*, provided that a* should be independent of the momentum p* and
time-like vector with the Lorentz covariance.

Noting that u* and 0" are the only available Lorentz vectors at hand, we see that
the generic form of a Lorentz-covariant vector reads

a' = Ajut + Ay 0MT + Az M+ Agu” O, ut, (3.1.6)

where A; with ¢ = 1, 2, 3, 4 are arbitrary Lorentz-scalar functions of the temperature
and the chemical potential; A; = A;(T, n). Now the derivative O* can be decomposed
into the time-like and space-like components as 0" = v u” 0, + A* 0, = u* D + VH*,
where A" D, and V* have been defined in Egs. (2.3.2)-(2.2.18), respectively. With
the use of this decomposition, we write Eq. (3.1.6) as

at = (Al -+ Ag DT -+ Ag D,u) ut + Ag VHT -+ Ag VMIU + A4 Du*
Cy(T, p) ut + dw*, (3.1.7)
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with Cy(T, u) = Ay + As DT + A3 Dp and dwt = Ay VPT + A3 VFu + Ay Dut. The
relative magnitudes of Cy(T, ) and dw* are only constrained by the inequality a® > 0
in the present stage.

However, it should be emphasized that the space-like terms with the coefficients
Ay, Az, and A, in dw* are all derivative terms, which are supposed to be small in
the hydrodynamic regime even in the dissipative regime if the dynamics is governed
by the hydrodynamics at all. In fact, the space-like terms with the coefficients A
and Az in dw* are of higher order with respect to the dissipative effect and should
be ignored in the perturbative approach which we adopt, where dissipative effects
are treated as a perturbation. Furthermore, since we start with a stationary solution
with vanishing time-dependence in the RG approach, the term with A, in dw* should
be also ignored in the outset. As will be shown in Sec. 3.3.4, even if we include dw*",
the leading term of dw* in the resultant hydrodynamic equation is of third order with
respect to temporal and spatial gradients of the hydrodynamic variables, which is of
higher order than the dissipative terms in the usual hydrodynamics and negligible.
Thus, we have

a" = Cy(T, p)u", (3.1.8)
with Cy(T, u) > 0, and accordingly
AW = AW (3.1.9)

With the use of this macroscopic frame vector, the covariant and macroscopic co-
ordinate system (7, o#) reads dr = Cy(T, p) u* dz, and do* = A" dzx,. Here, the
“normalization” factor Cy(7, p) is a redundant degree of freedom for the dynamics
because Cy(T, 1) can be always made unity by converting 7 into the new temporal
coordinate 7’ as dr’ = Cy(T, p)~' dr = u* dx,,. Thus, we arrive at

a! =ut. (3.1.10)

This completes the foundation for setting that a* = u*, which has been taken for
granted without a foundation in the literatures so far.

It is remarkable that this natural choice uniquely leads to the hydrodynamic
equation in the energy (Landau-Lifshitz) frame, as will be shown and discussed later
(92, 94]. Conversely, a choice of Cy(T, u) different from unity with a momentum de-
pendence could lead to various hydrodynamic equations other than that of Landau
and Lifshitz, including the one in the particle frame for viscous fluids as was shown
by the present authors [92; 94]. However, it is worth emphasizing that the parti-
cle frame can be only realized when Cy(T, 1) has a peculiar momentum dependence
such as Cy(T, ) = m/(p - u) (@ = (m/(p - w))u*) [92, 94]. In retrospect, how-
ever, the possible momentum dependence of Cy(7T, p) can not be legitimate for a*
to play a macroscopic frame vector, because it means that the covariant and macro-
scopic space-time in the particle frame is defined for a respective particle state with
a definite energy-momentum, which is certainly unnatural and lead to a trouble in a
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physical interpretation. Thus, we naturally require that Cy(T, ) is independent of
the momentum p* and hence a* = u*.

Then, the relativistic Boltzmann equation (2.2.1) in the new coordinate system
(1, o) is written as

p-u(r, o) aanp(T, o)+p-Vi,(r,o)=C[fl,(r, o), (3.1.11)

where u(7, 0) = u*(z) and f,(7, 0) = f,(z). We remark the prefactor of the time
derivative is a Lorentz scalar and positive definite;

p-u(r, o) >0, (3.1.12)

which is easily verified by taking the rest frame of p°.

Since we are interested in a hydrodynamic solution to Eq. (3.1.11) as mentioned
above, we suppose that the time variation of u*(7, o) is much smaller than that of
the microscopic processes and hence u*(7, o) has no 7 dependence, i.e.,

ut (T, o) = ut(o). (3.1.13)
Then, with the use of Eq. (3.1.13), we shall convert Eq. (3.1.11) into
0 1 1
= = - . : 1.14
anp(T7 0) pu(a) C[f]p(7—7 (7) €p~u(0)p pr(T, U) (3 )

Here, the parameter €, which will be set back to unity eventually, represents a measure
of the non-uniformity of the fluid, which may be identified with the ratio of the average
particle distance over the mean free path, i.e., the Knudsen number. Since € appears
in front of the second term of the right-hand side of Eq. (3.1.14), the relativistic
Boltzmann equation has a form to which the perturbative expansion is applicable.

In the present analysis based on the RG method, the perturbative expansion of the
distribution function with respect to € is first performed with the zeroth-order being
the local equilibrium one; the dissipative effect is taken into account as a deformation
of the distribution function made by the spatial inhomogeneity as the perturbation.
Thus, the above rewrite of the equation with e reflects a physical assumption that
only the spatial inhomogeneity is the origin of the dissipation. It is noteworthy
that our RG method applied to the non-relativistic Boltzmann equation with the
corresponding assumption successfully leads to the Navier-Stokes equation [87, 88|,
which means that the present approach [92, 93] is simply a relativistic generalization
of the non-relativistic case.

3.2 Reduction of relativistic Boltzmann equation
to hydrodynamics with RG method

In this section, starting from Eq. (3.1.14) we shall derive the relativistic dissipative
hydrodynamic equation as the infrared asymptotic dynamics of the classical rela-
tivistic Boltzmann equation on the basis of the RG method: The five hydrodynamic
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variables, i.e., the flow velocity, local temperature, and particle-number density (or
chemical potential), naturally correspond to the zero modes of the linearized collision
operator. Then, without recourse to any ansatz such as the conditions of fit given
by Egs. (2.3.9)-(2.3.14), the excited modes which are to modify the local equilib-
rium distribution function are naturally defined in the sense that they are precisely
orthogonal to the zero modes with a properly defined inner product for the distribu-
tion functions. It will be shown on the basis of the inner product that the so-called
Burnett term does not affect the hydrodynamic equation owing to the fact that the
hydrodynamic modes are the zero modes of the linearized collision operator.

3.2.1 Construction of approximate solution around arbi-
trary initial time

In accordance with the general formulation of the RG method [81, 85, 86], we first
try to obtain the perturbative solution f, to Eq. (3.1.14) around the arbitrary initial
time 7 = 7y with the initial value f,(7, 0);

fp(T =T0,0; TO) = fp(7-07 U)a (3'2'1)

where we have made explicit that the solution has the 7y dependence. The initial
value is not yet specified, we suppose that the initial value is on an exact solution.
The initial value as well as the solution is expanded with respect to e as follows;

hr oim) =0, oim)+ef N, oim)+ P, 05m)+--, (3.2.2)
and

fo(m0, 0) = f;go)(To, o) + GfIEI)(To, o)+ € féz)(ro, o)+, (3.2.3)
The respective initial conditions at 7 = 7 are set up as
f;l)(ro, 0 T) = f;”(ro, o), 1=0,1,2---. (3.2.4)

In the expansion, the zeroth-order value f;m (10,05 m0) = féo) (10, o) is supposed to
be as close as possible to an exact solution.

Substituting the above expansions into Eq. (3.1.14) in the 7-independent but
To-dependent coordinate system with

u(o) = u*(o; 7o), (3.2.5)

we obtain the series of the perturbative equations with respect to e.
Now the zeroth-order equation reads

LY S0 .
8Tfp (1,0; 1) = (o 7) Clf"p(r, o3 7). (3.2.6)
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Since we are interested in the slow motion which would be realized asymptotically as
T — 00, we should take the following stationary solution or the fixed point,

0 -~
Efzgm(ﬂ ;1) =0, (3.2.7)
which is realized when
1 _
m O[f(o)]p(’r, (O 7_0) = O, (328)

for arbitrary o. Thus, we see that In fzg(’)(r, 0; Tp) can be represented as a linear
combination of the five collision invariants (1, p*) as mentioned in Sec. 2.2, and
hence flgo) (1, 0; 70) is found to be a local equilibrium distribution function and thus
given by the Jiettner function (2.2.13):

1 exp p(o; 70) — pPuy(o; )
(277)3 T(U§ 7'0)

with w" (o ; 70) u,(0; 70) = 1, which implies that

fOr, o) =

= fy4o; 1) (3.2.9)

00, 0) = [0, 05 70) = [0 5 70). (3.2.10)

It should be noticed that the five would-be integral constants 7'(o ; 79), (o ; 79), and
u,(0; 79) are independent of 7 but may depend on 7y as well as 0. In the following,
we shall suppress the coordinate arguments (o ; 79) and the momentum subscript,
e.g., p when no misunderstanding is expected.

3.2.2 Linearized collision operator and inner product
Now the first-order equation reads

887»7?151)(7') = Ay fq(l)(T) + B, (3.2.11)

where the linear evolution operator A and the inhomogeneous term F' are defined by

1 0
Ay = ——C
Pq pu afq [f]p . feq

= Z Z Z w(p, pilp2, p3)

p U’2' p1 pl P2 p2 P3
X (pzq eq"i_feqamq 5pq feq5p1q) (3.2.12)

1
F, = —— 2.1
P ool Vi, (3.2.13)

respectively.
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To obtain the solution which describes a slow motion, it is convenient to first
analyze the spectral properties of A. For this purpose, we convert A to another linear
operator

= (f;q)il Apq fqeq = [(feq)ilAfeq]pqa (3.2.14)

with the diagonal matrix fid = f790,,; the explicit form of L is given by

Lpyg=——""5; w(p, p1|p2, p3) fp! (Opg + Oprg = Opag — Opsq)-
pq = 0w 2l %: N %: o %: | ) for (Opg + Opig — Opag — Opsq)
(3.2.15)
Here, we have used the identity
w(p, pilp2, p3) fos fog = w(P, P1lp2, P3) F,2 [ (3.2.16)

which follows from Eqs. (2.2.4) and (3.2.9).
Let us define an inner product between arbitrary non-zero vectors ¢ and v by

(02 8)a =2 35 0 0) o0t (3:2.17)
We note that the norm defined through this inner product is positive definite
(0,00 =2 5 0 [ >0, g 40 (3218)
since
(p-u) >0, (3.2.19)

in accord with Eq. (3.1.12). Notice that the other factors than (p-u) in Eq. (3.2.18)
are all positive definite. We shall see that this positive definiteness (3.2.18) of the
inner product plays an essential role in making the resultant hydrodynamic equation
assure the stability of the thermal equilibrium state, as it should be, in contrast to
some phenomenological equations.

With the inner product, it is found that L is self—adjoint

<90,L1/1>eq = —512 Z Z Z w(p, pilp2, p3) £, 1,

p1 pl D2 p2 p3
(9019 + ©p; — Ppy — 90173) (@Z)p + ¢p1 — Ypy — @Z’pg)
= (L, w)eq, (3.2.20)

and semi-negative definite
1

(p,Lp)g = 2,42 Z Z > w(p. pilpz, ps) £, £}

p1 pl P2 p2 p3 3

(@p + ©pr — Ppy — 90103)
0, (3.2.21)

IN
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which means that the eigenvalues of L are zero or negative. In the derivation of Egs.
(3.2.20) and (3.2.21), we have used Egs. (2.2.4) and (3.2.16). We note that the inner
product defined by Eq. (3.2.17) is a unique one which ensures the self-adjoint nature
of L.

The eigenvectors belonging to the zero eigenvalue are found to be

j2 o= p,
o= 3.2.22
7op { 1xm, a=4, ( )

which span the kernel of L and satisfy
(L v5], = 0. (3.2.23)

We call ¢f, the zero modes. It is noted that these zero modes described by the five
vectors are collision invariants shown in Egs. (2.2.7) and (2.2.8), and the factor m in
goép is introduced merely for convenience so that our method can be applied to the
case of massless particles.

Following Ref. [86], we define the projection operator P onto the kernel of L which
is called the P space and the projection operator () onto the QQ space complement to
the P space:

[PY], = 08 M0as (90> ¥ Deqs (3.2.24)
QR = 1-P, (3.2.25)

where 770_;5 is the inverse matrix of the the P-space metric matrix 7y # defined by
6" = (65 00 eq: (3.2.26)

3.2.3 First-order solution

The solution to Eq. (3.2.11) with the initial condition fO(r = ) = fO, ie,

(T =10, 0;7) = fP(0; 1) is expressed as

FO(r) = olr—m)A { FO LA 10 F} +(r—m)PF—AT'QF, (3.2.27)

where we have introduced the modified projection operators

P = fapyfat (3.2.28)
Q = Q[ (3.2.29)

We remark that the first term in Eq. (3.2.27) would be a fast motion coming from
the Q space, which can be simply eliminated by choosing the initial value fV, which
has not yet been specified, as

fO = f(r)=-A"T'QF. (3.2.30)
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Thus, we have the first-order solution
fO()=(r—7)PF-A"QF, (3.2.31)

with the initial value (3.2.30). We notice the appearance of the secular term propor-
tional to 7 — 7y, which apparently invalidates the perturbative solution when |7 — 7|
becomes large. It is worth mentioning that the standard Chapman-Enskog expansion
method includes a set of conditions for making secular terms disappear; the condi-
tions are the solubility conditions of the balance equations (2.2.9) and (2.2.10) [47].
In applying the solubility conditions, one needs apply the ad-hoc constraints on the
distribution function for defining the flow, e.g., Eckart flow or Landau-Lifshitz flow,
as well as the ad-hoc constraints on the particle-number density and internal energy
[47], as given by Eqs. (2.3.9)-(2.3.14). In the present RG method, secular terms are
allowed to appear and no constraints are imposed on the distribution function; rather
the secular terms will be utilized to obtain the slow dynamics.

We remark here that we could apply the RG method here to Eq. (3.2.31), which
will give the relativistic Euler equation without dissipation effects. In fact, by apply-
ing the RG equation to f(1) = fO(r) + ¢ fV(r), we have 9,7 = 9,NOr =
with

TOW = eytu’ —p A, (3.2.32)
NO#w = py, (3.2.33)

where e, p, and n denote the internal energy, pressure, particle-number density defined
in Eqs. (3.3.2)-(3.3.4), respectively. We note that T and NO# coincide with
the energy-momentum tensor and particle current in Eqgs. (2.2.16) and (2.2.17),
respectively. A detailed derivation will be given in the case of the second order in
Sec. 3.2.5.

To get a dissipative hydrodynamic equation, we need to proceed to the second
order in our method.

3.2.4 Second-order solution

The second-order equation is written as

0

Eff) (1) = ququ FO) + (1 = 10)* Gy + (1 — 70) Hy + I, (3.2.34)
where
Gy = ZZ By, [P FI, [P F],, (3.2.35)
By = =335 BW( ,[A" QF), + AT QF],[PF],)
_plup VIPF], (3.2.36)
h=YY; 5 B A7 QF), A7 QP+~ p- VAT QF,, (3:237)

37



CHAPTER 3. FIRST-ORDER RELATIVISTIC DISSIPATIVE
HYDRODYNAMICS

with
1 e
p-u afqafr f fea

- Z Z Z w(p, p1lp2, p3)

P u2' o PSP
(5p2q Opsr + Opar Opsg — 5pq Opyr — Op 5p1q> (3.2.38)

qu'r C[f]l)

The solution to Eq. (3.2.34) is found to be

FO(r) = 4 {f<2> +2A—3QG+A-2QH+A‘1Q1}

FS (=P PG (r—m) {PH-247QG)

+ (1 —70) {P[—QA_QQG—A_lQH}
+{-247QG-AQH - AT QI}. (3.2.39)

Again the would-be fast motion can be eliminated by a choice of the initial value f(?)
so that

fO =fO(r)=-247QG-A2QH-AT"QI. (3.2.40)

Then, we have a second-order solution

1 _ 1 _ _
fO(r) = Sr=m) PG+ (r—m)? {PH-247'QG}

+(r—m){PI-247QG - A" QH}

+{-247QG - AP QH - AT'QI}, (3.2.41)
We notice again the appearance of secular terms and that no constraints on the
solution are imposed for defining the flow, in contrast to the standard Chapman-
Enskog expansion method [47].

Summing up the perturbative solutions up to the second order, we have an ap-
proximate solution around 7 ~ 7y to this order;

fo(r,0570) = F7, 05 m0) + e f0(r, 05 m0) + € fP(7, 05 7) + O(%).
(3.2.42)

We emphasize that this solution contains the secular terms which apparently invali-
dates the perturbative expansion for 7 away from the initial time 7.

3.2.5 RG improvement of perturbative expansion

The point of the RG method lies in the fact that we can utilize the secular terms
to obtain an asymptotic solution valid in a global domain. Following the general
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argument of the RG method presented in Sec. 2.1 we can see that we have a family of
curves f,(7, 0 ; 7o) parameterized with 7o: They are all on the exact solution f, (o ; 7)
at 7 = 79 up to O(e®), but only valid locally for 7 near 7. So it is conceivable that
the envelope of the family of curves which contacts with each local solution at 7 = 7
will give a global solution in our asymptotic situation. The envelope which contact
with any curve in the family at 7 = 7y is obtained by

9 -
a—Tofp(T7 o To) =0, (3.2.43)

TO=T

or explicitly

;{feq—eA‘lc_QF} —ePF-&{PI-2A2QG-A"'QH}+0(e) =0,
(3.2.44)

which gives the equation of motion governing the dynamics of the five slow variables
T(o;7), u(o; 1), and w(o; 7) in f34(o; 7). The global solution in the asymptotic
region is given as an envelope function,

pr(7'>0) = fp(Tvg;TOZT) B
[y 7)) —€e[ATQF] (05 7)
—{2[A7 QG (0; 7) +[A2QH] (05 7)
+[AT7 QI (0 7))+ O, (3.2.45)

where the exact solution of Eq. (3.2.44) is inserted. As proved in Sec. 2.1, the
envelope function fg,(7, o) satisfies Eq. (3.1.14) in a global domain up to O(e?)
owing to the condition (3.2.43), although f,(7, o; 1) itself was constructed as a
local solution around 7 ~ 7. Thus, one sees that fg,(7, o) now describes a coarse-
grained evolution of the one-particle distribution function in Eq. (3.1.14), because
the time-derivatives of the quantities in fg,(7, ) are all in the order of € or higher.
We emphasize that we have derived the slow-motion equation of Eq. (3.1.14) in the
form of the pair of Eqgs. (3.2.44) and (3.2.45).

3.2.6 Reduction of RG equation to simpler form

Now let us see that the RG/envelope equation (3.2.44) is actually the hydrodynamic
equation governing the five slow variables, T'(o; 7), pu(o; 7), and w*(o; 7). To show
this explicitly, we apply P defined in Eq. (3.2.28) from the left and then take the
inner product with the five zero modes ¢j. In this procedure, we first note that
the direct use of the definitions of Eqs. (3.2.24), (3.2.26), and (3.2.28) leads to the
following identity;
1 o [D 1 o
) ] (p-u)wh, [P, =D ] (P - u) Gy Vp- (3.2.46)

p p
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Furthermore, noting that ¢f, are the collision invariants as shown in Eqgs. (2.2.7) and
(2.2.8), we have

5 o 0w, £ X G B (47 Q471 QF),
= Zplo w6, CIATQF], = (3.2.47)

where the definitions of Egs. (2.2.2) and (3.2.38) have been used.
Thus, we have

1

Zp: 0 %6 | (P w) 86; +ep: V] {fe9—€e[ATQF]}+0() =0,  (32.48)

Putting back € = 1, we arrive at

Oudis =0, (3.2.49)
with
1 mw, o eq -1 A
R =3 s, {for—1A71QF),}. (3.2.50)
Here, we have used the identity
0
(p-u) 5= +p-V=p"0, (3.2.51)

which follows from Egs. (3.1.4) and (3.1.5) together with a* = u*. It is noted that
Ji perfectly agrees with the one obtained by inserting the solution fg,(7, o) in Eq.
(3.2.45) into N* and T in Egs. (2.2.9) and (2.2.10):

NF = _1 Jlst - let7 (3252)
™™ = =T (3.2.53)

Therefore, we conclude that Eq. (3.2.49) is identically the relativistic dissipative
hydrodynamic equation: We note that the subscript of “Ist” in Jig, Niy, and T}
means that the obtained equation is in a class of the so-called first-order relativistic
dissipative hydrodynamics. As is well known [47], the first-order equations can be
derived phenomenologically with use of the entropy current which includes dissipative
effects up to the first order.

It is worth mentioning that the problematic Burnett term is absent in Eq. (3.2.48)
thanks to Eq. (3.2.47): The Burnett terms are given as a product of spatial gradients
of T, u, and u*, such as

g
VIV (3.2.54)
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If the Burnett term were to remain, the particlee-number and energy-momentum con-
servation laws are lost; moreover, boundary conditions might have to be taken care
of simultaneously because its magnitude is comparable to the Burnett term [103]. In
fact, the presence of the Burnett term is known to be inevitable when the Chapman-
Enskog expansion method [103] is applied to derive the Navier-Stokes equation from
the non-relativistic Boltzmann equation.

We decompose Jiy into two parts as Jiy = J}SQ“ “ + 0JL, where
O)pa 1 Lo req
Jise =Y 5P e, L (3.2.55)
p P
1 a -1 7 ~po - eq—
g = =Y ﬁp"SOop[A PQF], = (A" LT QN F),,, (3.2.506)
)
with
s = g o 3.2.57
Pip =P @opm- (3.2.57)

Needless to say, Jlst“ “ and §J} represent the currents in the perfect-fluid and dis-

sipative part, respectively. Corresponding to Jlst” “and 6J%, NI, and Tl in Egs.
(3.2.52) and (3.2.53) are decomposed as

Nig = Nl(gt)u“‘éNﬁta (3.2.58)
T = T+ 0T, (3.2.59)
where
Nt = mTh M, (3.2.60)
SNE = m™teJi, (3.2.61)
" = I, (3.2.62)
(3.2.63)

0Tl = oJt.

For later convenience, we present a simpler form of §Jj. First, we note that F
in Eq. (3.2.13) is expressed as

p= = (P m ™ G pp — Pip Vi ) — G X s (3.2.64)

where
X,o =V, Xa, (3.2.65)

with

>
Il

(3.2.66)

—u, /T, a=uv,
m /T, o=4.
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Using the above representation of F' and the identity

(0, L7 Q) =(Qo, LT Q) (3.2.67)

we can reduce the dissipative part dJ%s to the following form:
0t =i’ Xy, (3.2.68)
where
e = (" L") (3.2.69)
Here, we have introduced an important new vector defined by

Py = Q7] (3.2.70)

We call @i the first-excited modes. It is noteworthy that 0Jig is represented as a
product of 74" and X,5: 7/**" has some information about the transport coeffi-
cients, while X, 5 is identical to the corresponding thermodynamic forces.

Finally, we write down the relativistic dissipative hydrodynamic equation defined

in the covariant coordinate system (o ; 7):

1 a d e -1, vB1 v
> 5% [<p ). v] [qu (14! ],,Xyﬁ)] —o. @2
which can be derived straightforwardly from Eqgs. (3.2.48) and (3.2.64). This form of
the relativistic dissipative hydrodynamic equation will be found to play an essential
role in the stability analysis to be presented in Sec. 3.3.3.

3.3 Relativistic dissipative hydrodynamic equa-
tion

In this section, we give explicit forms of the relativistic dissipative hydrodynamic
equations by integrating out the right-hand side of Egs. (3.2.55) and (3.2.56) with
respect to the momentum p*. Then, we examine some properties of the resultant
equation, concerning the frame, the stability of the equilibrium state, and the trans-
port coefficients.

3.3.1 Uniqueness of Landau-Lifshitz energy frame

After the integration, the currents of perfect-fluid part J{SQ“ “ reads

0) o
T =

euu” —pA* = T(S)W, a=v,
{ ot (3.3.1)

(0)p

mnut =m Nqg a =4,
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where e, p, and n denote the internal energy, pressure, and particle-number density,
respectively. These quantities are defined by

n = Zpl fel(p-u) = (2m) P drmiel 27 Ky(2), (3.3.2)
_ 1 W2 =mn K3(Z)_Z—1

e::z:pf e = | - | (333

p = % io P Aw/3) =nT, (3.3.4)

where we have introduced the second- and third-order modified Bessel functions K5 (z)
and K3(z) with z being the dimensionless variable defined by
m

7 (3.3.5)

z

The explicit form of the modified Bessel functions is presented in Eq. (A.2.6) in
Appendix A.2.

Then, we shall now give the explicit representation of §.J/% = nt**? X,5. For this
purpose, we derive an explicit form of n#**? in Eq (3.2.68), which task is tantamount
to obtaining an explicit representation of ¢i’. After a straightforward calculation
presented in Appendix A.2, one can find that ¢}’ are written as

— AR ﬂp + 7, a=v,
ey =9 . (3.3.6)
2h! gy, a=4.
Here, we have introduced pr, J;ﬁ‘, and 17 defined by
A T Apvy — v 1
(I, JI, 7ty = (1L, JY, 7 )p " (3.3.7)
_ /4 2 2 Lo,
L, = (3-7) 0w+ ((-DTh=7T)(p-u) - 5m* (338)
Jh = —((p ) — Tﬁ) A p,, (3.3.9)
T = A" p, p,. (3.3.10)

It is noted that ﬂp, J;‘j, and 7/ belong to the Q space, and II,, J/', and 7/ are
identically the microscopic representations of dissipative currents in the literature
[47]. The definitions of h, v, and A**? used in Egs. (3.3.6)-(3.3.10) are

- e+p
= — = 3.11
h = (3.3.11)
vy = 1+ (2 -h+5h-1)"" (3.3.12)
1 2
A = o (Nﬂ AT+ AN — S A Af"’), (3.3.13)
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where h and v denote the reduced enthalpy per particle and the ratio of the heat
capacities, respectively.
With use of ¢} in Eq. (3.3.6), we can write down nhe? = (phe | L pt? )eq 85

77,il,pVO' — _TCAHP AY? — 2 TTI Aupuo‘j (3314)
ni;pz/4 _ 7]?4#/) — O, (3315)
n,i;41/4 _ T2 A 22 iL—Q AHY (3316)

Here, we have introduced the transport coefficients, i.e., the bulk viscosity ¢, the heat
conductivity A\, and the shear viscosity n given by

¢ = —T<H,L‘1 Deq (3.3.17)
1 1A
A= 3?< HLT ) e (3.3.18)
1 .
n = HTTWL s L7 R Yoy (3.3.19)

respectively. In the derivations of Eqgs. (3.3.14)-(3.3.16), we have used the following
identities
1

< jH ’ L—l jz/ >eq _ g ARV < ja : L—l ja >eq7 (3320)
1
<7¢ruu 7 Lfl PO >eq — g /\HVPT <7A_‘,ab7 Lfl ﬁ’ab >eq' (3321)
Ho pavf

Finally, the dissipative currents d.Jj; are obtained from nj in Egs. (3.3.14)-

(3.3.16) and X, 5 in Eq. (3.2.65), as follows:

—C A" Xy +2n XE = T4, a=v,
0Jig = A = (3.3.22)
~TAzh™ X% =mdoNL,, a =4,
where the new thermodynamic forces Xy, X/, and X# are defined by
Xqg = TA" X, =-V-u, (3.3.23)
X4 = —TA™zh ' X, = —h~ ' VH(u/T), (3.3.24)
X = —TAMP X, =AY u,. (3.3.25)

Here, the following relations have been used: u* X,,, = 0 and v’ V,u, = 0.
Thus, combining Egs. (3.3.1) and (3.3.22), we arrive at the explicit form of the
energy-momentum tensor and particle-number current

T = ew'u” —pA™, (3.3.26)
0Ty = CA™NV -u+2nA"7V u,, (3.3.27)
N = nut, (3.3.28)
Nty = AE*QV“%, (3.3.29)
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respectively.

A remark is in order here: We have calculated and presented the thermodynamic
quantities and transport coefficients using our model equation, i.e., the relativistic
Boltzmann equation, for completeness. Then, the explicit forms of them are inher-
ently for the relativistic rarefied gas. We would like to remind the reader, however,
that the main purpose of the present work is to determine the form of the relativis-
tic hydrodynamic equations for a viscous fluid, and expect that the forms of the
macroscopic hydrodynamic equations which contain the thermodynamic quantities
and transport coefficients only parametrically, and hence the forms are independent
of the microscopic expressions of these quantities.

In the rest of this subsection, we discuss the properties of 0Tt and dNiy, in Egs.
(3.3.27) and (3.3.29).

First, it is clear that these formulae completely agree with those proposed by
Landau and Lifshitz [41]. Indeed, the respective dissipative parts 77y and dN1i in
Egs. (3.3.27) and (3.3.29) meet Landau and Lifshitz’s ansatz

u, 0Tl w, = 0, (3.3.30)
w, N, = 0, (3.3.31)
Ay 6T u, = 0. (3.3.32)

which are nothing but the constrains imposed in a heuristic way by Landau and
Lifshitz in their phenomenological derivation [41, 47].

Next, we shall discus the underlying meaning of Egs. (3.3.30)-(3.3.32) in the level
of the kinetic equation using the distribution function on the basis of the previous
results [92, 93]. As was mentioned above, these equations are usually just imposed
[47] to the higher-order terms of the distribution function as the conditions of fit
without any foundation to select the hydrodynamic equation in the energy frame.
We shall clarify that these conditions are equivalent to the orthogonality condition
for the excited modes expressed in terms of the inner product [92, 93] and hence an
inevitable consequence for the relativistic hydrodynamics in our analysis which is free
from any ansatz.

A manipulation shows [92, 93] that Egs. (3.2.63) and (3.2.61) can be rewritten as

v 1 v req 1
0Tty = Zﬁp“p [54 0, (3.3.33)
p
1 _
Ny = > o' [, (3.3.34)
p D
with
&p = [L71 1], X (3.3.35)

It should be emphasized that qu belongs to the Q space and thus orthogonal to the
zero modes,

(00, B)eg =0, a=0,1,2, 3 4. (3.3.36)
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Recalling the definition Eq. (3.2.17) of the inner product, we see that Eq. (3.3.36)
with o = =10, 1, 2, 3 can be recast into the following form,

1 e 7 ]' v eq L v
0=>" < (p-u) fp" &= u, [Z ' @] =u, 0T}, (3.3.37)
p P p P
which readily leads to Egs. (3.3.30) and (3.3.32). Quite similarly, Eq. (3.3.36) with
a = 4 is reduced to

0=> io (p-u) f4dp = u, [Z iop” [ ¢p] = u, 0N, (3.3.38)
p P p P
which is nothing but Eq. (3.3.31).

We now make three remarks here: (1) Our proof of the uniqueness of the energy
frame can be traced back to the natural identification of the time-like vector u*
with the flow velocity and the physical assumption that the dissipative effects can be
solely attributed to the spatial inhomogeneity, apart from the Gibbs-Duhem relation
in the local equilibrium which leads to the Jiittner function (3.2.9). Conversely, if
one of these conditions were not satisfied, the uniqueness of the energy frame could
be violated. (2) Recently an interesting paper by Minami and Hidaka [104] appeared,
which showed, on the basis of Mori’s projection operator method [105], that only the
energy frame is natural one for the relativistic hydrodynamics, at least in the linear
regime, if the hydrodynamics is an effective dynamics described solely by the genuine
slow variables of microscopic Hamiltonian dynamics at all. This is a complementary
work to ours which is valid even in the nonlinear regime although based on the
Boltzmann equation that is applicable to a dilute gas. (3) Although it is certainly
preferable to give an intuitive explanation why the Landau-Lifshitz energy frame
should be uniquely chosen, we have, unfortunately, not succeeded in it. We hope
that we are able to give an intuitive explanation for the uniqueness near future. It
is clear that further studies are needed for establishing the uniqueness of the energy
frame in the relativistic hydrodynamics for viscous fluids.

3.3.2 Microscopic representations of transport coefficients

The transport coefficients ¢, A, and n given by Egs. (3.3.17)-(3.3.19) can be converted
into

1 1 _
(= —= X S AL L, (3.3.39)
Prq p
1 1 e —1
A - ﬁ Z E qu J;; qu JQM’ (3340)
pq
= ! L fea g g 3.3.41
n = _107T Efp 7Tp g 7Tq#1,. ( L. )
pq

Here, TI,, JJ', and w}” are the microscopic representations of dissipative currents
given by Eqs. (3.3.8)-(3.3.10), and £} = L, (¢ - u)~" denotes the inverse matrix

46



3.3.  RELATIVISTIC DISSIPATIVE HYDRODYNAMIC EQUATION

of £,, = (p-u) Ly, which is derived from Egs. (2.3.7) and (3.2.15). It turns out
that these expressions are in agreement with those obtained by the Chapman-Enskog
expansion method [47]; see n“F given by Eq. (2.3.28).

Now, let us rewrite the expressions of ¢, A, and 7 in a more familiar form, i.e., the
Green-Kubo formula [106, 107, 108] in the linear response theory [69, 70, 71, 72, 109].
With the use of the identity given by

~

S0 LT,, (M, Jr @) = - /0 ds Y [e*H],, (T, J¥, &), (3.3.42)

q q

due to ﬂp, j;”, and 74" belonging to the Q space, we can rewrite Egs. (3.3.17)-(3.3.19)
as

¢ = /OoodsRH(s), (3.3.43)
A= | dsRy(s), (3.3.44)
N = OoodsRﬂ(s), (3.3.45)
where
Ra(s) = 7 {T10), T(s) )y (3.3.46)
Ri(s) =~ (J0), Ju(3))eq (3347
Rels) = o (7(0), 7y (s) D (3.3.48)

with the “time-evolved” vectors defined by

(IT,(s), J¥(s), 7 (s)) = > [e*],, (g, JH, 7). (3.3.49)

q

It is noted that Rp(s), R;(s), and R.(s) in Eqgs. (3.3.46)-(3.3.48) are called the
relaxation function in the linear response theory [69, 70, 71, 72, 109].

3.3.3 Generic stability of relativistic hydrodynamic equation
in energy frame

In this subsection, we shall provide a proof [93, 95] that generic constant solutions
of the relativistic dissipative hydrodynamic equation in the energy frame is stable
against a small perturbation [46], on account of the positive definiteness of the inner
product as shown in Eq. (3.2.18).

Now, a generic constant solution means that it describes a system having a finite
homogeneous flow with a constant temperature and a constant chemical potential, as
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follows:
T(o;1) = Ty, (3.3.50)
ulo; 1) = po, (3.3.51)
u(o;T) = oy (3.3.52)

where Tp, 1o, and ug, are constant. We note that these states include the thermal
equilibrium state as a special case.

We shall show the linear stability of the constant solution of the relativistic dis-
sipative hydrodynamic equation in the energy frame. We represent 7', p, and wu,
around the constant solution as follows:

T(o;71) = To+6T(0; 1), (3.3.53)
plo; ) = po+ou(o; 1), (3.3.54)
uu(o; 1) = wugy +ou,(o; 1), (3.3.55)

where the deviations 07", dp, and du,, are assumed to so small that terms in the second
or higher orders of them can be neglected. Instead of these six variables which are not
independent of each other because du, uy = 0, we use the following five independent
variables in accordance with Eq. (3.2.66),

0X, = { —0(u/T) = —0uy /Ty + 0T o,/ T3, =,

. ) ) (3.3.56)
m—0(u/T)=m"" (0u/To — 0T o/ 1), a=4.

Substituting Eq. (3.3.56) into Eq. (3.2.71) and with some manipulation, we obtain
the linearized equation governing 0.X, as

0
({95 98 Ve + (08, L7167 ) V) 50X

or
+ (B 00 og Vi + (B L7 017) VWV, 6X5 = 0. (3.357)
Here, we have used the following simple relation

6(f1) = £ o 0 Xa- (3.3.58)

We note that all the coefficients in Eq. (3.3.57) take constant values because they
are solely given by the constant solution (T, i, w,) = (1o, o, tou). Owing to the
orthogonality between the P and Q spaces, Eq. (3.3.57) is reduced to

0
no” 5-0Xs + D §X5 = 0. (3.3.59)

Here ng ? is the metric tensor defined in (3.2.26) and D’ is defined by
D = (0 )eg Vit 1™V, Vs, (3.3.60)
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with gh*? = (@b L1 oYP )eq 8iven by Egs. (3.3.14)-(3.3.16). Both of ne? and D*P
are symmetric tensors.
With the ansatz

60X, (0;7)=0X,(k; N)eFo=rT, (3.3.61)
Eq. (3.3.59) leads to the following algebraic equation,
(Any” — D) 6X45 =0, (3.3.62)
with
D = i (B 8 Yoy b — 1 (33.63)

Thus, we have the eigenvalue equation as follows,

det(Any — D) =0, (3.3.64)

which leads to the dispersion relation A = A(k). The stability of the generic constant
solution (3.3.50) against a small perturbation is assured when the real part of A(k)
is nonnegative for any k*, which is shown to be the case as follows.

Now, we note that the matrix 7 is a real symmetric and positive-definite matrix:

wOé ngéﬂ wﬁ = <w0é 808[ Y wﬁ ()Og >eq
= (¢, ¥)eq >0, wa#0, (3.3.65)

with ¢, = w, ¢, Here, we have used the positive definiteness of the inner product
(3.2.18). Equation (3.3.65) means that the inverse matrix 1, exists, and 7, " is also
a real symmetric positive-definite matrix. Thus, using the Cholesky decomposition,
we can represent 1, ' as

't ="UU, (3.3.66)

where U denotes a real matrix and ‘U a transposed matrix of U. Then, Eq. (3.3.64)
is converted to

det(AI —UD'U) =0, (3.3.67)

where I denotes the unit matrix. Equation (3.3.67) tells us that A(k) is an eigenvalue
of UD'U.

There is a following theorem: The real part of the eigenvalue of a complex matrix
C is nonnegative when the hermitian matrix Re(C) = (C + CT)/2 is semi-positive
definite. Here, we shall present a proof of this theorem. We define the eigenvalue and
eigenvector of C' as A and x, respectively;

Cx=M\x, (3.3.68)
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with x"x = 1. If Re(C) is semi-positive definite, we can suppose that
P Re(C)ep >0, Vap. (3.3.69)

By setting 1 = x in Eq. (3.3.69) and using Eq. (3.3.68) and its hermitian conjugate,
we have

(A4 A%)/2 >0, (3.3.70)

which means that the real part of the eigenvalue of C'is nonnegative. This completes
the proof.

Applying this theorem to the present case, we find that the real part of A(k)
becomes nonnegative for any k* when Re(U DU ) is a semi-positive definite matrix,
which is shown to be the case, as follows;

we[Re(UD'U)|*Pws = wa|[URe(D) U] wg
= [wU]a[Re(D)]*’[wU]g
= —[wUla ™" kyky wU]s
= —(ky[wUla !, L™k, [wU]g 901{5 >eq
= (9, L7M) =0, wa#0, (3.3.71)

with ¥y, =k, [w U, ¢, . This completes the proof that the generic constant solution
in Eq. (3.3.50) is stable against a small perturbation.

3.3.4 Higher-order correction to relativistic hydrodynamic
equation caused by derivative terms in macroscopic
frame vector

In this subsection, we show that although we start with the generic form of the
macroscopic frame vector a* = Cy(T, p) u* + dw* given in Eq. (3.1.7), the leading
term of the hydrodynamic equation with respect to dw" is a third-order derivative
term, which is of higher order than that in the Landau-Lifshitz energy frame derived
by setting a* = u* from the outset.

Here, we set Cy(T, 1) = 1 without loss of generality as discussed in Sec. 3.1.

By replacing v by a* in all of the equations except for that in f;% in Sec. 3.2, we
can derive straightforwardly the hydrodynamic equation with a* not being specified.
In fact, we have J,N*(a) = 0,7 (a) = 0 with

N*a) = N9%a)+ 5N*(a), (3.3.72)
™ (a) = TO"(a)+ 6T"(a), (3.3.73)
where
NOkr(g) = Z%pﬂ o (3.3.74)
p
p
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1
NHa) = X L S @) @), A la) X5 (3379
TOm (q) = Zio Pt [, (3.3.76)
~p
ST (@) — —Zplop”p'/ < (LY (a) ¢4 (a)], Ap(a) X5 (33.77)

Here, we have made it explicit that L™, @i, and A, depend on the macroscopic
frame vector a*. We note that the zeroth terms N(©#(a) and TO*(a) are indepen-
dent of a*, and agree with the particle current and energy-momentum tensor in the
relativistic Euler equation as

NO#@) = pu* =N (3.3.78)

T(O)“”(a) = eutu’ —pA* = Tl(gt)“”, (3.3.79)
respectively. It is apparent that N(©#(a) and T¥*(a) contain no differential op-
erator J,. On the other hand, IN*(a) and 07" (a) have a dependence on a*, and
manifestly contain terms of the first order of J,,.

Here, we shall count the number of 9, in §N*(a) and 07" (a). For this purpose,
we first expand IN#(a) and 0T (a) with respect to dw* as

IN#(a) = ON*(u)+ i5]\7“(0,) ow” + -, (3.3.80)
oa” e

IT* (a) = o0TH (u)+ i5T’“’(a,) ow’ + -+, (3.3.81)
da’ G

where §N#(u) and §7""(u) are nothing but those in the energy frame, i.e., IN#(u) =
Nt and 6T (u) = 0T}, .
Then, let us count the number of 9, in each terms of N*#(a). We find that

N9~ 000, (3.3.82)
SNH(u) ~ 09", (3.3.83)
%)
H ~ 1
500N (a) . 0(9Y), (3.3.84)
sw” ~ 09", (3.3.85)

where we note that the counting in Eq. (3.3.84) has been derived from the fact
that the partial derivative with respect to a* does not change the number of 9, that
manifestly exists in 6 N#(a). Thus, we have

0
_Z SNH Vo 2
0N"(a) . Sw” ~ O(6?). (3.3.86)
Finally, by combining Eqgs. (3.3.82), (3.3.83), and (3.3.86), we have
N*(a) = N*(u) + O(d?). (3.3.87)
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The same argument can be given for 7*"(a), and we obtain
T (a) = T" (u) + O(5?). (3.3.88)

Thus, the hydrodynamic equation with a* = u* + dw* reads
0 = 9,N*(a)=9,N"(u)+ O(5), (3.3.89)
0 = 9,7"(a) = 9,T" (u) + O(°). (3.3.90)

The above equations tell us that even if dw* is left, the resultant hydrodynamic
equation is consistent with one in the energy frame in the hydrodynamic regime.
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Chapter 4

Second-order relativistic
dissipative hydrodynamics

In this chapter, we report on our attempt to construct the second-order relativistic
dissipative hydrodynamics as the mesoscopic dynamics of the relativistic Boltzmann
equation, and thereby discuss the problem of the lack of causality, i.e., the problem
(c) introduced in Chap. 1. In Sec. 4.1, we develop a method based on the RG
method to extract the mesoscopic dynamics from a generic evolution equation by
constructing the invariant/attractive manifold incorporating some excited modes as
well as the zero modes. It turns out that the number and form of the excited modes
that should be included in the invariant/attractive manifold are uniquely determined
based on the general principles of the reduction theory. In Sec. 4.2, we apply the
method to extract the mesoscopic dynamics of the relativistic Boltzmann equation.
Then, we examine some properties of the resultant equation, concerning the causality
and the relaxation times as well as the frame, the stability of the equilibrium state,
and the transport coefficients.

4.1 Mesoscopic dynamics derived from generic
evolution equation with RG method

In this section, we shall develop a method on the basis of the RG method to ex-
tract the mesoscopic dynamics from a generic evolution equation by constructing the
invariant /attractive manifold incorporating some appropriate excited modes as well
as the zero modes of its linearized evolution operator based on the following consis-
tency condition and general principle of the reduction theory of the dynamics [78]:
(A) the resultant dynamics should be consistent with the slow dynamics obtained by
employing only the zero modes in the asymptotic regime; (B) the resultant dynamics
should be as simple as possible because we are interested to reduce the dynamics to a
simpler one. As mentioned in Sec. 1.2, we use the principle (B) to derive an equation
describing the mesoscopic dynamics, where the number of dynamical variables and
terms are reduced as few as possible. We will see that these condition and principle
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uniquely determine the number and form of the excited modes that should be in-
cluded in the invariant/attractive manifold on which the mesoscopic dynamics of the
evolution equation is defined.

4.1.1 Evolution equation

As a generic evolution equation, we shall treat a system of differential equations with
two non-linear terms, which represent the relaxation to a static solution and weak
perturbation, respectively. The equation reads

0
&Xi =Gi(Xy, o, Xn) +eF(Xy, -+, Xy), i=1,--- N, (4.1.1)
which is also rewritten in a more convenient vector form
0
aX:G(X)%—eF(X). (4.1.2)

In Eq. (4.1.2), t denotes time, X dynamical variables represented as a vector whose
dimension is N (1 < N < 00), G(X) and F(X) non-linear functions with respect
to X, and € an indicator of the smallness of F'(X) that is finally set equal to 1; the
vector X (t) governed by Eq. (4.1.2) without F'(X) relaxes to the static solution X
under time evolution as

X(t— o0) = X, (4.1.3)
which is given as a solution to
G(X)=0. (4.1.4)

Here, we suppose that the static solution X forms a well-defined My-dimensional
invariant manifold with M, being smaller than or equal to N. This means that X
is parametrized by My integral constants C(,) with a =1, -+, Mp;

XSt = Xst(C(1)7 Tty O(M())) (415)
We first define the linearized evolution operator A by

0
Aij = 7Gi(X17 T XN)

e (4.1.6)

X-X.

We note that in accordance with Eq. (4.1.5), A has the M, eigenvectors belonging
to the zero eigenvalue, i.e., zero modes, and the dimension of the kernel of A is M.
In fact, by differentiating Eq. (4.1.4) with respect to the M, integral constants C(q),
we have

A0X4/0C ) =0, (4.1.7)
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which means that cpo ) defined by

o = 90X 4 /0C ), (4.1.8)

are the M, zero modes. The invariant manifold is spanned by cp(()a) with a =

1, -, M.

We shall define the projection operator P,y onto the kernel of A, which is called the
Py space, and the projection operator (0 onto the QQy space as the complement to the
Py space: With the use of an inner product which satisfies the positive definiteness
of the norm as

(Y. 9)>0, ¥ #0, (4.1.9)
we define
S (@) (9)
Ry = Y Z @0 Moy (Lo + ), (4.1.10)
a=1 pB=1
Qo = 1-F, (4.1.11)
where 770’(3) (5) 18 the inverse matrix of the Py-space metric matrix 770 ) defined by
" = (er”, o). (4.1.12)

Here, we shall treat a specific case of the relaxation, i.e., exponential damping
without oscillation, which is equivalent to the case that the other eigenvalues of A
are real negative. Thus, we can suppose that with the inner product A is self-adjoint,

(A, x)=(y, Ax), (4.1.13)

with @ and x being arbitrary vectors. We will see that this self-adjoint nature of A
plays an essential role in making the form of the resultant equation simpler.
Furthermore, we shall focus on the case that A has no Jordan cell.

4.1.2 Construction of approximate solution around arbi-
trary initial time

In accordance with the general formulation of the RG method 81, 82, 83, 85, 86],
we first try to obtain the perturbative solution X to Eq. (4.1.2) around an arbitrary
initial time ¢ = ¢;, with the initial value X (¢y),

X(t=to; to) = X(to), (4.1.14)

where we have made explicit that the solution has a t; dependence. It is noted
that in the RG method the initial value X (o) and the RG equation applied to
the perturbative solution X (t; ty) provide the invariant /attractive manifold and the
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reduced dynamics defined on it, respectively. We suppose that the initial value is on
a yet unknown exact solution. The initial value as well as the perturbative solution
is expanded with respect to e as follows:

X(t:tg) = Xolt;to)+eX(t; to) + e Xot; to)+---, (4.1.15)
X (to) = Xolto) +eX(to) + e Xo(tg) +---. (4.1.16)

The respective initial conditions at ¢ = ¢y are set up as

In the expansion, the zeroth-order initial value X o(to; to) = Xo(tp) is supposed to
be as close as possible to an exact solution.

Substituting the above expansions into Eq. (4.1.2), we obtain the series of the
perturbative equations with respect to €. Here, we shall carry out the perturbative
analysis up to the second order.

The zeroth-order equation reads
o ~ -
aXo(t; to) = G(Xo(t; to)). (4.1.18)
As mentioned above, we shall construct the invariant/attractive manifold by incorpo-
rating appropriate excited modes, as additional components to the invariant manifold
spanned by the My zero modes. To achieve the construction in a systematic man-
ner, we suppose that the initial value X(to) can be expanded around the stationary
solution X (o) as

Xo(to) = Xui(to) + @(to), (4.1.19)

where ¢(to) denotes additional components of the excited modes. Without loss of
generality, we can impose the boundary condition

Xo(t — 0 to) — Xst(t()), (4120)

whose geometrical image is shown in Fig. 4.1.

In most cases, it is difficult to obtain an exact solution to Eq. (4.1.18) with the
initial value X (o) as given in Eq. (4.1.19) due to the non-linearity of G(X). Here,
we shall treat ¢(ty) as a small quantity, whose amplitude of ¢(t¢) is the same as that
of the perturbation term F'(X) in the evolution equation (4.1.2), i.e.,

b(to) ~ O(e). (4.1.21)

For the viewpoint of the consistency of the perturbative analysis with respect to e,
we should identify ¢ (o) as the first-order initial value X (to):

X1 (to) = Xa(t = to; to) = ¢(to), (4.1.22)
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Xt 5 1) : X4(ty) + & (o)

Figure 4.1: The geometrical image of the initial value and solution in the zeroth-
order analysis. The solution X(; to) represents the relaxation from the initial value
X (to) + ¢(to) to the stationary solution X (tg) defined on the invariant manifold
belonging to the Py space under the time evolution governed by Eq. (4.1.18).

which is constructed to be consistent with Eq. (4.1.20).
We obtain the zeroth-order solution and initial value as

Xo(t; to) = Xu(to), (4.1.23)
and
Xo(to) = Xo(t = to; to) = Xa(to), (4.1.24)
respectively. We note that X (tg) depends on ¢y through the would-be Mj integral
constants C(o)(to) with a =1, - -+, My defined in Eq. (4.1.5);
Xse(to) = Xst(Cy(to), -+ Cray)(to))- (4.1.25)

In the following, we shall suppress the initial time ¢, when no misunderstanding is
expected.

4.1.3 Doublet scheme

As announced, we determine the first-order initial value ¢ on the basis of the con-
sistency condition (A) and general principle of the reduction theory of the dynamics
(B). Here, we present an explicit form of ¢». For that, let us utilize the doublet scheme,
which will be explained below.

First, we introduce the M; vectors QESM) with =1, ---, My, which are obtained
from the perturbation term F(X) with X = X as follows:

My 3
Fo=F(Xq) =Y &" X, (4.1.26)
pn=1
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where 5X (v) denote expansion coefficients correspondmg to go ) and depend on X;.

We emphasize that the number and form of (,01 can be uniquely determined since
the above expansion can be carried out without mathematical ambiguity:.

Then, with the use of 4,55“ ), we shall define the P, space that ¢ belongs to, and in-
troduce the QQ; space which is the complement to the Py and P spaces. We introduce
the vectors spanning the P; space as

" =AM n=0,1, (4.1.27)

with
= Qo . (4.1.28)
We note that the existence of )y in front of g5(1“ ) ensures that the zero modes cp(()a) are

not included in ¢!, and hence A~! can be applied to ¢\ as shown in Eq. (4.1.27)

without mathematical ambiguity. Since ®"*) = A=1 % do not contain the zero
modes either, the following identity is satisfied:

Qo ®\") = o™, (4.1.29)

We call ™" with n = 0, 1 the doublet mode. It is noted that the doublet mode
cannot be the eigenvector of A, and is generically written as a linear combination of
the eigenvectors of different finite eigenvalues of A. The projection operators onto
the P, and Q; spaces are given by

> Z > Z@”“mwmy)@im’”%xb% (4.1.30)

Py
n=0,1 p=1 m=0,1 v=1
Q1 = Qo— b, (4.1.31)

respectively, where 771(n 1) ()
space metric matrix given by

77Y%,u)(mw) = (<I>§"’“) : (I)g”%”) ). (4.1.32)

has been introduced as the inverse matrix of the P;-

We note that Fy, P;, and (), satisfy the following properties:

1 = R+ P +Q, (4.1.33)
P} = B, (4.1.34)
P = P, (4.1.35)
Qi = Q, (4.1.36)

Bbh = PPh=FRQ =0, (4.1.37)
P = PQi=Q:1P=0. (4.1.38)

It is noted that we utilize the projection operators Fy, P;, and (); to construct the
first- and second-order solutions, where only the motion caused by the Py and P,
spaces appears.
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Table 4.1: The doublet scheme in the RG method and the mechanism to produce
a simple reduced dynamics which can reproduce the slow dynamics as described
with only the zero modes in the asymptotic regime are summarized. Owing to Egs.
(4.1.42), (4.1.60), and (4.1.61) derived from the explicit form of the modes belonging
to the Py and P; spaces and the would-be integral constants correspondent to the
modes, we can obtain Eqgs. (4.1.58) and (4.1.59) as an equation governing the dy-
namics of 6.X(,) and C(,), which is consistent with the evolution equation (4.1.2) in
the mesoscopic regime. We have defined Py = P, (A—39/01) P, (A—090/01)™' Qo and
R(7) = Fy or K(1).

Integration
Subspace Mode constant
Py ey < Cla)

P P\ = 41 X () — QAT Qo Fy=0
1 in Eq. (4.1.42)
Q B = o — (@, Py R())
= (&{"" R(r))
in Egs. (4.1.60)
and (4.1.61)

O

Finally, with the use of one of the doublet mode, i.e., @51’“ ), we define ¢ as

My
o=> ®\""sX,, (4.1.39)
pn=1
where <I>§l’“ ) with w=1,..., My are the excited modes that should be considered

as additional components to the invariant manifold spanned by the zero modes go(()a)

with a = 1, ..., My, and 6X,) with 4 = 1, ..., M; denote the would-be integral
constants that acquire the time dependence by the RG equation as well as C(,) with
a=1,---, Myin X.

We call the scheme of the construction of the mesoscopic dynamics based on the
choice of the Pj-space vectors in Eq. (4.1.27) and the form of ¢ in Eq. (4.1.39) the
doublet scheme in the RG method. We will see that the doublet scheme makes the
resultant equation governing the dynamics of C(,) and 6.X(, satisfy the consistency
condition (A) and general principle of the reduction theory of the dynamics (B) by
the mechanism shown in Table 4.1.

4.1.4 First-order solution

The first-order equation reads

IXA(1) = AR+ Py (4.1.40)
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By solving Eq. (4.1.40) with the initial vale X1 (ty) = ¢ shown in Eq. (4.1.22), we
have the first-order solution given by

_ t
X1<t X tO) — eA(titO) Xl(to) + ds eA(tis) Fo
to
= N G4 (t —to) By Fo+ ("7 — 1) A7 Qo Fy
A7) ¢4+ QAT Qo Fo
+(t—t0)POF0+ (eA(t_tO) — 1)P1A_1QOFO _QIA_IQOFO
M) G4 (t —to) Py Fo+ (" —1) LA Qo Fo. (4.1.41)

We should stress that in the first-order solution the motion coming from the Py and
P, spaces appears and the fast motion caused by the Q; space is absent due to

My B
QAT Qo Fo=0Q1 ), ¢>§1’“) 0 X =0, (4.1.42)
pn=1

because ®{"" belongs to the P; space as shown in Eq. (4.1.27).
We note the appearance of the secular term proportional to ¢ — ¢y in Eq. (4.1.41),
which apparently invalidate the perturbative solution when |t — ¢y| becomes large.

4.1.5 Second-order solution

The second-order equation is written as

;XQ@) _ AX(1) + K (o), (4.1.43)

with the time-dependent inhomogeneous term given by
1
K(r) = 5B ¢+rRFo+ (e - 1)AA"Q Fo|’
+Fy e+ TP Fo+ (e —1)PLAT Qo Fo|.  (4.1.44)

Here, we have introduced B and F; whose components are given by

(92
B, = —2 _Gi(X 414
ok 5Xj0szGz( )|X:X5t’ 41.4)
9
P = anFi(X)|XXSt. (4.1.46)

To obtain appropriate initial values and solutions with the motion coming from
the Py and P; spaces to Eq. (4.1.43), we utilize the formulae (A.3.5) and (A.3.6)
given in Appendix A.3: By setting R(t —t¢) = K (t —tp) in Egs. (A.3.5) and (A.3.6),
we find that the initial value and solution to Eq. (4.1.43) read

X(to) = ~Qu(A=0/0n) QK (7)| . (4.1.47)

7=0
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and
Kaltite) = (L0907 (~9/0r) B K(7)|
+ (eAU—00) _ oU=10)2/07) P (A — 9/07) 1 Qy K(T)‘
— 70210 Q) (A= 0/07) " Qo K (7)|

7=0

L (4.1.48)

respectively. We notice again the appearance of secular terms in Eq. (4.1.48).

Summing up the perturbative solutions up to the second order with respect to e,
we have the full expression of the initial value and the approximate solution around
t ~ ty to the second order:

X(t) = Xat+ep—Q1(A—0/01)7' Qo K(T)\TZO +O(e%), (4.1.49)

and

X(tit) = Xg+e [eA(t_tO) O+ (t—tog) Py Fo+ (A0 — 1) P A7LQ, FO]

+ e l(l — e(t_tO)a/aT) (—0/07)" ' P, K(T)’

=0

+ (A1) — o1=1009/07) Py (A — 9/07) ™ Qy K ()

7=0

— e=0)907 () (A — 9/07) 1 Qo K(T)\TO] +O(e%). (4.1.50)
We note that in Eq. (4.1.50) the fast motion caused by the Q; space has been
eliminated by adopting the appropriate initial value (4.1.49).

4.1.6 RG improvement of perturbative expansion

We emphasize that the solution (4.1.50) contains the secular terms that apparently
invalidate the perturbative expansion for ¢ away from the initial time t,. The point
of the RG method lies in the fact that we can utilize the secular terms to obtain a
solution valid in a global domain as discussed in the previous chapters and in Refs.
(81, 82, 83, 84, 85, 86, 87, 88]. By applying the RG equation to the local solution
(4.1.50), we can improve the local approximate solution to the global one:

9 X5 1)

=0 4.1.51
- , (1151)

to=t

which is reduced to

0 0
met+€[—A¢+at¢—P0F0—AP1A_1Q0F01

L [ ~ Py K(0) ~ (A~ 9/07) P (A= 0/0r)™ Qo K ()| _,

—(=0/07) Q1 (A —0/01)" 1 Qq K(T)‘T:O] +0(e*) = 0. (4.1.52)
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It is noted that the RG equation (4.1.52) gives the equation of motion governing the
dynamics of the would-be integral constant C(,) in X and 0.X(,y in ¢. The global
solution can be obtained as the initial value (4.1.49)

Xpt)=X(ty=t)=Xg+edp— Q1 (A—0/01) Qo K(7) + O(€%),

to=t

7=0

(4.1.53)

where the exact solution to Eq. (4.1.52) is inserted. It is noteworthy that we have
derived the mesoscopic dynamics of Eq. (4.1.2) in the form of the pair of Egs. (4.1.52)
and (4.1.53): Equation (4.1.53) is nothing but the invariant/attractive manifold of
Eq. (4.1.2), and Eq. (4.1.52) describes the mesoscopic dynamics defined on it.

4.1.7 Reduction of RG equation to simpler form

Here, we shall convert Eq. (4.1.52) into a more convenient form with the use of ¢
and P, defined in Egs. (4.1.39) and (4.1.30), respectively.
By applying Py and P; from the left-hand side of Eq. (4.1.52), we have

Py ;X“ +€ [PO §t¢ - PR FO] — Py K(0)+0(e) =0, (4.1.54)
and
%, d .
Plaxsﬁ-f —P1A¢+P1§¢—P1AP1A Qo Fy
— @ P (A=0/07) PL(A=0/or) QoK ()| _ +O(e) =0, (4.1.55)
respectively.

Then, we take the inner product with the zero modes goéa) and the excited modes

@gl’“ ) used in the definition of ¢, respectively. In this procedure, we note that the
direct use of the definitions (4.1.10), (4.1.12), (4.1.30), and (4.1.32) leads to the

followings:

(ol Royp) = (o, ), (4.1.56)
(" Pry) = (" ), (4.1.57)

with 1) being an arbitrary vector. Thus, we arrive at

(073 a [0
(@), = (X +eg)) —e(p), FotreFi o)

"ot
1
= € 5{p”, B¢*) +0(), (4.1.58)
0
(@), (X +e@)) (@, Fo+eFi¢)
1
= (" Agp)+é 5 (@ Bg?) + O(e). (4.1.59)
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In the derivation of Egs. (4.1.58) and (4.1.59), we have used the following identities:

(@ APLAT Qo Fy) = (@ PLAT Q) Fy)
<‘I’g0’“) AT Qo Fy)

= (" Fy), (4.1.60)
and

(@, (A—=0/0r) PL(A—=0/0r) " Qo K(7)| _ )
= ((A=0/or) @™, PL(A—0/or) Qo K(7)| )
= (@ —a{"9jor), PI(A-0/0r) QK (7)| _)
= (@ —®{"a/or), (A=0/0r) QK (7)| )
= ((A=0/or) @™ (A-0/or) ' Qo K(7)| )
= (2", K(0))
= 1<<1><1“> B¢*) + (" F ¢), (4.1.61)

where we have used the self-adjoint nature of A shown in Eq. (4.1.13), the identities
(4.1.56) and (4.1.57), and the relation derived from Eq. (4.1.44);

1
K(0) = §quQ + F ¢. (4.1.62)
We note that the pair of Egs. (4.1.58) and (4.1.59) is also the equation of motion

governing C(o) in X and §X(,y in ¢, which is much simpler than Eq. (4.1.52).

With the use of the explicit forms of ¢, Fo, and ®{"* in Eqgs. (4.1.39), (4.1.26),
and (4.1.27), respectively, we obtain an alternative form of Eqs. (4.1.58) and (4.1.59):

« 8 Ml « ~ v
(i o X ) +e D (" @) 0K

pn=1
My a
= —eZ(go[()a) [at—eFllA w1 )o0X
pn=1
21 @ - )
+e 5 2 D (el  B[AT o] [A7 7] 6X () 0X () + O(e)
p=1 v=1

and
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& w ) >
= e > (", A7 ") (0X0) +6X())
v=1
}Ml \- BlA ALY EX 06X, + O
+E23 3 (A A7 @] [AT 0l]) 6X () 6X () + O(E).
v=1 p=1
(4.1.64)

Here, we have used the fact that 0 X /0t is the zero modes, which can be shown by
the following identity:

0 Moo 9
aXst Z aC Xst ot a Z (PO at a’ (4165)

where we have used Egs. (4.1.8) and (4.1.25). Furthermore, the initial value (4.1.53)
is written as

Xg(t) = st+eZA o 6X
pn=1

— € Q1 (A= 0/01) " QK (7)| +O0(%),  (4.1.66)

7=0
to=t

where

1M M (1)
K(r) = 235 B[ A7 @05y + (7A@l + (4 — 1) A7 ) 6K,

ulul

+Z Fy " A7 o 0X ) + (T Po @Y + (e = 1) A7 o) 6X ).

-1

(4.1.67)

We note that the set of Eqgs. (4.1.58)/(4.1.63), (4.1.59)/(4.1.64), and (4.1.66) is the
main result in this section, and the global solution to Eq. (4.1.2) in the mesoscopic
regime can be obtained by substituting the exact solution to Eqs. (4.1.58)/(4.1.63)
and (4.1.59)/(4.1.64) into Eq. (4.1.66).

In Appendix B, as an easy example, we investigate the mesoscopic dynamics of
a simple two-dimensional evolution equation with the use of Eqs. (4.1.63), (4.1.64),
and (4.1.66). Furthermore, in Appendix C, we apply this method to the derivation
of the causal non-relativistic dissipative hydrodynamics as the mesoscopic dynamics
of the non-relativistic Boltzmann equation.

4.1.8 Consistency of mesoscopic dynamics with slow dynam-
ics as described with zero modes in asymptotic regime

We will show that an asymptotic form of the mesoscopic dynamics obtained above is
consistent with the slow dynamics obtained by employing only the zero modes from
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the outset, which is given by the following equation:

o) 0 - a _
<<P(())7§(Xst—€z4 1Q0F0)>—€<80(())7F0—€F1A 'Qo Fo)
1 a _
— @S (e, B[AT Qo Fo| )+ 0(E), (4.1.68)

of which derivation is shown in Appendix A.4.
It is important to note that Eq. (4.1.58) can be reduced to Eq. (4.1.68) when the
equality

¢=—-A""QoFo+O(e), (4.1.69)

is satisfied in the asymptotic regime. In fact, ¢ and —A~ Qy F, are composed of the
same vectors, i.e., @ﬁl"”, because

My B
AN QuFo =Y @ 6X ), (4.1.70)

p=1

which can be derived from Eqs. (4.1.26) and (4.1.28). We emphasize that the defini-
tion of ¢ based on <I>§1’“ ) adopted in the doublet scheme is just a necessary condition
for the consistency with the slow dynamics, and our task is to show that the ampli-
tudes of ®"*) in ¢ agree with those in —A~! Qy Fy in the asymptotic regime.

Here, we should notice the time-scale separation between the fast motion of §.X
caused by the P space and the slow motion of C(,) by the Py space. Owing to this
separation which becomes significant in the asymptotic regime, we can obtain the
closed equations with respect to C(,) by eliminating 6.X,) adiabatically from Egs.
(4.1.58)/(4.1.63) and (4.1.59)/(4.1.64). First, we obtain

6X () = —0X( + Ofe), (4.1.71)

which has been derived from Eq. (4.1.64) governing the fast motion of §X(, as
a stationary solution that is realized asymptotically with C,) being treated as a
constant. We note that Eq. (4.1.71) is equivalent to

My
d=—> @®"5X, +0(e). (4.1.72)

p=1

Then, combining Eq. (4.1.72) with (4.1.70), we obtain Eq. (4.1.69), and find that
the slow dynamics of C(,) is the same as Eq. (4.1.68). Thus, we complete the
proof that Eqs. (4.1.58)/(4.1.63) and (4.1.59)/(4.1.64) can reproduce Eq. (4.1.68)
asymptotically.

4.1.9 Discussion

We shall discuss whether or not there exist other schemes which can produce a meso-
scopic dynamics that is simpler than that of the doublet scheme shown in Table 4.1
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and respects the consistency with the slow dynamics given in terms of the zero modes
in the asymptotic regime. Here, we should notice that the identities (4.1.42), (4.1.60),
and (4.1.61) have played an essential role in the derivation of the simple form shown
in Eqgs. (4.1.58) and (4.1.59).

First let us see the significance of Eq. (4.1.42): If Eq. (4.1.42) is not satisfied, that

is, <I' ") does not belong to the P, space, <I>§ #) cannot be utilized in the construction
of cb, and hence an asymptotic form of the mesoscopic dynamics is not in accord with
the slow dynamics as described with only the zero modes as we discussed in Sec. 4.1.8.
In fact, the equality (4.1.69) is not realized in the asymptotic regime because ¢ and
— A1 Qy Fy are no longer composed of the same vectors in general. We conclude

that Eq. (4.1.42) is necessary to obtain a reduced dynamics which can reproduce the

slow dynamics given in terms of the zero modes in the asymptotic regime and @51’“ )

should be incorporated into the vectors that are used to define ¢.

Next, we shall focus Egs. (4.1.60) and (4.1.61). To make the explanation clearer,
(1,n)

we consider the case where ¢ is constructed with the use of not only ®;"’ but also
d) as follows:
M1 Ml
= @ 6X, + > B X, (4.1.73)
pn=1 pn=1

where 60X,y and 0X(; ,) denote the dynamical Variables In this case, it becomes
necessary to take the inner product with not only ¢ and " but also @ in
Eq. (4.1.55). In contrast to the inner product with <I>§ , however, the inner product
with &) dose not have a simple form:

(@, (A=0/0r) PL(A=0/07) ' Qo K(7)| _ )
= ((A=0/or) @™ P (A—0/or) ' Qo K(7)| _)

£ ((A=0/or) @ (A=0/or) QUK (7)| ) = (8", K(0)),
(4.1.74)

7=0

because A(I’go’“ ) = Acpg” ) does not belong to the P, space. Owing to the inequality
shown in the final line of Eq. (4.1.74), the reduced RG equation corresponding to the
choice of ¢ defined in Eq. (4.1.73) is given by the set of Egs. (4.1.58), (4.1.59), and

0

7&(
1

- e<<I>§“’“>,A¢>+62§<<I>§°’“>,AP1A*1Q08¢2>

k
wz (AP AT - P) AT QK ()

(" Z(Xy+ep)) —e (@ AP AT Qy(Fo+cF o))

) O,

(4.1.75)
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where we have used the identity

(A—0/0r) PL (A~ 0/0r) " QuE()| _,

0 k
— APATK(0) £ (AP AT - P) Y AT QLK)
k=1

(4.1.76)

Noticing that O K (7)/07%|,— does not vanish for any k since K (7) has a exponential
7 dependence as shown in Eq. (4.1.67), we find that the last term in Eq.(4.1.75) gives
an infinite number of terms. Although we can avoid this difficulty by making the P,
space spanned by ®"*) with n = —1, 0, 1 instead of ®™* with n = 0, 1 shown in
Eq. (4.1.27), the resultant equation becomes an equation describing the dynamics of
Cla), 6X(0,0), and 6.X (1 ), which is more complicated than Eqs. (4.1.58) and (4.1.59),
because the number of the variables C(,), 0 X9, and Xy, is obviously more than
that of C(,) and 6X(,) governed by Eqgs. (4.1.58) and (4.1.59). Thus, the P, space

should be spanned by ®{**) together with ®{"*) that is utilized to define ¢.

From the above observations, it is found that any modification to the doublet
scheme does not make the reduced dynamics simpler than the original one, when the
consistency with the slow dynamics as described with only the zero modes in the
asymptotic regime is respected. Thus, we suggest that the doublet scheme shown in
Table 4.1 is one of the schemes to produce the simplest equation describing the meso-
scopic dynamics whose asymptotic form is in accord with that of the slow dynamics.

A remark is in order here: The doublet scheme in the RG method itself has a
universal nature and can be applied to derive a mesoscopic dynamics from a wide
class of evolution equations, as far as the equation can be written as Eq. (4.1.2)
and the linearized evolution operator A is self-adjoint as shown in Eq. 4.1.13 and
has no Jordan cell. As will be seen in Sec. 4.2, the relativistic Boltzmann equation
satisfies the above conditions, and its mesoscopic dynamics can be extracted by the
doublet scheme in the RG method. An extension of the doublet scheme to a method
applicable to a more generic case where A is not self-adjoint or has Jordan cell will
be studied elsewhere.

4.2 Reduction of relativistic Boltzmann equation
to mesoscopic dynamics with RG method

In this section, we apply the RG method developed in Sec. 4.1 to extract the meso-
scopic dynamics from the relativistic Boltzmann equation (3.1.14). Then, we examine
some properties of the resultant equation, concerning the causality and the relaxation
times as well as the frame, the stability of the equilibrium state, and the transport
coefficients.
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4.2.1 Set up in doublet scheme

By comparing the relativistic Boltzmann equation (3.1.14) with the evolution equa-
tion (4.1.2) discussed in Sec. 4.1, we find the following correspondences:

X = {fp<7, 0)}p, (4.2.1)

G(X) - {p.i(a) C[f]p(T,g)}, (4.2.2)
F(X) — {—p_i(a)p-pr(T,a)}. (42.3)

It is noted that the momentum p is interpreted as an index of the vector, while we
treat the Lorentz-covariant space coordinate o solely as a parameter, in accordance
with the past works by Kuramoto [78] and Hatta and Kunihiro [87]. Furthermore,
we note that the Lorentz-covariant time coordinate 7 is treated as the time variables.
From now on, we omit {-},.

In the rest of this subsection, according to Egs. (4.2.1)-(4.2.3), we present explicit
forms of X, A, goéa), Py, Fy, cﬁ%“), 5)_((,0, gogu), Py, 0X,), B, and F} introduced in
the generic case discussed in Sec. 4.1.

With the use of Eq. (4.1.4), we find that the static solution reads

1 o: 1) —pHru,lo: T
Xalto) = 5700 1) = g exp MO BT
which is the Jittner function (3.2.9). We note that the five would-be integral con-
stants T'(0 ; 1), (o ; 1), and u*(o; 1) with u*(o; 79) u,(o; 79) = 1 corresponding
to Ca)(to) in Sec. 4.1 are lifted to the dynamical variables by applying the RG
equation. In the following, we shall suppress (o ; 79) when no misunderstanding is
expected.
Using Egs. (4.1.6) and (4.2.2), we have the linearized evolution operator A as

1 0
_ Clf = A, = f9L,. (f97", 4.2.5
s g CUb| == g ) (429
where A, and L, have been defined in Egs. (3.2.12) and (3.2.15), respectively. Here,

let us examine the property of A. We define another inner product by

(v, x)=) plo(p u) (f )T 0 x = (Y7, (F) ™ X eq: (4.2.6)

p

with ¢, and y, being arbitrary vectors and (f°9), ' = (f9) ™" 0pq.

With the use of the positive definiteness of the inner product defined in Eq.
(3.2.17), we can show that the norm through the new inner product is also positive
definite,

(0, ) = ((F ), (F) T )eq = (U ¥ )eg >0, % #0, (4.2.7)
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with ¢, = [(f*9)~"¢],. Tt is remarkable that the inner product (4.2.6) ensures the
self-adjoint nature of A not but L = (f°4)~! A f°4 in construct to the inner product
(3.2.17). In fact, with the inner product, A is self-adjoint,

(¢, Ax) = ((f9) (feq) AX)eq
()7, LU X e
(L(f° ) ,(f D7 X eq
= (7T AY, (£ X)eq
= (A9 > (4.2.8)

and real semi-negative definite,

(¥, Av) = ((f) 0, L) W )eq = (¢, L) 0. (4.2.9)

Here, we have utilized the self-adjoint nature and real semi-negative definiteness of
L shown in Egs. (3.2.20) and (3.2.21), which are based on the inner product defined
in Eq. (3.2.17). Owing to the property of A, we can apply the method presented in
Sec. 4.1 to extract the mesoscopic dynamics from the relativistic Boltzmann equation
(3.1.14).

The zero modes of A are found to be
= freh, = f¢6],, a=01,234 (4.2.10)

where ¢f, with a = 0, ---, 4 are identically the zero modes defined in Eq. (3.2.22).
It is noteworthy that the dimension of the kernel space of A is five, i.e., My = 5.

With the use of the zero modes and the inner product defined in Egs. (4.2.10)
and (4.2.6), respectively, we have the Py-space metric matrix

e = (g, £00) = (08 o eg =107 (4.2.11)

where 73” has been defined in Eq. (3.2.26).
Thus, we have the projection operators Py and () given as

(Pot], = feh b, oas (5000, ¥)
= 8 oas (90 (F) T ) = [PV, (4.2.12)
Q = 1-P=Q, (4.2.13)

where P and ) have been defined in Egs. (3.2.28) and (3.2.28), respectively.
The definition shown in Eq. (4.1.26) leads us to

1
FO = —ﬁp erq = feq Splp ez (4214)
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where @4, and X, have been defined in Egs. (3.2.57) and (3.2.65), respectively. By
comparing Eq. (4.2.14) with Eq. (4.1.26), we can read off @\ and 6X () as

e = [ty (4.2.15)
Xy = —Xua (4.2.16)

respectively.
The vectors belonging to the Py space reads

= [Qo [ 1], = [Q f 2], = ;1 [Q 2], = £ ¥y (4.2.17)

Here, let us recall that the first-excited modes ¢f, defined in Eq. (3.2.70) has the
explicit form shown in Eq. (3.3.6). Thus, the number of independent components of

Oy, 1-e., 1L, J¥, and 747, is nine, i.e., M; = 9. We stress that the number and form

of the excited modes <p§“ ) have been automatically determined in the construction

of the mesoscopic dynamics from the relativistic Boltzmann equation based on the
doublet scheme in the RG method.
Using the P;-space vectors

= O[Tk, n=0, 1, (4.2.18)
we have the Pi-space metric matrix
ngmu)(mw) = (L7 L P >eq = pppemil (4.2.19)
which implies that the projection operators P; and (), are given as

[Pl 77Z) - feq Z Z nlnua mv <L " Spl ) (feq) w>eq7 (4220)

n=0,1 m=0,1

and ()1 = Qg — Py, respectively.
We shall introduce the integral constants that represents the deviation from f74
as follows:

X (to) = Xpalo; 10). (4.2.21)

According to the definitions presented in Egs. (4.1.45) and (4.1.46), we identify

1 0?
B = ———— = B, 4.2.22
p-u afqafTC[f]P - pea Ppq ( )
1
F1 = —np Vdpqy (4223)

where By, has been defined in Eq. (3.2.38).
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4.2.2 Reduced dynamics by RG method

Substituting A, B, Fo, Fi, 6X (., 60X, o\, and " obtained above into Eqs.
(4.1.58)/(4.1.63), (4.1.59)/(4.1.64), and (4.1.66), we can obtain the mesoscopic dy-

namics of the relativistic Boltzmann equation.
First, the RG equations (4.1.58) and (4.1.64) read

1 & 8 e — v
> 20 ¥ l(p-u) P +6p-V] lqu (1+e€lL 1%5]10)(,,/3)]
p
1 . 2
= S8, )T BLT R X )+ O, (4.2.24)
and
1 9 \V4 eq Lfl v X
g; p |(Pru) 5 +ep- VI | VLT 1], X
av % 1 - e eq\— e — v 2
= en B(Xuﬁ—Xuﬁ)JrGZi(L LA (FN) T B LT ol X )y T O,

(4.2.25)

respectively, where 7/*”” has been given by Eq. (3.2.69). Here, we can reduce Eq.
(4.2.24) to

5 ity |00 3+ 0 V| |51 (1 el 0, )|+ () =0, (4220

because the following identity is satisfied:

v 2
o3, (f)T B LT o X))
1 — v e — 1%
ﬁ p Uu @Opz qur feqL QplﬁX ] [qu 19015XV5]T

oh, CLfa L™ @?B Xuglp

Il
o

(4.2.27)

which can be derived from the fact that ¢f, are the collision invariants as shown in
Egs. (2.2.7) and (2.2.8). We will see that Eq. (4.2.26) can produce the continuity
equations, while Eq. (4.2.25) the relaxation equations. Note that Egs. (4.2.26) and
(4.2.25) actually give the evolution equations for T'(o; 7), u(o; 1), u*(o; 7), and
Xyalo; 7).

Then, the invariant/attractive manifold (4.1.66) reads

fep(7, 0) = f9 (1 +e[L7! wiﬁ]p XV5>(U; To=7)+EAf(0; 70="7)+ O(e).
(4.2.28)
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Here, Af, denotes the contribution from the Q) space given as

Afy=—[Qi fH(L—=0/0s) (f) " QuE(s)| _ ], (4.2.29)

where
Z Z Bpgr [f1€" L1 Xy — s Py [ X 10

g (e = 1) L7 @} Xyl £ e L7017 Xyg — s Py £ 317 X,

— e — 1) L7 X, g,
+ZF1pq[feqeLsL_ 901 Xuoc_SPOfeq@!lmXua

—feq( — 1) L7 Xyl (4.2.30)

We note that the global solution to the relativistic Boltzmann equation (3.1.14) in
the mesoscopic regime can be obtained by substituting the exact solution to Egs.
(4.2.26) and (4.2.25), i.e.,, T(o; 1), p(o; 7), u'(o; 7), and X,o(0; 7) into fi,(T, 0)
in Eq. (4.2.28).

By setting e equal to 1, we reduce Eq (4.2.26) to a form that is easy to see a
correspondence to the first-order hydrodynamic equation (3.2.49) as

by =0, (4.2.31)
with
(0% 1 o e — 14
Thna =D o P e St (LD Lol Xus), (4.2.32)
p
where the identity (3.2.51) has been utilized. Here, as in the case of Jiy, we decom-
pose JI° into two parts as JE = JEOUY 4 575 where
O)por 1 e
Jénziu = Z 0 p @Op qu7 (4233)
p P
67 1 « e - 14 ~ U - v
0 b = Y oVt Jy (L Lot Xug = (@1 L) Xop = 0 X,
p

(4.2.34)

with @7, = p"¢g,/(p - u) given in Eq. (3.2.57). Needless to say, JOk and §JE,
denote the currents in the perfect-fluid and dissipative part, respectively. Here, one
should notice that Jéﬂ)d“ “ agrees with J{S@“ “ defined in Eq. (3.2.55);
euvtu" —pA*, a=v,
ﬁw:ﬁw:{ 4239

mnu”, a =4,

where e, p, and n denote the internal energy, pressure, and particle-number density
for the dilute gas, respectively, given by Eqgs. (3.3.2)-(3.3.4),
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4.2.3 Fourteen-moment equation in energy frame and mi-
croscopic representations of transport coefficients and
relaxation times

We shall reduce Eqgs. (4.2.31) and (4.2.25) to the second-order relativistic hydrody-
namic equation, i.e., the set of the continuity equations and the relaxation equations,
where the physical meaning of the dynamical variables is clearer than that of X,,.

Since X, appears in Eqs. (4.2.31) and (4.2.25) as the form of ¢} X, or
P X, , we can use the new variables IT, J#, and 7 as the fundamental quantities
instead of X,;

I = -TA"™X,,, (4.2.36)
JH = 2hTVAM X, (4.2.37)
o™ = TAMP? X,;. (4.2.38)
Indeed, we have
a e 7 ~ v

Oy Xpya = T (I, T+ J) T+ 70 ), (4.2.39)

—CAM I+ 2n7", a=wv,
e’ X,s = ) (4.2.40)

—TXzh ' J~, a =4,

where II,, jz’j, and 77 have been defined in Eqgs. (3.3.7)-(3.3.10). It is noted that
¢, A, and n appearing in Eq. (4.2.40) denote the bulk viscosity, heat conductivity,
and shear viscosity, respectively, whose definitions have been given by Eqs. (3.3.17)-
(3.3.19), respectively. We should emphasize that ¢, A, and 7 are in agreement with
the transport coefficients obtained in the first-order relativistic dissipative hydrody-
namics, i.e., those of the Chapman-Enskog expansion method, instead of those of the
Maxwell-Grad moment method; see n', P, and 7°F given by Egs. (2.3.25), (2.3.26),
and (2.3.28), respectively. We also stress that II, J#, and 7*” denote the bulk pres-
sure, heat flux, and viscous pressure, respectively. We note that the definitions of J*

and 7 ensure

u, J' = 0, (4.2.41)
™ = g (4.2.42)
w, ™ = 0, (4.2.43)
™, = 0. (4.2.44)

Owing to the properties shown in Eqgs. (4.2.41)-(4.2.44), the number of independent
components of J# and 7 is eight, and the total number of the would-be integral
constants T, u, u*, I, J*, and 7 are fourteen. Although this number is the same
as that of the dynamical variables introduced in the fourteen-moment approximation
proposed by Israel and Stewart, we emphasize that this number and form of the
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dynamical variables have been automatically determined from the relativistic Boltz-
mann equation by the doublet scheme in the RG method developed in Sec. 4.1, which
dose not demand any ansatz at all in contrast to the traditional approaches.

Using Eq. (4.2.39) and (4.2.40) together with the thermodynamic forces Xy, X,
and X defined in Egs. (3.3.23)-(3.3.25), we first reduce the dissipative part (4.2.34)
in Eq. (4.2.31) to

—CAM™ T4 2t = 0Thr, a=wv,
5L = { 2nd (4.2.45)

—TAzh ' J*=moNL,, =4

Here, we should emphasize that 0Th., and dN.. , is identically the energy-momentum

tensor and particle-number current in the Landau-Lifshitz energy frame. In fact,
074 and ON4 4 meet the conditions of fit that are imposed into the energy-frame
equation, i.e., (i), (ii), and (iv);

w, 015w, = 0, (4.2.46)
A 0T u, = 0, (4.2.47)
u, SNE = 0. (4.2.48)

Next, we discuss the relaxation equation (4.2.25). For the sake of the simplicity,
we treat only the leading term with respect to € of Eq. (4.2.25) in this subsection. In
Appendix A.5, we show the detailed derivation and full expressions of the relaxation
equations. The resultant equations read

0
II = XH — 711 87]:[, (4249)
T
0
JM = X(/; —TyJ AMPEJ/N (4250)
0
T = XE T AT, (4.2.51)

We note that the 7-derivative terms denote the relaxation terms with the new coef-
ficients 71, 77, and 7,, which are called the relaxation times and have the following
microscopic representations:

(I, L7210),,
m = e (4.2.52)
(H,L H>eq
<’]N7L_2J;u>e
T] = — e 4 (4.2.53)
< ) V)eq
(A L2 R )
r =~ ——. 4.2.54
T <7Tpa' , L—l 7Tpcr >eq ( )

These quantities are time constants characterizing the corresponding relaxation pro-
cess, where II, J#, and 7" can be reduced to Xy, X%, and X*” asymptotically,
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respectively;
I — Xy, (4.2.55)
Jr = XY (4.2.56)
= XE (4.2.57)

We can see that d.J5 with substitution II = Xy, J* = X4, and 7 = X are
exactly in agreement with §Ji5 shown in Eq. (3.3.22);

—CA" Xp+2nXE, a=v,

. (4.2.58)
—TXzh™ XY, a=4.

dJho — 0 Jig = {

It is noteworthy that the second-order relativistic hydrodynamics can reproduce the

first-order relativistic hydrodynamics after 7 becomes large up to the same order as
T, Ty, and 7, from zero.

With the use of the relaxation functions Rp(s), R;(s), and R.(s) defined in

Eqgs. (3.3.46)-(3.3.48), the relaxation times (4.2.52)-(4.2.54) can be converted into the

following compact forms, as in the case of the transport coefficients in Eqs. (3.3.43)-
(3.3.45):

Jods s Ry(s)
ST (425
Jods s Ry(s)
Y= L) (4.2.60)
_ Jodss Rq(s)

Here, we shall prove the equality in Eqgs. (4.2.59)-(4.2.61): The equality is based on
the relation

- / dss (T, (s), JE(s), #¥(s)).  (4.2.62)
0
A proof of the relation (4.2.62) is given as follows: First, let us start from the identity
(L—a) "¢l == [ dsert g, (4.2.63)
0
which is satisfied when «a is a non-negative parameter and ¢ an aribitrary Qg-space

vector. Next, we differentiate Eq. (4.2.63) with respect to a. Finally, by putting
a = 0, we have

(L2 0, = /Ooods s [esF @l (4.2.64)
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The setting of ¢, = (II,,, j;j, 7”) leads us to the relation (4.2.62).

It is noteworthy that we can represent the relaxation times 7, 77, and 7, with
use of the relaxation functions Rp(s), R;(s), and R,(s) in Eqgs. (3.3.46)-(3.3.48),
respectively. To the best of our knowledge, it is for the first time that the above rep-
resentations are written down in the context of the derivation of the second-order rel-
ativistic hydrodynamic equation from the relativistic Boltzmann equation. Equations
(4.2.52)-(4.2.54) make a physical meaning of 7, 77, and 7, clearer: The relaxation
time is interpreted as a correlation time in the relaxation function. The formulae of
the relaxation time obtained by Israel et al. [50] or Denicol et al. [67], e.g., 71 and
7P given by Egs. (2.3.29) and (2.3.30), respectively, cannot be represented by the
relaxation function. Thus, it may be not easy to give a clear physical meaning to
their formulae. R R

With the use of L. ! = £ " (q-u), I, =11, /p-u, J} = J¥/p-u, and 7" = 71" [p-u,
which is derived from Egs. (2.3.7), (3.2.15), (3.3.8)-(3.3.10), we can show that the
microscopic formulae of the transport coefficients ¢, A, and n and relaxation times 7y,
77, and 7, given in this subsection coincide with those introduced in Egs. (1.3.11)-

(1.3.16).

4.2.4  Causality and generic stability of fourteen-moment
equation in energy frame

In this subsection, we shall show that the fluctuation around the static solution of
the second-order relativistic hydrodynamic equation, i.e., the pair of Eqs. (4.2.26)
and (4.2.25), propagates with a finite speed, which is less than the speed of light, i.e.,
the unity.

For this purpose, we first show that the static solution is stable against a small
perturbation. A strategy used in this subsection is the same as one in the first-order
case shown in Sec. 3.3.3.

A generic constant solution reads

T(o;1) = Ty, (4.2.65)
plos ) = po, (4.2.66)
w05 7) = U, (4.2.67)
Xualo; 1) = 0, (4.2.68)

where Tj, 19, and ug, are constant. To show the stability of the constant solution,
we apply the linear stability analysis to the second-order relativistic hydrodynamic
equation (4.2.26) and (4.2.25).

We expand T', i1, u,, and X, around the constant solution as follows:

T(o;7) = To+T(0; 1), (4.2.69)
plos ) = po+ou(o; ), (4.2.70)
u (o 1) = gy +duy(o; 1), (4.2.71)
Xpalo; 7)) = 0Xualo; 1), (4.2.72)
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We assume that the higher term than second order in terms of 67, du, du,, and
0X . can be neglected since these quantities are small. Instead of these six variables
which are not independent of each other because du, uy = 0, we use the following
five independent variables composed of 67, dp, and du,, defined as

e —0(u,/T) = —6u,, /Ty + 0T uo, /Ty, a = [,
4o —

m=to(u/T) =m™ (Su/Ty — 6T o/ T3), o =4.
Substituting Eqgs. (4.2.69)-(4.2.72) into the second-order relativistic hydrodynamic

equation (4.2.26) and (4.2.25). we obtain the linearized equation governing 0X,s =
(5X“/3, 5X45) as

(4.2.73)

0 0
<§007900>eqa 5X46+<S00,L 1(,01 >eqa 5X1/6

+ <900 ’ VP %Yo >eqV 5X45 + <<ﬂ0 ’ v” L™ ! VB> \ 5XVB (4274)
0P 5 X5 + i’ V,0 X5

v 0 _
H (L Lol 20X + (LT o 0P Lol V06X, =

eq a
(4.2.75)
where v, = vl 4, with
1
h= AWy, — 4.2.

v D oy (4.2.76)

In the derivation of Egs. (4.2.74) and (4.2.75), we have used
o(f) = f¢0,0X1a, (4.2.77)
§(Xpa) = VX (4.2.78)

Here, we note that all of the coefficients in Eqs. (4.2.74) and (4.2.75) take a value of
the constant solution (T, , w,, X,ua) = (To, o, oy, 0). Because of the orthogonality
between the Py space and the Qg space, we can reduce Eqs. (4.2.74) and (4.2.75) to

ABo 55)@5 + B §X 5 =0, (4.2.79)
T
where A% and BP9 are defined as
(L7l LMol (7)) = (1, v),
07 a? - ) 4 )
AP = (@, 7) =, 4) (4.2.80)
0, (o, )= (4, v),
', (o, 7) = (4, 4),
P (LT P L) Y, () = (i, v),
HBpd N7 o = 4
B _ mM p (a,7)=(u,4) (1.2.81)
eV, (a,7)=(4,v),
<9007Up§08>eqvp7 (047’)/):(4,4)
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Here, we have used 175° = (@2, b )eq and B = (ke L1 YP ) eq-

We convert Eq. (4.2.79) into the algebraic equation, using the Fourier and Laplace
transformations with respect to the spatial variable o* and the temporal variable T,
respectively. By substituting

0Xop(0; 7) = 0Xo5(k; A) eFoA7, (4.2.82)
into Eq. (4.2.79), we have
(A AP0 — BeBad) §X 5 =0, (4.2.83)

where B9 is defined as

i i (LT P LT K (o, ) =, v),

N inkhe g a,v)=(u, 4),

BoBas — -mM , (a,7)=(u,4) (42.84)
it ky, (a,7)=(4,v),
Z.<90€7Up§08>kp7 (Oé,’y):(4,4)

We note that k* is a space-like vector satisfying k* = A* k,. In the rest of this
section, we use the matrix representation when no misunderstanding is expected.
Since we are interested in a solution other than 6.X = 0, we can impose

det(AA— B) =0. (4.2.85)
It is noted that Eq. (4.2.85) leads to the dispersion relation
A= A(k). (4.2.86)

The stability of the constant solution given by Eqs. (4.2.65)-(4.2.65) against a small
perturbation is equivalent to that 6.X does not increase with time evolution. There-
fore, our task is to show that the real part of A(k) is non-negative for any k*.

We show that A is a real symmetric positive-definite matrix as follows:

Wag AP0 w5 = ws (L7 LTl wys + wap g was

= (wus L7 wys L7100 ) 4 (i 00 5 Wias 90 )eg

= (wus L7 + wap 0, wus L7 @ + was 0 Vg

= <X7 X)eq > 07 Wap 7£ 07 (4287)
with Xp = wya [L7 @], + waa ¢F,- Tn Eq. (4.2.87), we have used the orthogonal-
ity between 5 and L™ @{* and the positive-definite property of the inner product
(3.2.17).

Equation (4.2.87) means that the inverse matrix A~! exists, and A~! is also a real

symmetric positive-definite matrix. Thus, with the use of the Cholesky decomposi-
tion, we can represent A~! as

ATt =1UT, (4.2.88)
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where U denotes a real matrix and 'U a trans matrix of U. Substituting Eq. (4.2.88)
into Eq. (4.2.85), we have

det(AI —UB'U) =0, (4.2.89)

where I denotes the unit matrix. It is noted that A(k) is an eigenvalue of U B*U.

We find that the real part of A(k) becomes non-negative for any k* when Re(
U B'U) is a semi-positive definite matrix. In fact, we can show that Re(U B'U) is
semi-positive definite as follows:

was [Re(U B'U))*P P wys = was [URe(B) U7 w,s
= [wUlag [Re(B)]*"° [w Ul,s
= —[w U™ [wUls
= ~([wUlpel®, L7 [wU]s¢?)
= (¢, L) >0, was#£0,  (4.2.90)

with ¢, = [w U] ¢}, . Therefore, we conclude that the constant solution given by
Eqgs. (4.2.65)-(4.2.65) is stable against a small perturbation.

Now, we are in a position, where we show that the propagation speed of the
fluctuation 6.X,p is not beyond the unity, i.e., the speed of light. Here, we suppose
that the propagation speed of 6.X,z is given by a character speed, whose Lorentz-
invariant form may be given by

Veh =/ — A V5, VG, (4.2.91)

Here, we have introduced the space-like vector v/} defined as

0
“ — . _ .
v = 7%%1300 [ i 8kuA<k)]' (4.2.92)
In the rest of this subsection, we shall prove that v, does not exceed 1.

By differentiating Eq. (4.2.89) with respect to i k,, we find that v% is an eigenvalue
of UCH'U, i.e.,

det [vf, — U C*'U| =0, (4.2.93)
where
[C’p]aﬁ’w = lim l— i aé"‘ﬁ’w]
—k2 500 ok,
(Lt v L7 00) s (7)) = (i, v),
T e (o, 7) = (1, 4), (42,90
(v, L7} Voo (o, 7) =4, v),
(005 07 0) eq: (o, 7) = (4, 4).
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An expectation value of U C*!'U with respect to an arbitrary vector w’' = *(U ) w
can be written as

U g [UCH U U wls g [C17 wss
wag (U1 H(U))7 wys was AP wss
0V X e
(X X )eq
= (v"),, (4.2.95)

-1

with X, = Wy (L7 1], 4+ waa ¢, Here, we have introduced

(0). = (X5 OX)eq

T (4.2.96)

with O being an arbitrary operator.
It is important to note that if the inequality

VA (o) (o) <1, (4.2.97)
are satisfied for any yx,, we can conclude

Ve =/ — A v 04, < 1. (4.2.98)

Indeed, we can show that the inequality (4.2.97) is satisfied in this case. The proof
is given as follows: First, with the use of the identities

N2 2
—A vt = ng’ (4.2.99)
<1>X _— (4.2.100)

we obtain
(—Au i) <1 (4.2.101)

Then, we notice

< _AMV Uu UV >X = _AMV <UM >X <UV >X + < _ANV 6,U'u 5UV >X 2 _AMV <,UM >X <UV >X’
(4.2.102)
where duvp, = dvll 6y, With 608 = vy — (v*) | because
— Ay, S0E 50Y > 0, (4.2.103)
due to the fact that v} is also a space-like vector. By combing Eq. (4.2.102) with
Eq. (4.2.101), we complete the proof.
Thus, we emphasize that our fourteen-moment equation given by Eqs. (4.2.26)

and (4.2.25) respects the causality in the linear analysis around the homogeneous
steady state (4.2.65)-(4.2.69), in addition to the stability.
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4.2.5 Novel ansatz in moment method consistent to meso-
scopic dynamics of relativistic Boltzmann equation

Our second-order relativistic hydrodynamic equation consisting Eqs. (4.2.31) and
(4.2.25) suggests a novel “ansatz” for the functional form of the distribution function
in the Maxwell-Grad moment method, which should be adopted so as to be compatible
with the relativistic Boltzmann equation in the mesoscopic regime. To show that this
is the case, it is convenient to start with Eqgs. (4.1.58) and (4.1.59) instead of Egs.
(4.2.31) and (4.2.25).

Substituting A, B, Fy, Fi, 5)_((#), 0X ), goéa), and <pg“) obtained in Sec. 4.2.1
into Eqgs. (4.1.58) and (4.1.59), we have

2. plo (1, ") " O [fé’q (1 ’ ;1} ([~ 1, 1

p
+[L71 jp]p Jp+ [L7H 7], wpg)ﬂ =0, (4.2.104)
and

NN 1
L (1, J#, 7)) g, [f;q (1 i1

o ([L~' 1], 11

+ (LR T, + (LR, w,,(,)ﬂ

1 e -1 /77 Ju ~Apv 1 —171
= gﬁ(pu)qu[[/ 1<H7 Jﬂ? i )]p;LPQT([‘L IH]qH
+ (L0, T+ L7 37) 7o), (4.2.105)

where € has been set equal to 1 and the bilinear terms with respect to II, J#, and 7"
has been neglected.

By comparing Eqgs. (4.2.104) and (4.2.105) with the continuity equation (2.3.20)
and the relaxation equation (2.3.21) introduced in the Maxwell-Grad moment
method, we can read off the form of the derivation ®, and the fourteen indepen-
dent quantities utilized to obtain the closed system of the differential equations as

1

(I)p = f ([L_l f[]p IT+ [L_l jV]p J, + [L—l ﬁ.uu]p 7T;w) = @EK’ (4-2.106)

and

Lopt, (L7, (LMY, (LA (4.2.107)

p?

respectively. We should stress that the deviation @;FK is not a polynomial form of
the momentum p and differs from that proposed by Israel and Stewart, i.e., <I>},S
introduced in Eq. (2.3.16);

CIDEK + CI);S =a+p"b,+p'p cu. (4.2.108)
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Furthermore, it turns out that QDEK is different from that of Denicol et al. shown in
Eq. (2.3.23);

QDEK # @? = (a+p'b, +p"p”cu). (4.2.109)

1
p-u
With the use of [L~! (II, J*, ), = g Ly (g, Jl, 7h¥) which is derived from
Egs. (2.3.7), (3.2.15), (3.3.8)-(3.3.10), we can show that ®1* given by Eq. (4.2.106)
is equivalent to the deviation introduced in Eq. (1.3.17).

In the rest of this subsection, we show that Q);K can be reduced to (I);E) but not
CIDJIDS when the differential cross section in the transition probability w(p, pi|p2, p3) is
a constant independent of the relative momentum and the scattering angle. For this
purpose, we first introduce the Ritz-Galerkin method [47] used in the calculation of
the transport coefficients. The calculation requires ¢y, = [L™! fI]p, Y, = (L1 j“]p,
and Yty = [L71 7+] ,» which are obtained as the solutions of the algebraic equations
given by

A~

(L], = 11, (4.2.110)
Ly, = Jb, (4.2.111)
[LyRr], = =% (4.2.112)

Since the above equations cannot be solved exactly for an arbitrary interaction, one
seeks an approximate solution by restricting the admissible functions to some ap-
propriate finite-dimensional subspace. A standard approximation method is just the
Ritz-Galerkin method [47], where ¢y, ¢§p, and ¥k are supposed to be expanded as

Y ~ I, <a0+a1 (p-u)+---+an (p-u)N), (4.2.113)

Wi, ~ L (Bo+Bipu) e+ By (p-w)Y), (4.2.114)

o 7 (ot (pru) 4w (e w)Y), (4.2.115)

where N denotes a finite integer. Here, «;, §;, and +; with ¢ = 0, ---, N denote

the expansion coefficients whose values can be determined based on the variational
principle for the quantities

((Lpn —10), L7 Ly — 1)) ., (4.2.116)
(L5 = J"), L7 (Lbyy = ) ) e (4.2.117)
(L =7, L7 (L mpn = R Do (4.2.118)

respectively. It is well known [47] that if the differential cross section takes a constant
value, the leading terms in the expansions (4.2.113)-(4.2.115) are dominant, while the
dependence on the relative momentum and the scattering angle reduces the conver-
gence of the expansions. Here, we shall take the case with the constant differential

82



4.2.  REDUCTION OF RELATIVISTIC BOLTZMANN EQUATION TO
MESOSCOPIC DYNAMICS WITH RG METHOD

cross section, where the choice of N = 0 may be validated. Thus, we have

Yrp ~ a4 I, = [0,/ Ly, (4.2.119)
(11, L1I),,
(J* Jdey = &
W o~ L = JhL (4.2.120)
<Jb= L b>eq
7T()Lb’ ﬁ.a
o < b)eq A =70 L (4.2.121)

mw (7ed | Lipg). P

because
ag = 1/Lpy, (4.2.122)
Bo = 1/Ly, (4.2.123)
Y% = 1/L,. (4.2.124)

Then, substituting tm,, ¥4, and ¥~ in Eqgs. (4.2.119)-(4.2.121) into 1% =
(Yrp I+, Ty + kv 7,,) /T, we obtain

1 ~ .
%~ 5 (I W Ly g o+ L ) )
11 . L
~ o Cn I L T L m ), (4.2125)

where II,,, J¥, and 74" have been given by Egs. (3.3.8)-(3.3.10), respectively. Noting
that II,, J, and 7" are at most bilinear with respect to the momentum p, we
conclude

O~ DD, (4.2.126)

where we have used the following redefinitions:

1

_ = —1 2
« = = (Lg' T (=m?/3)), (4.2.127)
1 R “
b= T(Lﬁlﬂu“((y—l)Th—yT)—i—le JATh), (4.2.128)
1
= (L' TL(4/3 = y) whu” — Ly (J*u” + T ut) /2 + L o).

(4.2.129)

Here, one should notice that CDI]? might be validated only when interactions between
each particles are treated as a hard sphere (a constant differential cross section).
In fact, as mentioned in Sec. 2.3.3, Denicol et al. [67] have shown the consistency
between the fourteen-moment equation derived from CIDI]? and the numerical solution
obtained from the relativistic Boltzmann equation in the limited case where the dif-
ferential cross section is constant.
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It is important to note that @gK obtained in this thesis based on the RG method
can be applied to generic interactions, in contrast to @E. Furthermore, we stress that
this thesis provides a theoretical foundation for the fact that the equation derived
from CIDPD is in agreement with the relativistic Boltzmann equation with a constant
differential cross section.
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Chapter 5

Summary and concluding remarks

In this thesis, we obtained the first-order relativistic dissipative hydrodynamics

through solving the equation for the distribution function of the relativistic Boltz-
mann equation in the asymptotic regime as the invariant manifold of the dynamical
system, on the basis of the renormalization-group (RG) method [81, 82, 83, 84, 85,
86, 87, 88, 89, 90] in a systematic manner with no ad-hoc assumption. In the present
analysis based on the RG method, the perturbative expansion of the distribution
function with respect to the spatial derivative with the Knudsen number, i.e., the
ratio of the average particle distance over the mean free path, is first performed with
the zeroth-order being the local equilibrium distribution function; the dissipative ef-
fect is taken into account as a deformation of the distribution function made by the
spatial inhomogeneity as the perturbation. We showed that the local equilibrium
distribution function is identical to the Jiittner function expressed in terms of the
five hydrodynamic modes, which are naturally identified with the same number of
the zero modes of the linearized collision operator, i.e., the collision invariants. After
defining the inner product in the function space spanned by the distribution func-
tion, the deviation from the Jiittner function that gives rise to the dissipative effects
is constructed so that it is precisely orthogonal to the zero modes with respect to the
inner product. Thus, any ansatz, such as the so-called conditions of fit used in the
standard methods in an ad-hoc way, are not necessary, and rather the conditions of fit
can be obtained as the orthogonality of the the deviation to the zero modes. In fact,
the deviation turns out to satisfy the conditions of fit defining the energy frame, i.e.,
the Landau-Lifshitz one, provided that the macroscopic-frame vector, which defines
the local rest frame of the flow velocity, is independent of the momenta of constituent
particles, as it should. Our deviation thus suggests that the relativistic dissipative
hydrodynamic equation must be defined in the energy frame, if it is consistent with
the underlying kinetic equation. Although the relativistic Boltzmann equation which
we have adopted as the kinetic equation is admittedly suitable only for a dilute gas,
it is expected that the derived hydrodynamic equation itself and hence the unique-
ness of the energy frame can be valid even for dense systems; this is found plausible
if one recalls the universal nature of the Navier-Stokes equation beyond dilute sys-
tems, although it can be also derived [75, 87, 88] from the non-relativistic Boltzmann
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equation. Furthermore, based on the positive definiteness of the inner product, we
presented an analytic proof that the first-order relativistic dissipative hydrodynamic
equation in the energy frame has a stable equilibrium state. We also elucidated that
the problematic Burnett term does not affect the resultant equation owing to the
nature of the hydrodynamic modes as the zero modes.

The second-order relativistic dissipative hydrodynamics was constructed as the
mesoscopic dynamics of the relativistic Boltzmann equation. The mesoscopic dy-
namics occupies an intermediate level between the descriptions by hydrodynamics
and kinetic theory. A basic observation presented in the extraction of the mesoscopic
dynamics from the relativistic Boltzmann equation is to incorporate some excited
(fast) modes of the linearized collision operator as additional components to the in-
variant manifold originally spanned by the zero modes for the first-order relativistic
dissipative hydrodynamics. In fact, we developed the doublet scheme, i.e., a generic
framework in the RG method to extract a mesoscopic dynamics from an evolution
equation, on the basis of the following consistency condition and general principle
of the reduction theory of the dynamics [78]: (A) the resultant dynamics should be
consistent with the slow dynamics obtained by employing only the zero modes in
the asymptotic regimes; (B) the resultant dynamics should be as simple as possible
because we are interested to reduce the dynamics to a simpler one. Here, the princi-
ple (B) was utilized to construct the mesoscopic dynamics as described with a fewer
number of dynamical variables, which is given by an equation composed of a fewer
number of terms. It turns out that the number and form of the excited modes that
should be included in the invariant manifold are automatically determined by the
doublet scheme in the RG method. We showed that the mesoscopic dynamics of the
relativistic Boltzmann equation obtained by the doublet scheme in the RG method
has the same form as Israel-Stewart’s [50] or Denicol et al.’s [67] fourteen-moment
equation in the energy frame, i.e., typical equations of the second-order relativis-
tic dissipative hydrodynamics, but the microscopic formulae of the coefficients, e.g.,
the transport coefficients and relaxation times, are different. It is found that our
theory leads to the same expressions for the transport coefficients as given by the
Chapman-Enskog expansion method in contrast to Israel-Stewart’s or Denicol et al.’s
equations, and suggests novel formulae of the relaxation times expressed in terms of
relaxation functions which allow a natural physical interpretation of the relaxation
times. On the basis of the positive definiteness of the inner product as in the case
of the first-order relativistic dissipative hydrodynamic equation, we showed that the
second-order relativistic dissipative hydrodynamic equation in the energy frame de-
rived by the RG method has a stable equilibrium state, and respects causality, which
means that the fluctuation around a static solution propagates with a finite speed
that is slower than the speed of light. Furthermore, we demonstrated that the distri-
bution function which is explicitly constructed in our theory provides a novel ansatz
for the functional form of the distribution function that should be adopted in the
fourteen-moment method proposed by Israel and Stewart.

It is worth emphasizing that all the equations derived in this thesis are consistent
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with the underlying relativistic Boltzmann equation. This is one of the advantage in
our theory because our theory explicitly gives the solution (distribution function) of
the relativistic Boltzmann equation which is expressed in terms of the hydrodynamic
variables and relaxation times, and thereby makes a systematic description of the
time-evolution of the system from the hydrodynamic to kinetic regime. Such an over-
all analysis should be desirable for that of the hot and/or dense QCD matter created
at RHIC, LHC, and other systems where the proper dynamics would change from the
hydrodynamic to the kinetic ones or vice versa [25, 26, 27, 28, 29, 30]. Furthermore,
it would be interesting to evaluate the relaxation times as well as the transport coeffi-
cients of the created matter with the use of the microscopic representations obtained
in this thesis. In fact, with the use of the relaxation times (4.2.59)-(4.2.61) expressed
in terms of the relaxation function, we can carry out the first-principles calculation
of them base on the lattice QCD, as in the case of the transport coefficients (3.3.43)-
(3.3.45). We also stress that it is interesting and important to present numerical
simulations to demonstrate that a solution of the fourteen-moment causal equation
obtained in this thesis is actually consistent with that of the relativistic Boltzmann
equation with a differential cross section dependent on the relative momentum and
the scattering angle in the mesoscopic regime.

Finally, we note that the RG method [79, 80, 81, 82, 83, 86, 87, 88, 89] itself has
a universal nature and can be applied to derive a slow dynamics from kinetic equa-
tions other than the simple Boltzmann equation, say, multi-component Boltzmann
equation [47] and Kadanoff-Baym equation [110]. In fact, we can derive the rela-
tivistic dissipative hydrodynamics from the multi-component relativistic Boltzmann
equation, and show that the energy frame is also the most natural frame for multi-
component systems [111]. Furthermore, we stress that the doublet scheme in the RG
method [90] can be also applied to extract a mesoscopic dynamics from a wide class
of evolution equations as far as the linearized evolution operator A is self-adjoint and
has no Jordan cell. An extension of the doublet scheme to a method applicable to
a more generic case where A is not self-adjoint or has Jordan cell will be studied
elsewhere.
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Appendix A

Detailed derivation of formulae
used in this thesis

A.1 Jiuttner function as entropy-conserving dis-
tribution function

In this section, we shall present a proof that the entropy-conserving distribution
function,

fEC = (271)73 exp(a — b, p), (A.1.1)

p

is identically the Jiittner function f;9 in Eq. (2.2.13), where the parameters (a, b*)
can be interpreted as the chemical potential over temperature and the flow velocity
over temperature, respectively; we assume that b is a time-like four vector with
b > 0, where fI;EC converges zero in the limit of |p| — oo. This proof is mainly based
on [48].

The equilibrium state in an arbitrary Lorentz frame, in which the gas moves as
an isotropic body with the velocity v for an observer, are described by the particle
current, energy-momentum tensor, and entropy current given as

NOw - — pyt, (A.1.2)
TOW  — ey’ —p A, (A.1.3)
SOr - — gy, (A.1.4)

respectively, where n, e, p, s, and u* = (v, yv) with v = 1/4/1 — |v]?> denote the
particle-number density, internal energy, pressure, entropy density, and the flow ve-
locity, respectively. We note that u# is a time-like four vector with «® > 0 because
utu, = 1.
Here, we note that the temperature and chemical potential of this equilibrium
state are determined by the Gibbs-Duhem relation (2.2.14), which is equivalent to
1 0
— = —s(e, n), A.lb5
7= ase ) (A15)
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% = _8?15(6’ n), (A.1.6)
where the equation of state is given by s = s(e, n).

Here, we assume that these above equations (A.1.2)-(A.1.6) established in the
equilibrium theory can be applied to the kinetic theory based on the entropy- con-
serving distribution function (A.1.1). By inserting f;:c into the microscopic repre-
sentations of N©O# TOr and SOk e,

NOw = 5™ —p [ (A.1.7)
D
4 1 4
TOw = N —pp” fC (A.1.8)
D
1
IO Z ﬁp# prC (In(27)° prC —1), (A.1.9)
p

and comparing them with Eqgs. (A.1.2)-(A.1.6), we shall write the parameters (a, b*)
as a function of the hydrodynamic variables (T, u, u*).
For this purpose, let us introduce a Lorentz-scalar quantity given by

- 1 C d’p
=), Fff = /(%)32}0 exp(a — by, p"). (A.1.10)

p

In a frame of b* = (v/2, 0, 0, 0), we can use spherical coordinates d*p = |p|? sin 6 d|p|
dfde and change the variable of integration by introducing © such that b, p* =
VB2 p® = Vb2m cosh ©, |p|> = p — m®> = m? sinh®©, and d|p|/p° = dO. In this
case, I in Eq. (A.1.10) reads

.2 -3 aKl(m\/b_Q)_ 5
I=m"(2m)4re T = I(a, VI?), (A.1.11)

where K;(z) denotes the first-order modified Bessel function.
The particle current (A.1.7) reads

0 0 b
NOw = — Z 1= % [(q, Vb2) ——. A.1.12
o, N (a, Vb?) B ( )

Now by combining Eqgs. (A.1.2) and (A.1.12), we have that b* is given by
— = ut. (A.1.13)
Furthermore, the particle-number density n can be identified with

a 2
n = —ml(a, Vi?). (A.1.14)
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Similarly, from Eqgs. (A.1.8) and (A.1.9), the internal energy e and entropy density s
are found to be

b, b 0? 0?
— o, 7O = On O I— I(a, V2 A115

5 = uy, SOm — 52_2((1 —a) NO# b, T(O)I/,u)
= (1-a)n(a, V8?) + Vi2e(a, Vb?). (A.1.16)

We note that n, e, and s have been obtained as a function of a and v/b2.
Through a straightforward manipulation with the use of the chain rules,

Y 5y _ 9 0 5y 4 O 9 2
aaas(a, V2) = %es(e, n) &Lae(m Vi?) + 8nsa(e, n) 8an(§’ VP2), (A.1.17)
ms(a, V2) = %s(e, n) 87\/13_26(&, Vi?) + a—ns(e, n) 87\/19_2”(&’ Vi?),
(A.1.18)
we have
9,
%s(e, n) = V2, (A.1.19)
9]
%s(e, n) = -—a. (A.1.20)

By comparing these equations with Egs. (A.1.5), (A.1.6), (A.1.19), and (A.1.20), we
get that

1
V2 = o (A.1.21)
a = % (A.1.22)
and accordingly
“w
b = “? (A.1.23)

Hence, we have identified a and b*, and f]fjc in Eq. (A.1.1) can be written as the
Jiittner function f;9 in Eq. (2.2.13).

A.2 Detailed derivation of explicit form of excited
modes

In this section, we explicitly derive the first-excited modes gp‘fg as shown in Eq. (3.3.6).
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For convenience, we introduce a dimensionless quantity [47] dependent on z =
m/T,

1 1 1 o0
=— S 9 pou)f=— [ dr (FP2=2)"27eT. (A21
Qg n 1 zp: po fp (p U) 52 KQ(Z) A T (T z ) T e ( )

This quantity for £ =0, 1, 2, 3 reads

ap = z 2(h—4), (A.2.2)
a; = 1, (A.2.3)
as = h—1, (A.2.4)
as = 3h+ 2% (A.2.5)

respectively. Here, h is defined in Eq. (3.3.11) and K,(z) denotes the modified Bessel
function,

Ky(z) = E g).! Zz* j dr (12 = 22)F12e, (A.2.6)
which satisfies the recurrence relation
2/
Kg+1(2) = Kg_1(2> + 7 KZ(Z). (A27)
First, the metric matrix n5” given by Eq. (3.2.26) reads
1
' = nT? |fL3 ' v’ + (2% ay — az) 3 A‘“’}, (A.2.8)
it =t = nT?zayut, (A.2.9)
' = nT?2%a. (A.2.10)

By a straightforward manipulation, we have

1 2\—1 ai 3
— T | — L —" Al (A211
Mopw (nT7) _agal—a%u“u +22a1—a3 “] ( )
k) | I A2.12
Mopa = Moap, — (nT7) __;agal—a%u“’ (A.2.12)

1 a

~L= T S| A.2.13
To44 (nT7) 22 aza; — a3 ( )

Next, the inner product (g, @) is evaluated to be

1
(v, gﬁ’fb) = nT? (aguau“ub—l— (2% ay —ag)g(u“A“b—l—u“Aba—I—ubA““)),

1

(vg nﬁ‘fﬂ = nT? (z apu” ut + 2 (2% ag — ag) 3 A‘“‘), (A.2.14)
1

(oh, @) = nT? (zauul 42 (Fag — ay) 5 A7), (A.2.15)

(o5, @) = nT?*2ayut, (A.2.16)
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TIME-DEPENDENT INHOMOGENEOUS TERM

Finally, combining 7,5 in Eqgs. (A.2.11)-(A.2.13) and (¢, @'Y in BEgs. (A.2.14)-
(A.2.16) together with

ey = [Quet”l, = & —[R@”],

1 . . »
i (p“ 0l — (P 1) b, gy (0 P >), (A.2.17)
we have
1
_ (_AMV Hp + 7_(_puy)7 o=y,
po ) p-u
P =) 1 (2%ag — an) (A.2.18)

z

0 _
: CP— Jy, a=4.
p-u  z22aq as

Here, we have introduced the following quantities

(azag —a?) 2? (p-u)* — (azag — azay) zm (p-u) + (az a; — a3) m?

I, =
P -3 (aza; — a3) ’
(A.2.19)
A o, (2 ag —as)z(p-u) — (22a; —as)m
o A (FPa a2 () - (o) ]’ (A.2.20)
P —(22a9 — ag) z
T = A" p,ps. (A.2.21)

Substituting ag, a1, ag, and a3 in Eqs. (A.2.2)-(A.2.5) into the above equations, we
arrive at the explicit representation of ¢i}" shown in Eq. (3.3.6).

A.3 Solution to linear differential equation with
time-dependent inhomogeneous term

In this section, we shall present formulae for obtaining appropriate special solutions
of linear differential equations with a time-dependent inhomogeneous term. Let us
consider the special solution of the equation given by

;Y(t) — AY () + R(t — o). (A3.1)

The solution reads

t
Y(t) = A0V (t) + [dse ™Y R(s — tg)

to
t t
= A Y () + [ dsPyR(s —ty) + [ dse 9 Qu R(s — 1),
to to
(A.3.2)
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where we have inserted 1 = Py + @)y in front of R(s — ty). Substituting the following
Taylor expansion,

R(s —ty) = i 7;' (s —t)" Lfi] R(7)

n=0 """

— e(s—to)a/a'r R(T)

. (A3.3)

o =0
into Eq. (A.3.2) and carrying out integration with respect to s, we have
Y(t) = MY (1) 4 (1 — 0907y (_g/or) 71 B, R(T)’
+ (eAltto) _ o(t=10)2/07y (4 _ 5 /97) 71 Q, R(T)L—zo
= MY (1) + (1 — 1097y (—9/ar) ! R R(T)’T:o
4 (eA(t—to) _ e(t—to)a/af) (PL+ Q1) (A—0/01)"1 Qo R(T)’
— Alt—to) [Y(to) + Q1 (A—-3/01)"Qq R(T)’T:o}
+ (1 — t=0)2/0my (_9 /7)1 Py R(T)]Tzo
+ (eAt=t0) _ o(t=10)9/07y p (A — §/07) 71 Qy R(T)l
— =207 ) (A= 0/07)" Qo R(7)|

7=0

=0

7=0

. (A.3.4)

We note that the contributions from the inhomogeneous term R(t — () are decom-
posed into two parts, whose time dependencies are given by eA(t=%) and e(t=%)9/07
respectively. The former shows a fast motion according to the vector spaces operated
by itself, while the time dependence of the latter is universal due to the absence of A.
Since we are interested in the motion coming from the Py and P; spaces, we eliminate
the former associated with the Q; space with the use of the initial value Y (¢y) that
has not yet specified as follows:

Y (to) = —Q1 (A — 8/07) " Qo R(T)\T:O, (A.3.5)
which reduces Eq. (A.3.4) to
Y(t) = (1=l (—g/or)" By R(7)|
+ (710 — /0Ty Py (A= 9/0m) T Qo R(7T)|
— (/07 Q) (A 9/07) ! Qo R(7)| (A.3.6)

=0
Equations (A.3.5) and (A.3.6) are nothing but the formulae we wanted.

A.4 Slow dynamics as described with would-be
zero modes
In this section, we shall derive the slow dynamics obtained by employing only the

zero modes from the generic evolution equation (4.1.2) with the RG method for
completeness, although a detailed derivation can be seen in Ref. [86, 89].
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As mentioned in Sec. 4.1, we first try to obtain the perturbative solution X
to Eq. (4.1.2) around an arbitrary initial time ¢t = ¢, with the initial value X (¢o);
X(t=t;ty) = X(ty). We expand the initial value as well as the solution with respect
to € as shown in Egs. (4.1.15) and (4.1.16), and obtain the series of the perturbative
equations with respect to e.

The zeroth-order equation is the same as Eq. (4.1.18). Since we are interested in
the slow motion realized asymptotically for ¢t — oo, we adopt the stationary solution
X as the zeroth-order solution:

Xo(t; to) = X, (A.4.1)

which means that the zeroth-order initial value reads

Xo(to) = Xo(lo; to) = Xt (A.4.2)

The first-order equation is

o ~ ~
5 X1(t) = AXu (1) + F, (A.4.3)

where A and F, have been defined in Egs. (4.1.6) and (4.1.26), respectively. A
special solution to Eq. (A.4.3) reads

- t
Xl(t) = = eA(titO) Xl(t0> + . ds eA(tis) F(]
0

~ t t
= eA(titO) Xl(t0> + \ ds PO FO + /tdS eA(tis) QO FO
0 0

— Alt—to) [Xl(to) + AL, Fo} + (t —to) Py Fo — A7 Qo F,
(A4.4)

where 1 = Py + Qo has been inserted in front of Fy. Here, Fy denotes the projection
operator onto the Py space spanned by the zero modes (@), i.e., the kernel space of
A, and @)y the projection operator onto the Qg space as the complement to the Py
space.

Since we are interested in the slow motion caused by the P( space, we eliminate
the fast motion coming from the Qu space with the use of the initial value X 1(to)
that has not yet specified as follows:

X1 (to) = Xi(to; to) = —A™ Qo F, (A.4.5)
which reduces Eq. (A.4.4) to
Xl(t;to):(t—to)PgFo—A_lQoFo. (A46)

The second-order equation is

aatxtg(t) = AX,(t)+ U(t —to), (A4.7)
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with

1 2

U(T) = §B [TPQFo—A_lQoFo} —|—F1 {TP()FQ —A_lQoFo}, (A48)
where B and F; have been defined in Eqgs. (4.1.45) and (4.1.46), respectively. With
the use of the method developed in Appendix A.3, we have a special solution to Eq.
(A4.7) as

Xo(t) = 7 [ Xo(to) + (A= 0/07) ' QU(r)| _]
+ (1= et/ (—9/or) T BU(7)|

— et/ (A — 9/or) T QU (7)| (A.4.9)

=0
As the case of the first order, we shall eliminate the fast motion caused by the Qg
space with the use of the initial value X5 (ty) as

X5 (to) = Xoa(to; to) = —(A—9/07) " Qy U(T)]TZO, (A.4.10)
which leads to
Xo(tsty) = (1—el=0907) (—g/or) ' RU(7)| _
— el (A= 9/0r) QU (7)| . (A.4.11)

Summing up the solutions and initial values constructed in the perturbative anal-
ysis up to O(e?), we have

X(to) = Xa— e A Qo Fy— € (A=0/0r) " QU(7)| _ +O0(e"), (A412)

and

X(t,to) = Xst+€[(t—t0)POF0—AlQOF0]

7=0

+ €2 [(1 — e(t_tO)a/aT) (—0/01) ' Py U(T)‘

— et/ (A _ 9/0r) 7L Q, U(T)\ _0] +0(e%).  (A.4.13)
We note the appearance of the secular term proportional to ¢ — ¢y, which invalidates
the perturbative solution when |t—t,| becomes large. For obtaining the global solution

from this local perturbative solution, we apply the RG equation d X (t; to)/dtoleg=t =
0 to Eq. (A.4.13): The RG equation reads

O (X m A QuF) Py Ty
+ & |RU(0) + (—0/0r) (A—0/07)' Qo U(T)’TZO] + O(e%) = 0,

(A.4.14)
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which is the equation governing the slow motion of C,) in X . By taking the

inner product with the zero modes cp(()a), we can convert Eq. (A.4.14) into a simpler

equation, which is found to be identically Eq. (4.1.68). Here, we have used
1 2
U(0)=5 B[~ A" QuFo| +FA[-AT"QF, (A.4.15)

which can be derived from Eq. (A.4.8).

A.5 Detailed derivation of relaxation equation in
fourteen-moment equation in energy frame

In this section, we present a detailed derivation of the relaxation equation given by
Eqgs. (4.2.49)-(4.2.51).

Using Eq. (C.3.29) and (4.2.40) together with the thermodynamic forces Xy, X7,
and X* defined in Eqgs. (3.3.23)-(3.3.25), we convert Eq. (4.2.25) into the followings:

ezp:plo[[flf[] p-u)vy Dy [ ;([L‘lﬂ]pﬂ

I 5y (78] )
= e((Il - Xn)
+e2;<L1f[, (feq)*lB[feq ! (L' e+ L7t Je g, + L Apawpg)}Q)eq
+ O(e 3) (A.5.1)

EZ (L7 "] (p.u)nga[f;q;,([Llﬂ]pH

+ LI, 4 (LR 77,,(,)]
— eTA(JF — X
21 -1 7u eq\—1 eq1 o 1Ap0’ 2
e S (LTI () Blf (L I+ L7 2T, + L7 7 )] )

eq

+ O(e 3) (A.5.2)
€ Z ] (p - w) vy D [fgq; ([L’1 ﬂ]pH

—I'_ [L_l jp]p JP + [L_l 7/i-po-:lp 7Tp0'>‘|
= e2p(m — X1
1 A
b ST () B[ L (L L g+ L ) )

eq

+ O(€%). (A.5.3)

97



APPENDIX A. DETAILED DERIVATION OF FORMULAE USED IN THIS

THESIS
Here, we have introduced the differential operator given by
8 (03
(p-u) aT+6p-V:(p-u)vp D, (A.5.4)
where
pv —
US = A Py p u’ @ t (A.5.5)
1, a =4,
eV, o=,
D, = P (A.5.6)
—, a=4
or

Form now on, we shall examine the left-hand sides of Eqgs. (A.5.1)-(A.5.3). First,
with the use of ¢, = (II,, J¥, "), we have

> pl (L7, (- u) vl Dy [f;q;([rl [, T+ [L1J#), J, + L7 77, Jm)]
_l -1 7 a7-1"1 l -1 7 ar-1 7p
= S (L7, v LT ) Dall 4 o (L7 v L7 J7), Do,

1 N ~ po

_'_f(Li w ‘LT ! i’ >eq aT po

+ (L7, o (f) T Do (fU LT YT ),

+ (L7, 0 (f) T Do L JP/T)>

+ (L7, o (f)  Do(f L™ 17%”"/T)>eq7rpg. (A5.7)

The terms containing the derivatives of 11, J#, and 7" can be reduced to

1 -1 17 a7—-11 _ 1 -1 1 —11 8
7 (LT 0" L) DIl = (LM LM 2T
)
= _CTH(TTH’ (A.5.8)
1 . . 1 . .
7 (LML, v L7 J?) Do, = 7 (L7, oM L7 JP) € Vad,
= _CKH(]AAPEV)\Jf” (A59)
(L I, v* L7 %) Dampe = 0, (A.5.10)
1 1 . .
(L J v L) Dall = (LT 0 LT e VAT
= —T A AP eV, I, (A.5.11)
1 -1 7 ar-17 1 ~1 3% 13 0
LTI L) Doddy = (LTI LT ) o,
0
= T A7, A" — A.5.12
T aTJpv ( 5 )
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1 . 1 .
7 (L7V g8 0 L7V a7 Dampe = 7 (L' J#, VN L7227 ) € Viamy,
= T Ay AP € V3T 0, (A.5.13)
1 .
T<L*1ﬁﬂ”,uaL*1H)quaH = 0, (A.5.14)
1 1 v ,ag7-17 1 —1 ~pv -1 7
= (L LR o LR  Dad, = = (L LR N LT IR ) € VA,
= =20l AP eV, (A.5.15)
1 —1 ~pv a 7—1 ~po 1 —1 ~pv —1 ~po a
f<L Lamw > L1 aP doq PaTpo = T<L Law L1 ae >eq§7rpg
vpo a
— —QnTﬂA“p Eﬂ'pg. (A516)

We note that 1, 77, and 7, in Eqgs. (A.5.8)-(A.5.16) coincide with the relaxation
times given by Eqs. (4.2.52)-(4.2.54), while (11, ¢m, £, and £,; can be interpreted
as the so-called relaxation lengths. The definitions of these quantities are given by

LU0, L' I, L7211
™m = < : >eq—<ﬂ A>eq, (A.5.17)
T¢ (1, L-'10),,
L~tJe L7 Jr L2
T] = —< ’ >eq:<A7 A.“>eq) (A518)
3712\ (Jr, L7V ,),,
—1 ~uv —1 A 1Y -2 4
o B T P LR (A5.19)
" 10T n (707 L7 g )eg
-1 wr—1 1 —1,p7-1
P (LTI L JW@_}(H,LA vt I Ju)eq’ (A5.20)
3T¢ 3 (I, L7'1I),,
L (L L (Jr, L7V, L7UT),, (A5.21)
= 372\ (Jo, LV, o
P (LTI LT R )y 3 LT L ), (A5.22)
" 5T2N TS (Je LV,
. _(L—lﬁuVJU#L—ljy>eq: (70, L7, L7V, (A5.23)
™= 10T (707 L )y -

Then, we consider the other terms in the right-hand side of Eq. (A.5.7). We
notice the following power counting with respect to e:

2
S

€

Y

(LML, 0% ()7 Da(f L T/T) )y (€) ( )
(L7UIL, o (f°) 7 Da(f L7 JP/T) )y ~ Ole), (A.5.25)
)) (€) ( )
)) (€) ( )

S

(L7, v (f) ™ Do(f4 L™ 7°/T
(LY " o (fY) ™  Do(f 4L~ /T

2
S

€

eq )

2
S

eq €);
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(L7V " 0™ (f) 7 Da(fL7 JPT))y ~ Ole), (A.5.28)
(LM T8 o (f) T Da(fO L 27 /T) ) ~ Ofe), (A.5.29)
(L& 0™ (f) 7 Do(f L7 I/T)) . ~ Ofe), (A.5.30)
(L7170 (f) 7 Do(f9L7 J?/T) ), ~ Ole), (A.5.31)
(L7t o (f) T Da(f L™ 777 /T)), ~ Ofe). (A.5.32)

This counting can be derived from the fact that the above terms contain the covariant
temporal and spatial first-order derivatives of u, T, and u*: The covariant temporal
derivatives can be converted into the covariant spatial derivatives with the use of
the continuity equation (4.2.31), and there exists € in front of the covariant spatial
derivatives. Accordingly, we can represent the above terms as the quantities of O(e),

(L7, o (f) ' Do(f L7 IT)),, = —€¢ X, (A.5.33)
(L7, 0 (fY ™ Do (f9 L1 JP/T)),. = —e(XE, (A.5.34)
(L7UIL, o™ (£ Da(f4 L™ #77/T)),, = —eC XA, (A.5.35)
(L7V T8 0 (f) ' Do(f L' TT) ), = —€TAXYy,  (A5.36)
(L7H T8 o (f) " Da(fL7 JP/T))yy = —€eTAXY,  (A5.37)
(L1 o (f) " Do (f L™ %7 /T)),y = —eTAXJ,  (A5.38)
(L7 o (f) 7 Dal(f LT YT ) = —e2n Xy, (A5.39)
(L7H 7 0 (f) 7 Do(fO L7 J?T) ), = —€2n X7, (A5.40)
(L7t o (f) T Da(fY L™ 777T)),, = —e2n X7 (A541)

It is noteworthy that Xmm, X{1,, Xfe, X, X455, X527 XE, XEYP ) and X427 might
be called also the thermodynamic forces as well as Xy;, X7, and X which are found
to contain the vorticity term [50, 112].

Then, we shall examine the second terms in the right-hand side of Eqgs. (A.5.1)-

(A.5.3), which read

1 - 1 i 7
S (LT () B s (D T L2, L 7 )|

eq
= —C (bHHHHH+bHJJ J‘u Ju—i-bnﬂﬂﬂ"uyﬂ'uy), <A542)
1 . 1 . .
S (LTI () B[ (D I L0, L7 0 )| )
= —T)\(bJHJHJ‘u—i-bJJﬂJVﬂ'Vu), <A543)
1 1 . .
o (LA ()T B [ (L I L P T, L 3 Toa )| ).
= =20 (brta 17 + by AP7 T, ). (A.5.44)

We note that bHHH; bHJJ, bnmr, bJHJ, bJJT” bﬁnm and bﬂ—JJ denote the coefficients in
the non-linear terms of II, J#, and 7", whose definitions are given as

b = —2T12 C<L—1ﬂ,(feQ)—1B[wa—1ﬂ] oLty o (A5.45)

eq
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1 . . )
s = =g (B ()T B LT T[T (A546)
1 2 I ~ Ly e -1~
bine = _W<L_1H’ (f) " BfoLt ] [qu 1%} ) oo (A5.47)

_ 1 -1 Tu eq\—1 [ req 7—1 1 eq 7—1 7
brir = gy (LT ()T B LT [T ]) o (A5A8)
1 . - - )
by, = —m@—lﬂ, (f)y" Bfor JV} [feQL—ler] )y (A5.49)
1 —1 ~pv eq\— e -1 7 eq 7—1 A
bore = _W<L LR (FN T B[ L) [0 L | )y (A.5.50)
1 ~ v eq\— e -1 7 eq 7—1 7T
by = —mu—lw# L (f9) 1B[fflL 1JH] [fQL 1Jy} ), (A551)

We note that the appearance of these non-linear terms is natural in the viewpoint
of the order counting with respect to € but these terms have never appeared in the
existing literature.

Substituting the above equations into Eqgs. (A.5.1)-(A.5.3), we have the relaxation
equations as

0
G(H —XH) + €71 67H+€2€HJAAPV)\JP
T
= €& (X I+ Xfi; J, + X{7 mp0)
+ 62 (bHHH II1T + bHJJ JH J‘u + bH7r7r T 7TW,) + 0(63), (A552)
0
€ (J' = XM 4+ E L APV + ety APP 5+ € L yn AP NI\ Ty
T
= (X IT+ X35 T, + X577 p0)
+€2 (bJHJHJ'LL+bJJ7r JVWV#)+O(€3), (A553)
0
(T = XP) 4+ € Ly APV VT, €75 AT 2
T
= € (X 1L+ X257, + X027 myp)
+ € (bt LT + by g A7 T, J,) + O(e%). (A.5.54)

By eliminating the second-order terms with respect to €, we reduce the above equa-
tions to

0
6H+68—H = Xy +O(?), (A.5.55)
T
9,
e J! 4+ e AMP a—Jp = e XN+ 0(), (A.5.56)
T
e + e AFP gﬂpg = e X" +0(). (A.5.57)
T

We note that Egs. (A.5.55)-(A.5.57) are also the relaxation equations that is valid
up to O(e).

By setting € equal to 1 in Eqgs. (A.5.55)-(A.5.57), we arrive at the explicit form
of the relaxation equations (4.2.49)-(4.2.51).
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Appendix B

Mesoscopic dynamics of 2D
evolution equation

B.1 Reduction of 2D evolution equation to meso-
scopic dynamics with RG method

In this section, we shall demonstrate the performance of the RG method presented
in Sec. 4.1 by extracting the mesoscopic dynamics from a simple evolution equation
describing the relaxation to a static solution.

The equation that we deal with reads [86]

gtx = y—u, (B.1.1)
0
ol = e f(z), (B.1.2)

where t denotes time, = and y dynamical variables, f(z) an arbitrary function with
respect to z, and € a small parameter.

Here, we shall give a brief account of the description of Egs. (B.1.1) and (B.1.2).
It is noted that the variation of y is slower than that of x due to the existence of € in
Eq. (B.1.2). This scale separation makes it possible to solve Eq. (B.1.1) with respect
to x with y being treated as a constant. Thus, we have the asymptotic orbit as

r =1y, (B.1.3)
for t — oo. Substituting Eq. (B.1.3) into Eq. (B.1.2), we have

0

Sy=cfl) (B.1.4)

Thus, the dynamics described by Egs. (B.1.1) and (B.1.2) is presented as follows:
the dynamical variables x and y are rapidly attracted to the line y = x from an

arbitrary initial value, and then show the slow motion confined on y = x governed
by Eq. (B.1.4).
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From now on, by the RG method formulated in Sec. 4.1, we obtain the mesoscopic
dynamics of Egs. (B.1.1) and (B.1.2), which describes the dynamics defined on not
only y = z but also the neighborhood of y = x. We will see that the region where the
mesoscopic dynamics is equivalent to the original one up to O(e) lies in |y —z| < O(e).

B.1.1 Set up in doublet scheme

We can convert Egs. (B.1.1) and (B.1.2) into the generic form (4.1.2) discussed in
Sec. 4.1 with the use of the following correspondences:

X = (";j) (B.1.5)
G(X) = (ygl“), (B.1.6)
F(X) = <f(0x)>' (B.1.7)

It is noted that the dimension of X is two, i.e., N = 2. Thus, the static solution X g
reads

Xa(ty) = (CO(t°)>, (B.1.8)

Co (to)

which satisfies G(Xg) = 0. It is noted that ¢o(ty) denotes the would-be integral
constant which is lifted to the dynamical variable by the RG equation.
With the use of Egs. (4.1.6) and (B.1.8), we have

A = <_01 é) (B.1.9)

We note that the eigenvalues of A read

A = -1, (B.1.10)
X = 0, (B.1.11)

and the corresponding eigenvectors are given by

U - (é) (B.1.12)
U, — (i) (B.1.13)

respectively. Since the eigenvalues A_ and \g are real, the RG method presented in
Sec. 4.1 is applicable to this case. The zero mode reads

a: 1
eV = Uy = < . ) (B.1.14)
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It is noted that the dimension of the space spanned by the zero mode is one, i.e.,
My =1.
Let us introduce the inner product defined as

(Y, x)="pMx, (B.1.15)

where ‘b = (¢, ¥,) and *x = (X, x,) denote arbitrary vectors and M a matrix
defined by

M= ( _11 _21 ) (B.1.16)

We note that M is the symmetric matrix, i.e., ‘M = M, and the orthogonality
between U _ and U is satisfied, i.e.,

(U_,Uy) =0. (B.1.17)
Furthermore, we find that the inner product is positive definite,
(P, ) =93+ 29 — 20,9, = (Yo —y)° + 15 >0, (B.1.18)
for " = (¢, 1) # 0, and A is self-adjoint,
(AY, x) ="APY) Mx="p'AMx="p MAx = (¢, Ax). (B.119)

In Eq. (B.1.19), we have used

FAM = MA. (B.1.20)

With the use of " and the inner product defined in Eqs. (B.1.14) and (B.1.15),
respectively, the Pg-space metric matrix néazl)(ﬂ =Y reads

o' = (e, @i = 1. (B.1.21)

Thus, we have the projection operator Py given as

Py = o (of, ). (B.1.22)

The definition shown in Eq. (4.1.26) leads us to

0
F, = , B.1.23
o = statn) (B:1.29)
which can be decomposed as
Fy = ¢V VoXm, (B.1.24)

104
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with
pV = (?) (B.1.25)
0Xwy = fleolto))- (B.1.26)

Through the straightforward calculation, we have

~ —1
<P§1)=Q090§1)=< - ):—U. (B.1.27)

Since we are now considering a two-dimensional model, it is natural that gog ) is in

accord with U _, which is orthogonal to the Py-space vector Uy. We find that the
P;-space vectors read

=0 — L0 _ (B.1.28)
er=D) — A1, Aty —y_, (B.1.29)

We note that the Py space is spanned by U _, and the Q; space is null, that is,
Q1=0Qy— P =0. (B.1.30)

With the use of q)ﬁl’” =A"! gogl) = U _, we have

B(t) = Y 6X 0y = U_ e (to), (B.1.31)
where we have defined
X1y = ai(to), (B.1.32)
with
|e1(to)] < OCe). (B.1.33)

It is noted that ¢;(to) is also the would-be integral constant, as well as ¢y((), which
becomes the dynamical variable by the application of the RG equation.
The definitions shown in Eqs. (4.1.45) and (4.1.46) lead us to

B = 0, (B.1.34)
0 0
F = <f,(60(t0)) 0). (B.1.35)
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B.1.2 Reduced dynamics by RG method

Substituting A, B, Fo, I, X1y, 0X 1), go(()l), and gogl) defined above into Eqgs. (4.1.58)
and (4.1.59), we obtain the mesoscopic dynamics of Egs. (B.1.1) and (B.1.2) as the
pair of the initial value

zp(t) = z(to =1t) = co(t) + c1(t), (B.1.36)
yp(t) = ylto=1t) = co(t), (B.1.37)
and the RG equation
gtcO +e = fleo) = flleo)en| = 0, (B.1.38)
0
@cl +ef(cg) = —c, (B.1.39)

where ¢y and ¢; denotes the dynamical variables. We emphasize that the global solu-
tion is given as the initial value (zg(t), yr(t)) where the exact solution (co(t), ¢1(to))
to Egs. (B.1.38) and (B.1.39) is inserted.

Here, we shall explicitly show that the mesoscopic dynamics in the neighborhood
of y = x is extracted from the original one (B.1.1) and (B.1.2) by the RG method.
Substituting Egs. (B.1.36) and (B.1.37) into Eqgs. (B.1.38) and (B.1.39), we have the
following equation with respect to (zg, yg):

0

5t = ye—astef(yp) (e —ye) + O(€), (B.1.40)
gtyE = |/ (ye) + f'(ye) (a5 — yp)| + O(), (B.1.41)

where O(€?) have been restored. In the region where

le1] = |ve — yu| < O(e), (B.1.42)
we can rewrite Egs. (B.1.40) and (B.1.41) as

0

50 = yp—ap+0(€), (B.1.43)
0
ave = efler)+ O(e?). (B.1.44)

We emphasize that Egs. (B.1.43) and (B.1.44) is the same as Eqgs. (B.1.1) and (B.1.2)
up to the first order of €. Indeed, the RG method presented in Sec. C.2 works out to
extract the mesoscopic dynamics validated in |z — y| < O(e).
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Mesoscopic dynamics of
non-relativistic Boltzmann
equation

Dissipative hydrodynamic equation is a powerful means for describing the long-
wavelength and low-frequency dynamics of many-body systems, which are close to
equilibrium state. A typical equation is the Navier-Stokes equation, whose dynamical
variables are five fields consisting of temperature, density, and fluid velocity.

One of the problems inherent in the Navier-Stokes equation is instantaneous prop-
agation of information, i.e., the lack of causality, which is attributed to parabolicity
of the equation [57, 56, 58, 59]. Here, the parabolicity is a typical character of
diffusion equations containing first-order (second-order) temporal-derivative (spatial-
derivative) terms of dynamical variables. This character plagues a relativistically
covariant extension of the Navier-Stokes equation.

In 1949, Grad [76] showed that the lack of causality could be circumvented within
the framework of kinetic theory, i.e., the Boltzmann equation by employing a method
of moments, where a suitable ansatz for the functional form of the distribution func-
tion provides a closed system of the differential equation. In particular, for the
thirteen-moment approximation to the functional form, the resultant equation is sim-
ilar to the Navier-Stokes equation but respects the causality, because the character of
the equation is hyperbolic instead of parabolic, with finite propagation speeds. This
thirteen-moment causal equation is called the Grad equation, whose dynamical vari-
ables are thirteen fields, i.e., temperature, density, fluid velocity, viscous pressure, and
heat flux. It is noted that the Grad equation is identical to the Miiller equation which
is derived on the basis of the phenomenological approach [58, 59] as mentioned in Sec.
1.1. Since the advent of the Grad(-Miiller) equation, a large amount of extensions to
relativistic systems have been proposed [49, 50, 63, 64, 65, 66, 67, 68].

In 1996, Jou and his collaborators [60, 61] called the description by the Grad equa-
tion mesoscopic since it occupies an intermediate level between the descriptions by
the Navier-Stokes equation and the Boltzmann equation. In fact, the Grad equation
has been applied to various kinetic problems, e.g., in plasma and in photon transport,
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whose dynamics often cannot be described by the Navier-Stokes equation since the
systems are not close to the equilibrium state.

Recently, it has turned out that there exist some difficulties in the Grad equa-
tion. A typical one is the inconsistency between the dynamics described by the Grad
equation and that of the Boltzmann equation in the mesoscopic regime of spatial and
temporal scales. In fact, Karlin and his collaborators [113, 114] showed that some
additional terms to the Grad equation should be necessary to ensure the consistency
with the mesoscopic dynamics of the linearized Boltzmann equation, by employing
their method of invariant manifold. Moreover, they demonstrated that these addi-
tional terms contain second-order spatial-derivative terms of viscous pressure and
heat flux, which cause a significant modification in the dispersion relation of hydro-
dynamic modes, destroying the causality. Struchtrup and Torrilhon [115] also applied
a similar approach to the non-linear Boltzmann equation for the Maxwell molecules
to derive an equation, where the causality was similarly lost although a phase veloc-
ity given by their equation compared well with experiments. These facts mean that
it is difficult to construct the equation that respects both of the causality and the
consistency with the Boltzmann equation in the mesoscopic regime.

An extension of Grad’s thirteen-moment approximation that ensures the causality
has been recently proposed by Levermore [116], Torrilhon [117], and Ottinger [118],
with different approaches. Unfortunately, however, the consistency between the re-
sultant equations derived by these extensions and the mesoscopic dynamics of the
Boltzmann equation remains not yet clear at all. Thus, the derivation of the causal
equation consistent with the mesoscopic dynamics of the Boltzmann equation is still
an open problem.

In this Appendix, we present an attempt to extract the mesoscopic dynamics
from the Boltzmann equation with the RG method based on the doublet scheme
developed in Sec. 4.1 and investigate whether or not the resultant equation respects
the causality.

We demonstrate that the equation obtained by the RG equation contains thirteen
dynamical variables and respects the causality. We show that the form of the resultant
equation is the same as that of the Grad equation, but the microscopic formulae of the
coefficients, e.g., the transport coefficients and relaxation times, are different. It turns
out that our theory leads to the same expressions for the transport coefficients as given
by the Chapman-Enskog method [75] and also novel formulae of the relaxation times
in terms of relaxation functions, which allow a natural physical interpretation of the
relaxation times. Moreover, the distribution function which is explicitly constructed
in our theory provides a new ansatz for the functional form of the distribution function
in the method of moments proposed by Grad.

This Appendix is organized as follows: In Sec. C.1, we present a summary of
main results in this Appendix, i.e., an explicit form of our thirteen-moment causal
equation, the microscopic formulae of the transport coefficients and relaxation times,
and the novel approximation to functional form of the distribution function used in the
method of moments which can reproduce our equation. In Sec. C.2, we summarize a
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brief but self-contained account of the Boltzmann equation, Grad’s thirteen-moment
approximation in the method of moments, and the Grad equation. In Sec. C.3, with
the use of the RG method developed in Sec. 4.1, we reduce the Boltzmann equation
to a mesoscopic dynamics, and examine some properties of the resultant equation.

In Sec. C.4 and Sec. C.5, we present a detailed derivation of some formulae used in
Sec. C.3.

C.1 Main results

In this section, we shall summarize main results in this Appendix.
Our thirteen-moment causal equation consistent with the Boltzmann equation in
the mesoscopic regime is given as the set of the continuity equations

0
— = d.1
atrH—V (nu) 0, (C.1.1)
mngtuz—l—mnu-Vui = —Vi(p&' —2n7ih, (C.1.2)
ngte—i-nu Ve = V{(TANI)+2n7a"Vu —pV -u, (C.1.3)

and the relaxation equations

i 8 1 i g i g 2 i
7TJ+T7T§7T = §(VUJ+VJU _§6JVu>) <C14)
0 1 _.
Jz 7{]1 = —V'7T C.1.5
+ 7y 5 TV , ( )

with ¢ and 7 being the indexes of vectors or tensors in three dimensional space such
as ¢ = 1, 2, 3, where the dynamical Varlables are thirteen fields consisting of the
temperature 7', density n, fluid velocity u’, heat flux J?, and viscous pressure 7%
with 79 = 717* and 6% 7% = 0. Here, p and e denote the internal energy and pressure
for a dilute gas; p=nT and e = 3T/2.

The coefficients in Egs. (C.1.1)-(C.1.5), i.e., , A, 7, and 7, denote the shear vis-
cosity, heat conductivity, and relaxation times corresponding to the viscous pressure

and heat flux, respectively. The microscopic formulae of the transport coefficients n
and A\ read

n = IOTZ qu” A” /dsR (C.1.6)
A = —WZ%‘“J@L;}C%:/{) ds Ry(s), (C.1.7)
vk

and those of the relaxation times 7, and 7; are given by

o _ka feq & 2kA;i _ _ Jods s Re(s)
R S T A

(C.1.8)
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S _ka fo' Jk; _ f(;)odSSRJ(S)’ (C.1.9)

2ok f'v v ka]’:, Jods Ry(s)

where v and k: denote the indexes of the velocity, fy' the local equilibrium distribution
function, L} ok the inverse matrix of the linearized collision operator Ly, g, 7y and Jv
the microscopic representations of the viscous pressure and heat flux, and R.(s)
and R;(s) the relaxation functions of them, respectively. We remark that n and
A agree with those obtained in the Chapman-Enskog method [75], and 7, and 7,
can be naturally interpreted as a correlation time of R.(s) and R;(s). The explicit
definitions of f§l, 74, Ji, Lk Rx(s), and R;(s) will be shown in Eqs. (C.2.24),
(C.2.38), (C.2.39), (C.2.47), (C.3.75), and (C.3.76), respectively.

A novel ansatz for the functional form of the distribution function in the method
of moments, which can reproduce our thirteen-moment causal equation, reads fy =

v (1 + ®y), where ®q denotes the deviation given by

1 ~d i‘ -1 7 71
by = OX = = S (L + Lp Ji, J). (C.1.10)
k

It is obvious that our deviation ®3¥ is different from that proposed by Grad, i.e.,

1

DR £ 0§ = T (L7r 7 ¥ 4+ L3t Ty J°), (C.1.11)

where L, and L; denote the expectation values of L,z with respect to 7%33 and j{,,
respectively. The explicit definitions of L., and L; will be shown in Egs. (C.2.50)
and (C.2.51), respectively.

C.2 Preliminaries

In this section, we shall summarize a brief but self-contained account of basic prop-
erties of the non-relativistic Boltzmann equation, Grad’s thirteen-moment approxi-
mation in the method of moments, and the Grad equation.

C.2.1 Basic properties of Boltzmann equation

The non-relativistic Boltzmann equation that we consider here reads

gtf'v(t, iB) +v- Vf’l)(ta ZB) = C[f]’l)(ta CC) <C21)

Here, fy(t, ) denotes the distribution function defined in the phase space (t, x, v)
with ¢ and = = (2!, 22, 2°) being the space-time coordinate and v = (v', v?, v3)

being the velocity of the one-shell particle whose mass, momentum, and energy are
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given as m, mv, and m |v|*/2, respectively. The right-hand side of Eq. (C.2.1) is the
collision integral,

C[f] ( Z Z Z w\v, ’Ul‘vz, Us)

X (f’vz(ta m) f'U3(t> w) - f’U(ta m) f'vl (tv 33)), (CQZ)

where w(v, v1|va, v3) denotes the transition probability due to the microscopic two
particle interaction. We note that w(v, v1|ve, vs) contains the delta function repre-
senting the energy-momentum conservation,

w(v, vi|vg, v3) o (MY +muv; —mvy — mus)
x §(mv|?/2 +m|vi]?/2 — m|va|*/2 — m |vs|?*/2),
(C.2.3)

and also has the symmetric properties due to the indistinguishability of the particles
and the time reversal invariance of the microscopic transition probability,

w(v, v1|ve, v3) = w(va, V3|V, V1) = w(v1, V|Vs, V2) = w(vs, V2|V, V). (C.2.4)

It should be stressed here that we have confined ourselves to the case in which the
particle number is conserved in the collision process.

The property of the transition probability shown in Eq. (C.2.4) leads to the
following identity satisfied for an arbitrary vector oy (t, ),

%: vo(t, 2) Clflv(t, ©)

1
= 242%}%% v, V1|v2, V3)
( (t, ) + v, (t, ) — pu,(t, ) — po,(t, :c))
( (t, @) fos(t, ) — foult, ) fo, (¢, a:)) (C.2.5)
A function @y (t, ) is called a collision invariant when it satisfies the following

equation,

> wult, ) Clflo(t, ) = 0. (C.2.6)

As is easily confirmed using the identity (C.2.5) and the property (C.2.3), pu(t, ) =
1, mwv, and m |v|?/2 are collision invariants;

%: (1, mv, m|v*/2) C[flv(t, ) =0, (C.2.7)

which represent the conservation of the particle number, momentum, and energy
by the collision process, respectively. We see that the linear combination of these
collision invariants as given by

ov(t, ) =a(t, ) + b(t, ) - mv + c(t, ) m|v|*/2, (C.2.8)
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is also a collision invariant with a(¢, @), b(t, ), and ¢(¢, ) being arbitrary functions
of t and x.

Using the Boltzmann equation (C.2.1) together with the collision invariants (1, m
v, m|v|*/2), we have the following continuity equations,

; (1, mv, m|v]*/2) [8815 +v- V] fo(t,x) =0, (C.2.9)
which are equivalent to
aat,o(t, z) = —V-(p(t, ) V(t @), (C.2.10)
mp(t, x) ;Vi(t, xz) = —mp(t,z)V(t, x) VV'(t, ) - VI Pt z),
(C.2.11)
p(t, x) gte(t, x) = —p(t,z)V(t,x) Ve(t, z) — V- Q(t, x)
— Pi(t, 2) VVI(t, ), (C.2.12)

respectively. Here, we have introduced

plt, ) = Y folt, z), (C.2.13)
‘ = 1 ’Ui €T
Vit, ) = 2 %: folt, z), (C.2.14)
= 1 m v xXr 2 Xr
e(t, z) = . ) Ev: 5 10v(t, ) folt, @), (C.2.15)
P(t,x) = Y mv'(t, ) o' (t, x) fu(t, x), (C.2.16)
Qi(t, z) = %:T;wv(t, )2 v (t, ) foult, ), (C.2.17)

with the peculiar velocity
ov(t, x) =v—V(t, o). (C.2.18)

It is noted that while these equations have the same forms as the hydrodynamic
equation, nothing about the dynamical properties is contained in these equations
before the evolution of the distribution function fy(¢, ) is obtained by solving Eq.
(C.2.1).

In this kinetic theory, the entropy density s(¢, ) and current J(t, ) may be
defined by

s(t, x)

- fol(t, x) (IH(QW)S fo(t, ) — 1), (C.2.19)

J,(t, x) =Y v folt, ) (In@27)° fo(t, ) —1). (C.2.20)
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Using Eq. (C.2.1), we have

gt (t, @)+ V- I Zv: (n@27)? fult, ) Clflo(t, @) (C.2.21)

The above equation tells us that the entropy S(¢) defined by
= /d?’w s(t, ), (C.2.22)

is conserved only if In(27)3 fy(t, ) is a collision invariant, or a linear combination
of the basic collision invariants (1, v, m|v|*/2) as

In(27)% fo(t, ©) = alt, ) + B(t, =) - mv +(t, ) m|v|*/2, (C.2.23)

with a(t, @), B(t, ), and y(t, x) being arbitrary functions of (¢, ). In other words,
the entropy-conserving distribution function is parametrized as

fol(t, ) =nl(t, x) [Win(t,:c)] ’ exp [— m |172;(1;’(1;;)m)| = fo'(t, ©),(C.2.24)

which is identified with the local equilibrium distribution function called the
Maxwellian. T'(t, x), n(t, ), and u(t, ) in Eq. (C.2.24) should be interpreted
as the local temperature, density, and flow velocity, respectively.

We note that for the Maxwellian f,!(¢, @), the collision integral identically van-
ishes,

Clf*Yo(t, ) =0, (C.2.25)

due to the energy-momentum conservation implemented in the transition probability.
Substituting the Maxwellian fy'(t, ) into the continuity equations (C.2.10)-
(C.2.12), we have

gtn(t’ x) = -V. (n(t, x) u(t, w)), (C.2.26)
n(t, x) gtui(t, x) = —mn(t, 2)u(t, z) Vu'(t, ) — Vip(t, ), (C.2.27)
n(t, x) gteo(t, x) = —n(t, z)u(t, x) Ve(t, ) —po(t, ) V - u(t, ),
(C.2.28)
where
po(t, €) = n(t, ) T(t, x), (C.2.29)
eolt, T) = 2T<t= z), (C.2.30)
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because
(t, z) = n(t, ), (C.2.31)
Vit,z) = u'(t, ), (C.2.32)
ot, z) — 2T(t, z) = eolt, @), (C.2.33)
Pi(t,z) = &n(t, ) T(t, x) =67 po(t, x), (C.2.34)
Q'(t,z) = 0. (C.2.35)

It is remarkable that Egs. (C.2.26)-(C.2.28) are identical with the Euler equation,
which describes the fluid dynamics with no dissipative effects, and py(t, ) and
eo(t, ) defined by Egs. (C.2.29) and (C.2.30) are the equations of state of the
dilute gas. Since the entropy-conserving distribution function fg'(¢, ) reproduces
the Euler equation, we find that the dissipative effect is attributable to a deviation
of fu(t, ) from fyl(¢t, x).

C.2.2 Thirteen-moment approximation and Grad equation

To take into account the deviation of fy (¢, @) from fy'(¢, ), Grad’s thirteen-moment
approximation [76] has been often used. In this subsection, we shall first clarify the
ad-hoc aspects of the ansatz made in Grad’s thirteen-moment approximation for the
derivation of the Grad equation, and then we shall present the microscopic representa-
tion of the transport coefficients obtained by Grad’s thirteen-moment approximation,
and point out that the representations are not in accord with those by the Chapman-
Enskog method [75].

In Grad’s thirteen-moment approximation [76], the distribution function fy(t, )
around fy!(¢, x) is expanded as

folt, @) = f3i(t, @) (1+ p(t, @), (C.2.36)

where it is assumed that the deviation ®g (¢, ) is small and the second and higher
orders can be neglected. Then, the ansatz on ®y(t, ) is imposed as

Dy(t, &) = gt x) 7 (t, ) + Jo(t, ) J'(t, x). (C.2.37)

Here, 7 (t, ) and Ji(t, ) are the v-dependent quantities defined by

#i @) = m (oL, @) et ac)—;éijw'u(t, D)), (C238)
Jyttw) = (26wt w)P—gT(t, 2)) 0vi(t, @), (C.2.39)

with dv(t, ) = v — u(t, ). We can find the following properties:

Tt x) = "t x), (C.2.40)
iyt ) = 0, (C.2.41)
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which can be derived from the definition shown in Eq. (C.2.38). On the other
hand, 7% (¢, ) and J'(¢, x) are expansion coefficients whose (¢, x)-dependence is not
yet determined. As will be shown in Egs. (C.2.56) and (C.2.57), the coefficients
7 (t, ) and J'(t, x) should be interpreted as the viscous pressure and heat flux,
respectively. It is noted that the total number of independent components, T'(¢, x),
n(t, x), u'(t, x), 7 (t, ), and J(t, x), is thirteen because we can suppose that

Tt ) = 7t ), (C.2.42)
Tt z) = 0, (C.2.43)

without loss of generality due to the properties shown in Egs. (C.2.40) and (C.2.41).
In the following, we shall suppress (¢, ) when no misunderstanding is expected.

To determine the (¢, x)-dependence of the thirteen coefficients T', n, u’, 7, and
J', we utilize the thirteen-moment equations which are derived by multiplying the
Boltzmann equation (C.2.1) by appropriate thirteen quantities dependent on v, and
integrating them with respect to v. In Grad’s theory, the five collision invariants
(1, mv, m|v|?/2) and the eight quantities #}) and Jj, are adopted as the thirteen
1ndependent quantities: The thirteen-moment equations consist of the five continuity
equations

> (1, mv, m|v]*/2) laatjtv-V] v (14+Pyp) =0, (C.2.44)

and the eight relaxation equations

0
> (7, Jv)[(%%—v-V] (1+ ®o) }j}j (7%, Jay) Lyg ®p» (C.2.45)
v

In the derivation of the relaxation equations, we have used the relation

f (I) —|—O fov kq)k’
f=fea

O[f] feq Z afk 'U
(C.2.46)

where we have utilized Eq. (C.2.25) and neglected O(®?). Here, L, denotes the
linearized collision operator given by

0
L = (fo) " —C o C.247
vk (’U) afk [f] ffeqfk ( )
Here, let us redefine 7 and J° as
T ; L7t n', (C.2.48)
I 5 L' J, (C.2.49)
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where
L, = Svkiv Y vkTk (C.2.50)
2o Jo T Ty
Yok fv' Jv Lyk I,
Yo fo' Jo Jo
With the use of these redefined variables, the deviation ®¢ in Eq. (C.2.37) reads

1 L N
Py = = (L7t ag w4+ L3y T = 0%, (C.2.52)
Substituting & = ®F into Egs. (C.2.44) and (C.2.45), we obtain the Grad

equation as a closed system of the equations governing 7', n, u’, 7/, and J*:

L, (C.2.51)

gtn +V.(nu) = 0, (C.2.53)
mn gtul +mnu-Vu = —VI(pys —2n% 717, (C.2.54)
ngteo +nu-Vey = VI(TAJ) + 2% 1% X3k — py V- u, (C.2.55)
7 4+ 78 aatﬂij = XY + (other terms), (C.2.56)
J 478 gtji = X’ + (other terms). (C.2.57)

In Egs. (C.2.53)-(C.2.57), we have defined the thermodynamic forces given by
X = AUk (C.2.58)
X, = ; VT, (C.2.59)

with the projection matrix

Ak = ; (0 0% + 6" 67 — 55” M), (C.2.60)

Furthermore, we have defined the transport coefficients and relaxation times as

~1] A1) ~kl  ~kl
77G _ 1 <7T]77T]>eq<7r 77T >eq (C261)
07 (7m, Lamey,o -

L (5 ) (T, ),
A= - = =3 (C.2.62)
3T (Jk, LJF),,

(7, 79)

G - 7 ‘. C.2.63
T <ﬁ—kl’ L’ﬁ'kl >eq’ ( )
ji
$ = —g (C.2.64)
(J5, LJ*F),,
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where we have introduced an inner product given as

(V) X)eg = 2 Jo b X0, (C.2.65)
v
with ¥ and xp being arbitrary functions, and used the following representations:
L7y = D Lyg Ty (C.2.66)
k
L]y = > Lok Ji- (C.2.67)
k

It is well known that the microscopic representations of the transport coefficients
obtained by Grad’s thirteen-moment approximation are different from those by the
Chapman-Enskog method [75], i.e,

1 . .

CE _ _ ~ 1] —1 ~ij

n 07T (7, L7 ) (C.2.68)
1 71 ji

PR —ﬁu J LT (C.2.69)

In fact, by comparing Eqgs. (C.2.68) and (C.2.68) with Eqgs.(C.2.61) and (C.2.62), we
can easily find that

nt # S, (C.2.70)
AE £ \C (C.2.71)

Here, L7} denotes the inverse matrix of L L
vk v

C.3 Reduction of Boltzmann equation to meso-
scopic dynamics with RG method

In this section, we apply the RG method developed in Sec. 4.1 to extract the meso-
scopic dynamics from the Boltzmann equation.

Since we are interested in the mesoscopic solution whose space-time scales are
coarse-grained from those in the kinetic regime, we try to solve the Boltzmann equa-
tion (C.2.1) in the mesoscopic regime where the space-time variation of fy(t, ) is
small. To make a coarse graining in a systematic manner, we shall convert Eq. (C.2.1)
into

gtfv(t’ x)=C[flo(t, ) —ev - Vfyl(t, x), (C.3.1)

where a parameter € has been introduced to express that the space derivatives are
small for the system that we are interested in. Here, € is identified with the ratio of
the average particle distance over the mean free path, i.e., the Knudsen number.

Since € appears in front of the second term of the right-hand side of Eq. (C.3.1),
the Boltzmann equation has a form to which the RG method developed in Sec. 4.1
is applicable.
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C.3.1 Set up in doublet scheme

By comparing the Boltzmann equation (C.3.1) with the evolution equation (4.1.2)
discussed in Sec. 4.1, we find the following correspondences:

x = {fot, m)}v, (C.3.2)
G(X) = {Clflo(t, @)}, (C.3.3)
F(X) = {-v-Vfy(t,2)} . (C.3.4)

It is noted that the velocity v is interpreted as an index of the vector, while we treat
the space coordinate x solely as a parameter, in accordance with the past works by
Kuramoto [78] and Hatta and Kunihiro [87]. From now, let us omit {-}4.

With the use of Eq. (4.1.4), we find that the static solution reads

3

X (to) = fo'(x; to) = n(x; to) l%T?(nmtO)] | exp [_ m ‘g;(i(wt;)to)‘ 7

(C.3.5)

which is nothing but the Maxwellian (C.2.24) and satisfies C[f]y = 0 as discussed
in Eq. (C.2.25). We note that the five would-be integral constants n(x ; o), T'(x; to),
and u(x ; to) corresponding to C4)(to) in Sec. 4.1 are lifted to the dynamical variables
by applying the RG equation. In the following, we shall suppress (x; ty) when no
misunderstanding is expected.

Using Egs. (4.1.6) and (C.3.3), we have the linearized evolution operator A as

0
A = Tc[f]'v
Tk f=fe
1
= g 2> w(v, vi|va, vs)
T U1 V2 U3
% (gl o + o Ok — Ouke S5 — il Opy). (C3.6)
Here, let us examine the property of A. We define the inner product by
(v, x)= Z( {ch)_l Yo Xv, (C.3.7)
v

with ¢ and ygp being arbitrary vectors. This inner product is different from one
defined in Eq. (C.2.65). We note that the norm through this inner product is positive
definite,

(v, 9) =3 (fo") " (Wv)* >0, ¢ #0. (C.3.8)
v
It is noteworthy that with the inner product A is self-adjoint,

(6, Ax) = 51 DX T Y wlw, vilva, vs) (o + oy — Yo, — Yuy)
' V V1 V2 U3
X (xv + Xv; — Xva — Xv3)

= (Av, ), (C.3.9)
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and real semi-negative definite,

<¢aA¢ = —512222 ’U’Ul|172,’03)

VUV V1 V2 V3

X (Yo + vy — Yy — hug)* < 0. (C.3.10)

Owing to the property of A, we can apply the method presented in Sec. 4.1 to extract
the mesoscopic dynamics from Eq. (C.3.1).
The zero modes of A are found to be

= fo'vov = [ ¢0ly,  @=0,1,2,3,4, (C.3.11)

with the diagonal matrix f:;qk: = Oyk Jv- In Eq. (C.3.11), we have introduced the
following five vectors:

a =0,
1 /m_, ,

Yov = \/>5“ a=1i, (C.3.12)
dv|? a =4,

f\[ ool - 3)

with the peculiar velocity dv = v — u. It is noted that ¢, with a = 0, ---, 4
coincide with the collision invariants shown in Eq. (C.2.7), and the dimension of
the kernel space of A is five, i.e., My = 5. In fact, using the particlee-number and
energy-momentum conservation laws presented in Eq. (C.2.3), we can show that

[Af%h%5ly = ZZZ (v, v1|vz2, v3) foy foy

V1 V2 U3
X (%v + Yov; — Povy — ¢8v3) = 0. (C.3.13)

With the use of ¢f, and the inner product defined in Egs. (C.3.11) and (C.3.7),
respectively, we have the Py-space metric matrix as follows,

6 = (Fel fe0) = 3 fat el ehw = 0. (C.3.14)
v

Thus, we have the projection operators P and () given as

PO¢ Z <100’0 feq 900 ) 1/)>7 (0315)

and QO =1- Po.
The definition shown in Eq. (4.1.26) leads to

Fo = —’U'erq

; m 3\ 1 _,; m oo
= [ Vn+<2T|6v|2—§)TVT+?5v’Vu9. (C.3.16)
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By comparing Eq. (C.3.16) with Eq. (4.1.26), we can read @i and 6X|, as

& = [ e, (C.3.17)
60Xy = X", (C.3.18)
respectively, where
Piv =" iy = (00" +u') iy, (C.3.19)
and
—— VZ a=0,

sX = —x/_\/7VW a=Jj (C.3.20)

We can check that F in Eq. (C.3.16) is expressed in terms of 6X@ as Fy =
Shoy i Bl 0X.

Through the straightforward calculation shown in Appendix C.4, we have the
vectors belonging to the P, space as

ol = fo' ¢i%, (C.3.21)
with
0, a =0,
1 \/m 1 .
1o - = — — T 9 a = )
Yiv=93 vaVT m Y J (C.3.22)
1 21 .
Ja\VsT/v 4T

Here, we have defined Jj, and 7g) as

Ji, = (7;|5v|2—2T>(5vi, (C.3.23)
7 = m (0000 — 5 09 |B0P) = m AT Gk 50 (C.3.24)

respectively, where the projection matrix A¥* introduced in Eq. (C 2.60) has been
used; AR = 1/2 (5% 631 4 5% 55t — 2/3 6% §¥). We remark that Ji, and 7 are the
same as the vectors defined in Egs. (C.2.38) and (C.2.39), respectively, introduced

in the method of moments. Thus, the number of independent components of %3, is

eight, i.e., M; = 8. We stress that the number and form of the excited modes cpg")

have been automatically determined in the construction of the mesoscopic dynamics
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from the Boltzmann equation based on the doublet scheme in the RG method. Here,
we call 73 and Jv the microscopic representation of the viscous pressure and heat
flux, respectively.

Using the P;-space vectors

"M = [AT fagie] n=0, 1, (C.3.25)
we have the Pi-space metric matrix

) = (AT AT [l ) = e (C.3.26)

which leads us to the projection operators P, and (), given as

[Py = 2 Z ) Z [A f 0y Mmiamgs (AT 017, ), (C.3.27)

n=0,1 a=0 m=0,1 =0

al’ldleQo—Pl.
We shall introduce the integral constants that represents the deviation from [
as follows:

5X(M) (to) = (SXZCV(w, to) (0328)

As shown in Sec. 4.1, X appears in the form of ¢ = z,ﬁ@l At <p§“) 0X(u) in the
resultant equation. In this case, ¢ reads

Z Al Z Fi 5, 0X% = Z Apte fi TR+ I 7). (C3.29)

where
. 1 T ..
9 = ﬁ,/%w’“ax’d, (C.3.30)
. 1 2 )
J = \/ﬁ\[g(sxﬂ. (C.3.31)

Instead of §X, we shall use 7 and J?, i.e., the viscous pressure and heat flux, as
the fundamental quantities. It is noted that the definition of 7% ensures that

T = q (C.3.32)
™ = 0. (C.3.33)

Owing to the properties shown in Egs. (C.3.32) and (C.3.33), the number of indepen-
dent components of 7% is five, and the total number of the would-be integral constants
T, n, u', 7 and J* are thirteen. Although this number is the same as that of the
dynamical variables introduced in the thirteen-moment approximation proposed by
Grad, we emphasize that this number and form of the dynamical variables have been
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automatically determined from the Boltzmann equation by the doublet scheme in
the RG method developed in Sec. 4.1, which dose not demand any ansatz at all in
contrast to the traditional approaches.

For convenience, let us introduce the following quantities:

_ 1 T . _ .

X:r] _ _ﬁ E Az]k:l 5Xkl — Az]kl Vkul, (C334)
_ 1 2 . 1 _.

X = VA E SXM = 7 VT, (C.3.35)

which are identical with the thermodynamic forces defined in Egs. (C.2.58) and
(C.2.59). With the use of X% and X!, we have

4
% © 1o Vio 1 eq (A1) Yrij Ti 3l
Z ‘Pgﬂ) 0X () = Z fo' Py 6 X = T v (g X7 + Jp X7). (C.3.36)
m a=0

The definitions presented in Eqgs. (4.1.45) and (4.1.46) lead to

o2

B = C

8fk:afl [f]v i jen

1

~ 9 Z Z Z w(v, v1|vs, vs)

U1 U2 Vg

X (5’02]{: 5’U3l + 5'02l 61)3’(5 — 5’1]’(3 5’Ull — 5’Ul 6’Ulk)7 (0337)
o= —v Vo, (C.3.38)

C.3.2 Reduced dynamics by RG method

Substituting A, B, Fo, Fi, 6X(.), 60X, go((]a), and % obtained above into Egs.
(4.1.58)/(4.1.63), (4.1.59)/(4.1.64), and (4.1.66), we can obtain the mesoscopic dy-

namics of the Boltzmann equation.
Equations (4.1.58) and (4.1.59) read

9] 1
> (1, mv, m|v]*/2) [(?t +v- V] l e (1 + (e
v

+M1ﬁbﬁw

1 I 1
= 3 Z(l, mwv, m|v|*/2) Z Z Byl fkqf (L lﬂkl]k a4 (L1 Jk]k J*)
v kE 1
1 R
X iqf([Lflﬁm"]lﬂm"+ (L1 J™ M), (C.3.39)

and

%: (L7 (79, T, Lft +v- v] [ o (1+ S‘F (LY 7k 7+ (L1 T4, J’“))]
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ed (71 (~ij i Lo 13
= 2 S LT EY, D]y Lyg 7 (L7 7% g 7™ 4 [L70 ¥ 7)
vk
1 1 (nif  Fi eq L o1 a 13

£35S L Py 35 Bygg St o (L7 A4 7 4+ (L7 4], %)

v k1
X fi4 = (LA™ 7™ 4 (L7 T J™), (C.3.40)

where € has been set equal to 1 and we have used the identity
Lyy = fo ' Ay i (C.3.41)

It is notable that L = £~ A f°4 denotes the linearized collision operator defined in
Eq. (C.2.47).
We can reduce Eq. (C.3.39) to

S (Lmv mlol/2)| 5+ 9] [ (14 1 (0 #
v

+[L7Y "], J’“))] =0, (C.3.42)

because
1 oq L L 1 A
3 ST(mo, m*/2) 3. Byt fkqf([L LAk M (LT M T
v k 1
e 1 —1 ~mn mn —1 Im m
quf([[/ 17‘(’ }lﬂ —I—[LlJ}lJ)

1 .
= Y (1, mv, m|v]*/2) C[f* 7 (L& L7 TR T

v
= 0, (C.3.43)

where we have used the fact that (1, mwv, m |v|?/2) are collision invariants shown in
Eq. (C.2.7). In contrast to Eq. (C.3.39), the term associated with B,,;; remains in
Eq. (C.3.40), because [L~' (7, J%)],, are not collision invariants. We note that this
term produces non-linear terms with respect to 7% and J?, the presence of which are
natural on account of the order counting with respect to €, although they have been
omitted in the existing literature. For the sake of the comparison with the equations
in the literature, we shall neglect this term and consider the equation

S LT (E, Lfi e V] [ (R S A J’”)]

= Z f’i}q [L*l (ﬁ_ij, jl)]v ka ;; ([Lfl ﬁ_kl]k 7T_kl + [Lfl jk]k Jk) (C344)
vk

By comparing Egs. (C.3.42) and (C.3.44) with the continuity equation (C.2.44) and
the relaxation equation (C.2.45) introduced in the method of moments, we can read
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the form of the derivation ®4 and the thirteen quantities utilized to obtain the closed
system of the differential equations as

1 . . . .
Oy = 7 ([L7! 79T + (L1 Sy ') = gy, (C.3.45)
and
m, 9 ~1 % —1 ~ij
]-7 m’Ua 5 |’U| I [L J ]’07 [L ™ ]’U? (0346)

respectively. We should stress that the deviation ®3,* is different from that proposed
by Grad, i.e., ®§ introduced in Eq. (C.2.52);

1 o A
D £ DG = 7 (Lt g + Lyt Ty JY). (C.3.47)

We also stress that 3" provides a new ansatz for the functional form of the distri-
bution function in the method of moments, which is compatible with the Boltzmann
equation in the mesoscopic regime.

It is important to notice the following relation between the Grad equation and
our equations (C.3.42) and (C.3.44): By replacing

L7 ag — [L7'#Y],, (C.3.48)
LY T — [L7YJ1,, (C.3.49)

in the Grad equation, one can obtain Eqgs. (C.3.42) and (C.3.44) without mathemat-
ical ambiguity. As will be shown explicitly in the next subsection, this replacement
changes the values of the coefficients, e.g., the transport coefficients and relaxation
times, included in the Grad equation, but the form of the resultant equation is the
same as that of the Grad equation. Thus, our equations (C.3.42) and (C.3.44) holds
the hyperbolic character, i.e., the causality, as the Grad equation dose. We empha-
size that Egs. (C.3.42) and (C.3.44) are identical with the thirteen-moment causal
equation consistent with the Boltzmann equation, which has been long sought for.

In the rest of this subsection, we present an explicit form of the invariant/ attrac-
tive manifold: Equation (4.1.66) reads

fro(t, ) = [fol(1+ 0 ) (@i to=1t)+Afp(x;to=t).  (C.3.50)
Here, A fy denotes the contribution from the Q; space given as

Afy=—[Q1 L —-0/0r) ' (f N Qo K(T)| o, (C.3.51)

7=0

where

—_

4
K(T) — Z Z B [feq eLT Lfl ()Oila (SXia 4 TPO feq @'ia 5)?1'04

2.5 B=0
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+ feq (eLT . 1) L—l szia 5Xia} « [feq eL’T L—l ijlﬂ 6X]ﬁ
+7 Py fEY 5X9 4 o (P — 1) L7} 5 X7

4
4 Z Fl {feq eLT L—l S01'104 5Xia + TPO feq 951'101 é‘Xia

a=0

+ (e = 1) LT i 5. (C.3.52)

We note that the global solution to the Boltzmann equation (C.3.1) in the mesoscopic
regime can be obtained by substituting the exact solution to Eqs. Eq. (C.3.42) and
Eq. (C.3.44), ie,, n(x; t), T(x; t), u'(x; t), 7 (x; t), and J'(x; t), into fro(t, )
in Eq. (C.3.50).

C.3.3 Causal equation for thirteen moments

We shall derive an explicit form of the causal equation for the thirteen moments by
integrating the continuity equations (C.3.42) and the relaxation equations (C.3.44)
with respect to v.

First, we shall investigate Eq. (C.3.42). By carrying out the calculation shown in
Appendix C.5, we find that Eq. (C.3.42) reads

gtn +V.(nu) = 0, (C.3.53)
mn gtul +mnu-Vu' = —V/(p§'—2n7'"), (C.3.54)
ngte—l-nu-VG = VTN +2na* X% —pV -u, (C.3.55)

with X% = AWK k! defined in Eq. (C.3.34). In Eqgs. (C.3.54) and (C.3.55), p and
e denote the internal energy and pressure, and 1 and A the transport coefficients,
i.e., the shear viscosity and heat conductivity, respectively. These quantities have the
following forms,

p = nT, (C.3.56)
3

e = §T, (C.3.57)

1
— ~ 1] —1 ~aj

n = 710T<7T , LA ) o (C.3.58)
1 7 -1 7

A = _W<J s L 1J >eq7 (0359)

respectively, where we have used the inner product defined in Eq. (C.2.65). We note
that the forms of these quantities are inherently for the dilute gas. This is natural
because our model equation treated in this thesis is the Boltzmann equation which
represents the dynamics of the dilute gas in the kinetic regime. We should stress that
the microscopic representations of the transport coefficients shown in Egs. (C.3.58)
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and (C.3.59) perfectly agree with those derived in the Chapman-Enskog method, not
in Grad’s thirteen-moment approximation:

n = =y £n% (C.3.60)
A= ATE = )\OF £ )\C (C.3.61)
Then, we shall examine the properties of Eq. (C.3.44). Through the straight-

forward calculation shown in Appendix C.5, it turns out that Eq. (4.1.64) can be
written as

7Tij+7'7raatﬂ'ij = XY, (C.3.62)
Ji+rJ§tJ@' = X, (C.3.63)

where we have neglected the second-order terms with respect to € for the sake of
the simplicity. We note that the full expressions of the relaxation equations are
shown in Appendix C.5. Here, 7, and 7; denote the relaxation times. We note
that these quantities are time constants characterizing the corresponding relaxation
process, where 7% and J® can be reduced to X9 = AU Vky! and X = VT/T
asymptotically, respectively;

™ = X4, (C.3.64)
J = X (C.3.65)

The definitions of the relaxation times read
1

= A el 3.
Tr 10T77<7r , T ) e (C.3.66)
— 1 71 -2 70
T] = 3,1_172)\<J R L J >eq' (C367)

It is noteworthy that we obtain the microscopic representations of 7, and 7; as well
as the transport coefficients n and A shown in Eqgs. (C.3.58) and (C.3.59).

Here, we shall convert the definitions of the transport coefficients 7 and A and the
relaxation times 7, and 7; into a more familiar form, i.e., the Green-Kubo formula
in the linear response theory. For this purpose, we utilize the following identities
satisfied for vy = (7%, Ji):

L7y = (fo) T AT 4]y

= () [ sl iy

= — [Cas[et

— —/Ooodsi)v(s), (C.3.68)
[L_27JJ]U _ /Ooodsl /OOOdSQ [e(s1+s2)L¢]v
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= /Ooodsl /OoodSQ U (s1 + s2)

— /Ooods s (s), (C.3.69)
where we have defined

du(s) = [y (C.3.70)
It is noted that z/}rv(s) could be interpreted as a “time-evolved” vector of 1y by Loyt

With the use of the above identities, we can obtain the compact forms for the
transport coefficients and relaxation times as follows:

n o= /Ooodst(s), (C.3.71)

A = /OOOdSRJ(s), (C.3.72)
Jods s Ry(s)

Tr m7 (C.3.73)
s Rils)

= L) (C.3.74)

where R.(s) and R;(s) have been defined by

Ri(s) = 101T<7%ij(0),7“rij(s)>eq, (C.3.75)
Ry(s) = 31T2<ji<o>,ji(s)>eq. (C.3.76)

It is noted that R.(s) and R,(s) are identical with the relaxation function introduced
in the linear response theory. We remark that 7, and 7; can be interpreted as a
correlation time of R.(s) and R;(s), respectively, whose physical meaning is clear.
We should stress that it is for the first time that the microscopic representations of
7, and 7; based on R;(s) and R;(s) are obtained, and the RG method presented in
Sec. 4.1 plays an essential role in the derivation of Egs. (C.3.71)-(C.3.74).

C.4 Detailed derivation of explicit form of excited
modes

In this section, we shall show a detailed derivation of (i3, as shown in Eq. (C.3.22).
The definitions in Egs. (C.3.17) and (C.3.21) lead to

fo' 9011(}0 = [Qo [ Nm] 95216}0 Z 900'0 (f 900 , [ ~m ). (C4.1)
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Then, we can convert Eq. (C.4.1) into

4
Py = 00" ey — D v M7, (C.4.2)
£=0
where
M =37 fol gl 0v' pou = ([0, FOF) —u' 6% (C.4.3)
v

We note that M*# read

MY = 0, (C.4.4)
MY = \/Zaﬁ, (C.4.5)
MY = 0, (C.4.6)
M = ﬁcsﬁ, (C.4.7)
M* =0, (C.4.8)
M = \/g\/Z(Sﬂ, (C.4.9)
MY = 0, (C.4.10)
MY = \/g\/zcsij, (C.4.11)
M = 0, (C.4.12)

which have been derived straightforwardly with the use of

oo = n, (C.4.13)
v
S oot = 0, (C.4.14)
v
Y fprvtont = nzéij, (C.4.15)
> m
M fotovtsvi st = 0, (C.4.16)
v

S fatsvt oo s oot = () (09 5% 4 g6+ 51 6%).  (CALT)
v

Substituting M*# into Eq. (C.4.2), we obtain the explicit from of ¢i%, shown in Eq.
(C.3.22).

128



C.5.  DETAILED DERIVATION OF EXPLICIT FORM OF CAUSAL
EQUATION FOR THIRTEEN MOMENTS

C.5 Detailed derivation of explicit form of causal
equation for thirteen moments

In this section, we shall show a detailed derivation of the explicit form of the thirteen-
moment causal equation given by the set of Egs. (C.3.53)-(C.3.55), (C.3.62), and
(C.3.63).

Instead of Egs. (C.3.42) and (C.3.44), we shall start with Egs. (4.1.63) and
(4.1.64):

a ! ~1 %) «
(P, 5 F) /e e 3 ([958, f9@)0X"7 /e
B=0
4 . .
= —e > (fUph, K" 0,(AT [ 0XP) ) [ e 4 O(e), (C.5.1)
B=0

(A_l fea szia’ KM 8M(A_1 fea Spjiﬁ 5Xjﬁ) > /Coc

e

€

I
o

B

(feagie, AL el (0X98 4 6X98) / ¢

|
NE

T
o

4 4

FE D YA g B[l [ ] ) X 6xR e
B=0 v=0

+0(¢"), (C.5.2)

N | —

where the explicit forms of A, B, Fy, Fi, 5)_((@, 0 X, go(()a), and go&“) have been
utilized. Here, we have divided the obtained equations by ¢* given by

1
T Oé:O,
n
\/1_ m 1 )
= NT m =1, (C.5.3)
1 \F 1 A
B Bl o —
Vn V3T’ ’
and have used the relation
0 0 u
E_EFl 'uk: a—l—ev-v ok = Ky O (C.5.4)

with the definitions

(O, 1, Do, B3) = ()01, €V, V2, € VP), (C.5.5)
(Ko Kok Kok Kopr) = (1,01, 0% 0%) 6. (C.5.6)
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From now on, we show the explicit form of each terms in Egs. (C.5.1) and (C.5.2)
one by one: The first and second terms in the left-hand side of Eq. (C.5.1) read

) atn,a | a =0,
(feqsoé“,a )/ = mnaul, a =i,
nofte, a =4,
and
A —eV - (nu), a=0,
€ Z(fquag“, fquéiﬁﬁ)_(w/c“: —emnu-Vu' —eVip, a=i,

5=0

respectively. Here, we have defined

3
= T
e 51
p = nT,

—enu-Ve—epV-u, a=4,

(C.5.7)

(C.5.8)

(C.5.9)
(C.5.10)

which are consistent with the equations of state of the dilute gas shown in Egs.

(C.3.56) and (C.3.57).
The term in the right-hand side of Eq. (C.5.2) reads

4 ) . _ .
e Y (faptr, ATy (0X90 4+ 6X9P) /e
B=0

0, a=0,
= €2n (-7 4+ X9, a=j,
eTA(=J' +XY), a=4,

where we have defined

1 . .
n = _107T<feqﬁ,1]’Aflfeqﬁ,zj>’
A= o ([T AT T,

and have utilized the following identities:

<feq 74 7 A—l feq 7c{_kl> — g Azgkl <feq ﬁ_ab7 A—l feq 7c{_ab >7

A . 1 .. R .
<fquz7 Afl fquJ> — 5513<feqja7 Ailfqu(l),
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We note that the transport coefficients, i.e., n and A, given by Egs. (C.5.12) and
(C.5.13) accord with those in Eqs. (C.3.58) and (C.3.59), respectively, with the use
of the inner product defined in Eq. (C.2.65) and A~! = fea [ =1 (fea)=1,

The term in the right-hand side of Eq. (C.5.1) is more complicated than the other
terms. First, we expand this term as

4
€ 2 (frel, K 9u(AT [}’ 5X97) ) /e
£=0
4
= € (IR (95 /), Qu(AT F ]’ 5X77))
£=0
4
-2 [3“ JURM (05 [ ¢), AT el 0X0)
B=0

CRR (g ) ), A7 gl 5X >]
4 ' '
S [%20 FURR (g5 ] <), A7 fe9 1P 00
3=0
—(Qo fUK!, (g5 ), AL feayp)’ 5Xj5)1. (C.5.16)

We note that inserting () as the final line in the above equation does not change the
values of the inner product, because A=t fed gojlﬁ belongs to the Qg space.
Then, substituting

Qo fUE" (5 /My = f5' (0, ey, iy, ©1) / ¢
(C.5.17)
and
0, a=0,
[Qo [ K" (G / )]y = § 05 a =1, (C.5.18)
—e foran Xk o =4,
into Eq. (C.5.16), we have
: 24: (95, K" 9 (A7 [ 6X7P)) [
-0
60, a=0,
= —2 VI (2n 7Y, a =1, (C.5.19)

—EVIHT AT —E2na/* X% o =4,

It is noted that Egs. (C.5.17) and (C.5.18) have been derived with the direct use of
the definitions.
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Substituting Egs. (C.5.7), (C.5.8), and (C.5.19) into Eq. (C.5.1), we have the
continuity equations as

gtn = —eV-(nu)+0(), (C.5.20)
mna@tu = emnu-Vu' —eVI(pd —e2nal) + O(e?), (C.5.21)
ngte = —enu-Ve—epV-u+EVI(TAI) +E2nnk Xk 1 0().

(C.5.22)

We emphasize that Eqs. (C.5.20)-(C.5.22) describe the slow motion of n, u, and
T =2e /3, because the time derivative of them is the first order of ¢, as is manifest.
The term in the left-hand side of Eq. (C.5.2) reads

4

e S (AT e, KMo, (AT f0]” 6 X7%)) /e

B=0
0, a =0,
= { T (77, KFo,(7F 7" + T J5)), a=j, (C.5.23)
eT(J', K" 97" 7 + JFJF)),  a=4,
where

. 1 .
TH = f[A—leer”]v, (C.5.24)
~. 1 A
Jy = T[A—lfew’],v. (C.5.25)

On the basis of the expansions

T (77, K" 0,(7" kl+J’“J’“)>
= T(a, k"7 0,m" + T (77, K 9,7" )«
+T (79, K" J*Y 0,05 + T (77, K", J") J¥, (C.5.26)
T(Ji, K“a( FhL gkl | Jk 7hy )y
= T{J', Kra) o, n" + T (J', K" 9,7 ) 7"
+T(J K* Yo, T + T (J', K"9,J%) JF, (C.5.27)
we shall proceed to the further analysis of Eq. (C.5.23). First, the first and third
terms in the right-hand side of Egs. (C.5.26) and (C.5.27) read

T (77, Kr )9, = 2n7, (gt+eu~v)7rij, (C.5.28)
T(79, K" J*)0,J% = e2nlyy AT E (C.5.29)
T(J, K*#") 9,7 = eT X7 A ™7kl (C.5.30)
T(J, K" J*)o,J" = T)\TJ(aat—i-GU'V)Ji, (C.5.31)
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respectively. In Egs. (C.5.28)-(C.5.31), we have used the definitions given by

T - . .
— T =i =i eq /\’L] —2 req 4ij
= g, (R ) = mT (feRT, A [, (C.5.32)
1 .~ 1 o
— - (2 K2 — eq Z - eq (2
T 1 . , .
— i 77 - eq ~tj —1 i A—1 req 77
0y = 10n< ORI = 10Tn<f 79 ATLSKTATY feaJi Y, (C.5.34)
1 o 1 o ) .
- 7 J i\ — eq Tt —1 7 A—1 req 4t
lin = 5)\(J,5K7T> 5T2)\<f JATOKY AT faat )y (C.5.35)
and the following identities:
- 1 ..
(79 7MYy = 5A”’€l<fr“b,frab>, (C.5.36)
(749 SK™aM) = 0, (C.5.37)
(79, JFY = 0, (C.5.38)
~ 1 .. ~
(79 SK™JF) = gA”m’“<7~r“b,6K“Jb), (C.5.39)
(J, 7)) =0 (C.5.40)
1 . -
(J', SKmaMy = gNmklua,(SK”ﬁa%, (C.5.41)
1 -
(JH JRy = gcs“f<Ja,Ja>, (C.5.42)
(JO,6K™J") = 0, (C.5.43)
where
5sz =56 vk (C.5.44)

We note that the relaxation times, i.e., 7, and 7, given by Egs. (C.5.32) and (C.5.33)
agree with those in Egs. (C.3.66) and (C.3.67), respectively, using the inner product
(C.2.65) and A™' = feaL=1(f9)~1 as well as the transport coefficients (C.5.12)
and (C.5.13). Furthermore, we note that ¢,; and ¢;, defined in Egs. (C.5.34) and
(C.5.35) denote the relaxation lengths.

Next, we consider the second and fourth terms in the right-hand side of Egs.
(C.5.26) and (C.5.27). We notice the following power counting with respect to e:

T(79, K"9,#) ~ Ofe), (C.5.45)
T(77, K"9,J%) ~ Ofe), (C.5.46)
(J K" 9,7 ~ Ole), (C.5.47)
T(J', K"9,J*) ~ O(e). (C.5.48)

This order counting can be derived from the fact that the above terms contain the
temporal and spatial first-order derivatives of n, T', and u*: The temporal derivatives
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can be converted into the spatial derivatives with the use of the continuity equations
(C.5.20)-(C.5.22), and there exists € in front of the spatial derivatives. Accordingly,
we can represent the above terms as the quantities of O(e),

T(#77, K'o,7) = —e2nXiH (C.5.49)
T(79, K9, J*) = —e2nX7}, (C.5.50)
T(J, K"9,7") = —eT XX} (C.5.51)
T(J 6 K"9,J*) = —eTAXF. (C.5.52)

It is noteworthy that XM X9F X and X% might be also called the thermody-
namic forces as X4 = AU Vkyl and X% = VT/T are, which are found to contain
the vorticity term [112] as in the case of the relativistic system [50].

Next, we shall examine the second term in the right-hand side of Eq. (C.5.2),

which reads

1 : - e (1o e j e ; o
€32 X (AT e, B Q][] ) oX97 6 XM )
B=0 v=0
07 o = 07
= ¢ E2nby AT a =, (C.5.53)
ETNbyymh JE, a=4.

We note that b,;; and by, denote the coefficients in the non-linear terms of 7% and
J?, whose definitions are given by

_ 1 ikl eq 1] 1 —1 req 7k 1 —1 peq 7l
by = mAJ (quJ,B[fA quHTA fJt), (€554
brey = LAW( fea i B[lA—1 et [lA—l fUT]). (C5.55)
T 5T\ AT T

By substituting Egs. (C.5.11) and (C.5.23) together with Eqs. (C.5.26)-(C.5.31),
(C.5.49)-(C.5.52), and (C.5.53) into Eq. (C.5.2), we have the relaxation equations as

e +eT, <& +eu- V)W” + €20,y ATmEgm gk
= XY 4 & XUR R L 2 XUETE L2 b, AR L O], (C.5.56)

eJ + ey (g +EU'V)Ji+€2£J7rAimkl \VALTLL

ot
= e Xi+EXHAM L A XE JF 4 E by IR+ O(P). (C.5.57)

By eliminating the second-order terms with respect to €, we reduce the above equa-
tions to

e + ety aatﬂij = XY 4+ 0(e), (C.5.58)
eJ +ery {ftji = X5+ 0(). (C.5.59)
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We note that Egs. (C.5.58) and (C.5.59) are also the relaxation equations that can
be validated up to O(e).

By setting € equal to 1 in Egs. (C.5.20)-(C.5.22), (C.5.58) and (C.5.59), we arrive
at the explicit form of the thirteen-moment causal equation consisting the continuity
equations (C.3.53)-(C.3.55) and the relaxation equations (C.3.62) and (C.3.63).
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